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Coastal fish are key components of marine ecosystems, influencing, directly or indi-
rectly, marine life worldwide. Furthermore, among coastal fish, there are many species that
represent target species for many fisheries (commercial and recreational) and contribute
considerably to the economy of several coastal countries. Despite this, the biology and ecol-
ogy of several species still remain little known or unknown, with several species waiting to
be described. Furthermore, many fish stocks are being overexploited and in urgent need
of sustainable management. Another interesting side of coastal fish is their importance
as bioindicators of the status of the aquatic ecosystems. Indeed, often, coastal fish are
directly exposed (and sometimes seriously threatened) to a variety of human impacts (e.g.,
pollution, habitat destruction, overfishing) [1]. On the other hand, invasive alien coastal
fish represent in many areas a serious threat to marine biodiversity and in some cases to
economy and human health.

It thus appears clear that understanding and deepening knowledge around biology
and ecology of coastal fish is one of the main challenges for marine biologists and ecologists.
For example, in an era in which invasive alien species threaten marine biodiversity, but
can also have economic and human health impacts, the understanding of the dynamics
and processes underlying biological invasions is of fundamental importance for effective
management and conservation of biodiversity and ecological integrity [2]. Furthermore,
the increasing marine pollution represents a serious threat to coastal fish and to marine life
in general, although this phenomenon encompasses a great variety of aspects and effects
on marine fish are often difficult to detect and quantify. However, some types of laboratory
analysis on coastal fish fauna can give good indications of the general status of the marine
environment and of the effects that specific pollutants can have on fish populations.

This special edition is intended to be a contribution to the knowledge of several
aspects of fish biology and ecology: coastal fish diversity, coastal fisheries and commercial
species, biological invasions process and non-indigenous species, interactions between fish
and their environment, ethology, bioaccumulation and reproduction [1–12]. I hope this
special issue will be helpful for all marine biologists involved in studies on fish biology
and ecology.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Invasive alien species (IAS) are one of the greatest causes of native species extinction.
Indeed, they represent a global threat for biodiversity and can also affect the economy and human
health. The colonization success of IAS is presumably not only due to their biological and ecological
characteristics, but also to the lack of predators and/or parasites in the invaded new areas. In the
present work, we demonstrate evidence of predation of the invasive alien crab Percnon gibbesi

(H. Milne Edwards, 1853) by the Rock Goby Gobius paganellus Linnaeus, 1758. The diet of G. paganellus

was studied analyzing the stomach content of 162 specimens collected in the central Mediterranean
Sea. The results obtained from the calculation of the diet indices, namely, frequency of occurrence
(%F), percentage weight (%W), percentage abundance (%N), and the Index of Relative Importance
(%IRI), showed that small benthic crustaceans were the main prey types. Additionally, these indices
and the Levins’ index (Bi) clearly indicated that the invasive crab P. gibbesi was by far the most
abundant prey type in the diet of G. paganellus. The relevance of this predator–prey interaction and
the role of native species for the biological control of invasive ones are discussed. We also provide a
general view on the diet of G. paganellus and other biological and ecological aspects of specimens
studied from the central Mediterranean Sea.

Keywords: Mediterranean Sea; invasive species; non-indigenous species; biological control;
prey–predator interactions

1. Introduction

Non-indigenous species (NIS), and in particular invasive alien species (IAS), represent
a serious threat to ecosystems’ integrity, interfering with key ecological processes. Several
studies have demonstrated that IAS can reduce the abundance and presence of native
species through predation or competition and can alter food webs and community struc-
ture [1,2]. Indeed, they are considered to be the greatest cause of native species extinctions
after habitat destruction [3]. In some cases, these alterations to the ecosystem can cause
severe economic losses, sometimes exceeding those of natural disasters, and represent a
threat to human health [4,5]. Although the dynamics of biological invasions are complex
and often unclear, the results of several studies have suggested that areas with high species
richness are more resistant to biological invasions than areas poor in species. In the former
areas, the scarce availability of a free ecological niche represents an obstacle to the spread
of IAS, reducing the possibility of settlement and/or expansion. This hypothesis is known
as the “biotic resistance hypothesis” [6,7]. In this context, but also in general, the role of
native predators can be relevant for the biological control of IAS. Indeed, in some cases,
native species can have a high potential to exert predatory control on invasive ones [8].
Among these, coastal fish species can potentially play a key role in the predation of IAS.

J. Mar. Sci. Eng. 2021, 9, 393. https://doi.org/10.3390/jmse9040393 https://www.mdpi.com/journal/jmse
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Gobies comprise more than 1900 species, and are the largest family (Gobiidae) of
marine fishes [9,10]. In the Mediterranean Sea, this family includes 73 species, thus being
the most diverse fish group of the region [11]. Despite this and their relevance for marine
ecosystems, an increasing interest in gobies only started recently, with several published
studies on their biology and ecology and the description of new species [12–18].

Gobius paganellus Linnaeus, 1758 is a medium-sized goby (Gobiidae), whose distribu-
tion extends from the Mediterranean and Black Sea to the eastern Atlantic (from Scotland
to Senegal), including the Atlantic islands of the Azores, Madeira, and the Canaries [19].
Furthermore, it represents one of the few fish species that has performed an anti-Lessepsian
migration, reaching the Red Sea through the Suez Canal [20]. The maximum reported total
length (TL) is 14 cm for males and 14.3 cm for females [12], but common sizes range from
about 8 to 12 cm TL, and no marked differences in size are present between sexes [12,21,22].
It is a shallow waters species generally common on rocky bottoms, often occurring in tidal
pools [22,23]. Total length at first maturity was estimated at 5.2–11.4 cm TL, depending
on the sex and location, a size that can be reached at 1–3 years of age [12,21,22,24,25].
Crustaceans are the main prey types in the diet of G. paganellus [12,21,24,26], and, depend-
ing on the size, area, and season, there is a variation in the dominance of the different
species on which this goby feeds. Hence, G. paganellus is an opportunistic predator. How-
ever, among crustaceans, amphipods and isopods, followed by Caridea and Brachyura,
were recorded to be the most common prey in the diet of the species [12,21,24,26].

Percnon gibbesi (H. Milne Edwards, 1853), commonly known as the Nimble Spray Crab,
is a medium-sized crab whose distribution extends from California to Chile in the Pacific
Ocean, from North Carolina to Brazil in the Western Atlantic Ocean, and from the Azores to
Angola in the Eastern Atlantic Ocean [27]. After its first record in 1999 in the Mediterranean
Sea, P. gibbesi has undergone a rapid expansion in the whole basin [28,29]. By year 2000,
the rapid spread of the species was recorded in Sicily [30]. The great colonization success
of this crab was attributed to several factors, such as an increase of sea water temperatures,
the absence of competitors, the availability of unoccupied ecological niches, and life history
characteristics such as some aspects of its reproductive biology and long planktotrophic
larval stage [31]. However, to the best of our knowledge, the predation of this species by a
native species has never been demonstrated for the Mediterranean Sea, because P. gibbesi
was never found in the stomach of any analyzed species and no predators were directly
observed to prey on the crab (e.g., [7,12,15,21]). Yet, native species can prey on invasive
ones, and, in some cases, contribute to controlling their populations [8,32–36]. Although
several means of introduction have been hypothesized for P. gibbesi (i.e., aquarium release,
larval drift through the Strait of Gibraltar, adult migration, ballast waters, ship hulls),
the most likely appears to be the introduction through shipping [29,37,38]. This species
was often found among boulders covered by algal mats or in which this covering was
almost absent, in very shallow waters [29]. This habitat simultaneously provides protec-
tion from predators and food supply, represented by small algae and other small sessile
organisms [30]. Percnon gibbesi has been considered mainly herbivorous (algae-eating),
but some authors demonstrated its opportunistic feeding behavior [29,30]. Indeed, the
species was observed to prey on hermit crabs and polychaetes, and analysis of stomach
content revealed that gastropods and crustaceans can constitute a considerable part of its
diet [39,40]. In order to avoid diurnal predators, P. gibbesi is more active starting from the
evening hours [31,40]. In Mediterranean waters, ovigerous females were observed between
May and September. Sexual dimorphism is present, with males showing chela length with
a larger positive allometry than that of females [31]. According to some authors, P. gibbesi
is a potential competitor of Pachygrapsus marmoratus (J.C. Fabricius, 1787), both for space
and food resources, and a similar situation could be present with Eriphia verrucosa (Forskål,
1775), although both native crabs usually prefer inhabiting the rocky intertidal and very
shallow waters, among crevices and holes or under boulders [31].

In the present study, we provide the first direct evidence of substantial predation of a
native species, G. paganellus, on the invasive alien crab, P. gibbesi, emphasizing the role of
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the goby in the biological control of this invasive species. Furthermore, we also provide
the first recorded data on some aspects of the biology and ecology of G. paganellus from the
Ionian Sea (central Mediterranean Sea): length–weight relationship, total length–standard
length relationship, size frequency distribution, diet, and feeding habits. For these latter
two points, we analyzed and discussed the prey selectivity of the species.

2. Materials and Methods

A total of 162 specimens of G. paganellus were collected in the Ionian Sea (south-east
coast of Sicily, central Mediterranean Sea), in an area between the localities of Avola and
Noto, along a coastline extending for about 2 km (Figure 1). In order to better represent the
investigated population, two collection areas were selected, that of Noto represented by a
small semi natural harbor (36.86994 N, 15.13738 E) with rocky bottom and boulders and
that of Avola represented by a natural rocky bottom area (36.88628 N, 15.14041 E). These
areas were distant from each other by about 2 km and had a depth range of 0.1–1.5 m.
Sampling was performed during daytime with calm sea conditions, between 4 September
and 5 December 2020. In this period, a total of 12 samplings were carried out, with an
average of 13.5 specimens per sampling day (Table 1).

The specimens were caught with a fishing rod, using as bait fresh pieces of the Deep-
water Rose Shrimp, Parapenaeus longirostris (H. Lucas, 1846). Specimens were killed in ice
water immediately after their capture. Subsequently, each specimen was weighed and
measured (total length and standard length). Total length and weight measures were used
for the length–weight relationship following the formula: W = aTLb, where W is the weight
in grams (g), TL is the total length in centimetres (cm), a is the intercept, and b is the slope
of the regression curve; when b = 3, the increase in weight is isometric; contrariwise, when
the value of b is different to 3, the weight increase is allometric. In this latter case, if b >
3, the weight increase is positive allometric, and if b < 3, the weight increase is negative
allometric. A one-sample t-test was used to verify the null hypothesis of the isometric
growth (H0: b = 3). Length–weight relationships are valuable measurements in order to
evaluate and compare the health conditions of species’ population [41,42]. Total length
(TL) and standard length (SL) measures were used for the total length–standard length
relationship following the formula: TL = αSL + β, where α is the slope and β is the intercept
of the regression line.

Table 1. Means of the basic measurements per sampling day for Gobius paganellus; N = total number of specimens; N Avola
= specimens collected at Avola; N Noto = specimens collected at Noto; N Prey = specimens with at least one prey in their
stomach; TL = total length; SL = standard length; W = weight.

Date N N Avola N Noto N Prey TL (cm) SL (cm) W (g)

4 September 2020 15 5 10 11 9.52 7.89 11.45
14 September 2020 11 2 9 7 9.24 7.68 10.52
21 September 2020 12 4 8 9 9.54 8 11.26
28 September 2020 16 8 8 12 9.50 7.99 11.78

2 October 2020 12 5 7 10 9.82 8.20 12.91
9 October 2020 15 10 5 13 9.83 8.25 12.09
16 October 2020 13 3 10 9 9.09 7.57 10.05
27 October 2020 14 6 8 6 9.56 7.96 11.80

3 November 2020 12 8 4 8 9.59 8.06 11.48
10 November 2020 15 8 7 10 9.19 7.71 10.69
22 November 2020 14 9 5 11 9.8 8.19 12.85
5 December 2020 13 4 9 9 9.49 7.95 11.26

5
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Figure 1. Study areas of Noto (in red) and Avola (in yellow) in the Ionian coast of Sicily (central Mediterranean Sea).

After measurements, the stomach was removed and the content analyzed under a
stereoscopic microscope. All the prey items found were counted, washed in clean seawater
and dried with blotter paper, identified to the lowest taxonomic level possible using
identification manuals [43,44], and weighed to the nearest 0.001 g. After examination,
stomach contents and gobies were preserved in ethanol.

The frequency of occurrence—%F (defined as the number of stomachs in which
each specific prey type is represented expressed as percentage), percentage weight—%W
(defined as the weight of each prey type in the stomachs examined expressed as percentage),
percentage abundance—%N (defined as the number of individuals of each prey type in
the stomachs examined expressed as percentage), and the Index of Relative Importance—
%IRI (calculated by summing %N and %W values and multiplying with %F value) were
calculated for each taxon [45,46]. The percentage of empty stomachs (vacuity index)—
V% (number of empty stomachs/total number of stomachs examined) × 100, was also
calculated.

Prey were grouped into three categories on the basis of their percentage abundance
(%N) [47]: dominant (N > 50%), secondary (10% < N < 50%), and accidental (N < 10%).

Standardized Levins’ index (Bi) was used to evaluate the breadth of the diet [48]:

B =
1

∑ p2
j

(1)

Bi =
B − 1

Bmax − 1
(2)

where pj is the relative frequency specimens in the jth prey item and Bmax is the total
number of prey item categories found. Bi is comprised between 0 and 1. The higher the
value of this index, the wider the trophic niche of the species will be. Hence, if Bi < 0.40, the
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species is considered a “specialist feeder”, if 0.40 < Bi < 0.60 the species is considered an
“intermediate feeder”, and if Bi > 0.60, the species is considered a “generalist feeder” [49].

A cumulative prey curve [50] was computed with R Studio [51] using the “vegan”
package in order to evaluate whether the number of analyzed stomachs was sufficient to
describe the diet of the species. The estimated number of prey groups with the associ-
ated SD were plotted against the cumulative number of individuals whose stomach was
examined.

3. Results

One hundred and fifteen out of a total of 162 specimens examined of G. paganellus
had prey in their stomachs; thus, the vacuity index (percentage of empty stomachs) was
V% = 29.01. The cumulative prey curve approached an asymptote, suggesting that the anal-
ysis of about 100 not empty stomachs provides a reliable description of the diet of the goby
(Figure 2). Analysis of stomach contents of G. paganellus included 20 prey types. Data showed
that G. paganellus feed mainly on small benthic crustaceans (Table 2). In particular, values
of %F, %W, %N, and %IRI indicated that P. gibbesi, which accounted for about one third of
all prey items, was by far the most abundant prey type. This was also strongly supported
by the Levins’ index value (Bi = 0.39), indicating a narrow trophic niche (“specialist feeder”).
The carapace width (CW) of the specimens of P. gibbesi found in the stomachs was about or
less than 1 cm. On a total of 20 prey types recorded, no “dominant” (N > 50%) prey types
were found, and the only “secondary” prey type (10% < N < 50%) was represented by P. gibbesi.
Hence, except for P. gibbesi, all the prey types fall into the category “accidental preys” (N <
10%) (Table 2). However, among these latter preys, the most represented were some Brachyura
(Pisidia sp., Xantho sp., and juvenile specimens of P. marmoratus) and the hermit crab Clibanarius
erythropus (Latreille, 1818). Eriphia verrucosa was the less represented crab (%F = 4.35). The other
groups of crustaceans found in the stomachs of the Rock Goby were Amphipoda, Caridea, and
Isopoda. These latter groups of crustaceans and Algae showed similar values in diet indices
(e.g., %F = 6.09–6.96). Mollusca (gastropods) were overall less represented (%F = 0.87–1.74,
excluding value for not identified Gastropoda), followed by Polychaeta and Seagrass (%F = 2.61
and 0.87, respectively) (Table 2).

Figure 2. Cumulative prey curve (in red) as a function of sample size for all stomachs analyzed of
Gobius paganellus. Standard deviation (SD) in grey delimited by dashed black lines.
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Table 2. Diet composition of G. paganellus (N = 115) from the Ionian Sea (central Mediterranean Sea). %F = percentage
frequency of occurrence; %N = percentage in number; %W = percentage in biomass; IRI = index of relative importance of
prey items and its percentage (%IRI). Results for Percnon gibbesi are underlined.

Prey types %F %N %W IRI %IRI

Mollusca 11.31 9.36 10.24 49.916 1.62
Aplysia sp. 0.87 0.72 1.63 2.0435 0.07

Bittium lacteum 0.87 0.72 0.54 1.0956 0.04
Patella caerulea 1.74 1.44 1.01 4.2610 0.14
Tritia cuvierii 1.74 1.44 1.90 5.8116 0.19

Gastropoda n.i. 4.35 3.60 3.67 31.6087 1.02
Trochidae n.i. 1.74 1.44 1.49 5.0956 0.16

Polychaeta 2.61 2.16 0.95 8.113 0.26
Polychaetes n.i. 2.61 2.16 0.95 8.113 0.26

Crustacea 89.59 77.73 79.65 2925.5660 94.42
Clibanarius
erythropus

6.96 6.47 4.27 74.7130 2.41

Eriphia verrucosa 4.35 3.60 3.49 30.8415 1.00
Pachygrapsus
marmoratus

5.22 5.04 5.03 52.5391 1.70

Percnon gibbesi 33.91 30.22 40.15 2386.4608 77.01
Pisidia sp. 6.09 5.04 12.42 106.2782 3.43
Xantho sp. 6.96 5.76 4.17 69.0783 2.23

Amphipoda n.i. 6.09 5.04 1.22 38.1234 1.23
Brachyura n.i. 6.96 5.76 4.61 69.3753 2.24

Caridea n.i. 6.96 5.76 1.49 50.4347 1.63
Isopoda n.i. 6.09 5.04 2.80 47.7217 1.54

Algae 6.09 5.04 3.53 52.1652 1.68

Seagrass (Posidonia
oceanica)

0.87 0.72 0.43 1.0005 0.03

Digested 6.09 5.04 5.19 62.2695 2.01

In the specimens sampled in the small semi natural harbor (N = 90), P. gibbesi was
found in 43.3% (N = 39) of the stomachs. In contrast, P. gibbesi was absent from the stomach
contents of specimens sampled in the nearby natural rocky bottom area. In the whole
sample of G. paganellus with at least one prey in their stomach (N = 115), P. gibbesi was
found in 33.9% of the stomachs analyzed. However, in order to compare the diet of the
goby in the aforementioned locations, removing P. gibbesi from the analysis did not find
any significant differences between them. In all cases, crabs and hermit crabs represented
the most common prey types of the species, although no clear dominance was evident for
any prey type (with the exception of P. gibbesi).

The size frequency distribution of the sampled specimens (N = 162) showed a size
range of 7.1–11.6 cm TL, with a mean of 9.5 cm (Table 3). The size frequency distribution
was multimodal (Figure 3). The total length–weight relationship showed an isometric
growth (b = 2.959; p-value > 0.05) (Table 3), while the parameters of the linear regression of
total length–standard length relationship were: TL = 1.136SL + 0.4822 (Figure 4). Means of
the basic measurements per sampling day are reported in Table 1.
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Table 3. Total length, standard length, weight, and total length–weight relationship parameters of G. paganellus in the Ionian
Sea (central Mediterranean Sea); a = intercept of the regression curve; b = slope; r2 = coefficient of correlation; C.I. = 95%
confidence interval.

Total Length (TL)-cm Standard Length (SL)-cm Weight (W)-g

Range Mean SD Range Mean SD Range Mean SD
7.1–11.6 9.5 1.11 5.9–9.6 7.9 0.97 4.98–20.14 11.53 3.80

a C.I. a b C.I. b r2 p-value

0.014 0.011–0.018 2.959 2.849–3.068 0.95 >0.05

Figure 3. Size distribution (TL in cm) of sampled specimens of G. paganellus.

Figure 4. Total length–weight relationship (A) and total length–standard length relationship (B) of G. paganellus.
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4. Discussion

The diet analysis of G. paganellus clearly showed the dominance of the alien crab
P. gibbesi. Indeed, this species of crab was found in the stomach of a considerable percentage
of specimens (%F = 33.91; %IRI = 77.01). Considering the small size of the crabs found
in the stomachs, they were all juveniles. A noteworthy fact is that P. gibbesi was found
only in the stomach of specimens sampled in the small harbor (N = 90). This can be
explained by the fact that gobies are usually generalists and opportunistic feeders that take
advantage of the most available prey. Furthermore, the gobies’ diet was found to be often
dependent on area and season [14,15,52]. Based on this, the relative abundance of alien
crabs found in the stomach of specimens sampled in the small harbor can be the direct
result of the different abundance of P. gibbesi in the two areas investigated, and point out
the preference of the invasive crab for areas characterized by the presence of breakwaters
and/or boulders. Indeed, some authors demonstrated the preference of the invasive crab
for harbor’s breakwaters, where diversity levels are generally low and where it can find a
suitable habitat among breakwaters and boulders [39]. However, from our data, it was not
possible to determine whether the goby selectively preys on the crab, or if the abundance
of P. gibbesi found in the stomachs of G. paganellus was related to the greater presence of
P. gibbesi in the waters of the small harbor.

In all cases, despite the relatively high value of the frequency of occurrence obtained
for P. gibbesi, the overall diet of G. paganellus included a quite wide variety of benthic
invertebrates, mainly consisting of small benthic crustaceans. Hence, the Rock Goby
may be generally considered as an opportunistic carnivorous species. In other words,
the narrow trophic niche indicated by the Levins’ index is the result of the abundance
of P. gibbesi in the stomachs of specimens of G. paganellus from the small semi natural
harbor, otherwise G. paganellus can be considered as a “generalist feeder”, as usually
reported in literature. After P. gibbesi, other crab species, such as Pisidia sp., Xantho sp., and
P. marmoratus (juveniles) and the hermit crab C. erythropus represent the most important
prey types of G. paganellus. On the other hand, juveniles of E. verrucosa were less represented.
Other relatively well represented groups of crustaceans were Amphipoda, Caridea, and
Isopoda. Gastropods and polychaetes were rarely found. Finally, algae and seagrasses
were probably accidentally ingested, as suggested by some authors for algae [24]. Our
results are in general agreement with those reported in literature [12,21,24,26] that describe
the diet of G. paganellus as mainly composed of small benthic crustaceans, although with
some differences among the crustacean groups recorded.

Considering the size range of the analyzed specimens, all the studied individuals of
G. paganellus were of medium and large size. Indeed, no individual smaller than 7.1 cm TL
was recorded. The total length–weight relationship showed an isometric growth, while a
positive allometric growth was recorded in specimens from a coastal lagoon of Spain [53].
The analysis of the total length–standard length relationship demonstrated that the SL is
on average 83.16% of the TL.

Our study demonstrates for the first time how a native fish species can effectively prey
on this invasive crab, reducing the abundance of the established population. Although P.
gibbesi is quite elusive, G. paganellus, a strictly benthic goby of rocky and mixed bottoms,
is able to predate on it among rocks and boulders, especially in areas in which the crab is
particularly abundant and probably other resources are scarce. Further studies on a large
spatio-temporal scale and on the ecology and mechanisms of predation and prey selection
are necessary to better understand the role that can have predators such as G. paganellus and
other native intertidal and shallow waters fish species on the Mediterranean population of
P. gibbesi. Furthermore, considering the sizes of the preys found and the mouth opening of
G. paganellus, a medium sized species of goby, the species is able to prey only on juvenile
specimens of the crab, while species of larger size and with a wider mouth opening
(e.g., Gobius cobitis, Muraena helena, Scorpaena maderensis, Scorpaena porcus, Serranus cabrilla,
Serranus scriba) should be investigated for their ability to feed also on adult specimens of
P. gibbesi. In this regard, it is interesting to note how Sciberras and Schembri [31] reported
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that in the nearby Maltese waters, the juveniles of P. gibbesi were observed between the
end of September until at least March, a period that overlaps with that of our study. This
would suggest how in Sicily the recruitment could also occur in this period and probably
extend for a similar period too. Further studies mentioned above could also clarify this
point. To further confirm what was also reported by the same authors, namely the habitat
overlap between P. gibbesi and P. marmoratus in particular, but also with E. verrucosa, we also
found these two latter species in the stomach content of G. paganellus, and P. marmoratus
was more common than E. verrucosa. Another interesting aspect concerning the native
predators’ control of the population of the invasive P. gibbesi was recently pointed out by
Noè et al., 2018 [7]. Results obtained by the authors suggested how in areas with high
diversity and an abundance of potential predators (e.g., marine protected areas) of P. gibbesi,
the abundance of the invasive crab is generally lower than in non-protected areas where
potential predators are scarcely represented. Other studies are needed in order to clarify
the relationships and dynamics between P. gibbesi and the presence and abundance of its
actual predators.

Invasive species can alter marine ecosystems and cause biodiversity loss, economic
damages affecting areas such as fisheries, tourism, and recreational activities, and a threat
to human health. Especially in marine environments, totally eradicating or stopping
the spread of an invasive alien species have never been successful, and the only valid
alternative to date is to limit the spread and abundance through targeted actions [3–5].
For some palatable or even edible alien species, direct actions such as fisheries for human
consumption can be a valid solution in order to reduce population. In contrast, when we
face non-edible invasive species such as the case of P. gibbesi, the promotion and protection
of natural predators of invasive species, and the general promotion of the “biotic resistance”
(that is, the ability of native species in a community to limit and control the invasion of
other species), can be valid additional resources in order to control invasive populations of
alien species [7,54,55]. Several studies have already shown how some native species prey
on non-indigenous ones, and, in some cases, they are capable of effectively controlling their
populations [8,34–36]. Although further studies are necessary in order to better understand
this and other predator (native)–prey (IAS) interactions, G. paganellus seems to perform the
function of “autoregulator” of P. gibbesi abundance. Indeed, considering the opportunistic
and generalist feeding behavior of G. paganellus (and of gobies in general), it preys on the
crab especially when the latter is very abundant.

Invasive species can replace or limit the abundance of native ones, alter the habitat
structure, and interfere with biogeochemical processes [8,56]. As mentioned above, in a
marine environment, the eradication of IAS is complicated, and no eradication attempts
have so far been successful. Hence, prevention methods should be prioritized over those
of eradication. In this regard, the “biotic resistance” provided by a well-structured native
community can act as a natural barrier in preventing or slowing biological invasions.
Indeed, on the basis of the mechanisms of competition, IAS cannot establish in a niche
similar to that of native species [57]. Furthermore, the occupation of niches is more complete
in a species-rich and well-structured native community, and this further contributes to
preventing biological invasions [58]. In this regard, the role of native predators, such as in
the case here presented of G. paganellus, can effectively contribute to controlling populations
of invasive species [8]. Although we have no data to state if some specimens of the Rock
Goby can learn to prey selectively on the invasive crab, they can certainly contribute to
reducing their number. Furthermore, the discovery of the existence of a combination
of native predators of the crab would show how, overall and at least in some locations,
they could significantly contribute to controlling and limiting the population’s growth
of the invasive crab. Particular measures could also be promoted in order to protect the
population of key native species from human activities.
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5. Conclusions

In conclusion, our study demonstrates how the native fish G. paganellus can prey on
the invasive crab P. gibbesi, being able to contribute to the control of the population of this
IAS in the Mediterranean Sea. Although P. gibbesi was the dominant prey type, the diet
of G. paganellus was composed of a wide variety of invertebrates, mainly represented by
small benthic crustaceans, brachyurans in particular. Hence, we can consider this species
as an opportunistic feeder able to prey on P. gibbesi too, thus potentially playing a role in
the biological control of the species. However, more studies are needed to understand if
the native goby can (and under what conditions) develop the ability to selectively feed on
P. gibbesi. Furthermore, other studies can help to expand this research to other species and
areas in order to evaluate the overall impact of predation of the coastal fish community
on this invasive crab (and other invasive species), and relate the presence of the major
predators of P. gibbesi to its abundance levels at several locations. This study also provided
the first biological and ecological data on G. paganellus from specimens from the Ionian Sea
(central Mediterranean Sea).

The lack of predators and/or parasites can cause overpopulation of invasive species
in their new colonized areas, especially if these species cannot be exploited economically
by fishery because they have no economic value. Percnon gibbesi falls in this latter category
and showed a great success in colonizing the Mediterranean Sea, with potentially negative
although unpredictable effects on the ecosystem.

To date, no studies had shown a direct predation on this crab by a native species.
Although our study clearly demonstrated the predation of the native G. paganellus on
the invasive crab P. gibbesi, further studies are still needed in order to better understand
the mechanisms of this predator–prey interaction, the degree of contribution that this
predation can have in controlling the abundance of this invasive species, and if other
Mediterranean populations of the goby have adapted or are able to prey on this invasive
crab. Furthermore, it is very likely that other species as well, such as some coastal fish,
prey on P. gibbesi, and other studies should focus on finding out which ones and to what
extent they can contribute overall to the control of the invasive Mediterranean population
of the crab.
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Abstract: Coastal environments can be influenced by water body masses with particular physical,
chemical, and biological properties that create favourable conditions for the development of unique
planktonic communities. In this study, we investigated a continental shelf front at Ponza Island
(Tyrrhenian Sea) and discussed its diversity and complexity in relation to major environmental
parameters. Moon phase and current direction were found to play a significant role in shaping
species abundance and behaviour. During in situ observations, we also provided the first data on
the behaviour of juveniles of a rare mesopelagic species, Trachipterus trachypterus, suggesting the
occurrence of Batesian mimicry.

Keywords: Trachipteridae; Ponza Island; upwelling; plankton diversity; Batesian mimicry

1. Introduction

Open water environments are highly dynamic ecosystems [1], with ecological processes spreading
over a wide range of spatial and temporal scales [2]. At a meso- and sub-mesoscale (~1–100 km),
these processes emerge as dominant structuring regimes for populations of marine organisms in the
short time span (days to months) [3,4], encompassing key biological dynamics, such as bloom lifetime
or behavioural switches of marine predators [5]. These ecological processes are particularly relevant
for drifting organisms (plankton) that are advected and dispersed by the ocean currents [6]. Within this
complex scenario, sampling probabilities for uncommon and little-known species can be higher than
those reported in all other marine environments, in which these species are typically rare and occur at
low abundances. This may result in uncertainty about the real species abundances and their ecological
traits. As a result, modern biodiversity surveillance programs often investigate the occurrence of
species mostly present at moderate-to-high abundance level [7,8].
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The complex interactions between coastal morphology and sea surface circulation of the
Mediterranean Sea promote a high degree of ecosystem patchiness [9]. The environmental characteristics
(e.g., salinity and temperature), as well as the dynamics of enrichment processes in the water column [5],
lead to differences in distribution and abundance of pelagic species [10–12]. While marine macro-ecology
has benefited from the analysis of spatially extensive data sites, inferences about ecological processes
are better evaluated by dynamic data collection over temporal scales on a smaller geographic range [13].
Animal behaviour also affect assemblage composition, as for species displaying avoidance behaviour
(e.g., due to increased predation risk) or with small home ranges, which are less likely to be observed
than schooling or highly mobile species [14].

Within the Mediterranean fish biodiversity, little is still known on mesopelagic communities.
Among deep water species, representatives of the family Trachipteridae Swainson, 1839 (order
Lampriformes) are rare encounters. They are represented by 10 species distributed in 3 genera [15]:
Desmodema (Walters and Fitch, 1960), Trachipterus (Goüan, 1770), and Zu (Walters and Fitch, 1960) [16].
Of these, only Trachipterus arcticus (Brünnich, 1788), Trachipterus trachypterus (Gmelin, 1789) and
Zu cristatus (Bonelli, 1819) have been reported in the Mediterranean Sea. The former is a North
Atlantic species, with a single record in the Mediterranean Sea from Spain [17]. The other two species,
T. trachypterus and Z. cristatus, reported from tropical and temperate waters of all oceans, have been
found in several Mediterranean areas [18–27]. In the Mediterranean Sea, fish of this family are
accidentally caught with professional fishing gears, but always in low numbers [20,25,28]. Given the
complexity of mesopelagic environments, an understanding of the triggers for the distribution
of rare mesopelagic species requires a more comprehensive knowledge of the temporal pattern of
environmental variation in a variety of timescales. For this reason, long-term environmental monitoring
at aggregation sites is of critical importance.

With the present study, we examined the extent to which key features of the hydrodynamic
environment predict the presence of T. trachypterus in a Mediterranean continental shelf front over a
21-days timescale. Using multivariate hierarchical analysis, we examined the temporal changes in
species occurrence at an aggregation site. Field observations over time have allowed us to discuss on
the drivers affecting the occurrence at particular times and on some relevant ecological and behavioural
traits of these species.

2. Materials and Methods

2.1. Study Area and Sampling Design

The study was performed in the framework of the AQUATILIS EXPEDITION at Ponza Island
(Tyrrhenian Sea, Italy) from the 8th to the 28th of April 2018. Due to its bathymetric profile, the area is
exposed to prominent surface and upwelling filaments, resulting in a complex hydrodynamism that
favours the accumulation of planktonic species in patched areas, according to the prevalent weather
forcing [29]. Diving sites were close to “Secca delle Formiche” (40.884947◦ N, 12.978043◦ E), a group of
emerged rocks, located 0.8 nautical miles (nm) SE from the port of Ponza. The bank rapidly sinks from
a depth of 5 m to over 500 m (Figure 1), representing a suitable place to study the upwelling of deep
mesopelagic species.

Previous surveys conducted in April 2016 and 2017 highlighted a remarkable difference in
plankton abundance and biodiversity in the study area according to time; in particular, observation
during night dives showed a more complex plankton biodiversity, if compared with day dives (authors’
personal note). As a consequence, in the present study, scuba night dives have been planned to start
one hour after sunset. Two different groups of three divers each equipped with Nikon D850 with
50 mm f2 Zeiss Milvus macro lens for photography, Panasonic Lumix GH5 with Panasonic Lumix G
8 mm f3.5 fish eye and Panasonic Lumix 15 mm f1.7 lenses for video and tools (fine mesh hand nets,
250 mL plastic cans) for sampling collection, performed alternate dives. In order to increase the image
quality, all the cameras were equipped with a buoyancy stabilization system. Sampling depth varied
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between 0.5 and 10 m, freely drifting within the surface current. To ensure taxon identity, 4 specimens
of T. trachypterus were collected and analyzed for morphological traits. Behaviour was recorded by
filming all the specimens detected. Observations followed the same schedule, starting one hour after
sunset, freely drifting in the first 10 m of the water column. Surveys were conducted daily between
21:00 and 24:00 h.

Figure 1. Regional view of the coastal site with the localization of the study area (Ponza Island,
within the Pontine Island archipelago) and weather station used for the physical process analysis.

2.2. Environmental Data Collection

Main abiotic environmental conditions were inferred from numerical models and in situ
measurements (current direction). To this aim, wind records from available meteorological station
and numerical results of Surface Sea Temperature (SST) and Salinity (SS) were collected considering
both surveying period and long-time series. The wind records were downloaded from the Gaeta
Port Authority and the Mareographic network websites (www.mareografico.it; www.portidiroma.it).
Ponza’s records extend only for a 4-year period (2011–2015), while more than 10-year records are
available from Gaeta (2007–2018) (Supplementary Materials, Figure S1). Despite the distance between
stations, wind roses can be considered comparable [29,30]. During surveys, we used Gaeta Meteo Station
period to analyse wind conditions. The SST and SS datasets were downloaded from the “Copernicus”
data portal (http://marine.copernicus.eu, accessed on the 21st of November 2018). SST and SS from
1987 to present were analysed, producing long-term temporal mean distribution of variables during
April months and mean conditions during the surveyed period.

Moonlight is known to affect zooplankton and micro-nekton dynamics, as well as their predators
in tropical, subtropical, and Arctic waters [31–36]. Moonlight also drives vertical migrations to
bathypelagic depths (~1000 m) involving a cascade response, with deeper-living organisms responding
to movements of shallower-living, surface-synchronized populations [37]. According to this evidence,
the main macro-zooplanktonic species composition was recorded and correlated to moon phases and
moonlight intensity.

2.3. Data Analysis

Non-parametric multivariate analyses were performed to assess the relation between the species
observed and the environmental parameters over the survey time period. To analyze the environmental
conditions (SST, moon phase, wind direction, and current direction), the parameters were normalized
and standardized to carry out a Principal Component Analysis (PCA) with Statistical Package for
Social Science (SPSS, Version 26.0, IBM Corp© 2019). Once the significant environmental patterns
were established, standardized data of the observed species were used to investigate the variability of
these patterns. To assess variations in the species diversity, data of the thirty-five taxa were analyzed
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using distance-based permutational multivariate analysis of variance (PERMANOVA) [38,39] with
the method of permutation of the residuals under a reduced model, according to a 2-factor nested
design: moon phase and current direction. The homogeneity of multivariate dispersions was tested
with the PERMDISP routine, mainly to estimate dispersion at the moon phase level. Non-parametric
multidimensional scaling ordination (nMDS) was used to examine the behaviour of the species grouped
according to the current direction pattern. The Similarity Percentage analysis procedure (SIMPER) was
used to identify the main species that characterized each current direction pattern. These analyses
were performed on Primer v.7 with PERMANOVA+ software [39,40]. A PCA with supplementary
variables was performed with CANOCO 5 [41] in order to investigate the species response to each
variable. Finally, the hierarchical cluster analysis was applied to estimate the number of clusters using
Primer v.7 [40].

3. Results

3.1. Oceanographic Landscape

Available time-lapse records of Ponza Island and Gaeta showed three main directions (North-East,
South-East and West-Northwest) of wind. Between the 12th and the 18th of April 2018, a moderate
north-west wind dominated, while in the other days, weak northern flows (8th–11th of April) and
eastern flows (19th–28th of April) were recorded (Supplementary Materials, Figure S2B). The SST mean
distribution of April showed a quite uniform temperature at a regional scale, with variations of less
than 1 ◦C (16.8–17.6 ◦C). Between the 9th and the 18th of April 2018, the SST was generally cooler than
the mean long-term map, with a weak NW-SE increasing gradient. In correspondence of the study
area, the SST reached 15.3–15.5 ◦C. After the 18th of April, a sensitive increase (more than 2 ◦C) in
SST occurred at a regional scale (Supplementary Materials, Figure S2A). SS mean distribution map
(Supplementary Materials, Figure S2C) shows the effect of continental waters (Volturno River) which
reduced SS in the nearshore. In the study site, the SS reached 38 psu on the 9th–11th of April 2018,
slowly decreasing until the end of the survey (Supplementary Materials, Figure S2C).

3.2. Assemblages

A total of 35 families of meso- and macroplankton taxa has been recorded over the whole studied
period, together with the associated environmental factors (Supplementary Materials, Table S1).
The species list included pelagic predators (Forskaliidae, Ommastrephidae, Pelagidae, and Phronimidae) as
well as planktivorous species (Alciopydae, Fritillariidae, Leucotheidae, Mysidae, and Salpidae) representing
exploiting food characteristics of the current fronts. Details of the trophic and reproductive behaviour
of these species are reported in the Supplementary Materials (Plate I-III).

3.3. Role of Environmental Factors

The PCA model computed with SPSS explained more than 90% of the variability for the considered
environmental variables (Figure 2). Based on these results and the PERMANOVA, two environmental
patterns were retained as main factors: the moon phase (p-value = 0.0011) and the current direction
(p-value = 0.0015). The SST did not play a significant role in species composition and diversity,
while showing high variability (range 14.5–19 ◦C) in the surveyed period.

Moonlight seems to rule the occurrence and abundance of plankton in the surface layer of the
water column, with a clear increase in the occurrence of 12 taxa, consequently to the extremes of
the moon phase (see Supplementary Materials, Figure S3). With the exception of Cestidae, all the
other taxa included in this group showed a negative correlation to moonlight, as for Nereidae and
Sepiolidae, which was also correlated to the record of mating behaviour (see Supplementary Materials,
Plate I-II). Juvenile and larval stages of benthic and benthopelagic species, as Pleuronectiformes,
Phycidae, Anguilliformes, and Scyllaridae, also negatively responded to moonlight.
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Figure 2. Principal component analysis (PCA) of the environmental factors (performed with SPSS).

According to the observed pattern, the most abundant taxon during the main Eastern flow
direction was represented by Forskaliidae, while in the least North-Western flow the most abundant
taxon was represented by Alciopidae.

The PCA model performed with CANOCO 5 shows correlations among moon phase, current
directions, and taxa. It is possible to observe how most taxa took the opposite direction as the moon
phase progressed and how the main current blows eastward (Figure 3a). Arrows indicate the direction
of the taxa at increasing values of the environmental variables, with longer vectors representing a
greater range of variation in the observed values (Figure 3b). A stronger correlation is associated to
more acute angles between vectors and the axes. The x axis explains 57.6% of the variation among
parameters at each taxon, whereas the y axis explains 47.1% (Figure 3a,b).

Figure 3. PCA (a) of the encountered taxa and the two main environmental factors of moon phase and
current directions. PCA with arrows (b) highlights the direction of the taxa at increasing values of the
environmental variables (performed with CANOCO 5).

The hierarchical cluster analysis performed with Primer v7 shows 5 main clusters based on the
taxa presence and the current direction as environmental factor (Figure 4).
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Figure 4. Dendogram plot performed by Primer v7 combined with the shadow plot for the presence
(from 0 to 1) in the monitored time and the daily current direction.

According to the statistical analyses on the relation between environmental constrains and species
diversity, the contribution of the eastern currents in shaping plankton communities is well supported
(see Figure 4). Lowest level of plankton diversity is related to north western stream, which can be
considered local, as the diving site results covered by the island from this direction (0.8 nm off the bank).
Species diversity mainly reflects typical pelagic assemblages, whereas the occurrence of emergent
zooplankton (Amphipoda, Nereidae) and more benthic species (Octopodidae) can be considered
mainly influenced by the contribution of the nearby shallow water banks (“Secca delle Formiche”)
and affected by moon phase rather than current direction. The occurrence of other larval and juvenile
stages, as for Anguilliformes, Phycidae, Pleuronectiformes, and Scyllaridae (Figure 4), showed a
clear convergence in the contribution of current direction (Figure 4) and moon phase (Supplementary
Materials, Figure S3), which may be related to a shared behavioural form of detection avoidance.

3.4. Behavioral Traits of T. trachypterus

Over the whole study period, a total of 18 juveniles of T. trachypterus were observed, photographed
and filmed during SCUBA dives at night between the 16th and the 28th of April 2018. Prolonged
observations (>2 min) of the specimens were possible only for 10 fish, given the high avoidance
behaviour of the species. Juveniles were observed swimming between 0.5 and 7 m below the surface,
with the body obliquely or almost vertically pointed with the head towards the surface. Locomotion was
performed through undulating movements of the long dorsal fin only, except for the anterior prolonged
dorsal fin rays that showed limited oscillating movements (Supplementary Materials, Video 1–10).
A faster escaping movement was displayed using the whole body, as showed in Supplementary
Materials, Video 8. Pelvics and caudal fin remained spread, but substantially motionless or with small
and occasional “snap” movements. While dorsal and pectoral fin membranes were entirely translucent,
those of the wide pelvic and caudal fins showed orange blotches, with rays protruding far over the fin
membrane. In some cases, juveniles oriented the dorsal or abdominal surface towards the observer,
greatly limiting the area exposed to the view of the observer itself (Figure 5C,D; Supplementary
Materials, Video 5–7, 9–10). At the same time, caudal and pelvic fins were maintained orthogonal to the
observer, with a significant torsion of the caudal fin up to 90◦ angle (Figure 5C). This latter behaviour
was displayed for a prolonged time.
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Figure 5. Lateral (A), fronto-lateral (B), dorsal (C), and frontal (D) view of juvenile specimens of
T. trachypterus, with detail of fins orientation accordingly to the observer visual axis.

Fish were also observed rapidly protruding their jaws, probably preying on small planktonic
organisms (Supplementary Materials, Video 4), that were very abundant in the surface water column
in which specimens were observed.

Four specimens were caught by hand net and preserved in alcohol for laboratory analysis. All the
main morphometric parameters are reported in Supplementary Materials, Table S2.

4. Discussion

4.1. Ponza Island Coastal front and Pelagic Biodiversity

Biological–physical interactions structure the variability of the marine environment at a wide
range of spatial and temporal scales, affecting population dynamics and trophic interactions [42,43].
Such example is a front, a physical interface with gradients of water properties that include temperature,
salinity, and turbidity [44,45]. Fronts occur across the world oceans, ranging from basin-scale features
to small river plumes, and can be persistent or ephemeral [44,46]. Frontal zones are often associated
with enhanced biomass, and may serve as an important foraging grounds by aggregating species from
multiple trophic levels [47–49], being key habitats for successful energy transfer through food webs.
In situ observations and modelling studies suggest that mesoscale and sub-mesoscale processes may
affect biodiversity in the Mediterranean Sea, especially where coastal morphology and intense wind
stress lead to the formation of energetic filaments [50,51], contributing to the dispersal of coastal inputs
towards the open sea, along with plankton.

Ponza Island is located in the western sector of the Pontine volcanic archipelago and originated
during the Plio-Pleistocene on the outer margin of the Latium continental shelf. The island slope
rapidly sinks to deep waters bottoms, especially on the east and south-west side (Figure 1). Winds are
known to support the organic enrichment process of offshore waters, bringing the contribution of
coastal freshwater input. Available time lapse records of Ponza Island and Gaeta showed three
prevalent wind directions, the eastern one of which can be considered the most relevant, both in terms
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of intensity and frequency. This is clearly shown by the SS map presented in Supplementary Materials,
Figures S1C and S2. The overlap of deep water pools, eutrophic waters, and wind driven currents
may lead to an organic enrichment in the study site, due to both the upwelling and the contribution of
coastal freshwater waters, supporting an increase in plankton biodiversity. Vertical transport has a well
known effect in increasing the biodiversity of the photic layers only in restricted areas, as, for example,
where convection is sufficiently deep, in a small number of frontal regions and in the few upwelling
sites. Coastal inputs have thus an important role in sustaining food webs in the whole Mediterranean
Sea [52].

Despite the data acquired in this expedition they cannot be considered exhaustive to completely
depict these processes (both in terms of temporal and sampling extension), they show intriguing
insights into the relation between local hydrodynamism and plankton diversity. This latter conclusion
is enhanced by the record of a number of rare species, some of which appear to be far less rare than
thought. An example is the case of the larval stages of the tripod fish Bathypterois sp., for which,
to the best of our knowledge, we provide the first available photo in environment; see Supplementary
Materials, Plate IV). Despite the short period of the investigation conducted in this work, over the
annual cycle, mesozooplankton abundance in offshore waters of the Tyrrhenian Sea oscillated within a
narrow range and revealed lower seasonal variability [53,54], with peaks occurring in April.

Moonlight has been documented to affect the distribution of plankton biodiversity, with cyclic
patterns of vertical movement synchronised with variations of irradiance in all aquatic habitats [55].
Species abundances are higher during new moon and lower during full moon, suggesting that predation
pressure from planktivorous species may affect plankton abundance [55]. Moon phase is also used by
species to synchronize reproduction [55].

Occurrence of species during the studied period showed two different scenarios according to
the moon phase. Whereas the abundance of most taxa [23] seemed not to be directly correlated
only with moon cycle, for 12 taxa, there was a clear correlation between their occurrence and moon
phases (Supplementary Materials, Figure S3). With the exception of Cestidae, all the other groups of
moon-affected taxa clearly avoided full moon. Interestingly, field observation of some of them revealed
mating behaviour, such as for Nereids (Supplementary Materials, Plate I), Sepiolidae, and Idioteidae
(Supplementary Materials, Plate II), and trophic interactions (Supplementary Materials, Plate III).
Juvenile and larval stages of fish were also abundant during the night with a weak moon light, as a
direct consequence of lower predation rate [55] (see Supplementary Materials, Plate IV).

4.2. Ecological Insight on the Uncommon Mesopelagic Fish Trachipterus trachypterus

Trachipterus trachypterus is considered rare and with low population densities; however,
the mesopelagic habits of the species could lead to an underestimation of its abundance [28]. This fish
is only occasionally caught with professional fishing gear, and usually as one or two specimens.
Most of the specimens are caught by longline or trawl at depth of 370–700 m [21,24,28,56]; in other
cases, they were caught by hand, or observed near the surface or stranded [20,28]. In the present
study, the species was observed and caught in exceptionally large numbers. The presence of several
juveniles of T. trachypterus in the study area could be related to the favorable hydrological and ecological
conditions typical of banks and nearby areas. Banks are important areas for fish biodiversity and often
host poorly known and rare fish species [57]. Uncommon species, such as T. trachypterus, could be
good indicators of environmental changes; however, data about the ecology and biology of this species
remain scarce.

In ecological communities, it is generally believed that the principal survival option available
to marine fish larvae is a fast growth and a quick enhancement of swimming performances [58–60].
The occurrence of T. trachypterus displayed a circa-lunar cycle, in contrast with what observed with
juveniles of other fish species. A more in depth analysis showed that specimens collected referred
to two different size ranges, with the bigger ones (229–157 mm) sampled during almost full moon
nights (Supplementary Materials, Table S2, specimens 1 and 2) and the smallerones (91–58 mm) during
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darkest nights (see also Supplementary Materials, Table S1). Despite the fact that this correlation must
be supported by further observations, it is reasonable that the species behaviour changes according to
the size, and that it occurs in the surface layer of the pelagic domain as a consequence of hiding or
planktotrophic behaviour.

The larval fish phenotype also may have a strong impact on predation through dissembling or
active defenses against predators. Diverse and complex morphologies can be found within the same
family [61,62], suggesting the occurrence of different predation strategies, even if visual predation by
larger fishes is likely the dominant selective force.

Batesian mimicry is a more widespread survival strategy than previously thought, especially
within marine communities [63], as demonstrated by the convergence of numbers of distantly related
fish taxa on the production of complex features (especially in larval stages and juveniles), like extremely
long fin rays (Gadiformes, Lampridae, Lophiidae, Pleuronectiformes, and Serranidae), external
guts (Gadiformes, Myctophidae), and even false eyes on stalks (Myctophidae, Stomiidae) [62,63].
Within marine pelagic environments, the evolution of visual Batesian mimicry in larval fishes must
meet three fundamental conditions: (1) visual predation must be a strong source of mortality; (2) there
must be a relatively common and functional model that the mimic resembles through morphology
or behavior, and (3) mimics with only a slight resemblance to the model receives some degree of
protection [64,65].

Within this expedition, we had the chance to observe, for the first time, some peculiar behavioural
traits of juveniles of T. trachypterus which may be linked to Batesian mimicry.

The almost vertical position taken by juveniles of T. trachypterus during swimming and the
dorsal–fin based locomotion recorded during our study is in agreement with the swimming behaviour
previously reported for juveniles of the same species [66]. A similar swimming behaviour was recently
reported also for juveniles of T. arcticus [67]. On the other hand, new data emerge from our study:
1- the “dorsal/ventral surface exhibition”, in which the juvenile fish oriented its dorsal/ventral surface
towards the observer; 2- the potential Batesian mimicry. We hypothesise that these two behaviours are
related. Dorsal-orienting swimming behaviour may represent a strategy to hide the general shape of
the fish and, at the same time, the extension and orientation of caudal and pelvic fins to the potential
predator may enhance its appearance as a noxious (or not palatable) organism. The small occasional
snap movements of these fins further recall a jellyfish species as a model for the Batesian mimicry
(e.g., Pelagia noctiluca). Noteworthy, the elongated rays of the anterior part of the dorsal fin and the
small orange expansions on these rays are similar in appearance to the cormidia of siphonophores.
These peculiar morphological traits seem not to be conserved in the adult and therefore can be
considered a functional adaptation to reduce predation risks during the juvenile epipelagic stage of the
species. Indeed, this has already been suggested for juveniles and larvae of other mesopelagic fish
species, in which particularly long and delicate fins (often in association with specific behaviours and
colors) play an important role in reducing mortality due to predation [63,68–70].

5. Conclusions

Despite the numerous investigations of the last decades, the emerging picture of plankton
dynamics in the Mediterranean Sea is still largely unexplored. Many factors, such as the structure
of the seafloor and continental water inflows, may represent core drivers in the distribution of
plankton diversity, structuring complex and dynamic trophic interactions between coastal and pelagic
environments. In this research, we show how the vertical transport of coastal nutrients close to the
continental shelf boundary sustains a high planktonic diversity and the occurrence of rare mesopelagic
fish species. Furthermore, for a total of 12 taxa, a clear correlation between their presence and moon
phases is reported.

The concept behind AQUATILIS field-based approach, along with the use of modern filming
equipment, allowed us to describe, for the first time, the behaviour of the uncommon mesopelagic fish
T. trachypterus, depicting the presence of Batesian mimicry in juveniles, and to observe and photograph
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rare and little known species, such as the larva of Bathypterois sp. Our results support the role of field
studies as a fundamental instrument improving our knowledge on complex ecosystems, as those
inhabited by the mesopelagic communities.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/8/581/s1:
Table S1-Planktonic taxa surveyed at the diving site; Figure S1—(a) and (b) show respectively the wind rose of Ponza
(2011–2015) and Gaeta (2007-present). Map (c) and (d) show respectively the mean distribution of SST and Salinity
from 1987 to present; Figure S2-In the panel (a) is presented in descending order the distribution of SST during
9th–11th of April, during 12th–18th of April and during 19th–28th of April. In the panel (b) the polar scatter of wind
indicates the direction (polar orientation) and intensity of wind (x-axis). In the panel (c) is presented in descending
order the distribution of Salinity during 9th–11th of April, during 12th–18th of April and during 19th–28th of
April; Figure S3-Taxa occurrence according to moon phase; Figure S4. The four sampled juvenile specimens of
Trachipterus trachypterus from the central Tyrrhenian Sea (A–C), measurements are reported in Table S2; Table S2.
Morphometric measurements of the four juvenile specimens of T. trachypterus reported in Figure S4 and collected
in the central Tyrrhenian Sea; Plate I. Mating behaviour observed during the surveyed period (A) nereids epitokes
mating close to the surface; (B) details of epitokes releasing eggs; Plate II. Mating behaviour observed during
the surveyed period: (A) Idioteidae on a feather; (B) Sepiolidae; Plate III. Trophic interaction within plankton
community, observed during the surveyed period: (A) Scyllaridae phyllosoma feeding on a salp, with detail
of its peculiar interaction with jellyfish species as a floating support; (B) Phylliroe cfr. lichtensteinii feeding on a
jellyfish; (C) Pelagia noctiluca feeding on a salp; Plate IV. Fish juvenile/larval stages recorded during the expedition:
(A) Phycidae (Phycis cf. phycis); (B) Ipnopidae (Bathypterois sp.); (C) Pleuronectiformes; (D) Anguilliformes.
Video 1–10. Tracks of behavioural traits of interest. Available online at https://doi.org/10.5281/zenodo.3934365.
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Abstract: In situ observation of Antarctic toothfish (Dissostichus mawsoni) is challenging as they
typically live at depths greater than 500 m, in dark and ice-covered Antarctic waters. Searching for
adequate methodologies to survey Antarctic toothfish in their habitat, we tested a miniaturized Baited
Remote Underwater Video camera (BRUV), deployed through holes drilled in the sea ice in the Ross
Sea region, over three field seasons. In 2015 three BRUVs were deployed at McMurdo Sound, and
paired with a vertical longline sampling. In 2017, three opportunistic deployments were performed
at Terra Nova Bay. In 2018 seven deployments at Terra Nova Bay provided preliminary data on the
habitat preferences of the species. The design and configuration of the mini-BRUV allowed to collect
high-quality video imagery of 60 Antarctic toothfish in 13 deployments from the fast sea ice. The
behaviour of fish at the bait, intra-species interactions, and potential biases in individual counting
were investigated, setting baselines for future studies on the abundance and distribution of Antarctic
toothfish in sea-ice covered areas. This work represents the first step towards the development
of protocols for non-extractive monitoring of the Antarctic toothfish in the high-Antarctica coastal
shelf areas, of great value in the Ross Sea region where the largest MPA of the world has recently
been established.

Keywords: BRUV; Ross Sea; video sampling; Antarctica

1. Introduction

The Antarctic toothfish (Dissostichus mawsoni) is the largest notothenioid fish inhab-
iting Antarctic continental waters, where it is a keystone species in the food web as a
high-trophic-level predator. Since 1998, this species has been targeted by commercial
fisheries in the Ross Sea (conventionally defined by the 60◦ S parallel, 150◦ E and 150◦ W
meridians, and the corresponding coastline of Antarctica) managed by the Commission
for the Conservation of Antarctic Marine Living Resources (CCAMLR), according to an
ecosystem-based precautionary approach (www.ccamlr.org, accessed on 24 February 2021).
Such an approach requires broad understanding of the species’ life history and ecology as
foundation for management [1]. For Antarctic toothfish, biological and ecological infor-
mation has mostly been collected by observers onboard of commercial fishery vessels in
offshore, deeper, and ice-free waters [2,3].

In the Ross Sea region, a large Antarctic toothfish population has been identified
based on genetics and mark-recapture studies [2]. The population spans a wide geographic
range from the spawning habitats in northern areas of the Pacific Antarctic Ridge to the
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feeding grounds on the continental slope, and juvenile habitats in the deeper zones of the
continental shelf [3–5]. However, while data on size, distribution, diet and reproductive
status of Antarctic toothfish from vessel-based surveys exists, it does not cover the full
extent or ecological niche of the species seasonally or spatially, as vessel-based data is
confined to ice free waters in summer and autumn.

Since 2018, with the implementation of the Ross Sea region Marine Protected Area
(Ross Sea region MPA, CCAMLR Conservation Measure 91-05), the continental shelf has
been closed to commercial fishing, further limiting information from this area, and con-
straining the ability to monitor the effect of the MPA. While coastal areas of the Ross Sea
shelf are the main locations where toothfish are preyed upon by their main predators,
Weddell seals (Leptonychotes weddellii) and Killer Whales (Orcinus orca), these fast-ice cov-
ered areas are neglected by monitoring, and few information is currently available on the
Antarctic toothfish population dynamics in those areas [6–10]. Surveying through the sea
ice requires large holes made through ice more than 2-m thick to take out large toothfish [8].
This is time consuming and requires the use of large and heavy equipment, both character-
istics making such an extractive methodology logistically demanding in high Antarctica
and limiting survey activities over large areas. To enable monitoring of Antarctic toothfish
in fast-ice-covered shelf areas, innovative methods need to be developed to overcome
logistical constraints, including non-extractive methods for working in the MPA.

Non-extractive methods for the study of marine fauna include acoustic and visual tech-
niques. Underwater acoustics is largely used for studying zooplankton as well as pelagic
species, but it is not effective for organisms that reside or move close to the bottom [11],
such as the Antarctic toothfish, as the vertical resolution, especially at the appropriate
depths, can obscure several metres of demersal habitat, and targets need to be identified
from acoustic characteristics [12,13]. Conversely, underwater video techniques allow to
record abundance and distribution of target species both in the water column and close to
the bottom, where targets can be visually identified. Additional benefit of video sampling
is the ability to observe behaviour, habitat association as well as intra- and inter-species
relationships (see [11] for a review).

Among the video techniques, the Baited Remote Underwater Video systems (BRUVs)
methodology is conceptually simple and based on a recording video camera that documents
the arrival of organisms attracted to a baited lander [14,15]. Such a technique, which
minimizes observer biases and gear selectivity associated with other survey methods, is
likely appropriate for fish such as the Antarctic toothfish, characterized by good olfactory
capabilities [16] and with benthic scavenger feeding habits [17]. BRUVs allow video
documentation of species presence, size, and behaviour (e.g., swimming speed, feeding
mode, searching). Relative abundance metrics can also be developed [18], provided that
the bias associated with counting individuals that enter the field of view multiple times is
accounted for [19].

Since the mid-1990s, BRUVs have been used in temperate, tropical and subtropical
areas, mostly to assess the effect of Marine Protected Areas, document species behaviour,
or assess changes in fish assemblages [11,20,21]. In polar waters, BRUVs have been less
employed so far. BRUVs were used in the marine waters of the northern Canadian territory
of Nunavut [22,23]. Very few baited camera deployments were performed in the Southern
Ocean prior to present work, none in high Antarctica. An autonomous lander was deployed
around South Georgia and Falkland Island to estimate the abundance of the congeneric
Patagonian toothfish (Dissosticus eleginoides) independently from the fishery catch data [24].
A BRUV was set by SCUBA diver in shallow waters at Adelaide Island (West Antarctic
Peninsula) to study the response of scavengers to feeding cues in the area [25]. Within
Ryder Bay, in the West Antarctic Peninsula, a baited camera system was used to examine
the distribution of scavenging fauna in relation to the spatial variation in exposure to
iceberg scouring [26]. In those cases, the BRUVs were large in size and/or needed to be set
underwater by a SCUBA diver, both characteristics unsuitable for work in sea-ice covered
areas and at over 500 m depth.
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Here, we conducted a trial of the feasibility, efficacy and reliability of a mini BRUV to
study the Antarctic toothfish in fast ice-covered shelf areas. In the frame of collaborative
researches between New Zealand and Italy, a pilot study was undertaken during three
Antarctic field seasons, at two different locations (nearby-located to the New Zealand and
the Italian Antarctic research stations that gave logistic support to make the study possible)
within the Western Ross Sea region. The study aimed to (i) investigate the Antarctic
toothfish behaviour at the bait and evaluate its potential influence on the calculation of
relative abundance metrics, (ii) test the reliability of the results obtained by BRUV by
comparison with those collected by extractive techniques, and (iii) set baselines for future
studies on the distribution and abundance of the species in shelf areas.

The work promotes the diffusion of such a non-extractive technique for monitoring
and sampling within the Ross Sea region MPA and sets the bases for use of BRUVs in other
areas around the Antarctic continent.

2. Materials and Methods

2.1. Study Area and Sampling

The work was part of New Zealand-Italian collaborative activities conducted at Mc-
Murdo Sound, near the New Zealand’s Scott Base in November 2015, and Terra Nova Bay,
near the Italian Mario Zucchelli Station in November 2017 and 2018.

2.1.1. General Description of the Study Area

The fast-ice study area is located in the western Ross Sea (Figure 1A) with a mean
depth of about 500 meters and bathymetry associated with local volcanos and scouring
by glacial ice. The shape of the seafloor and depth direct tidal currents comprised Ice
Shelf Water (ISW) and the water produced beneath the freezing sea ice (Ross Sea Shelf
Water, RSSW). In the spring months, currents are usually less than 10 cm s−1 and flow in a
north-south direction [27].

All deployments were made through the 1.5–2.5 m thick fast sea ice that covers the sea
surface for 9–10 months a year, from March until January. The holes extended through the
platelet ice layer, a feature unique to coastal Antarctic zones [28,29]. Two locations were
sampled, McMurdo Sound and Terra Nova Bay (Figure 1B). The former is a long depression
up to 1000 m deep extending from the Ross Ice Shelf and bordering Ross Island [27]. The
latter is along the Victoria Land coast and is a steep seafloor consisting of granitic rock
ridges and gullies filled with gravel, clay, and silt [27,30]. Deployments in Terra Nova
Bay were performed in Silverfish Bay which, within the vast Ross Sea region MPA, also
constitutes an Antarctic Specially Protected Area (ASPA 173) of the Antarctic Treaty.

2.1.2. Mini-BRUV

One of the main points for consideration when working in Antarctica is logistics.
With sampling sites spanning over a large area, the constraints in the transportation,
included those deriving by the use of helicopters, need to be considered. Accordingly, the
BRUV system was designed to be light and portable to optimize loads during transport.
Furthermore, the size of the BRUV was minimized in order to allow deployments from
relatively small holes in the sea ice, thus avoiding carrying around the large and heavy
equipment that would be necessary to drill large holes and saving time.

The mini-BRUV system consisted of two cylindrical housings made of Delrin® POM
(DuPont™) of 70 mm external diameter and 250 mm in length. At the end of one cylinder
was a 15 mm thick, flat acrylic camera and light sensor port. The other end contained a flat
Delrin plate with a Seacon Electrical Wet-Mate bulkhead connector. The cylinder held a
full HD Mobius camera (with a 64 Gb memory card and an Arduino Micro microcontroller
board), and a NiMH battery pack. The other cylinder of the same size held a MR16 LED
lamp (6 Watt, 12 Volt, cool white), and a dedicated NiMH battery pack. The two cylinders
were fixed in parallel and connected by cable (Figure 2).
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Figure 1. The study area. (A) Location of the study area within Antarctica continental shelf (red frame); (B) Sampling sites
at Terra Nova Bay (left) and McMurdo Sound (right). Ice tongues or ice shelves are marked in light-blue colour; lands
are marked in grey; white colour corresponds to seawater, partly covered by sea ice during the sampling periods. The
sampling stations are in areas covered by fast ice in the late spring. Red dots indicate the sites sampled in 2018 at Terra Nova
Bay (left) and in 2015 at McMurdo Sound (right). The green dot corresponds to the sampling site at which the BRUV was
opportunistically deployed in 2017, three times with the bait and two times without the bait. (C) Bottom geomorphology at
Silverfish Bay (Terra Nova Bay), the red dots are the seven sampling sites where Baited Remote Underwater Video camera
(BRUV) deployments were carried out in 2018.

Figure 2. Essential structure of the mini-BRUV system. The prototype was deployed through ice
holes of about 40 cm diameter.

The Arduino microcontroller was programmed to switch the camera and light “on”
or “off”. During the first year of field activity, at McMurdo Sound, the camera was set
to perform one minute of registration and one minute of pause to optimize the battery
duration. Given the good performance of the batteries in this first trial, the protocol was
adjusted during the field activities at Terra Nova Bay, where registration was continuous.
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Approximately 1 kg of squid (Notodarus gouldi), routinely used in the Antarctic toothfish
longline fishery, was used as the bait. It was fixed 2 m below the camera, just above the 8
kg clump weight. Three 150 mm diameter trawl floats (800 g buoyancy each) were placed
above the mini-BRUV to adjust buoyancy and suspend it 2 m above the clump weight. The
camera configuration was vertical with the view towards the seafloor, resulting in a field of
view of about 2 m in diameter. The system was slowly lowered with a 3 mm nylon rope to
the seafloor by hand or with a winch.

2.1.3. Sampling Design

The study included the following three lines of investigation, covering major aspects
related to the use of BRUV systems to monitor Antarctic toothfish in ice-covered areas.

1. Toothfish behaviour at the bait

Three BRUV deployments were performed at McMurdo Sound (2015) and ten at
Silverfish Baywithin Terra Nova Bay (three at the same station in 2017, and seven at
different stations in 2018) (Figure 1B,C). In addition, in 2017, the mini-BRUV was deployed
twice at Silverfish Bay without bait, as negative control to evaluate the attractive effect of
the bait.

The residence time, how long on average a specimen remains in the vicinity of the
bait (from first appearance to last appearance in the case of individuals that keep coming
back into the field of the camera), was calculated in the 10 continuous videos performed at
Terra Nova Bay during 2017 and 2018. Behaviour at the bait was evaluated as potential
source of bias in the count of toothfish by BRUV [19]. When more than one individual was
present in the camera field of view, the behaviour of each one was annotated and classified
as “neutral”, “agonistic aggressor” or “agonistic subordinate”. For each agonistic event,
the behaviour of both the aggressor and the subordinate fish were noted and described as
follows: “stay”, when the fish did not appear altered by the event; “weak reaction”, when
the fish reacted with rapid movements and appeared disturbed or when it escaped but
returned under the field of view after a few seconds; “escape”, when the fish moved away
and did not return in proximity of the bait. The size of the individuals involved in the
different events was included in the analysis.

2. Comparison between BRUV data and longline catch

This activity was implemented at McMurdo Sound in 2015, where a scientific random
stratified vertical longline survey was being conducted from the sea ice, as part of a
large-scale monitoring programme [10]. The aim of this first field activity was to perform
preliminary tests on the reliability of the BRUV systems in collecting Antarctic toothfish
abundance data. To this end, three longline fishing stations (namely Station 20, 28, and
29, details in [10]) were considered. At each station, vertical longlines, armed with 15/0
size hooks (EZ-baiter, Mustad) baited with squid, were set three times for approximately
18 h each. The mini-BRUV was deployed at the three longline fishing stations, once per
each station. The camera deployments were opportunistically performed after the retrieval
of one of the longlines and before the deployment of the subsequent longline set, thus
resulting in BRUV soak times ranging between 19 and 24 h. The number of individuals
recorded by BRUV in a determined time of unit was compared to the vertical longline
catch, expressed as average catch obtained from three replicate fishing events per station.

3. Habitats and distribution of Antarctic toothfish individuals

A preliminary study, aimed at investigating the relation between physical characteris-
tics of the sea bottom, depth and presence of Antarctic toothfish, was performed in 2018
at Terra Nova Bay. The study included BRUV deployments at seven stations in Silverfish
Bay. The stations were representative of different geomorphological features (ridge and
trench) and falling in a range of bottom depths from about 200 m to more than 500 m. Soak
time ranged between 1 to 6 h, depending on the contingencies of the time allowed for field
activity and the weather. Information on relief, substrate type, and benthos coverage of the
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seafloor was recorded for each station. Depth was measured by echosounder during the
video recording. The substrate type and the coverage by benthic organisms were evaluated
through image analysis of the sea floor. Sediment granularity was not easily distinguishable
from video footages. Therefore, we classified the substrate as “soft” when the seafloor was
homogenously composed by clay, silt or sand, and “mixed” when rocky formations were
visible. The benthos coverage was defined as percentage of seafloor surface in the field of
view of the camera covered by epibenthic organisms. Examples of seafloor features are
shown in Figure 3.

Figure 3. Examples of seafloor features. (A) Mixed substrate with high (90%) benthos coverage (Terra
Nova Bay, site 05). (B) Soft substrate with low (10%) benthos coverage (Terra Nova Bay, site 06).

2.2. Video Analysis

Videos were screened in full with VLC Media Player 3.0.5 Vetinari Software. Identifi-
cation of individual Antarctic toothfish was performed by extracting frames each time a
toothfish was within the field of view and establishing individual and unambiguous key
features such as colour patterns, parasites, scars, or other recognizable marks (Figure 4).

Figure 4. Examples of identifying marks on toothfish individuals. (A) Distinctive colour pattern of
the pectoral fins and presence of a parasite on the left side of the trunk. (B) Dark spot pattern along
the body.

ImageJ software was used to estimate the total length. For each individual identified,
the length of the fish was calculated by comparison with the cylindrical weight on the
seafloor (33 cm long) when they were both at a similar distance from the camera. In order
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to minimize the effect of potential errors in the measurements, we categorised the fish
length into three length classes following [3], corresponding to immature (L < 100 cm),
maturing (L = 100–130 cm), and mature fish (L > 130 cm).

2.3. Abundance Indices

Relative abundance metrics, typically calculated from BRUV footages, were derived
from videos recorded in 2018 at Terra Nova Bay.

The Catch Per Unit of Effort (CPUE) is an index widely used in fishery research. It was
adapted to the BRUV analyses [31,32] and calculated as the total number of fish recorded,
divided by the time of the video recording, and expressed as number of individual fish
observed per hour. CPUE is not widely used in BRUV analysis, because unbiased value
requires to identify each individual fish that enter the field of view of the camera during the
entire observation period. This is especially difficult where large numbers of individuals
are present, as it is often the case in shallow tropical or temperate waters, or for species
whose individuals are not easily distinguishable. Given the relatively low densities of
toothfish, and the possibility to identify individuals, potential bias in the use of CPUE is
limited; therefore, we decided to consider this metrics.

The Mean Number (MeanN) [33], commonly used for dense and/or multispecies
shoals of fish [34–44], was calculated from the maximum number of fish in a single frame
from the whole video (Maximum Number, MaxN). While the advantage of this metric is to
avoid recounts of same individuals [45] without the necessity to identify each individual, it
can under-estimate the true abundance of fish visiting the bait, given that only a portion
of the fish contribute to MaxN [46]. Therefore, we decided to consider also the MeanN,
that is the average of the mean MaxN from 1-hour periods throughout the duration of
the recording [33]. For the calculation of MeanN, final segments videos shorter than 1 h
were discarded.

The Time of First Arrival (TFA) [47,48] was calculated as the time in minutes that
passed from when the BRUV reached the seafloor and the first record of an Antarctic
toothfish that entered in the field of view of the camera.

The correlation between metrics was tested through Pearson’s correlation coefficient,
and the relative abundance of Antarctic toothfish deriving from the various metrics was
considered in the frame of a suite of environmental drivers (geomorphological features,
depth, substrate type, and benthos coverage).

3. Results

3.1. Fish Behaviour

A total of 60 toothfish were observed during the 13 deployments carried out between
McMurdo Sound and Terra Nova Bay. The residence time of individuals around the bait,
calculated for 52 individuals during the continuous video recordings at Terra Nova Bay,
was highly variable with mean residence time of 8 min 24 s ± 9 min 36 s SD (maximum
44 min, minimum 10 s). No toothfish were recorded when the BRUV was deployed without
the bait. Of the observed fish, 44 were recorded close to the bait together with at least
another individual in the same frame (Video S1). Most toothfish (25 individuals) were
neutral to the presence of other individuals within the field of view; two individuals left the
field of view without any intra-specific interaction; one was apparently involuntarily bitten
by another individual and had a weak escape reaction, swimming away and returning
a few seconds later; two fish increased the swimming speed in the field of view after
inadvertent contact; and in 13 cases evident agonistic behaviour were recorded (Figure 5).

A descriptive analysis was developed on the 13 cases that showed agonistic events
from the combination of the type of event, size classes involved, and subsequent reactions
(Figure 6). In 5 cases (38.5%), the larger individuals behave as aggressors; in 5 other
cases, aggressors were of the same size class of the subordinates; and 3 times (23.1%) the
smaller individuals were the aggressors. The aggressors never left, and either showed
weak reactions (regardless of the size of the fish attacked) in 3 cases or remained near the
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bait (10). The subordinates in 2 cases escaped and did not return (in both they were of
the same size class of the aggressor), but in most cases they showed weak reactions and
remained near the bait (Video S1).

Figure 5. Sequence of an agonistic event. Two toothfish are involved (left side of the images) on the
side of a third individual which is eating the bait. Video recorded at Site 06, Terra Nova Bay.

Figure 6. Reaction of aggressors and subordinates in the 13 recorded agonistic events, according to the size of the
involved individuals.

3.2. BRUV Data and Longline Catch

Sampling was performed in McMurdo Sound on the shelf area from 537 to 579 m
depth (Table 1), at sites characterized by soft substrate bottom (Table S2). While BRUV was
deployed for approximately 20 h at each station, in two out of the three cases, the bait was
consumed prior to the end of the deployment, about one hour and after about four hours,
respectively. Given the key role of the bait in this sampling system, portions of the video
recorded in absence of the bait were discarded, and for the sake of standardization, the
analysis of all videos was limited to the first hour of setting.

Table 1. McMurdo Sound, total number of fish recorded with BRUV during the first hour of setting
at each station, and average vertical longline (VLL) catch values obtained from three deployments at
each station.

Station # Fish Recorded VLL Catch (Mean ± SD)

20 5 13.0 ± 2.6
28 3 13.7 ± 5.5
29 0 6.3 ± 5.9

During the first hour of the three video samplings, eight Antarctic toothfish were
observed. Five (62.5%) were assigned to the immature size class, and three (37.5%) were
maturing individuals.

3.3. Sea Bottom Features, Depth, and Toothfish Abundance

A total of 18 Antarctic toothfish were recorded in four out of seven BRUV samplings
carried out in 2018 at Terra Nova Bay (Table S2). Most fish were in the maturing size class
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(n = 10, 55.6%), but mature (n = 5, 27.7%) and immature fish (n = 3, 16.7%) were also sighted.
Eight out of ten maturing toothfish were recorded at a depth higher than 500 m (Site 06).

At sites where no toothfish were recorded, the substrate was mixed and with high
percentages of benthos coverage, while in 3 out of 4 sites in which toothfish arrived to the
bait, the substrate was soft and the benthos coverage low, as for McMurdo Sound. While
toothfish were sighted in correspondence of ridges shallower than 400 m depth, the highest
abundances were recorded in a trench habitat, at more than 500 m depth (Table 2).

Table 2. Environmental variables considered to characterize the 7 sites of video sampling performed in 2018 at Silverfish
Bay and relative measured abundance metrics. Geomorph = geomorphology; Mean N = Mean Number; TFA = Time of
First Arrival.

Site #
Set Duration
(hh:mm:ss)

Depth
(m)

Substrate Benthos Geomorph. CPUE MeanN
TFA

(min)

01 01:19:38 258 mixed 80% Ridge 0.75 1 8.2
02 05:38:43 356 soft 40% Ridge 0.53 0.6 238.8
03 06:01:05 475 mixed 80% Trench 0 0 -
04 06:29:34 303 mixed 70% Ridge 0 0 -
05 01:59:25 179 mixed 90% Ridge 0 0 -
06 06:14:34 543 soft 10% Trench 1.92 1.4 60.3
07 05:27:00 390 soft 60% Ridge 0.37 0.4 167.2

The values of CPUE and MeanN at the sites of sighting were strongly correlated
(r = 0.95, p < 0.01), suggesting they may each be indicating abundance even though sample
size is low. TFA did not follow the trend of the other two metrics.

3.4. Other Fish Species Recorded by BRUV

While the target species of the work was the Antarctic toothfish, other fish species,
representative of the shelf demersal and pelagic assemblages, were recorded by our mini-
BRUV. Juveniles and a large shoal of adult Antarctic silverfish (Pleuragramma antarctica)
were recorded at McMurdo Sound. Juveniles Antarctic silverfish were also often recorded
during the mini-BRUV deployments at Silverfish Bay. In this latter area, various Trematomus
species were recorded. Trematomus hansoni were often seen approaching the bait, occa-
sionally trying to eat it, or just swimming in the camera field in groups of five or more
individuals. Trematomus bernacchii were also recorded around the bait, usually solitary
swimming. One Artedidraconidae and one Chionodraco sp. incidentally entered the field
of view of the camera; however, they did not show any interest for the bait. A group
of Trematomus borchgrevinki was recorded in the upper water column, close to the sea-ice
during the deployment and the hauling of the BRUV.

4. Discussion

The Antarctic toothfish is a high trophic level predator in the Antarctic ecosystems,
utilizing a broad range of habitats during its lifecycle, from the epipelagic realm to bentho-
pelagic slope habitats down to 2000 m depth [4]. Current understanding on the biology
and life cycle of the species mainly relies on fishery-dependent data [2,3], resulting in
catchability biases and knowledge gaps. New data on the abundance and distribution of
the Antarctic toothfish in coastal shelf areas are required to support population hypotheses
and management of this living resource. Large stretches of the coastal shelf areas are data-
poor or unexplored, due to the occurrence of fast sea ice that prevents the access of fishing
vessels. This holds truth even in regions where the toothfish is historically harvested, such
as the Ross Sea region.

We investigated the performance of a BRUV system to collect biological data on the
Antarctic toothfish in the data-poor sea-ice covered areas of the Ross Sea region shelf, a
region of interest for fishery management and marine conservation.
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BRUV systems were demonstrated to produce results comparable to some fishery-based
methods for monitoring trends in the relative abundance [31] and have been proven effective
in surveying mobile predators and/or opportunistic scavengers, such as sharks [22,37] and
grenadier [49], thus making this sampling technique promising to collect fishery independent
data on the predator and scavenger Antarctic toothfish [50]. Prior to the present work, a
few attempts were made for the use of BRUV systems in the Antarctic waters. In the
West Antarctic Peninsula, a BRUV was used to examine scavenging fauna in relation to
the exposure to iceberg scouring within Ryder Bay [26], and a preliminary study was
performed on the use of baited cameras mounted on a rather large autonomous lander
(Aberdeen University Deep Ocean Submersible (AUDOS)) to estimate the abundance and
size of the co-generic Patagonian toothfish D. eleginoides in sub-Antarctic areas [24]. In both
cases, the activities were in open waters, with rather voluminous baited camera systems
deployed from boats and set on the sea bottom.

The study on D. eleginoides, while demonstrating the general feasibility of toothfish
abundance estimation by BRUV, stressed the need for improvements in the design of the
system and suggested the use of short-term deployment times (2–3 h). Following those
recommendations, in the present study, the efforts were put in the design and configuration
of the system, as well as in the optimization of the protocol.

In line with recent trends towards the development of miniaturized deep-sea cameras
targeting the reduction of size and costs [51], our BRUV system was developed to be
essential in the design and small in size and set up with the camera view facing vertically
downward. The majority of BRUVS set-ups used a horizontal camera arrangement, and
only the 14% had a vertical orientation pointing down to the seafloor [21]. The vertical
camera setting is underused because some species seem reluctant in entering the vertical
field of view, most likely due to the perceived confined space under the camera, emphasized
by the occurrence of large aluminium frames. Our essential BRUV system does not present
any frames or bait arms (the bait is set close to the weight connected by a short piece of
fishing line), while camera and light are suspended at about 2 m from the seafloor. Such
a setting did not seem to affect the fish behaviour, and Antarctic toothfish were recorded
swimming around the bait for quite long time, about 8 min on average, and up to 44 min.
In this configuration, the mini-BRUV system was proven suitable for deployment through
holes in the sea ice of relatively small diameter (even less than 40 cm), significantly reducing
the workload and logistics required to perform surveys from the sea ice. Furthermore, it
was easily transportable and light enough to be set and hauled by hand.

In order to optimize the protocol, soak time was carefully considered. During the field
work at McMurdo Sound, the association of BRUV work to the longline activities imposed
long duration of deployments, with soak times of over 20 h. However, the a posteriori
analysis of the videos clearly demonstrated that long deployments are unnecessary and
that soak time from one to six hours is ideal, allowing both data collection and multiple
deployments in a short period. Remarkably, no decay in the effect of the bait was recorded
in such a timeframe, and Antarctic toothfish were spotted approaching the bait until
hour six. Overall, the effectiveness of short-term deployments to monitor Dissostichus
species [24] is confirmed; one-hour video record is likely sufficient to collect baseline data;
however, deployments up to six hours might allow for a more precise calculation of relative
abundance metrics.

A critical point for the optimization of protocols for BRUV observations is the effec-
tiveness of the bait in attracting the target species, which has repercussions on abundance
metrics [39,52,53]. Here, the bait was a squid routinely used in the Antarctic toothfish
longline fishery. The behaviour of the fish at the bait supports a positive olfactory response
and searching behaviour in the odour plume, which is expected based on their olfactory
capabilities [16]. The fish were observed approaching slowly to the bait, often sliding it
along their flank and eventually grasping it in their jaws. Dissostichus eleginoides individu-
als were reported to be attracted by the bait but never observed to investigate closely or
attempt to take the bait [24]. Such distinct behaviours could be related to differences in
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the BRUV configurations. In particular, the essential design of our mini-BRUV was likely
perceived by fish as not disturbing and did not arise suspicion on fish. However, it is also
worth noting that the work on D. eleginoides was performed in a commercially longlined,
plenty-of-food area, while our activity on D. mawsoni was performed in areas not accessible
to fishing vessels and, in the case of Terra Nova Bay, in the frame of a specially protected
area (ASPA 173) where disturbance of anthropic origin was minimal.

The effectiveness of the bait in attracting Antarctic toothfish individuals was also
supported by the absence of any fish record in the negative controls held with no bait.
The effect of other potential attractants related to the BRUV, such as light and noise, or
presence of other organisms around the system, seems negligible. Interestingly, while the
use of intense light in BRUV is usually discouraged due to possible flash induced bait
shyness [24], the Antarctic toothfish individuals observed under the light of our mini-BRUV
did not show any discomfort; on the contrary, some of them were attracted by the light and
occasionally were recorded swimming upward pointing the lamp (Video S1).

The design and configuration of our mini-BRUV allowed to collect high-quality video
imagery of 60 Antarctic toothfish in 13 deployments. To the best of our knowledge, only
brief images of a single Antarctic toothfish, incidentally acquired during a video survey
in McMurdo Sound [54], and sparse snapshots of fish from cameras attached to Weddell
seals [55] were available prior to this work. Here, the high quality of the videos is coupled
with high number of records, thus providing valuable new documentation of the Antarctic
toothfish in its natural habitat (Video S1). Owing to the quality of the videos and the low
number of individuals occurring in the field of view simultaneously, identification was
possible for all the individuals. Scars and unique colour patterns present were effective
natural markings to distinguish individuals and, although the persistence over time of
those markings is unknown, at least they can be used as effective markers within a single
deployment. This facilitated the abundance metric calculations, and biases related to
re-counting were avoided.

Two of the three used metrics, CPUE and MeanN, resulted strongly correlated, but
their efficacy remains to be confirmed with additional data. The possibility to use MeanN as
a proper abundance metric would allow to avoid the identification of single individuals, a
difficult and time-consuming step necessary for the calculation of CPUE, thus significantly
reducing the time allocated to video processing, which is necessary. This would foster the
application of the methodology and the collection of a large number of recordings. Among
the other metrics considered, the time of first arrival (TFA) was successfully adopted for the
congeneric Patagonian toothfish [24]. Such a metric is powerful when integrated with data
on the current and fish swimming speed [51]. However, in the present study, due to the
lack of current speed measurements and reliable estimate of the speed of fish attracted by
the bait, the TFA could not be standardized, and its informative value as proxy of Antarctic
toothfish abundance was poor.

The low number of BRUV deployments for comparison with longline catch in Mc-
Murdo Sound prevented any robust calculation of metrics or trends. However, at the
stations where the catch with longlines was the highest, Antarctic toothfish individuals
appeared in the field of view of the camera during the first hour, supporting the relation
between fish catches and BRUV counts. A relation between the calculated BRUV abun-
dance metrics and the longline catch rates seems to be occurring, but further comparative
investigations are needed to provide statistical support to this observation.

Besides quantifying the relative abundance and distribution of target species, the
BRUV systems hold potential to generate a variety of data; characterize benthic habitats;
and assess functional diversity, body sizes, and animal behaviours [22], thus, in turn,
facilitating investigation of fish–habitat relationship [56]. We collected basic information
on the sea bottom features (composition and granulometry) from all videos and conducted
a preliminary study to investigate the relationship between physical characteristics of the
environment and presence of Antarctic toothfish at Terra Nova Bay. Regardless of depth
and geomorphology, toothfish were recorded at three stations characterized by soft bottom
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and relatively low benthos coverage and only one station with a mixed sea bottom. The
preference toward soft sea bottom seems confirmed by the data from McMurdo Sound,
where toothfish were BRUV sampled only in soft bottom areas.

Another interesting observation from the videos is the size of the Antarctic toothfish at
Terra Nova Bay, larger than that expected for the Ross Sea shelf area [3], with prevalence of
individuals between 100 and 130 cm length (55.6%) and some larger mature ones (27.7%).
It is worth noting that the fish sampled by BRUV at McMurdo Sound are overall smaller
than the ones observed at Terra Nova Bay. Despite being a point observation, this aspect
might have repercussions on current population hypothesis for the Ross Sea and deserves
further investigation.

Overall, the results of our trials, encourage the use of BRUV to study the abundance
and distribution of Antarctic toothfish in sea-ice covered areas but also as a valid inves-
tigation tool for field work in other areas around the Antarctic continent, whether or not
seasonally covered with fast ice. Here, clues for the optimization of the sampling protocols,
including information on the bait and optimal soak time, are provided. Furthermore, this
study, although preliminary, identified gaps in the knowledge base that could be addressed
by the use of BRUV, including habitat preferences of the Antarctic toothfish and size dis-
tribution in ice-covered shelf areas. As a side information, our mini-BRUV was proven
effective in attracting fish species other than our target species and could thus be used to
study densities and behaviour of those species, as well as fish assemblages.

Our pilot investigation allowed to highlight that some improvements should be
considered in future studies. In particular, the addition of a current meter would allow
to consider current speed that might influence the odour dispersal and lead to bias in
the metrics calculations, especially TFA [24]. Another important improvement would be
the addition of coupled lasers pointer with parallel light beams, which would allow a
more accurate calculation of the fish length and evaluation of the size distribution for
the species. Furthermore, the laser pointers would aid in estimating the fish swimming
speed, another key element that influences the TFA and, consequently, the abundance
estimate. The setting up on the BRUV of sensors for water parameters might add relevant
environmental information in support of habitat preferences evaluations. The description
of water mass preferences of adult toothfish might provide relevant information on the
movements of adults on the continental shelf, with repercussion on the management of
the species. The use of non-extractive methods, including BRUV, is of particular relevance
in the Ross Sea region, where the largest MPA of the world has recently been established
and where this tool can be used in many more applications to study target species but also
assemblages and behaviour, supporting research and monitoring in the area.
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Abstract: Spawning grounds occupy an important position in the supplementary population of
fishery resources, especially in Western Guangdong waters (WGWs) in the northern South China
Sea (SCS), where fishery resources are being depleted. This study investigated the environmental
effects on the spatiotemporal variability of spawning grounds in WGWs, on the basis of generalized
additive models (GAMs) and central spawning-ground gravity (CoSGG) by using satellite and in
situ observations. Results showed that 57.2% of the total variation in fish-egg density in WGWs
was explained. On the basis of stepwise GAMs, the most important factor was sea surface salinity
(SSS), with a contribution of 32.1%, followed by sea surface temperature (SST), water depth, month,
and chlorophyll a concentration (Chl-a), with contributions of 10.7%, 8.8%, 2.6%, and 2.6%, respectively.
Offshore distance had slight influence on the model, explaining approximately 0.4% of the variation
in fish-egg density. In summary, fish eggs in WGWs were mainly distributed in the area with SSS of
32.0–34.0 Practical Salinity Unit (PSU), SST of 24–27 ◦C, and depth of 0–18 m. CoSGG shifted eastwards
by 0.38◦ N and northwards by 0.26◦ E from April to June. The distribution of spawning grounds
in the WGW was affected by the Western Guangdong coastal current (WGCC), cyclonic circulation,
the SCS warm current (SCSWC), and changes in the habitat environment (such as SST). Fish in WGWs
tend to spawn in areas with a high seabed slope and steep terrain (near the Qiongzhou Strait).

Keywords: fish eggs; environmental factors; spatial factors; generalized additive model;
remote sensing

1. Introduction

Western Guangdong waters (WGWs) are located in the northern South China Sea (SCS). This is
an important place for fish spawning, feeding, breeding, and migration [1]. Spawning grounds are
water areas for the mating, spawning, hatching, and breeding of fish, shrimp, and shellfish. It is an
important place for the survival and reproduction of aquatic organisms, and it plays an important
role in the supplementation of fishery resources [2]. The early life history of fish has three stages:
fish egg, larval, and juvenile. The amount of early supplementation and survival rate affects stock
density [3]. As an important stage in early-life history, fish eggs are the most vulnerable and sensitive
stage in their lives, and small-scale environmental changes may also have a dramatic impact on
their resource–replenishment process [4,5]. Previous studies showed that the habitat environment
affects the distribution [6] and density [7,8] of fish eggs, the stock density of fish spawning [7,8],
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and fish structure [9]. However, the influence of seabed topography and marine environment on the
spatiotemporal distribution of spawning grounds is still unclear. Spawning grounds are the basis
for the replenishment of fishery resources [10]. Exploring the quantitative relationship between the
density and distribution of fish eggs and marine environment factors not only helps to understand the
formation mechanism of spawning grounds but, also, reflects variations in local fishery resources.

The relationship between fishery resources and marine environment are complex, nonlinear,
and nonadditive [11]. In a quantitative analysis of the relationship between fish-egg density and marine
environment, the method choice is important. General additive models (GAMs) can better demonstrate
the nonlinear relationship between dependent and multiple independent variables [12], and they are
widely used in quantitative analyses of the relationship between fishery resources and environmental
factors [1,13–15]. On GAMs, the development status of Clupea harengus eggs distributed in western
Scottish waters was observed to be related to its vertical spatial distribution, and the development of
fish eggs near the bottom was relatively slow [16]. In the Baltic Sea, temperature had no significant
effect on the abundance of Platichthys flesus eggs [17]. The distribution of Engraulis encrasicolus and
Sardinella aurita in the Mediterranean Sea was related to the interaction between seabed depth and
sea surface chlorophyll a (Chl-a) concentration. The near-shore continental shelf area with a high sea
surface chlorophyll concentration was more suitable for spawning [18]. In China, on the basis of GAMs,
the spatial distribution of dominant fish eggs (Stolephorus commersonnii and Cynoglossus joyneri) in the
Haizhou Bay of the Yellow Sea was related to the underlying temperature [19], and the distribution
of Gadus macrocephalus eggs in the Yellow Sea was closely related to environmental factors such as
bottom-water temperature, quality, and salinity [20]. Satellite remote-sensing technology provides
all-weather, large-scale, and high-resolution marine-surface information, and it was successfully
applied to marine-fishery research [1,13,14,21]. In this study, satellite remote-sensing data were applied
in the analysis of the environmental effects of the spatiotemporal distribution of spawning grounds in
WGWs. The early supplementary mechanism of fishery resources in WGWs was explored, providing a
reference for the protection of fish habitats in the SCS.

2. Materials and Methods

2.1. Fishery Data

Fish egg data were obtained from spawning-ground surveys from 2014 to 2015 (April–June).
Major species of fish eggs identified in this study were Trichiurus haumela, Carangidae, Nemipteras

virgatus, Sardinella aurita, and Anchoviella commersonii. The research area was at 110–113◦ E, 19.5–22◦

N (Figure 1). Fish eggs were sampled by macroplankton nets with a hauling speed of 1.5 n mile/h
and then preserved in 5% formaldehyde solution. The fish eggs were identified by morphological
characteristics, including shape, size, chorion, yolk, oil globule, and pigmentation [9,10]. In this study,
fish-egg data were grouped by 0.25◦ × 0.25◦ grid cells. The unit of fish-egg density was ind (10 m)−3.

 

Figure 1. Research area and survey stations of spawning grounds in Western Guangdong waters
(WGWs; dotted box, area of satellite data).
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2.2. Environmental Data

Satellite data were sea surface temperature (SST), sea surface chlorophyll a concentration (Chl-a),
and sea surface salinity (SSS). SST and Chl-a data were derived from MODIS Aqua products of NASA
(http://oceancolor.gsfc.nasa.gov), for which temporal resolution was 8 days, and spatial resolution was
4 km. SSS data were obtained from the Global Ocean Physical Reanalysis Product of the Copernicus
Marine Environment Management Service (CMEMS, http://marine.copernicus.eu/), for which temporal
resolution was one month, and spatial resolution was 1/12◦. The digital elevation model (DEM) of
WGWs was derived from elevation data of Google Earth, with an elevation level of 18 and a spatial
resolution of 8.85 m.

Satellite remote-sensing SST, Chl-a, and SSS data were derived by removing invalid values and
performing monthly averaging and data-fusing by using MATLAB (MathWorks, Natick, MA, USA)
software. Satellite remote-sensing SST, Chl-a, and SSS data were processed to monthly images through
ArcGIS 10.5 (Esri, Redlands, CA, USA)software (ordinary kriging) [22–24]. The distribution of seabed
depth (elevation) and seabed-terrain slope was plotted through ArcGIS 10.5 software by DEM data.

2.3. GAMs Fitting Procedures

The GAMs is an additive model that was proposed by Hastie [12]. It is a nonparametric method
of generalized linear regression [19]. The primary formulation of this model is

Y = α+
n∑

j=1

fi
(
xj

)
+ ε (1)

where Y, fish-egg density (ind (10 m)−3); xj, explanatory variable (environmental factors for each survey
station); α, formulation intercept; ε, residual; and fi(xj), any univariate function of the respective
variable with spline smoothing. The formulation of the GAM is

log(Y + 1) = s(Month) + s(Lon) + s(Lat) + s(SST) + s(Chl− a) + s(Slope) + s(SSS)+

s(Distance) + s(Depth) + ε
(2)

where Y is the fish-egg density. In order to prevent the response variable from appearing as zero,
we made a logarithmic transformation after Y + 1; s(x), spline-smoothing function of covariate x;
Month, month; Lat, latitude; Lon, longitude; SST, sea surface temperature; Chl-a, sea surface chlorophyll
a concentration; Slope, seabed terrain slope; SSS, sea surface salinity; Distance, closest distance from
the shore; Depth, water depth; and E, model error that obeyed the Gaussian distribution. The mgcv
package in R v.3.4.4 software (R Core Team, https://www.r-project.org/) was used to build and test the
GAMs [25,26], and a forward-stepwise method was employed to select variables with a significant
influence on the model.

The Akaike information criterion (AIC) was applied to check the fitness of the model after adding
variables to the model [27]. The smaller the AIC value is, the better the model fit. Generalized
cross-validation (GCV) was used to assess predictor variables. The smaller GCV is, the greater the
generalization ability of the model [28,29]. The significance and nonlinear contribution of the factor to
the nonparametric effect were evaluated by F and chi-squared tests, respectively [30–32].

The formula for calculating the AIC value is

AIC = θ+ 2d fϕ (3)

where θ, deviation; df, effective degree of freedom; and ϕ, variance.
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2.4. Center of Gravity of Spawning Grounds

The center of the spawning-ground gravity (CoSGG) of fish-egg density in each month was
calculated with reference to the gravity-center analysis method [1], indicating the spatiotemporal
variations of spawning grounds in WGWs. The formula for calculating the CoSGG of spawning
grounds is [33]

X =
K∑

i=1

(Ci ×Xi)/
K∑

i=1

Ci

Y =
K∑

i=1

(Ci ×Yi)/
K∑

i=1

Ci (4)

where X and Y, CoSGG longitude and latitude; Ci, fish-egg density of fishing area i; Xi and Yi, central
latitude and longitude positions of fishing area i; and K, total number of fishing areas.

3. Results

3.1. GAMs Analysis

The spatiotemporal and environmental factors selected on the basis of AIC and GCV values were
month (Month), sea surface temperature (SST), chlorophyll a concentration (Chl-a), sea surface salinity
(SSS), distance from shore (Distance), and waters depth (Depth). In this study, the GAM formulation was

log(Y + 1) = s(Month) + s(SSS) + s(Depth) + s(SST) + s(Chl− a) + s(Distance) (5)

The deviance explained by this model was 57.2%, with R2 of 0.531 (Table 1).

Table 1. Deviance analysis for the general additive models (GAMs) fitted to the fish-egg density.

Model Factors
AIC

Value
GCV
Value

Adjusted
R2 Value

Deviance
Explained(%)

Residual
Deviance

Log(Y + 1) = NULL 1354.16 6.30 0 0.00 1808.76
Log(Y + 1) = s(Month) 1349.69 6.21 0.02 2.6 1761.76

Log(Y + 1) = s(Month) + s(SSS) 1251.74 4.43 0.32 34.7 1181.80
Log(Y + 1) = s(Month) + s(SSS) + s(Depth) 1214.40 3.89 0.41 43.5 1022.39

Log(Y + 1) = s(Month) + s(SSS) + s(Depth) + s(SST) 1169.28 3.34 0.51 54.2 829.06
Log(Y + 1) = s(Month) + s(SSS) + s(Depth) + s(SST) + s(Chl-a) 1161.02 3.26 0.52 56.8 781.28

Log(Y + 1) = s(Month) + s(SSS) + s(Depth) + s(SST) + s(Chl-a) + s(Distance) 1159.03 3.24 0.53 57.2 774.32

In GAMs, the influence of the spatiotemporal and environmental factors on fish-egg density is
indicated by the contributions in Table 2. The most important influencing factor from the selected factors
was the SSS with a contribution of 32.1%, followed by SST, depth, month, and Chl-a, with contributions
of 10.7%, 8.8%, 2.6%, and 2.6%, respectively. The distance had slight influence on the fish-egg density,
explaining 0.4%. As indicated by the ANOVA F-ratio test, all selected factors in the model and fish-egg
density showed significant correlations (Pr(F) < 0.05). The chi-squared test evaluates the nonlinear
contribution of nonparametric effects, and the lowest value (Pr(chi)) was the best. In the GAMs,
the factors of the SSS, SST, and Depth were the best.

AIC, Akaike information criterion; GCV, generalized cross-validation; SSS, sea surface salinity;
SST, sea surface temperature; and Chl-a, chlorophyll a concentration.

In GAMs, the influence of spatiotemporal and environmental factors on the fish-egg density
were indicated by the contributions in Table 2. The most important influencing factor from the
selected factors was the SSS, with a contribution of 32.1%, followed by SST, depth, month, and Chl-a,
with contributions of 10.7%, 8.8%, 2.6%, and 2.6%, respectively. Distance had a slight influence on the
fish-egg density, explaining 0.4%. As indicated by the ANOVA F-ratio test, all the selected factors in
the model and fish-egg density showed significant correlations (Pr(F) < 0.05). The chi-squared test is
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a type of test to evaluate the nonlinear contribution of nonparametric effects, and the lowest value
(Pr(chi)) was the best. In GAMs, the factors of the SSS, SST, and Depth were the best.

Table 2. Contributions of the selected variables in GAMs.

Variables Contribution (%) d.f. Pr(F) Pr(chi)

SSS 32.1 10.57 2.2 × 10−16 *** 2.2 × 10−16 ***
SST 10.7 9.02 5.7 × 10−9 *** 4.6 × 10−10 ***

Depth 8.8 2.82 8.3 × 10−9 *** 1.9 × 10−9 ***
Month 2.6 1.81 0.019 * 0.018 *
Chl-a 2.6 4.28 0.004 ** 0.004 **

Distance 0.4 0.45 0.047 * 0.046 *

***, p < 0.001; **, p < 0.01; and *, p < 0.05. SSS, sea surface salinity; SST, sea surface temperature; Chl-a, chlorophyll a.;
d.f., degrees of freedom; Pr(F), p-value from an ANOVA F-ration test; and Pr(chi), a type of score test to evaluate the
nonlinear contributions of the nonparametric effects.

The relationships between the fish-egg density and the chosen factors are presented in Table 2. The
environmental factors (SSS, SST, and Chl-a) had the most significant influences on the model, with a
total contribution of 45.4% (Table 2). Among those factors, SSS had the greatest influence on the fish-egg
density, with a contribution of 32.1% (Table 2). Within the range of 24–30.5 Practical Salinity Unit (PSU),
an increase in the SSS had a positive effect on the fish-egg density. As the SSS increased, the confidence
interval decreased and reliability increased. Within the range of 30.5–32 PSU, the increase in the SSS
had a negative effect on the fish-egg density, with its confidence interval decreasing and credibility
increasing. Within the range of 32–34.5 PSU, the SSS increased with the increase in the fish-egg density,
reaching its maximum of 34.5 PSU. At the same time, the confidence interval decreased and reliability
increased (Figure 2b). The SST contribution to the model was 10.7% (Table 2). Within the ranges
of 24–25 and 27–29 ◦C, the fish-egg density increased with the increasing SST, and it reached its
maximum at 29 ◦C. Within the ranges of 25–27 and 29–32.5 ◦C, the fish-egg density decreased with the
increasing SST, reaching its minimum at 32 ◦C. Within the range of 29–32.5 ◦C, the confidence interval
increased with the increasing SST, and the reliability was reduced (Figure 2d). Chl-a had a slight
influence on the fish-egg density, with a contribution of 2.6% (Table 2). Within the ranges of 0–4 and
10–21 mg m–3, the fish-egg density showed an upward trend, which increased with an increase in the
Chl-a, and the fish-egg density reached its maximum at 21 mg m–3. Within the range of 10–21 mg m–3,
the confidence interval increased, and the reliability was reduced. Within the ranges of 4–10 mg m–3

and 21–35 mg m–3, the fish-egg density showed a downward trend. The fish-egg density decreased
as the Chl-a increased. The fish-egg density had its minimum at 33 mg m–3; near the minimal value,
the confidence interval was large, and the reliability was low (Figure 2e).

Spatial factors (depth and distance) contributed 9.2% to the model (Table 2). Depth contributed
8.8% to the model (Table 2). In the range of 0–18 m, the fish-egg density increased with the increase in
depth and reached its maximum at 18 m. Within the range of 18–45 m, the fish-egg density decreased
with the increase in depth, reaching its minimum at around 50 m. Within the range of 45–80 m,
the fish-egg density increased with the increase in depth, and the confidence interval increased and the
reliability decreased (Figure 2c). The contribution rate of distance to the model was 0.4% (Table 2).
There was a negative linear correlation between the fish-egg density and distance, and the fish-egg
density decreased with the increase in distance. After the distance reached 40 km, the confidence
interval increased, and the reliability decreased (Figure 2f).

The contribution of the time factor (month) to the model was 2.6%. The fish-egg density gradually
decreased with the increasing month value, reaching its maximum in April, and it remained at a high
level in April and May. In June, it dropped significantly, reaching its minimum (Table 2 and Figure 2a).
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Figure 2. A generalized additive models (GAMs) analysis of the effects of the spatiotemporal and
environmental factors on the fish-egg density in WGWs: (a) month, (b) seas surface salinity (SSS),
(c) depth, (d) sea surface temperature (SST), (e) chlorophyll concentration of a (Chl-a), and (f) distance.
Shadow areas, 95% confidence intervals. Rug plots on the x-axis indicate data density.

3.2. Relationship between Fish-egg Distribution and Environmental Factors

The spatiotemporal distribution of the fish-egg density and SST in WGWs is shown in Figure 3.
The SST of the study area was 22–24 ◦C in April, 24–26 ◦C in May, and 26–30 ◦C in June. Areas with a
high value of the fish-egg density in April were concentrated in a sea area with the SST of 22–24 ◦C,
in May with the SST of 24–25 ◦C, and in June with the SST of 28–30 ◦C (Figure 3a–c). In June, the
fish-egg density was generally lower than that in April and May and mainly distributed in high
latitudes (20.5–21.5◦ N) and high-SST (> 28 ◦C) waters (Figure 3c).

Figure 3. Relationship between the spatiotemporal distributions of the fish-egg density, water
temperature, and salinity in WGWs: (a) SST in April, (b) SST in May, (c) SST in June, (d) SSS in April,
(e) SSS in May, and (f) SSS in June.
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The SSS gradually increased from April to June in WGWs. The high-SSS area tended to move
toward the northwestern area (Figure 3d–f). The area with high fish-egg density was concentrated in
waters with an SSS of 33.2–33.5 PSU in April, 33.7–33.8 PSU in May, and greater than 33.9 PSU in June.

3.3. Relationship between Fish-egg Distribution and Spatial Factors

The spatial-factor analysis (distance, depth, and slope) and fish-egg density in WGWs showed
that the fish-egg density in near-shore areas was generally higher than that in offshore areas (Figure 4a).
The fish-egg density was higher in shallow waters (10–20 m) and lower in relatively deep waters
(40–70 m) (Figure 4a). In this study, the fish-egg density reached its maximum near the Qiongzhou
Strait (32070.05 ind (10 m)−3), where the seabed slope was higher (seabed slopes > 1◦) than that in
other areas (density > 10,000 ind (10 m)−3) (Figure 4). The fish-egg density in this area was higher than
that in other areas (Figure 4b).

 

Figure 4. Relationship between the fish-egg density and spatial factors in WGWs: (a) distribution of
water depth and (b) distribution of seabed slope; r, a score of Pearson correlation coefficient; and P,
p-value from Pearson correlation coefficient.

3.4. CoSGG Variations of Spawning Grounds in WGWs

The CoSGG of the spawning ground in WGW moved from the southwest of the study area to the
northeast from April to June (Figure 5a). It was located in the area near Leizhou Peninsula (110.87◦ E,
20.68◦ N, green dot in Figure 5a) in April, moved to the eastern waters (111.20◦ E, 20.72◦ N, red dot in
Figure 5a) in May, and shifted to the northern waters (111.25◦ E, 20.94◦ N, yellow dot in Figure 5a) in
June. The CoSGG of the spawning grounds varied by 0.03◦ N and 0.33◦ E from April to May and 0.22◦

N and 0.04◦ E from May to June.

 

Figure 5. Changes in the central spawning-ground gravity (CoSGG) of the spawning grounds in
WGWs: (a) moving track and (b) longitude and latitude of the CoSGG.
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4. Discussion

4.1. Effects of Environmental Factors on Fish-Egg Density

The results of this study highlighted the importance of examining multiple environmental drivers
when assessing fish-egg responses to environmental conditions [34,35]. In particular, interactions
between geographical and ecological environmental factors obtained from the satellite remote sensing
and fish-egg density were found on the basis of GAMs. Among the selected factors, the SSS had
the greatest influence on the fish-egg density, with a contribution of 32.1% (Table 2). Fish egg is an
early stage of fish-life history. Therefore, the water environment, especially salinity, was one of the
major factors affecting the metabolism of fish eggs [36]. Salinity affects embryos developed through
changing the osmotic pressure of fish eggs. The research indicated that the hatching rate and increasing
salinity showed an approximately normal distribution trend [37]. A higher or lower salinity hinders
the material exchange between fertilized eggs and the surrounding medium, resulting in the reduction
of the hatching rate and embryo malformation [38]. This study showed that fish eggs in WGWs were
mainly distributed in waters with an SSS of 31.5–34.5 PSU, and the most suitable SSS for fish eggs
was 33–34.5 PSU (Figure 2b). There were relatively concentrated spawning grounds for Trichiurus

haumela and Nemipteras virgatus in WGWs, where the suitable salinity ranges were 33.0–34.5 [39] and
33.94–34.92 PSU [40], respectively, consistent with the results of this study. In addition, the salinity
affected the vertical distribution of fish eggs in the water. In low-salinity waters, fish eggs tended to
accumulate, making them unable to get enough oxygen, which was not conducive to the development
of the fish eggs. In high-salinity waters, on the other hand, fish eggs could be suspended or floated in
water. This could facilitate oxygen absorption from the surrounding water, improving the hatchability
of the fish eggs [38,41].

The SSS in the northeastern part of the study area was significantly lower than that in other waters,
and the fish-egg density in this area was generally lower than that in other waters (Figure 3d–f) because
of the dilution of the Pearl River estuary. From the GAM analysis, the fish-egg density fluctuated
with the increase in salinity in the salinity range of 30–34.5 PSU, partly connected with different
salinity-suitability levels for various fish-species eggs. The northern SCS is an area with multispecies
fishery resources and a complex composition [42]. Suitable salinity (about 34 PSU) provides spawning
grounds for fish of different reproductive habits [43]. In addition, the sea-salinity gradient had a certain
effect on the spawning grounds. The salinity gradient in Leizhou Bay in China is small, and the salinity
has little effect on fish eggs [44]. The salinity gradient in WGWs was larger, and the salinity had a
greater impact on the density and spatial distribution of fish eggs.

The contribution rate of the SST to the fish-egg density was 10.7% (Table 2). Fish eggs in
WGWs were mainly distributed in waters with SST of 22–32 ◦C, and the most suitable SST for
fish egg survival was 24–30 ◦C (Figure 2d). Studies showed that the suitable temperature for the
fish eggs of Trichiurus haumela in the SCS was 25–28 ◦C [39], consistent with the results of this
study. The effects of temperatures at 25 and 29 ◦C on the fish-egg density had two distinct peak
areas (Figure 2d), related to the characteristics of multi-fish-species fishery resources in WGWs [43].
The water temperature is one of the key factors affecting fish metabolism [36,45]. The water temperature
affected the number, distribution, and population structure of fish eggs by affecting the adult gonadal
development and reproductive migration [46]. The water temperature also had a significant impact on
the metamorphosis [6] and hatching speed of fish eggs [47]. The fish-egg density sharply decreased
in June, which might have been related to changes in the water temperature. The average water
temperature in June was higher (greater than 28 ◦C; Figure 3c), which reduced the survival rate of
some eggs that did not tolerate high temperatures, leading to a decrease in the fish-egg density [48].
On the other hand, an increase in the water temperature promotes the development of some fish eggs,
shortens their hatching time, and accelerates the speed of fish-egg hatching, which also leads to a
decrease in the fish-egg density [38]. In the East China Sea, the fish-egg density in the summer (June)
was higher than that in the spring [49], which was different from the results of this study. This may be
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related to the difference in the water temperatures in this month. In June, the SST (28–32 ◦C) in WGWs
was higher than the SST (20.03–27.13 ◦C) in the East China Sea [49]. Different water-temperature levels
affected the density and distribution of the fish eggs. The GAM analysis showed that the contribution
rate of Chl-a to the fish-egg density was only 2.6% (Table 2). Chlorophyll had little effect on the fish-egg
density, because the eggs were in the endotrophic stage and could not prey [6,50].

4.2. Effects of Spatial Factors on Fish-Egg Density

The GAM analysis showed that depth ranked the third in the impact on the fish-egg density,
with a contribution of 8.8% (Table 2). The research area was located in the sea with a water depth of
8–55 m. The effect of water depth on the fish-egg density showed a fluctuation trend that first increased,
decreased, and then increased (Figure 2c). Water depth was one of the major reasons affecting the spatial
distribution of spawning grounds [50]. Trichiurus haumela in WGWs mainly spawned in waters with a
depth of 40–70 m [39]. Carangidae fish spawned in waters with depths lower than 60 m in the spring and
summer [33]. Nemipteras virgatus mainly inhabited the bottom sediment, with a depth of 60–80 m [40].
The eggs of Anchoviella commersonii were mainly distributed in areas with depths of less than 20 m [51].
The eggs of Sardinella aurita were mainly distributed in areas with a depth of 10 m [52]. Anchoviella

commersonii and Sardinella aurita of pelagic fish and Nemipteras virgatus and Carangidae of demersal
fish inhabited areas with different water depths. Therefore, the effect of water depth on the fish-egg
density in the study area showed a fluctuation trend. In WGWs, the fish-egg density in the deep-water
areas was significantly lower than that in shallow–water areas (Figure 4a). The relatively harsh lived-in
environments of fish living in deeper waters (less food in shallow waters) and other factors might
increase the breeding interval of these fish (annual to perennial). Therefore, the fish-egg density in
deep waters was lower than that in other areas [53]. The relevant research found that, in the coastal
waters of the North Sea, fish eggs tended to gather in shallow waters (<40 m) and form spawning
grounds [50,54]. This was similar to the distribution characteristics of spawning grounds in WGWs.
This might be due to the abundance of bait organisms in shallow offshore waters, which can provide
an ideal spawning ground for fish [53,55]. Fish eggs cannot swim or move independently [49,56].
Therefore, fish eggs floating in the water are susceptible to the effects of ocean currents. The complex
seabed terrain reduced the flow velocity and helped fish eggs to gather in this area. This study showed
that there was a significant positive correlation between the fish-egg density and seabed slope (p < 0.05;
Figure 4b). The Qiongzhou Strait (Figures 1 and 4b) had a high seabed-slope value, and the fish-egg
density in this area was also higher than that of other areas (Figure 4). This was because the complex
seabed topography provides an ideal environment for fish-spawning communities [19,57]. Previous
studies showed that the spawning grounds of the Baltic herring (Clupea harengus membras) were also
distributed in steep areas with steep slopes on the seabed [58]. Therefore, the seabed slope was one of
the conditions for the formation of spawning grounds, and the area with a high seabed-slope value
tended to attract fish to spawn.

The distance from shore had the least effect on the fish-egg density, with a contribution of 0.4%
(Table 2). The distance of the survey stations in this study was 0-60 km, and the effect on the fish-egg
density gradually decreased with the increase in distance (Figure 2f). In this study, the fish-egg density
in farther areas was significantly lower than that in offshore areas. This might be connected with the
reproductive migration of fish to offshore areas in the spring and the formation of a central spawning
ground in offshore areas [49].

4.3. Spatiotemporal Distribution of Fish-Egg Density in WGWs

The center of gravity of the spawning ground in WGWs moved 0.38◦ E to the east and 0.26◦ N to
the north from the spring to summer (Figure 5). Fish eggs cannot swim [56], and their distribution
was related to physical oceanographic factors such as currents and tides [49]. The position of the
spawning ground was affected by changes in the ocean currents. Ocean currents such as the Western
Guangdong coastal current (WGCC) and the South China Sea warm current (SCSWC) existed in
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the WGWs (Figure 6) [59]. There was a coastal flow from the Pearl River estuary along the coast
of Western Guangdong to the southwest, lastly crossing the Qiongzhou Strait into the Beibu Gulf
(Figure 6) [60]. From May to August, a cyclonic circulation was formed in the area centered at 20–20.5◦

N and 110.75–110◦ E in WGWs (Figure 6b, c). A cold center was formed in this area, with lower
temperatures than those of the surroundings (Figure 3c) [61]. In the outer WGCC area, there is a warm
current in the South China Sea (SCSWC) that flows fast northeastward all year round (Figure 6) [2,62].
Therefore, fish eggs were affected by the cyclonic circulation (survey time was in late-May) and drifted
eastward to gather northeast of Hainan Island (Figure 6) in April and May. In June, the fish eggs
drifted northeastward due to the SCSWC with a fast flow. In WGWs, the fish-egg density in each
month showed higher in the west and lower in the east, reaching its maximum in the eastern waters of
the Leizhou Peninsula (Figure 6). This was related to the WGCC that flew westward all year round.
Fish eggs drifting along the WGCC gathered in the northeastern waters of Hainan Island (Figure 6).

Figure 6. Spatial distribution of the ocean currents and fish eggs in WGWs: (a) April, (b) May,
and (c) June (arrow direction represents the current direction). Black arrow, western Guangdong
coastal current (WGCC); blue arrow, cyclonic circulation; and red arrow, South China Sea warm current
(SCSWC).

5. Conclusions

This study analyzed for the first time the environmental effects of the spatiotemporal distribution
of the spawning grounds in WGWs on the basis of satellite remote-sensing and survey data. The most
important environmental factor affecting the fish-egg density was the SSS, followed by the SST, depth,
month, Chl-a, and distance. The spawning grounds in WGWs were mainly distributed in waters
with an SSS of 33.0–34.5 PSU, SST of 24–29 ◦C, and depth of 5–25 m. The complex seabed terrain was
conducive to the accumulation of fish eggs. The results of this study were helpful in understanding
the spatiotemporal distribution of early supplementary populations of fishery populations and their
response mechanisms to environmental changes in WGWs.
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48. Targońska, K.; Żarski, D.; Kupren, K.; Palińska-żarska, K.; Mamcarz, A.; Kujawa, R.; Skrzypczak, A.;
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Abstract: Variabilities of biological communities in lower reaches of urban river systems are highly
influenced by artificial constructions, alterations of flow regimes and episodic weather events. Impacts
of estuary weirs on fish assemblages are particularly distinct because the weirs are disturbed in
linking between freshwater and estuarine fish communities, and migration successes for regional
fish fauna. This study conducted fish sampling at the lower reaches of the Nakdong River to
assess spatio-temporal variations in fish assemblages, and effects of estuary weir on structuring fish
assemblage between freshwater and estuary habitats. In total, 20,386 specimens comprising 78 species
and 41 families were collected. The numerical dominant fish species were Tachysurus nitidus (48.8% in
total abundance), Hemibarbus labeo (10.7%) and Chanodichthys erythropterus (3.6%) in the freshwater
region, and Engraulis japonicus (10.0%), Nuchequula nuchalis (7.7%) and Clupea pallasii (5.2%) in the
estuarine site. The fish sampled were primarily small species or the juveniles of larger species at the
estuary region, while all life stages of fishes were observed at the freshwater habitats. The diversity
patterns of fish assemblages varied greatly according to study site and season, with higher trends
at estuarine sites during the warm-rainy season. No significant difference in diversity between
freshwater and estuarine sites during the cold-dry season were found. Multivariate analyses of
fish assemblage showed spatial and seasonal differences of assemblage structures. Higher effects of
between-site variability but not within seasonal variability at each site were observed. Variations
in assemblage structures were due to different contributions of dominant species in each habitat.
Common freshwater species characterized the fish assemblage in the freshwater region, while marine
juveniles were significantly associated with the estuarine habitat. The results from the ecological
guild analyses showed distinct ecological roles for freshwater and marine species, and overlapping
roles for fish sampled at the fishways. The lower reaches of the Nakdong River are an important
ecosystem for both freshwater and marine juveniles. Nakdong River estuarine residents and migrant
fishes, however, have been negatively affected by the construction of the weir (gravity dam), due to
the obstruction to migration from and to freshwater habitats. Conservation and management policies
aimed at minimizing anthropogenic influences on estuary ecosystems should focus on evaluating
ecological functions of estuary weirs.

Keywords: fish assemblage; lower reaches; Nakdong River; estuary weir; marine juveniles
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1. Introduction

Fish assemblages in coastal habitats influenced by rivers consist of a variety of species with
diverse life-history strategies and broad functional categories of freshwater, diadromous and
estuarine-dependent species. Lower reaches of river systems are characterized by high biological
productivity and diversity [1]. Biological communities in these regions are generally influenced
by tides, rainfalls, and anthropogenic disturbances [2–4]. In particular, episodic weather events
and anthropogenic stressors have significant effects on the structure and functioning of biological
communities through declines of biomass, species richness and abundance [5].

Diadromous fish species in temperate Korean rivers include eels (Anguillidae), salmons
(Salmonidae) and sweetfishes (Plecoglossidae) [6–8]. Some coastal fishes, including Coilia nasus

and Mugil cephalus, also exhibit occasional upstream movements from coastal waters to lower river
reaches [9,10]. Estuary weirs, however, restrict up or downstream dispersal for migratory fishes due
to creation of a sharp salinity gradient, controlling spatial distribution in river catchments [11–13].
Fish assemblages in lower river reaches are greatly affected from anthropogenic structures, such as
barriers, dams or weirs at both local and catchment scales [12,14,15], contributing to significant
discontinuities especially in diadromous fish assemblages [16].

The Nakdong River estuary is an important spawning and nursery ground for many aquatic
animals, supporting a productive fishery [17]. In 1987, an estuary weir was constructed to prevent
saltwater intrusion into shallow freshwater habitats. The weir has lowered freshwater flows transporting
nutrients and sediments to the estuary, threatening the health of estuarine habitats [13,18], such as
shifts in population structure of animal communities. Several studies have reported alteration of
animal community structures following construction of dykes, weirs, or any other obstruction in
estuary environments [19–21]. Kwak and Huh [20] observed that the dominance of fish assemblages in
the coastal Nakdong River estuary shifted from demersal to pelagic species after weir construction.
The shifts were mostly due to changes in the sediment depositional dynamics caused by the irregular
discharge of freshwater, causing changes in circulation patterns within the estuary. Han et al. [16]
also documented the loss of species richness following weir construction. Weirs adversely affected
diadromous species by blocking their migration routes, but favored nonnative fishes [16,22].

Although many studies have investigated the community structure of estuarine fishes worldwide,
and the impacts of estuary weir on fish assemblage structures [15,23–25], such studies are scarce in
areas along the southern coast of Korea. Of the few, Hwang et al. [26] have investigated temporal
occurrence patterns of fishes in the western Mangyeong Estuary prior to construction of a seawall in
2010, completely enclosing its lower reaches. Park et al. [27] also reported juvenile fish assemblage
in the shallow sandy beach of the lower tip of the Nakdong River estuary. Several previous studies
have suggested that seasonal variations in fish abundance are primarily the result of species-specific
recruitment [28], with environmental factors as strong determinants, especially water temperature
and salinity [29–32]. Because lower river reaches play an important role as the nursery habitats for
estuarine residents, juveniles of marine species, and temporary habitats for migratory fishes, research
evaluating the impacts of weirs within river reaches needs to be conducted for recommendations on
restoring connectivity within estuaries where weirs have been constructed and for determining where
weirs should be removed.

Anthropogenic effects on freshwater and estuarine fish assemblages are mostly felt at catchment
scales. Research, therefore, needs to focus on the impacts at these large scales [33,34]. Thus, this study
aimed to examine variations in species composition and abundance at large spatial scales of fishes
inhabiting the lower Nakdong River reaches of Korea by evaluating the ecological function of each
habitat and the influence of estuary weir on fish assemblage.
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2. Materials and Methods

2.1. Study Area and Sampling

The study area comprised of the lower Nakdong River, located in the southeastern part of the
Korean Peninsula (Figure 1). The Nakdong River weir was constructed 6 km north from the mouth
of the estuary (Figure 1). Three and two stations were established to investigate the spatio-temporal
patterns of fish assemblages at the freshwater and estuary regions (two study sites), respectively.
Stations extended from the southern end of the Nakdong River to 30 km north, into the freshwater site.
Additional samplings were also conducted at the fishways (two pool fish ladder type and a gate type)
within weir; pool ladder type (length = 24 m, width = 1.8 m, slope = 2.9◦), gate type (length = 50 m,
width = 9 m, slope = n.a.). Sampling depths were approximately 5 m at the freshwater site, and between
10 and 15 m at the estuarine site. The mean tidal range at the study area was 1.2 m for spring tides and
0.4 m for neap tides.

Figure 1. Sampling stations from freshwater (A1, A2 and A3) and estuary (B1 and B2) sites investigating
the effects of weir on fish assemblages at the lower Nakdong River, South Korea.

Fish samples were collected monthly from June 2010 to May 2011 at the freshwater and estuarine
stations, as well as at fishways within the weir. Samplings were grouped on annual mean temperature
for further analysis based on seasonality. Two seasons (i.e., cold and warm seasons) were determined
based on temperatures around 17 ◦C. Temperature data were obtained for Busan province from
the Korea Weather Data Open Portal (https://data.kma.go.kr/). Because warm and cold seasons in
Korea coincide with rainy and dry seasons, respectively, the seasons were classified as cold-dry
(November–March) and warm-rainy (May–October) seasons. Sampling was conducted using a 15 m
long, 13 m wide, 3.5 cm mesh bottom trawl with a 1 cm liner covering the codend. Towing speed of ca.
1 knot for 40 min, covering an estimated area of was 16,000 m2, was conducted at each sampling event.
A single tow at each station was carried out during the day (between 09:00 and 12:00) simultaneously
at the freshwater and estuary regions. Fishway samplings were conducted at the gate and ladder
during flood tides. Fish were sampled, the species recorded, and released. Fishway samplings were
conducted only during warm-rainy seasons (between May and October) in both 2010 and 2011. In the
ladder type fishways, fishes were collected using cone-traps with 20 mm mesh. A set-net (length 10 m,
height 4 m, mesh body 50 mm, mesh bag 20 mm) was installed within the gate-type fishway and fish
samples were collected after 12 h. All fish samples caught from fishways were checked for species
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names, tagged adult specimens using various tags, and then released alive for further fish tracking
study. Both surface (between 1 m and 2 m) and bottom (between 10 m and 15 m) water temperatures
and salinities were monitored monthly at each sampling location using a portable instrument (Thermo
Scientific Orion 3-star). Immediately after capture, fish samples from stations were stored in ice and
transported to the laboratory for processing. Taxonomic classification and species name were checked
by FishBase [8].

2.2. Ecological Guild and Habitat Type of Fishes

Five ecological guilds were identified for this study. Guilds were estuarine residents (ER),
freshwater species (FW), marine occasional visitors (MV), marine juvenile (MJ), and diadromous
(catadromous, anadromous, or amphidromous) migrants (DM), according to native Korean fishes [7,35].
Fish were further categorized into pelagic and benthic.

2.3. Data Analyses

Full factorial analyses of covariance (ANCOVA) was used to test the effects of site and depth
covarying with the seasonal trends of water temperature. A Bonferroni correction for multiple
comparison was used to determine post-hoc significance.

The Shannon–Wiener index (H’) was used to estimate community-level diversity [36].
A logarithmic transformation (log(x + 1)) of fish abundance (number of specimens) was performed to
correct for heteroschedasticity and to reduce the weight of overly abundant species in analyses. Three
independent two-way ANOVA with an orthogonal design were used to analyze the spatial (two sites)
and seasonal (two seasons) effects (independent variables) on fish species richness, abundance and
diversity (dependent variables). Prior to ANOVA analysis, homogeneity of variance was tested using
Levene’s test [37]. Further test onto the dependent variables, the ANOVA tests were also conducted
using a split file analysis, with the dependent variable of season paired with site and vice versa.
The split file analysis on the ANOVA allowed the data output to be separated by factor to allow
visualization of case subsets.

Further inferential and descriptive analyses were performed to assess abundance trends with
spatial and temporal patterns. Permutation multivariate analyses of variance (PERMANOVA) on
log(abundance + 1) based on Bray–Curtis similarity matrices were conducted [38]. Analysis factors
for the PERMANOVA were site (two fixed levels: freshwater and estuary), station (nested within
site, two random levels), and season (two fixed levels: cold-dry and warm-rainy seasons). Similarity
matrices were used in a PERMANOVA to test for factor effects. In cases in which PERMANOVA
detected a significant difference at the 0.05 level, posteriori pairwise PERMANOVA comparisons were
used to determine which interaction terms differed significantly among variables within each level
of factors. PERMANOVA assigns components of variation (COV) of differing magnitudes to the
main factors and interaction between combinations of main factors. The larger COV indicates greater
influence of a particular factor or interaction term on the structure of the data [39]. The non-metric
multidimensional scaling (nMDS) ordination technique was used to visualize factor effects. To assess
statistical significance among factor levels, a canonical analysis of principal coordinates (CAPs) was
used [39]. Correlation coefficients between each factor and the canonical axis were used as evidence
for species contributions to observed differences. Individual species with both correlations higher than
0.4 and total abundance larger than 1% were plotted on CAP axes 1 and 2 for additional visualization
of results.

Statistical software used was Systat (Systat version 18, SPSS Inc., Chicago, IL, USA) and PRIMER v7
with the PERMANOVA+module [39,40]. A 0.05 level for statistical significance was used in analyses.
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3. Results

3.1. Environmental Variables

Water temperature and salinity in the study area varied according to seasonal patterns (Figures 2
and 3). Water temperatures at the freshwater site were the lowest in January (1.5 ◦C) and the highest
in September (25.2 ◦C). In the estuary, water temperature ranged from 7.3 to 25.7 ◦C at the surface
and from 9.1 to 23.8 ◦C at the bottom, both depths showing similar trends with season. No significant
differences of water temperature between stations within each season were detected (ANCOVA;
P > 0.05). Peak water temperatures were observed in August and September, for both freshwater and
estuarine habitats, and minima during January and February (Figure 2). Salinity in the estuarine region
varied seasonally, ranging from 5.0 to 34.1‰ at the surface and from 25.1 to 34.3‰ at the bottom.
Significantly lower salinity at the surface was observed during the rainy season in the estuarine stations
(Figure 3; ANCOVA, P < 0.05).

Figure 2. Seasonal changes in the surface and bottom water temperatures at freshwater (A) and estuary
(B) regions at the lower Nakdong River.

Figure 3. Seasonal changes in the surface and bottom salinities at estuary site at the lower Nakdong River.

3.2. Fish Species Composition

In total, 20,386 individuals belonging to 78 species and 41 families were collected during the
study period. Cyprinidae (10 species), Callionymidae (five species), Engraulidae (five species),
and Clupeidae (four species) were the most widely represented families (Table 1 and Table S1).
Numerically, the five dominant species at the freshwater site were Tachysurus nitidus, Hemibarbus labeo,
Chanodichthys erythropterus, Pseudogobio esocinus and Squalidus gracilis, accounting for 98.0% of the total
catch. Engraulis japonicus, Nuchequula nuchalis, Clupea pallasii, Trachurus japonicus and Favonigobius

63



J. Mar. Sci. Eng. 2020, 8, 496

gymnauchen were the most numerically abundant estuarine fish species, making up 84.7% of the total
abundance. Most of the specimens of the dominant species were juveniles of marine fishes, but only
Fa. gymnauchen was an estuarine resident (Supplementary Material Table S1). In terms of richness, 68
species occurred in the estuarine habitat, which was approximately 3.3–3.5 times more speciouse than
freshwater habitats (18 species) or fishways (19 species; Table 1). Only three species co-occurred in
both freshwater and estuarine habitats (Coilia nasus, Lateolabrax japonicus and Mugil cephalus), with Co.

nasus being the most common. In addition, 9 and 12 fishway species co-occurred with fish species in
freshwater and estuary habitats, respectively.

Table 1. List of fish species, ecological guild (EG), habitat type (HT), and occurrences of fishes in
freshwater (Fr), estuarine habitats (Es), and estuary weir fishway (Fw) stations in the lower Nakdong
River, South Korea; ER = estuarine residents, FW = freshwater species, MV =marine occasional visitors,
MV(J) =MV included juveniles, MJ =marine juvenile, MD = diadromous migrants (DM); B = benthic,
P = pelagic.

Family Species EG HT Fr Es Fw Family Species EG HT Fr Es Fw

Acropomatidae Acropoma japonicum MJ P • Hapalogenyidae Hapalogenys nigripinnis MJ P •

Ammodytidae Ammodytes personatus MV P • Hemitripteridae Hemitripterus villosus MJ B •

Apogonidae Apogon lineatus MJ P • Lateolabracidae Lateolabrax japonicus MV P • • •

Bagridae Tachysurus nitidus FW B • • Leiognathidae Equulites rivulatus MJ P •

Callionymidae Callionymus beniteguri MV B • • Nuchequula nuchalis MV(J) P •

Callionymus curvicornis MV B • Liparidae Liparis tanakae MV B •

Callionymus lunatus MJ B • Liparis tessellatus MJ B •

Callionymus valenciennei MV B • Lophiidae Lophius litulon MJ B •

Repomucenus virgis MJ B • • Monacanthidae Rudarius ercodes MJ P •

Carangidae Trachurus japonicus MJ P • Mugilidae Mugil cephalus DM P • • •

Caranx sexfasciatus MV P • Mullidae Upeneus japonicus MJ B •

Centrarchidae Lepomis macrochirus FW P • • Muraenesocidae Muraenesox cinereus MV B •

Micropterus salmoides FW P • Paralichthyidae Paralichthys olivaceus MJ B •

Centrolophidae Psenopsis anomala MJ P • Tarphops oligolepis MJ B •

Clupeidae Clupea pallasii MJ P • Pholidae Pholis fangi MV P •

Clupeidae juvenile sp. MJ P • Pholis nebulosa MV P • •

Konosirus punctatus MJ P • Platycephalidae Inegocia japonicus MV B •

Spratelloides gracilis MJ P • Platycephalus indicus MV B •

Congridae Conger myriaster MV(J) B • Pleuronectidae Kareius bicoloratus MV B • •

Cynoglossidae Cynoglossus joyneri MV B • Pleuronectes yokohamae MV(J) B • •

Paraplagusia japonica ER B • Rajidae Okamejei acutispina MV B •

Cyprinidae
Acheilognathus

macropterus
FW P • Okamejei kenojei MV B •

Carassius auratus FW P • Sciaenidae Johnius belengerii MJ P • •

Chanodichthys
erythropterus

FW P • • Nibea albiflora MJ P •

Cyprinus carpio FW P • Pennahia argentata MV P •

Hemibarbus labeo FW P • • Scombridae Scomber japonicus MJ P •

Hemiculter eigenmanni FW P • Sillaginidae Sillago japonica MV P •

Microphysogobio jeoni FW P • Siluridae Silurus asotus FW B • •

Opsariichthys uncirostris FW P • • Sparidae Acanthopagrus schlegelii MJ P • •

Pseudogobio esocinus FW B • Sphyraenidae Sphyraena pinguis MV P •

Squalidus gracilis FW P • Stromateidae Pampus argenteus MV P •

Engraulidae Coilia nasus DM P • • Tetraodontidae Lagocephalus wheeleri MJ P •

Engraulis japonicus MJ P • Takifugu niphobles ER P •

Thryssa adelae MV P • Trichiuridae Trichiurus lepturus MJ P •

Thryssa hamiltonii MV P • Triglidae Chelidonichthys spinosus MJ B •

Thryssa kammalensis MV P • Lepidotrigla guentheri MJ B •

Gobiidae Acanthogobius flavimanus ER B • • Triglidae sp. MJ B •

Favonigobius gymnauchen ER B • • Zeidae Zeus faber MV(J) P •

Tridentiger brevispinis ER B • • Zoarcidae Zoarces gillii MV(J) B • •
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3.3. Spatial and Seasonal Variation in Species Richness, Abundance and Diversity

Mean species richness, abundance, and diversity varied by study site and season (Figure 4). Mean
species richness at the estuary was higher during the warm-rainy than the cold-dry season, whereas no
differences were found between the two seasons at the freshwater site (F = 3.724, P < 0.05). The mean
abundances of fishes were higher during the warm-rainy season at both the freshwater and estuary,
with the lowest value during the cold-dry season at the estuary (F = 2.182, P < 0.05). Diversities also
varied between study sites. A higher diversity was found at the estuary than at the freshwater site
during the warm-rainy season only (F = 0.054, P < 0.05).

Figure 4. Variations in mean species richness, abundance, and diversity of fish assemblages with study
site and season in the lower Nakdong River, South Korea.

The two-way ANOVA confirmed diversity patterns, in that there were significant effects of the
site, but not season (Table 2). The two-way interactions were also significant for species richness and
diversity, with the exception of abundance (Table 2). Split file ANOVAs showed significant trends of
species richness and diversity with site for the warm-rainy season (P < 0.05). No significance for any
community variable was observed between sites during the cold-dry season (P > 0.05). Abundance
differences were significant between the freshwater and estuarine site during the cold-dry season only.
Within-site seasonal comparisons showed a significant difference for abundance at the estuary habitat
and diversity at the freshwater site (P < 0.05).

Table 2. Results of two-way analysis of variance (ANOVA) on the number of species, abundance,
and diversity of fish assemblages in the lower Nakdong River, South Korea; bold face indicates statistical
significance at P < 0.05.

Source df
Species Richness Abundance Diversity

F P F P F P

Site 1 9.056 0.004 7.775 0.007 7.840 0.007
Season 1 1.815 0.184 4.000 0.051 0.348 0.558

Site × Season 1 8.262 0.006 0.823 0.369 6.093 0.017
Residual 53

Mean abundances of the eight dominant species varied seasonally within each habitat (Figure 5).
In the freshwater habitat, the mean abundances of He. labeo and Ps. escocinus were higher in the
warm-rainy season, while Ch. erythropterus was abundant during cold-dry season (ANOVA, P < 0.05).
The estuarine fishes showed tendencies of higher abundance during the warm-rainy season only
(P < 0.05). No seasonal differences of mean abundances were observed for Ta. nitidus in freshwater
habitats, and for Nu. nuchalis in the estuary region (ANOVA, P > 0.05).
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Figure 5. Seasonal variations in mean abundance of 8 common fish species within each freshwater and
estuary habitats in the lower Nakdong River, South Korea; asterisks indicate statistical significance at
P < 0.05 between seasons within each site.

3.4. Fish Assemblage Structure

PERMANOVA tests revealed fish assemblages were significantly associated with study site and
season, but not station (nested within study site), with the COV of site being the highest, indicating the
strongest factor determining variation within samples (Table 3). A statistically significant two-way
interaction between site and season was also observed (Table 3). Pairwise comparisons of site and
season showed evidence of significant differences in fish assemblage structure between freshwater
and estuarine site within each season, and also between cold-dry and warm-rainy season with each of
study site (PERMANOVA pairwise tests, all P < 0.05).

Table 3. Mean squares (MS), pseudo-F ratios, significance levels (P), and components of variation
(COV) for permutation multivariate analyses of variance (PERMANOVA) tests using Bray–Curtis
similarity matrices from abundance of fish assemblages showing differences in site (Si), station (St,
nested within Si), season (Se), and interactions terms in the lower Nakdong River, South Korea; bold
letters indicate significance at P < 0.05.

Source df MS Pseudo-F P COV

Si 1 70860.0 30.243 0.007 50.884
Se 1 7596.3 6.333 0.025 15.548

St (Si) 3 2353.8 1.227 0.131 6.207
Si × Se 1 7611.4 6.346 0.023 22.014

St (Si) × Se 3 1181.2 0.616 0.988 −11.419
Residuals 47 1918.3 43.798

The non-metric MDS ordination of similarity of mean fish assemblages depicted a clear visual
difference between freshwater and estuarine site along with the nMDS ordination horizontally, with the
former and the latter site lying right and left side of the plot, respectively (Figure 6). Conversely,
the points during both cold-dry and warm-rainy seasons at the estuarine site were interspersed
throughout the nMDS plot. At the freshwater site, the points for the cold-dry season lie toward the
bottom of the plot, while those for the warm-rainy season were at the upper plot area.
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Figure 6. Non-metric multidimensional scaling (nMDS) for fish assemblages from the two study sites
during cold-dry and warm-rainy seasons in the lower Nakdong River, South Korea.; Fr = Freshwater,
Es = Estuary; WR =warm-rainy season, CD = cold-dry season.

Canonical analyses on principal coordinates were performed on significant interactions as a
further test on PERMANOVA analyses. The CAP plot for the site–season interaction showed strong
evidence for the factor-indicating group separation between sites, and between seasons within each site
(Figure 7). Seven fish species were key in separating the estuarine site from the freshwater site, and four
species characterized the fish assemblages in freshwater habitats. Co. nasus had an intermediate
contribution on both sites during the warm-rainy season (Figure 7). Clear seasonal differences in fish
assemblages were found at the estuarine site, showing a strong contribution for six species on the
warm-rainy season and only a contribution from Nu. nuchalis to trends in the cold-dry season. Weak
seasonal classifications in fish assemblages were evident at the freshwater site, with weak trends of
species contributions on each season (Figure 7).

Figure 7. Ordination plots for canonical analysis of principal coordinates of fish assemblage site–season
interactions in the lower Nakdong River, South Korea; Fr = Freshwater, Es = Estuary; WR =warm-rainy
season, CD = cold-dry season.
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3.5. Ecological Guild and Habitat Type of Fish Assemblages

The analysis of ecological guilds by the number of species within each site across each season
showed a high influence of 12 and 13 freshwater species (FW) during the cold-dry and the warm-rainy
season, respectively. Collectively, two diadromous migrants (DM) and one estuarine resident (ER)
were recorded at the freshwater site during both seasons (Figure 8). In the estuarine site, 13 and 20
marine occasional residents (MV) occurred during the cold-dry and warm-rainy seasons, respectively.
No freshwater species were found at this region. All ecological guilds occurred in fishway samples,
with dominant freshwater and marine occasional residents (Table 1), indicating that fishways play a role
in connecting freshwater and estuary habitats. Marine juveniles (MJ) were only recorded at fishways
and the estuary site, with the greatest number recorded in the latter. Freshwater habitats comprised
mostly of pelagic species, with the benthic-species number higher at the estuary and fishway regions.

Figure 8. The number of species by ecological guild and habitat type in freshwater (Fr), fishway (Fw)
and estuary (Es) sites during cold-dry (CD) and warm-rainy (WR) seasons; ecological guilds were
estuarine residents (ER), freshwater species (FW), marine occasional visitors (MV), marine juveniles
(MJ), and diadromous migrants (DM).

4. Discussion

A total of 18 and 63 species were collected from freshwater and estuary habitats, respectively,
whereas 19 fish species were recorded from fishways. The number of species and diversity was
considerably higher at estuary stations. Higher species richness in estuarine regions, compared with
freshwater or blackish habitats, has been reported worldwide [41,42]. De Moura et al. [42] indicated that
species richness was significantly higher in channels linking estuaries to freshwater ecosystems, due to
the regular inflow of saltwater, allowing access for several marine species. Additionally, higher species
richness, especially toward estuary mouths, is strongly influenced by marine processes, supporting
a greater number of species [43]. Processes such as salinity gradients within the estuary have been
shown to strongly influence fish species richness [44]. Such influences, however, may not be general in
fish assemblages for all estuaries. Species richness has also been shown to be influenced by regional
and local processes affecting colonization, such as processes affecting connectivity between estuaries
and the adjacent marine habitats [45].

Of the 63 fish species recorded in the estuarine stations, five were numerically dominant
(En. japonicus, Nu. nuchalis, Cl. pallasii, Tr. japonicus and Fa. Gymnauchen). Estuarine fishes were
predominantly juveniles of marine fishes, indicating the importance of the estuary as a nursery [27,46].
The dominance of juvenile fishes in our observations is in general agreement with other studies
worldwide (e.g., [47–50]), as well as in Korea (e.g., [26,27,51]). The greater abundance of juveniles
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observed in this study indicated the strong dependence of species on the estuary for shelter, survival,
and refuge from predators during early stages of their life cycle [48]. As an additional importance of
estuaries, most of the marine species that use the estuary as a nursery ground have commercial and
recreational value. Among the dominant marine juveniles, Cl. pallasii, Pa. olivaceus, Tr. japonicus and
Tr. lepturus are the most important fishery resources in Korea [52].

Eighteen fish species were collected in the upper part of estuary weir, of which 14 species were
freshwater residents and two species diadromous migrants (Co. nasus and Mu. cephalus). Among the
dominant freshwater species, Ch. erythropterus and He. labeo are endemic to the Nakdong River [53,54],
and Ta. nitidus comprises a minor group of freshwater fishes in the Nakdong River [55]. It is worth
noting that Opsariichthys uncirostris, the common species in freshwater and estuary habitats of the
lower Nakdong River [10], was not a major species observed in this study. The low occurrence of
Op. uncirostris is likely due to extensive dredging between 2009 and 2011 in the lower Nakdong River.
The river dredging caused deteriorated water quality and compromised critical habitats, causing
the observed low numbers of aquatic organisms [56]. Highly tolerant species to such disturbances,
including Ta. Nitidus, were abundant in the current study, unlike more sensitive species, such as
Op. uncirostris [57].

The estuarine weir of the Nakdong River was constructed in 1987, despite many arguments
against it, due to the many potential negative impacts on the ecosystem [58,59]. One such impact may
be on the changes of fish assemblage structures. The major change in fish assemblage is a decrease of
total species number, especially freshwater fishes after the construction of estuary weir [60]. Changes in
fish functional categories were also observed from demersal to pelagic in estuary fish assemblages [20].
In addition, migratory fishes also have shown dramatical reduction of their upstream migration route
and relative abundance due to blockage of their passage by the estuary weir [60]. Thus, the role
of fishways in determining linkages between freshwater and estuarine habitats may be particularly
significant for shaping fish communities, especially communities of diadromous migrants.

The results of this study show similar proportions of fish species within freshwater, marine,
and stenohaline (estuarine residents and diadromous migrants) guilds in the fishway samples. Fishways
were constructed for the provision of passages for animals migrating from estuary to freshwater
habitats. Relatively few diadromous species, however, were found in this study, despite the fishways,
even with many diadromous species present in the lower reaches of the Nakdong River [10,61]. Because
of the obstruction of the estuary weir in fishes’ migration into the upper river, several studies have
reported reduced migratory fishes in the Nakdong River estuary [10]. Yang et al. [61] reported fishways
in the weir of Nakdong River estuary to have limited use, based on the relatively low species richness
of anadromous fishes upriver from the structure. In addition, reduced freshwater flow caused by low
precipitation can also exacerbate negative impacts on migratory fishes, due to fishways from weir
construction becoming of even less efficiency in the provision of adequate passage [62,63]. Effective
alternatives for providing fish passage, such as new fish passage designs, implementing recovery of
affected habitats, and implementing adaptive management practices, are urgent and necessary for
areas in Korea where fishways exist or are planned.

Overall diversity patterns of fish assemblages did not show significant seasonal patterns. A higher
fish abundance, however, in the estuarine site was evident during the warm-rainy season. Seasonal
variations in fish abundance are mainly due to the presence of species utilizing the Nakdong River
estuary during the warm-rainy season for reproduction. For example, the increase in the abundance
of Cl. pallasii, En. Japonicus, and Tr. japonicus occurred mainly during the warm-rainy season for
Cl. pallasii following their spawning periods [64], and during the spring-early summer for En. japonicus

and Tr. japonicus [65,66]. Those same species are also abundant at adjacent near-coastal waters of
southeastern Korea during the spring and summer [56,67]. One may thus conclude that the abundances
of those species during the warm-rainy season are likely due to the nursery grounds provided by the
estuary, whereas the consistent occurrence of Nu. nucalis during all seasons suggests that estuaries are
the main habitat for their entire life cycle [20].
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5. Conclusions

In conclusion, the lower reaches of the Nakdong River are an important ecosystem for a diverse
array of fish species. Of the 78 species sampled in this study, 57 and 14 originated from marine and
freshwater areas, respectively, even with limited access to their habitats by the estuary weir. Most of the
species sampled in estuaries were exclusively represented by juveniles, highlighting the importance
of this ecosystem as a nursery ground. As in many estuaries across the world, many of the species
observed in this study were occasional residents. The effect of obstructions, such as the estuary weir,
on their success was reflected by the reduction of species richness in areas upriver of the weir than in
the previous observation [60]. Studies such as this, investigating the dynamics of species assemblage
in lowland river systems impacted by physical obstructions, are critical for the conservation efforts of
habitats supporting ecologically and economically important species.
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freshwater and estuary sites, and total abundance as well as percentages (%N).
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Abstract: Gobies (Gobiiformes: Gobiidae) are the most species-rich family of fishes in general, and the
most abundant fish group in the European seas. Nonetheless, our knowledge on many aspects of
their biology, including the population genetic diversity, is poor. Although barriers to gene flow are
less apparent in the marine environment, the ocean is not a continuous habitat, as has been shown by
studies on population genetics of various marine biota. For the first time, European marine goby
species which cannot be collected by common fishery techniques were studied. The population genetic
structure of two epibenthic species, Gobius geniporus and Gobius cruentatus, from seven localities across
their distribution ranges was assessed, using one mitochondrial (cytochrome b) and one nuclear
gene (first intron of ribosomal protein gene S7). Our results showed that there is a great diversity
of haplotypes of mitochondrial gene cytochrome b in both species at all localities. Global fixation
indices (FST) indicated a great differentiation of populations in both studied gobies. Our results did
not show a geographic subdivision to individual populations. Instead, the data correspond with the
model of migration which allow divergence and recurrent migration from the ancestral population.
The estimated migration routes coincide with the main currents in the studied area. This matches
well the biology of the studied species, with adults exhibiting only short-distance movements and
planktonic larval stages.

Keywords: benthic fish; molecular tools; cytochrome b; ribosomal protein gene S7; Gobius cruentatus;
Gobius geniporus; Mediterranean Sea; genetic structure

1. Introduction

Despite the fact that the seas and oceans are interconnected, marine organisms can show a
strong genetic differentiation [1]. Several phylogeographical studies have shown that even the ocean
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is a fragmented environment. A spatial genetic structure has been discovered in different marine
organisms, e.g., in sea-grasses [2], sponges [3], mollusks [4], sea cucumbers [5], sea urchins [6],
crustaceans [7–9] or fishes [10–12]. However, in contrast to terrestrial and freshwater ecosystems,
the delimitation of individual populations in the ocean is not an easy task because barriers to gene
flow are far less apparent in the marine environment [13]. Some of the driving forces of the genetic
variability of marine species are oceanographic barriers (e.g., direction of currents, presence of straits,
extent of different type of habitats, temperature and salinity zonation), limited dispersal capabilities
of species, isolation by distance and geological history of the area. On the other hand, factors such
as hydrodynamics, long duration of the larval pelagic stage, or migratory behaviour of adults are
most commonly responsible for the genetic homogenization of the population [1,14]. Final scenario
of genetic partitioning can thus be a consequence of interaction of more factors. Understanding
these processes is crucial for marine phylogeographical investigations, for species conservation and
management of marine resources [15].

The Mediterranean Sea is a small enclosed basin, connected with the Atlantic Ocean by the Strait
of Gibraltar and with the Black Sea through the Bosporus. It is subdivided into several deep subbasins
separated by shallow sills. The major water exchange occurs with the Atlantic Ocean, and is strongly
affected by climate [16]. Cool surface water inflows from the Atlantic Ocean to the Mediterranean Sea,
while warm and more saline subsurface Mediterranean water outflows to the Atlantic Ocean [16].

Although they are adjacent and were connected during most of their past, the Mediterranean
Sea and the Atlantic Ocean had partly dissimilar geological histories. Driven by a combination of
climatic and tectonic forces, the Messinian Salinity Crisis (MSC, 5.97 to 5.33 million years ago, Mya)
was one of the major events, which impacted geological history, and consequently the biota of the
Mediterranean Sea [17,18]. It is widely accepted that at the onset of the MSC, the Mediterranean
Sea became disconnected from the world ocean, and, as a consequence of evaporation, suffered a
great water level drawdown [18,19]. This led to a severe change of environmental conditions in
the Mediterranean Sea. However, the scenarios of the fate of the Mediterranean Sea at that time
greatly differ (from almost complete desiccation of the sea to the existence of the deepwater marine
environment in the first phase of the MSC [17,18,20]). The second phase of the MSC was characterized
by fluctuations of environmental conditions due to the repeated connection with the Paratethys [17,21].
Accordingly with the various scenarios about the form of the Mediterranean Sea during the MSC,
various scenarios about the fate of the ichthyofauna in the Mediterranean Sea were proposed, ranging
from the extinction [22] to survival, possibly in refugia; the latter was corroborated by the findings
of fossils of marine fishes [21,23]. The MSC ended by the opening of Gibraltar and refilling of the
Mediterranean Sea by Atlantic waters in an event known as the Zanclean flooding [24] and by the
onset of stable marine conditions [17].

Another event with a strong impact on the diversity and distribution of the extant species in the
Mediterranean Sea and the Atlantic was the Pleistocene glaciation (2.6 Mya to 11,600 before present,
BP) [25]. During the most recent ice ages the growth and decay of ice masses drove the world sea-level
fluctuations in the order of 10’s to over 100 m on the time scales of 100’s to 10,000 years, and ranging
from the sea level several meters higher than present to more than 100 m below the present level [26].
The coastline of the Atlantic Ocean and the Mediterranean Sea and its size changed accordingly,
huge areas, e.g., the North Adriatic Sea, were repeatedly desiccated and reflooded. During the Last
Glacial Maximum (24,000–18,000 years BP), the sea level was about 125 m lower than today, with the
most intensive sea level rise between 17,000–7000 years BP, after which it reached more or less the
present coastline [27]. Glacial and interglacial phases resulted in the sea temperature alterations,
with the reconstructed cooling amplitude in the Mediterranean during the Last Glacial Maximum
reaching up to 6–7 ◦C [28], which should have had a severe impact on the diversity and distribution of
the living organisms in the Mediterranean Sea. However, the Mediterranean waters remained warmer
that those of the adjacent Atlantic Ocean during glacial peaks, thus many species now present in the
warm temperate Atlantic likely survived the cold phases of the glacial cycles in the Mediterranean Sea,
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recolonizing the Atlantic when more favourable temperatures were re-established during interglacial
phases like the present one [29].

The studied area concerns the Mediterranean Sea province and the South European Atlantic Shelf
ecoregion. The Mediterranean Sea is classified as a specific, well defined biogeographic province
within the Temperate Northern Atlantic realm [30]. It is further divided into seven ecoregions (Adriatic
Sea, Aegean Sea, Levantine Sea, Tunisian Plateau/Gulf of Sidra, Ionian Sea, Western Mediterranean,
and Alboran Sea). Its neighbouring marine provinces are the Black Sea in the east and the Lusitanian
province in the Atlantic Ocean in the west. The Mediterranean Sea is connected with the South
European Atlantic Shelf and Saharan Upwelling ecoregions (both belonging to the Lusitanian province
and having the boundary in the Gibraltar Strait area).

Circulation of water in the studied area, and especially in the Mediterranean Sea, is very
complex. The main currents and gyres are depicted in Figure 1. Within the studied region, multiple
biogeographical barriers have been identified, of which the Almeria-Oran front, the Strait of Sicily and
the Otranto Strait (see Figure 1) are considered to be the major ones influencing genetic diversity of
various marine organisms [1,13]. However, dissimilar influence of biogeographic barriers has been
found even for the closely related taxa with the same biology and ecology [31–34].

Figure 1. Map of the studied area, with sampling sites (black dots), main oceanographic barriers (red
lines) and circulation of the main currents in the Mediterranean Sea (arrows). 1—Spain, 2—Portugal,
3—France, 4—Sicily, 5—Croatia, 6—Montenegro, 7—Greece, 8—Cyprus W (west), 9—Cyprus E (east).

Gobies (Gobiiformes: Gobiidae), with currently recognized 1915 valid species, are the most
species-rich family of fishes in the world [35]. It is also the most speciose family of fishes of the
European seas and, in particular, of the Mediterranean Sea. The majority of gobies are benthic fishes
with planktonic larval stages. Marine gobies predominantly occupy shallow shelf bottoms, with limited
number of species extending to deeper shelf, and only a few of them reaching bathyal depths [36,37].
In total, there are more than 90 marine species of gobies in European seas listed in the last review [38].
However, new species are still being discovered, e.g., [36,37,39,40], and the knowledge about the
distribution of many species is still quite limited e.g., [41–43]. The information about the population
genetic diversity and phylogeography of European marine gobies is very poor too. Population genetic
studies have been done so far in only a few species, which are easy to collect by the common fishery
techniques. Nevertheless, on the basis of limited information, it is evident that for some studied
goby species there is a clear genetic differentiation between distant populations [44–50], but not for
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the others [51]. Within the genus Gobius, the population genetic structure was studied so far in
the only species, Gobius niger, where the mitochondrial marker nicotinamide adenine dinucleotide
dehydrogenase (NADH) was analysed by restriction fragment length polymorphism (RFLP) [51].
The results suggested the existence of population subdivision in this species.

In this work we studied the population genetic diversity of Gobius geniporus and Gobius cruentatus

(Gobius-lineage, gobiine-like clade sensu Agorreta et al. [52]), two bottom dwelling (epibenthic) species.
Gobius cruentatus occurs in the north-eastern Atlantic Ocean, from south-western Ireland to the coasts
of Senegal, and in the Mediterranean and the Black Seas [53,54], while G. geniporus is a Mediterranean
endemic [53]. Gobius cruentatus is typically detected on mixed bottom habitats dominated by stones,
boulders or seagrass [55]. It can grow up to 18 cm and occurs in depths between 1.5 and 40 m [53,54].
Gobius geniporus prefers sandy bottoms mixed with gravel, cobbles and boulders, with at least some
amount of rocky formations present scattered over sand. It reaches a size of 16 cm and the depth
at which it was observed ranges from 1 to 30 m [53,56,57]. These species are restricted to shallow
shelf bottoms, so their real area of occupancy is only a narrow stripe of bottom along the coastline.
Being small, epibenthic, territorial and non-migratory in adulthood, these species are expected to have
only a limited dispersal capability [53].

The aim of this study was to assess the genetic diversity of seven geographically distant populations
of two species of European marine gobies, G. geniporus and G. cruentatus, across their distribution ranges,
using mitochondrial and nuclear markers, in order to reveal a possible population subdivision and a
potential existence of biogeographical barriers which would affect the connectivity of the populations.

2. Materials and Methods

2.1. Samples

It is very difficult to collect benthic marine gobies in general, unless they live on sandy or muddy
bottoms. They are usually not commercially used, so it is not possible to purchase them or to obtain
them from fishermen even as a bycatch. As both species investigated in this study typically occupy
mixed bottom habitats it is not possible to use common fishery techniques, such as trawl nets or
push-nets, to collect them, even though these two species belong to the largest ones among gobies
from the north-eastern Atlantic and the Mediterranean Sea. For research purposes, these two species
are being collected individually, during scuba-diving and using hand nets and anaesthetic, which is
very time consuming. They do not occur in shoals and it can be difficult to spot them. A total of
74 specimens of G. geniporus from seven localities in the Mediterranean Sea and 41 specimens of G.

cruentatus from two localities in the Atlantic Ocean and five localities in the Mediterranean Sea were
included in this study (see Figure 1 and Table 1). Tissue samples and voucher specimens are deposited
in the ichthyological collection of the National Museum, Prague, Czech Republic.

Table 1. Sampling sites and number of analysed specimens of Gobius geniporus and G. cruentatus for
cytochrome b and S7.

Locality Coordinates
G. geniporus G. cruentatus

N cyt b N S7 N cyt b N S7

Cyprus E (east)—Cavo Greco 34.98556◦ N, 34.07667◦ E 11 11
Cyprus W (west)—Akamas 35.07528◦ N, 32.33278◦ E 12 12 3 3

Greece—Evia Island 37.99694◦ N, 24.39806◦ E 10 10
Montenegro—Boka Kotorska 42.48500◦ N, 18.67028◦ E 13 13 2 2

Croatia—Selce 45.15194◦ N, 14.72083◦ E 10 10 11 11
Sicily—near Catania 37.99694◦ N, 24.39806◦ E 16 15 12 12

France—Banyuls sur Mer 42.48194◦ N, 3.13667◦ E 2 2 4 4
Spain—Galicia, Vigo 42.24917◦ N, 8.75583◦ W 5 3
Portugal—Algarve 37.07389◦ N, 8.30361◦ W 4 4

Total 74 73 41 39
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2.2. DNA Extraction, Amplification, Sequencing

Total genomic DNA was extracted from the finclips using Geneaid® DNA Isolation Kit following
the manufacturer’s protocol. The samples were analysed for two genes, one mitochondrial, cytochrome
b (cyt b), and one nuclear, first intron of the ribosomal protein gene S7 (S7). For the amplification
of cyt b, the primers GluF and ThrR [58] were used. S7 was amplified with the primers S7RPEX1F
and S7RPEX2R [59]. The polymerase chain reaction (PCR) was performed in 25 μL total volume
containing 12.5 μL of PPP Master Mix (TopBio), 9.7 μL of Ultrapure H2O, 0.65 μL of each primer and
2 μL of DNA isolate. Amplification of cyt b followed the protocol described in Šanda et al. [60]. For S7,
a specific touch-down protocol was used with the following steps: initial denaturation at 95 ◦C for 5
min, followed by 5 cycles of denaturation, annealing, and elongation: 94 ◦C for 40 s, 60 ◦C for 1 min,
72 ◦C for 2 min, followed by 35 cycles of denaturation, annealing, and elongation: 95 ◦C for 30 s,
56 ◦C for 1 min, 72 ◦C for 2 min, and the final elongation at 72 ◦C for 20 min. PCR products were
purified with the use of ExoSAP-IT and sequenced at Macrogen Europe. For the sequencing of cyt b,
the specific internal primers were designed: GcruF1 (5′-GGT GCA ACC GTC ATC ACT AA-3′) and
GcruR1 (5′-AGT GGG TTG GCA GGA ATG-3′) for G. cruentatus and GgenF1 (5′-GTA GGC TAT GTC
CTG CCC TG AG-3′) and GgenR1 (5′-TTG GAG CCT GTC TCG TG GA-3′) for G. geniporus. Nuclear
gene S7 was sequenced using the amplification primers. Sequences were deposited in GenBank under
accession numbers MT774412-MT774485 (cyt b) and MT893746—MT893891 (S7) for G. geniporus and
MT684467—MT684507 (cyt b) and MT684508—MT684585 (S7) for G. cruentatus.

2.3. Data Analyses

Obtained cyt b and S7 sequences were checked manually in Chromas v2.6.4 and aligned in Bioedit
v7.2.6.1 [61]. The appropriate model of nucleotide substitution was determined using jModelTest
v2.1.9 [62], based on Akaike Information Criterion (AIC) [63]. DnaSP v6.11.01 [64] was used to assess the
haplotype diversity (Hd) and nucleotide diversity (π), as well as to perform Fu and Li’s F and Tajima’s
D neutrality tests. The results of these tests can point to possible selection or a change in population
demography. To evaluate the amount of genetic variance within and between populations, analysis of
molecular variance (AMOVA) was performed using ARLEQUIN v3.5 [65]. It estimates population
differentiation with the use of individual haplotypes and their frequency in the studied populations.
This further enables calculation of fixation indices, a global FST and pairwise FSTs. FST expresses a degree
of genetic differentiation between the individual populations. The two populations from Cyprus were
grouped together, as well as the two populations from the Adriatic Sea (Montenegrin and Croatian);
the grouping was made based on location, proximity and the water circulation. The remaining
populations represented individual groups. The statistical significance of the FST values was tested by
executing 16,000 permutations. For pairwise FSTs, a Bonferroni correction was subsequently applied to
correct for multiple tests. Further, genetic distances (uncorrected p-distances) between and within
populations of each species were calculated in MEGA 6 [66]. The datasets of S7 were phased by the
program PHASE v2.1.1 [67]. All sequences were phased with a probability of 0.9 and the final datasets
with inferred phased sequences consisted of 146 sequences for G. geniporus and 78 for G. cruentatus.
The phased S7 data were then used for calculating diversity measures and constructing haplotype
networks. The rest of the analyses were not performed on S7 due to a very low polymorphism of S7
datasets. A detailed reconstruction of relationships of the haplotypes of populations was performed by
a statistical parsimony method under a 95% connection limit [68], using PopART [69].

Isolation by distance hypothesis was tested by Mantel test [70] using R v3.5 software (package
adegenet), executing 1000 permutations. Mantel test compares genetic distances estimated by pairwise
FSTs with geographical distances between locations. The matrices of geographical distances were derived
from the coordinates of the individual localities. Another approach was applied using ARLEQUIN
v3.5 [65], where the shortest marine paths between each pair of localities, estimated from the GoogleEarth,
were used in matrices of geographical distances. Statistical significance of the Mantel test was estimated
by executing 1000 permutations.
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We estimated migration routes between pairs of populations using Migrate-n software v4.4. [71].
Five demographic scenarios were tested for each population pair: (1) model assuming full migration
between populations, (2) model assuming migration from the population A to the population B,
(3) model assuming migration from B to A, (4) model allowing divergence, where A splits off from B,
with migration from B to A after the split, (5) model allowing divergence, where B splits off from A,
with migration from A to B after the split. For each scenario, the migration rate and population sizes
were estimated; for the scenarios (4) and (5) also the time of divergence between the two populations.
Pairs of populations are listed in the Table S1. Migrate-n analyses were conducted using a static
heating strategy with four short chains with temperature values of 1.0, 1.5, 3.0, and 1.0 × 106 and a
single long chain. 1,000,000 steps were recorded every 100 generations with 200,000 steps discarded as
burn-in to ensure the convergence of the analyses. Appropriate mutation model was assessed using
jModelTest [62] resulting in Hasegawa-Kishino-Yano (HKY). Priors were set as follows: Bayes-priors
= THETA * * UNIFORMPRIOR: 0.001, 0.000 0.0100, Bayes-priors =MIG * * UNIFORMPRIOR: 0.000,
100000.000, 10000.000.

Past population demography of each species was inferred using the linear Bayesian skyline
plot model [72], implemented in BEAST v1.8.4 [73]. It allows observing fluctuations of effective
population sizes from the present, backwards in time, to the coalescence in the most recent common
ancestor, and is expressed graphically. Analyses were conducted under the Bayesian coalescent method,
with corresponding nucleotide substitution model for each species and using a strict molecular clock.
The x-axis of the plot shows the time in mutation units per nucleotide position and y-axis scaled
effective population size. Simulations ran for 100 million Markov chain Monte Carlo (MCMC) steps
with sampling every 10,000th generation. Results from three independent runs were combined using
LogCombiner and burn-in was set to 20 million iterations in each run. Finally, TRACER v1.7.0 [74] was
used to check the parameter estimates and visualize Bayesian skyline plots.

3. Results

3.1. Gobius geniporus

In G. geniporus, 74 specimens were analysed (Table 1). The alignment of cyt b had a length of
1113 bp and contained 56 polymorphic sites, while there were only two variable sites in the 594 bp
long alignment of 146 sequences of S7 (Table 2). A total of 45 haplotypes were found for cyt b and
only three haplotypes for S7 within seven Mediterranean populations. The best-fit substitution model
selected for cyt b was general time reversible with proportion of invariable sites (GTR+I). Haplotype
diversity of cyt b was high, while nucleotide diversity low (Hd = 0.969; π = 0.004) and for S7 both
haplotype and nucleotide diversity were extremely low (Hd = 0.054; π = 0.0001) (Table 2). Diversity
measures calculated per each locality are listed in Table S2. The values of neutrality tests (Tajima’s
D, Fu and Li’s F) for cyt b were negative and significant, indicating a recent population expansion or
purifying selection (Table 2). The Bayesian skyline plot of G. geniporus depicts a gradual population
size growth since the coalescence and its stabilization in the present (Figure 2a).

Table 2. Diversity measures and results of neutrality tests for Gobius geniporus and G. cruentatus

based on cytochrome b and S7 sequences. N—number of sequences, S—number of segregating sites,
Nh—number of haplotypes, Hd—haplotype diversity, π—nucleotide diversity. Significant values (at
α = 0.05) indicated by asterisk.

Species N S Nh Hd π Fu & Li’s F Tajima’s D

G. geniporus
cyt b 74 56 45 0.969 0.004 −3.987 * −2.055 *

S7 146 2 3 0.054 0.0001
G. cruentatus

cyt b 41 47 32 0.985 0.006 −2.522 * −1.284
S7 78 3 4 0.212 0.0004
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Figure 2. Bayesian skyline plot for Gobius geniporus (a) and G. cruentatus (b) based on cytochrome b
sequence data. The graph illustrates fluctuation of the population size from recent to the coalescence
(from left to right). Y-axis stands for scaled effective population size and x-axis for time scale in units of
mutation per nucleotide position. Blue middle line shows the median estimate, 95% confidence interval
is indicated in blue.

In the haplotype network of G. geniporus based on cyt b, there was an indication of a certain
geographical pattern: there were two major haplotype groups. In one of them there was one more
frequent haplotype shared between the central Mediterranean populations (Montenegrin, Croatian and
Sicilian), while in the other one, there were two more frequent haplotypes, shared between Cypriot and
Greek populations (Figure 3a and Figure S1a). Most haplotypes from Cypriot populations grouped
together, as well as the majority of the haplotypes from the Sicilian one. Unique haplotypes prevailed
in the network. Practically all sequences of S7 in G. geniporus were of the same haplotype (142 out of
146, Figure 3a) and due to this low polymorphism, all following analyses were performed only on the
cyt b dataset. AMOVA for G. geniporus based on the cyt b showed that most of the genetic variance
is distributed within populations (76%). FST index indicated a high level of genetic differentiation
(FST = 0.237, p < 0.01). Pairwise FSTs showed in most cases a pronounced or high level of genetic
differentiation between the pairs of populations, but several values were low (Table 3); however,
only a half of values were significant. Statistically significant values indicating high or pronounced
differentiation were for most comparisons for Sicilian and both Cypriot populations. Mean p-distances
between the populations were low and ranged between 0.2 and 0.6% (Table 3). Mean p-distances
within populations were of a similar range (0.1–0.5%), while the maximum intraspecific p-distance for
G. geniporus was 1.08%.

Table 3. Mean genetic distances between Gobius geniporus populations for cytochrome b (uncorrected
p-distances, in %, above the diagonal), intrapopulation distances (on diagonal), and pairwise FSTs

(below diagonal). Significant values of FSTs (at α = 0.05/number of pairs) indicated by asterisk.

Sicily Croatia Montenegro France Cyprus W Cyprus E Greece

Sicily 0.4 0.5 0.5 0.3 0.4 0.4 0.5
Croatia 0.224 * 0.5 0.4 0.5 0.5 0.6 0.5
Montenegro 0.209 * 0.000 0.4 0.4 0.4 0.5 0.4
France 0.000 0.227 0.263 0.1 0.3 0.3 0.4
Cyprus W 0.285 * 0.369 * 0.349 * 0.408 0.2 0.2 0.3
Cyprus E 0.271 * 0.413 * 0.399 * 0.373 0.056 0.2 0.3
Greece 0.151 * 0.106 0.065 0.160 0.077 0.145 * 0.4
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Figure 3. Haplotype networks of Gobius geniporus (a) and G. cruentatus (b) based on cytochrome b and
S7 sequences. Size of circle is proportional to haplotype frequency. The number of mutational steps
between closest haplotypes is indicated by hatch marks. Missing intermediate haplotypes are shown as
small white circles.

Mantel test was significant using both approaches (adegenet: observation 0.299, expectation 10−5,
p-value < 0.001; ARLEQUIN: correlation coefficient 0.69, p-value < 0.001), indicating a possible pattern
of isolation by distance (see Figure 4a). Among the modelled migration scenarios, for each pair of
populations, the model which allows divergence and the recurrent immigration from the ancestral
population after the split was the one with the highest probability. The divergence directions and
the migration routes are schematically depicted in the Figure 5a, while the estimates of immigration
rates, divergence times and population sizes are listed in the Table S3. The system of migration routes
is rather circular, anticlockwise, with a large circle between Sicily, western Cyprus, eastern Cyprus,
Greece, Montenegro, Croatia and Sicily, and two smaller ones: Sicily, Greece, Montenegro, Croatia,
Sicily, and Sicily, Montenegro, Croatia, Sicily. All the routes, with the exception of the one between Sicily
and Greece eastwards, can be well explained by the prevailing currents (see Figure 5a). The highest
rate of migration among the modelled pairs of populations was estimated between the western and
eastern Cyprus, correspondingly with their proximity and the prevailing eastward current.
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Figure 4. Histograms of the Mantel test assessing the relationship between genetic and geographic
distance for Gobius geniporus (a) and G. cruentatus (b).

Figure 5. Migration routes of Gobius geniporus (a) and G. cruentatus (b) estimated by Migrate-n. Grey
tips of arrows indicate less probable directions.
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3.2. Gobius cruentatus

Mitochondrial marker cyt b was analysed in 41 specimens of G. cruentatus, and nuclear marker S7
in 39 specimens (Table 1). The alignment length of cyt b was 1117 bp and contained 47 polymorphic
sites, while that of S7 had a length of 555 bp and contained only three segregating sites (Table 2).
There were 32 haplotypes of cyt b and only four of S7. The best-fit substitution model selected for
cyt b was general time reversible with proportion of invariable sites (GTR + I). An overall haplotype
diversity of cyt b was high, while nucleotide diversity low (Hd = 0.985; π = 0.006), which can indicate
a recent population expansion. This was also suggested by negative values of neutrality tests (see
Table 2). On the other hand, for nuclear gene S7, values of haplotype and nucleotide diversity were
markedly lower (Hd = 0.212; π = 0.0004). Diversity measures calculated per each locality are listed
in Table S2. The Bayesian skyline plot showed a constant population size in the past, followed by a
gradual population expansion and a stable population in the present (Figure 2b).

In G. cruentatus, cyt b haplotype network reconstruction did not reveal any well-defined spatial
structure (Figure 3b). The network consisted mostly of unique haplotypes, very diverse for each locality
(Figure S1b). Three haplotypes were shared between two or three distant populations (Spain/Sicily,
Sicily/Croatia/Cyprus, Cyprus/Croatia). The network displayed two highly variable haplogroups separated
by six mutational steps. Interestingly, there was a particular geographic pattern: while haplotypes from
the central Mediterranean populations (Croatia, Sicily and Montenegro) were in both haplogroups,
the haplotypes from the westernmost populations (Portugal, Spain and France) were placed only in
one haplogroup, and haplotypes from the easternmost population, Cyprus, occurred only in the other
haplogroup. On the contrary, there was nearly no polymorphism in S7. The network was formed by
one dominant haplotype which included 69 alleles (out of 78) and was shared among all populations,
one less frequent shared haplotype, which included only 7 alleles, and two unique ones. All haplotypes
were very similar (Figure 3b). The remaining analyses were performed only on the cyt b dataset due to
the low polymorphism in S7.

Similarly to the results of haplotype network, AMOVA performed on the cyt b showed that
most of the genetic variance is distributed within the populations, with a ratio of approximately 1:4
between the variability among and within populations. Computed FST index indicated a high level of
genetic differentiation (FST = 0.216, p < 0.01). Some values of pairwise FSTs performed on G. cruentatus

indicated a pronounced differentiation (the highest values were between the easternmost population,
Cyprus, and three westernmost populations—Spain, Portugal and France), but the majority were low
or moderate; however, none of the values was significant (Table 4). The mean p-distances between the
populations ranged between 0.3 and 1%, and the range of intrapopulation p-distances was similar
(0.2–1.1%) (Table 4). The highest interpopulation divergences were between the westernmost and
easternmost populations (0.9–1%, see Table 4). The highest overall intraspecific p-distance for G.

cruentatus was 1.52%.

Table 4. Mean genetic distances between Gobius cruentatus populations for cytochrome b (uncorrected
p-distances, in %, above diagonal), intrapopulation distances (on diagonal), and pairwise FSTs (below
diagonal). None of the values of FSTs was significant at α = 0.05/number of pairs.

Sicily Croatia Montenegro Spain Portugal France Cyprus W

Sicily 0.5 0.7 0.6 0.7 0.7 0.7 0.5
Croatia 0.000 0.8 0.7 0.7 0.7 0.8 0.7
Montenegro 0.000 0.000 1.1 0.7 0.6 0.7 0.7
Spain 0.370 0.223 0.309 0.2 0.3 0.3 0.9
Portugal 0.342 0.176 0.149 0.137 0.2 0.3 0.9
France 0.332 0.172 0.126 0.103 0.044 0.4 1.0
Cyprus W 0.074 0.057 0.077 0.725 0.688 0.613 0.4

The result of the Mantel test was significant using both approaches (adegenet: observation 0.085,
expectation 0.002, p-value 0.03; ARLEQUIN: correlation coefficient 0.81, p-value < 0.01), indicating a
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possible pattern of isolation by distance (see Figure 4b). According to our results, the most probable
scenario of migration of G. cruentatus between the studied localities was also the one allowing divergence
and the migration from the ancestral population after the split. The divergence and migration routes
are schematically depicted in the Figure 5b, while the estimates of immigration rates, divergence times
and population sizes are listed in the Table S3. The results were not unequivocal, as can be seen from
the Figure 5b, in several cases models proposing the opposite direction of divergence and migration
between two populations had almost the same probability. This might be due to the low number
of samples.

4. Discussion

Many previous phylogeographic studies have shown the existence of the geographical structure in
populations of zoobiota within the north-eastern Atlantic and Mediterranean (i.e., Northern European
Seas, Lusitanian and Mediterranean Sea provinces of Temperate Northern Atlantic realm sensu

Spalding et al. [30]), e.g., [7,8,10–12]. In this term, however, the European marine gobies, despite being
the most speciose and abundant fish family in this area, have been little studied so far.

Our results on two epibenthic goby species (G. geniporus and G. cruentatus) showed that the most
plausible model which can explain the genetic structure of populations of both species is a model
of divergence and recurrent migration from the ancestral population after the split. In the case of
G. geniporus, the direction of divergence and the migration routes match well the prevailing currents
between the studied localities (Figure 5a). The main feature of the migration route is anticlockwise
circulation from Sicily towards east and then turning westwardly back to Sicily, and making a smaller
circle from Sicily to the Adriatic Sea, following the Montenegrin and Croatian coast and subsequently the
Italian coast, and back to Sicily. More dense sampling would be useful to confirm these findings, as also
smaller gyres can substantially influence the genetic structure of epibenthic fishes [75]. The directions
of divergence and migration between the pairs of populations of G. cruentatus were ambiguous.
The observed pattern may be an outcome of a low number of individuals used to infer the migration
routes in this species. Alternatively, it might be a consequence of higher complexity of water circulation
in the species range, and/or biology of this species (see later discussion on hyperbenthic juveniles).

The lifestyle of the two studied species matches the model of divergence and recurrent migration.
Being epibenthic and territorial, G. geniporus and G. cruentatus most probably exhibit only short-distance
movements in adulthood, which allow the divergence between populations. Their main dispersal route
is thus via a transport of planktonic larval stages, which can be dispersed by currents. The distance
which a larva can reach depends mainly on the hydrodynamics and on the duration and behaviour
of the larval stage, but the dispersal of planktonic larvae is much more complex and still not
well understood [76]. The high multiscale variability of topography, temperature and salinity in
the Mediterranean Sea generates free and boundary currents, bifurcating jets, meander and ring
vortices, permanent or temporary cyclonic and anticyclonic gyres and eddies [77]. Recently, computer
simulations that integrate a high number of biological and marine physical information have been
successfully used in several works focused on the role of marine currents on the dispersion and genetic
structure of marine organisms [75,78–80].

The influence of currents on genetic structure of the populations of epibenthic marine fish species
was found for Tripterygion tripteronotum [75], where the population structure matched well the gyres in
the Adriatic Sea, and also for other marine organisms [78–82].

Where known, the planktonic life stages in different European goby species have a variable
duration, with a minimum of 13 days in Zosterisessor ophiocephalus to 51 days in Gobius paganellus [83].
However, in many Mediterranean gobies, nothing is known about their larvae, the duration of this
stage, nor about their dispersion routes or distances. A similar range of planktonic larval duration
(PLD) was observed in other Mediterranean fish species. In epibenthic Mediterranean littoral fish
species of the genus Tripterygion, the PLD is estimated to be two to three weeks [84], while blennies
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(Blenniidae) have a PLD between 22 and 71 days. In species of both these fish groups a population
genetic subdivision was observed [75,85–87].

The dispersal capability of fish larvae can broadly differ, while it is around 120 km during
80–170 days of PLD in Sebastes melanops [76,88], it is only 100–500 m during 30–50 days in Chaetodon

vagabundus [76,89]. This underlines the complexity of the dispersion process of fish larval stages.
Apart from having mobile larval stages, G. cruentatus has hyperbenthic juveniles, swimming

in shoals within 1 m above the sea bottom. It is not known which distances this stage can cover
and whether the dispersion during this stage has any influence on the gene flow. In the aquarium,
this stage lasted two months [90]. It is not known whether other European gobies have hyperbenthic
juveniles. Also other biological traits, such as reproduction strategy (European benthic gobies are
iteroparous [53]) and timing of spawning, can influence the genetic structure of populations [75].

Our results showed that there was a high diversity of haplotypes of cyt b at each sampled locality.
As discussed above, no clear population subdivision was found in two studied species, as it was
disturbed by the recurrent migrations between the populations. There was a certain structuring in
both species, as two haplogroups are observable in the networks (Figure 3). In G. geniporus, in the
most frequent haplotypes of each haplogroup, specimens from different areas dominate: in one,
the specimens from the eastern (Cyprus and Greece), while in the other, the specimens from the central
Mediterranean Sea (Italy, Montenegro and Croatia). However, haplotypes of specimens from the
Sicilian population are prevailing in the haplogroup with the eastern Mediterranean Sea haplotypes.
In G. cruentatus, one haplogroup includes all specimens from the western part of the species range,
from the Atlantic coast of Spain and Portugal, as well as from the western Mediterranean French
coast, while the other haplogroup includes all samples from the eastern Mediterranean Sea (Cyprus).
However, the central Mediterranean samples (Sicily, Montenegro and Croatia) are present in both
haplogroups. Similar situation, where haplotypes from different haplogroups were found at the same
geographic locality, with no clear geographical pattern, was observed also in other fish species in the
Mediterranean Sea [91,92]. It was attributed to the secondary contact between the isolated populations
which diverged in allopatry and came to a contact again after the removal of the migration barrier [91].
Additionally, our migration scheme for G. cruentatus shows convergence of the routes from the eastern
and western Mediterranean Sea and the Adriatic Sea near Sicily, corresponding to the situation in the
haplotype network.

Most of the research on population genetic structure of marine gobies from Europe have been
conducted on epibenthic species of the genus Pomatoschistus (gobionelline-like gobies [52]), usually
inhabiting lagoons and shallow coastal waters with fine substrates. Population genetic differentiation
was observed in all four studied Pomatoschistus species [44–50,93]. Population genetic diversity of
species from the gobiine-like gobies [52] has been studied in only two European marine species [51],
epibenthic goby G. niger, living on the muddy substrates, and Aphia minuta, a pelagic shoal species.
Giovannotti et al. [51] found a spatial genetic structure in epibenthic G. niger, while no structure in the
pelagic A. minuta.

There are several recognised biogeographic breaks in the Mediterranean Sea and the north-eastern
Atlantic Ocean. Our data did not point to the existence of any biogeographic boundary preventing a
gene flow between the studied populations for neither of the two species. However, the effect of a small
sample size cannot be excluded. The Strait of Gibraltar, or rather the Almeria-Oran front, which is an
important biogeographic barrier for some marine organisms [4,8,10,33,94], did not have any influence
on the gene flow between Atlantic and western Mediterranean populations of G. cruentatus. Similarly,
this break does not present a barrier to gene flow of the various fish species, neither pelagic, e.g.,
Sardina pilchardus (nDNA microsatellite loci) [95], Thunnus thynnus (mtDNA d-loop) [34], Scomber colias

(mtDNA d-loop) [31], Diplodus sargus (mtDNA d-loop, nDNA S7 first intron) [96], nor benthic ones,
ranging from widespread eurybathic Lophius piscatorius (mtDNA d-loop), able to reach depths down to
500 m [33] to Parablennius sanguinolentus (mtDNA d-loop, nDNA S7 first intron), which is restricted
to very shallow littoral of 0–1 m depth [86,87]. Neither did the Sicily Channel influence the genetic
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structure of the two studied goby species, unlike is the case of some other fish species, e.g., Dicentrarchus

labrax (nDNA microsatellite loci) [97], Sprattus sprattus (mtDNA d-loop) [11], and P. tortonesei (mtDNA
16S, COI) [48], where the Sicily Channel presents an important breakpoint. Although many studies
showed a genetic differentiation between populations of the biota of the Adriatic and the Mediterranean
Seas, separated by the Otranto strait, e.g., in P. minutus (mtDNA d-loop, cyt b, allozymes) [44–46,50],
Platichthys flesus (allozymes) [98], Gouania willdenowi (mtDNA COI and 9 nDNA markers) [99] and
Sparus aurata (allozymes) [100], neither was the Otranto Strait a biogeographic barrier for G. cruentatus

and G. geniporus.

5. Conclusions

Our data revealed that the population genetic structure of the two studied epibenthic goby
species (G. geniporus and G. cruentatus) can be well explained by the model of migration, allowing
divergence between each pair of populations, with the ongoing migration from the ancestral population.
This corresponds well with the biology of these gobies, having poorly mobile adults on one hand,
and planktonic larval stages, which can be dispersed by currents, on the other hand. The population
genetic structure of G. geniporus is influenced by currents: the estimated migration routes between the
studied populations follow the main current directions in the study area.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/10/792/s1,
Figure S1: List of pairs of populations modelled in Migrate-n, Table S2: Diversity measures for Gobius geniporus and
G. cruentatus calculated per each locality based on cytochrome b and S7 sequences, Table S3: Posterior distribution
table of Migrate-n analyses, Figure S1: Cytochrome b haplotype frequencies at each locality, Gobius geniporus (a),
G. cruentatus (b).
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phylogenetics of Gobioidei and phylogenetic placement of European gobies. Mol. Phylogenet. Evol. 2013, 69,
619–633. [CrossRef]

53. Miller, P.J. Fishes of the North-eastern Atlantic and the Mediterranean. In Gobiidae; Whitehead, P.J.P.,
Bauchot, M.-L., Hureau, J.-C., Nielsen, J., Tortonese, E., Eds.; Unesco: Paris, France, 1986; pp. 1019–1085.
ISBN 92-3-002309-4.
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Abstract: The biodiversity of the Mediterranean Sea is rapidly changing due to anthropogenic
activity and the recent increase of seawater temperature. Citizen science is escalating as an important
contributor in the inventory of rare and data-limited species. In this study, we present several
records of five data-limited native fish species from the eastern Mediterranean Sea: Alectis alexandrina

(Geoffroy Saint-Hilaire, 1817), Ranzania laevis (Pennant, 1776), Dalatias licha (Bonnaterre, 1788),
Lophotus lacepede (Giorna, 1809), and Sudis hyalina (Rafinesque, 1810). All of the records were collected
by a participatory process involving fishers and validated by associated taxonomic experts of the
citizen science programme “Is it Alien to you? Share it!!!”. This study fills an important gap for the
distribution of the reported species and signifies the important role of citizen participation as a tool
for extending marine biodiversity knowledge and fisheries management in an area with several gaps
of knowledge on targeted and non-targeted species.

Keywords: Alexandria pompano; Slender sunfish; Kitefin shark; Crested oarfish; Barracudina; eastern
Mediterranean Sea

1. Introduction

The Mediterranean Sea is facing several unprecedented anthropic pressures (e.g. pollution,
habitat destruction, and geographical reshuffling of species) [1,2]. Along with climate change, species
community shifts are regularly observed, leading to the tropicalization of the Mediterranean Sea [3,4].
Projections have indicated that at least 25% of the Mediterranean continental shelf might experience a
total modification of species assemblages by the end of the 21st century [5]. Major gaps exist regarding
deep species assemblages [6], particularly rare and data-limited species. This is mainly attributed
to fragmented research, scarcity of observations, less fishing pressure, and practical difficulties in
monitoring deeper waters.

Historically, the low economic value of non-targeted species has led to less data and a lack
of vulnerability assessments. Some progress has been made in recent years to develop methods
on status and risk assessments [7], such as mixed fisheries [8] and policy requirements [9,10].
Thus, the methodology has been developed, including time-series catch data [11], life history aspects [12],
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and size structure [13]. Another aspect is the willingness by citizens to pay for climate adaptation and
fisheries resources, as shown by Tulone et al. [14].

Citizen science is emerging as a key component for the exploration of marine biodiversity, being
widely acknowledged by scientists, policy-makers, and conservationists, due to its capacity to address
conservation issues that are related to rare species, climate change, and coastal systems [15–17].
Currently, there is an increasing number of citizen science efforts in the Mediterranean Sea t focused
on various topics that are related to the marine environment [18–20]. This provides high potential
for addressing data gaps related to least studied species. However, citizen science data should be
carefully treated, since they often incorporate taxonomic uncertainties and misidentification due to
photographic identification [21,22].

Here, we report several records of five data-limited fish species in the eastern Mediterranean Sea
and highlight the use of citizen science as an emerging scientific tool for increasing our understanding on
species distributions and contributing to fisheries management in the Mediterranean Sea. In addition,
we used current published literature to highlight and give a quantitative aspect of current and historical
knowledge of the studied species distribution in the eastern Mediterranean Sea (Supplementary
Table S1).

2. Materials and Methods

The citizen-science programme “Is it Alien to you? Share it!!!” was initially launched in May
2016 by the Environmental Organisation iSea, with the aim of recording information on the occurrence,
distribution, and expansion of marine non-native and rare species in Greece. An online easy-to-upload
data repository was generated for citizens that allowed for records with pictures to be tracked.
In addition, a Facebook group was created and all of the uploaded pictures to the group were
automatically uploaded to the same data repository. At the time, this manuscript was written, this
project’s Facebook group numbers > 10,000 members, among which approximately 5000 are actively
engaged. Each observer is requested to provide for each photo information on species size in total
length (TL in cm.) and/or wet weight (WW; in g.). It is also requested to provide more information
regarding the depth (D; in meters), the number of individuals (N), the location in latitude and longitude
(LAT: LON), the date (DD: MM: YYYY), and the type of observation, as: underwater observation (UW),
stranded (S) (i.e. found deceased on shore). Trained observers with silhouettes measured all of the
individuals that were categorized as UW. If fishing gear/practice was provided, each observation was
categorized following the FAO classification: longline (LL), bottom longline (bLL), surface longline
(sLL), harpoons (HAR), and handlines and pole-lines that are hand-operated (LHP) (Figure 1, Table 1).
All of the records are pre-scanned for quality and sent out for external evaluation to taxonomic experts
prior to the inclusion in the final dataset of iSea. Only confirmed observations are recorded in the
dataset, either through photo-identification or in-situ validation.

94



J. Mar. Sci. Eng. 2020, 8, 107

Figure 1. (A,B): Alectis alexandrina juvenile sighted in Protaras, Cyprus; (B,C): Alectis alexandrina adults
caught in Zygi and Limassol port (Cyprus) respectively; (D): Alectis alexandrina adult captured in the
harbour of Kos Island, Greece; (E): Alectis alexandrina juvenile sighted in Zygi, Cyprus; (F): Alectis

alexandrina captured by spearfishing in Akrotiri Bay, Cyprus; (G,H): Ranzania laevis individual captured
with surface longline in Psathoura Island, Greece.

Table 1. Records of five rare species in the eastern Mediterranean Sea with information on number of
individuals (N), depth (m.), total length (cm.), area, coordinates (lat: lon) in decimal degrees and type
of observation (underwater, UW; shore fishing, SF; spearfishing,; demersal longline, LL; Otter bottom
trawl OTB).

n Species
N

Individuals
Depth TL Area Coordinates

Type of
Observation

1 A. alexandrina 2 N/A 10 Protaras, Cyprus
35◦00′48.6” N,
34◦02′14.6” E

UW

2 A. alexandrina 1 N/A 45 Zygi, Cyprus
34◦43′35.3” N,
33◦20′15.0” E

SF

3 A. alexandrina 1 5 45
Old port of Limassol,

Cyprus
34◦40′13.8” N,
33◦02′34.8” E

SF

4 A. alexandrina 1 N/A 50
Port of Kos Island,

Greece
36◦53′43.8” N,
27◦17′19.0” E

SF

5 A. alexandrina 1 N/A 22 Zygi, Cyprus
34◦43′41.5” N,
33◦20′25.8” E

S

6 A. alexandrina 1 5 60 Akrotiri Bay, Cyprus
34◦33′20.2” N,
33◦00′59.8” E

SF

7 A. alexandrina 1 4 15 Ayia Napa, Cyprus
34◦58′53.0” N,
34◦00′17.9” E

SF
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Table 1. Cont.

n Species
N

Individuals
Depth TL Area Coordinates

Type of
Observation

8 A. alexandrina 1 N/A 45 Zygi, Cyprus
34◦40′15.7” N,
33◦02′39.4” E

S

9 A. alexandrina 1 3,5 6,5 Protaras, Cyprus
35◦00′30.1” N,
34◦03′48.4” E

UW

10 R. laevis 1 200 53
Psathoura island,

Greece
39◦26′46.0” N,
24◦04’46.1"E

LL

11 D. licha 1 612 150 Levitha island, Greece
36◦58′23.2” N,
26◦29′11.4” E

LL

12 D. licha 1 580 150 Amorgos island, Greece
36◦46′25.7” N,
26◦02′38.0” E

LL

13 L. lacepede 1 500 160
Between Skopelos and
Euboea island, Greece

36◦46′25.7” N,
23◦34′44.0” E

LL

14 L. lacepede 1 500 140
Between Skopelos and
Euboea island, Greece

36◦46′25.7” N,
23◦34′44.0” E

LL

15 L. lacepede 1 540 60
Between Santorini and

Anafi island, Greece
36◦22′39.4” N,
25◦35′44.5” E

LL

16 L. lacepede 1 300 100
Chalkidiki Peninsula,

Greece
39◦44′10.7” N,
23◦22′56.6” E

LL

17 L. lacepede 1 540 140 Crete island, Greece
35◦34′58.0” N,
23◦29′29.1” E

LL

18 L. lacepede 1 40 25 Rhodes island, Greece
36◦27′21.6” N,
28◦13′05.5” E

BS

19 S. hyalina 1 700 N/A
Kastellorizo island,

Greece
35◦51′41.4” N,
30◦06′32.0” E

LL

20 S. hyalina 1 200 30 Akrotiri Bay, Cyprus
34◦32′46.0” N,
32◦56′56.4” E

SF

21 S. hyalina 1 100 N/A Crete island, Greece
35◦31′20.8” N,
24◦00′55.5” E

BS

22 S. hyalina 1 300 40 Morfou Gulf, Cyprus
35◦13′43.4” N,
32◦52′01.1” E

BS

23 S. hyalina 1 400 N/A Crete island, Greece
34◦54′55.1” N,
24◦54′50.6” E

BS

24 S. hyalina 1 100 N/A Saronikos Gulf, Athens
37◦50′12.0” N,
23◦18′50.7” E

BS

25 S. hyalina 1 612 35 Levitha island, Greece
37◦00′02.9” N,
26◦27′32.6” E

LL

All of the data used in this study has been uploaded to an electronic repository (https://wp.me/
P94Vaj-1Mm).

3. Results

3.1. Alectis Alexandrina

On 20th November 2012, two juvenile individuals (≈ 10 cm TL) were sighted and photographed
near Protaras, Cyprus (Levant Sea, 35◦00′48.6” N, 34◦02′14.6” E) (Figure 1A; Table 1). On 4th February
2015, an individual with a TL of 45 cm was caught by a recreational fisherman at Zygi, Cyprus
(Levant Sea, 34◦43′35.3” N, 33◦20′15.0” E), while a second individual, approximately of the same size,
was caught on 30th May 2015 in the old port of Limassol (Levant Sea, 34◦40′13.8” N, 33◦02′34.8” E)
(Figure 1B,C). On July 2016, a single individual with a TL of ≈ 50 cm and 1100 g in weight was
caught by a recreational fisherman at the port of Kos Island (Aegean Sea; 36◦53′43.8” N, 27◦17′19.0” E;
Figure 1D). On 16th March 2017, a juvenile individual (≈ 22 cm TL for 100 g) was found stranded
near to Zygi village, Cyprus (Levant Sea, 34◦43′41.5” N, 33◦20′25.8” E) (Figure 1E). On 11th October
2017, an individual (≈ 60 cm TL) was captured by spearfishing at a depth of 5 m at Akrotiri Bay in
Limassol (Levant Sea, 34◦33′20.2” N, 33◦00′59.8” E). During 2018 there had been two more records
that were collected on 9th of October an individual of ≈ 15 cm TL by a spear fisher and another
individual ≈ 6.5 cm TL was photographed by a diver; both occurrences were in Cyprus Ayia Napa,
(Levant Sea, 34◦58′53.0” N, 34◦00′17.9” E) and Portaras Bay, (Levant Sea, 35◦00′30.1” N, 34◦03′48.4” E),
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accordingly (Table 1). Finally, there has been another stranded individual of 45 cm TL, in Zygi, Cyprus
(Levant Sea, 34◦40′15.7” N, 33◦02′39.4” E), (Table 1; Figure 4).

3.2. Ranzania Laevis

On 21st December 2014, an individual of R. laevis was captured with a surface longline near
Psathoura Island in North Aegean Sea (39◦26′46.0” N, 24◦04′46.1” E) at a depth of approximately 200 m
and landed at Skopelos Island (Figure 1G, H). The specimen was 53 cm in TL. The fisherman and a
local journalist contacted the local authorities, which identified the species as “Propela”, the common
Greek name for Mola mola. On 29th of July 2017 the journalist contacted iSea, in the context of the
citizen science project “Is it Alien to you? Share it!!!” for sharing a log of rare species observations from
Skopelos Island. Among the observations, the record of R. laevis was found and all of the available
information was collected.

3.3. Dalatias Licha

On 5th November 2016, a single male individual of D. licha (≈ 150 cm TL) was caught by a demersal
longline at a depth of 580 m off Amorgos Island (Aegean Sea, 36◦46′25.7” N, 26◦02′38.0” E) (Figure 2A).
On 29th August 2019 an individual was caught off Levithas island at a depth of 612 m in depth by a
demersal longline over muddy substrate (Aegean Sea; 36◦58′23.2” N, 26◦29′11.4” E) (Table 1; Figure 4).

Figure 2. (A): Male Dalatias licha caught with demersal longlines off Amorgos Island, Greece; (B): L.

lacepede caught with demersal longlines between Skopelos and Euboea Islands, Greece; (C): L. lacepede

caught with demersal longlines between Santorini and Anafi Islands, Greece; and, (D): L. lacepede

caught off the Coast of Chalkidiki Peninsula, Greece; (E): L. lacepede, Rhodes Island, Greece.

3.4. Lophotus Lacepede

Demersal longlines set at 500 m deep bottoms between Skopelos and Euboea Islands (Aegean
Sea, 36.7738◦ N, 23.5789◦ E) allowed for the capture of a large individual (≈ 160 cm TL, 10 kg WW)
(Figure 2B) on 3rd March 2017. A few days later, on 9th March 2017, a slightly smaller individual
(approximately 140 cm in TL and 8 kg in WW) was collected from the same area while using the
same fishing gear. A third, distinctly smaller individual (≈ 60 cm in TL) (Figure 2C) was captured by
demersal longlines at a depth of 540 m between Santorini and Anafi Islands (Aegean Sea; 36.3776◦ N,
25.5957◦ E). Lastly, on 6th October 2017, a fourth large individual (approximately 100 cm in TL and 6kg
in WW) (Figure 2D) was captured by a longline targeting swordfish off the coast of Chalkidiki Peninsula
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towards Sporades Islands (North Aegean Sea; 39◦44′10.7”N, 23◦22′56.6” E) at a depth of approximately
300 m. On September 12, 2017 an individual of ≈ 25 cm in TL was caught outside Rhodes Island,
Greece (36◦27′21.6” N, 28◦13′05.5” E) (Figure 2E). On 1st of November 2018, an individual of ≈ 140 cm
in TL was caught by a professional fisher with a demersal longline at a depth of 540 m (Cretan Sea,
23◦29′29.1” N, 35◦34′58.0” E) (Figure 4).

3.5. Sudis Hyalina

On 1st July of 2014, an individual was caught at 100 m in depth by demersal longline of a
recreational fisher, offCrete Island (Aegean Sea, 35◦31′20.8”N, 24◦00′55.5” E). On 6th November 2016 an
individual was caught by demersal longline approximately 30 miles south-east from Kastellorizo
Island and at approximately 700 m in depth (Aegean Sea; 35◦51′41.4”N, 30◦06′32.0”E) (Figure 3A).
The specimen was found mutilated by another fish, possibly a scabbardfish (Lepidopus caudatus;

Euphrasen, 1788), but features of the head allowed for a uniequivocal identification. On 17th August
2017, another individual of S. hyalina (≈ 30 cm TL) was captured at Akrotiri, Cyprus (34◦32′46.0”N,
32◦56′56.4” E) by a recreational fisher at an approximate depth of 200 m (Figure 3B,C). During 2018,
another record was added from Morfou in Cyprus; the individual was approximately 40 cm in TL
and it was caught at 300 m in depth (Levantine Sea, 35◦13′43.4” N, 32◦52′01.1” E). On 19th May 2019,
another individual was caught in 400 m by shore-based fishing off Crete island (Cretan Sea, 34◦54′55.1”
N, 24◦54′50.6” E); on 29th August 2019, an individual was caught off Levithas island at 612 m in depth
with demersal longline over muddy substrate along with a D. licha individual (Aegean Sea, 37◦00′02.9”
N, 26◦27′32.6” E), (Table 1; Figure 4). The latest record was on 17th September 2019, where another
individual of ≈ 20 cm in TL was caught by demersal longline at 100 m in depth at Saronikos Gulf
(Aegean Sea, 37◦50′12.0” N, 23◦18′50.7” E).

Figure 3. (A): Head of Sudis hyalina collected from demersal longlines off Kastellorizo Island,
Greece; (B) individual captured in Akrotiri Bay, Cyprus; and, (C): individual captured in Chalkidiki
Peninsula, Greece.
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Figure 4. Geographic density dependent bubble plot on five uncommon data-limited species
(Alectis alexandrina, Dalatias licha, Lophotus lacepede, Ranzania laevis and Sudis hyalina) in the eastern
Mediterranean Sea.

We found that, based on current literature (Supplementary Table S1), the reported number of
individuals in this study contributed 21.6% of the reports the species in the eastern Mediterranean Sea
and 27.3% to the total number of reports during the last decade. For some species, the contribution to
the total number of reports in the eastern Mediterranean was higher: (a) A. alexandrina contributed
34.4% of the reports the species in the eastern Mediterranean Sea and 35.7% to total number of reported
species in the eastern Mediterranean Sea during the last decade, (b) R. laevis contributed 11.1% of
the reports of the species in the eastern Mediterranean Sea and 20% of the reports of the species in
the eastern Mediterranean Sea during the last decade, (c) D. licha contributed 18.9% of the reports of
the species in the eastern Mediterranean Sea and 28.6% of the reports of the species in the eastern
Mediterranean Sea during the last decade, (d) L. lacepede contributed 46.1% of the reports of the species
in the eastern Mediterranean Sea and 75% of the reports of the species in the eastern Mediterranean Sea
during the last decade and (e) S. hyalina contributed 11.9% of the reports of the species in the eastern
Mediterranean Sea and 14% of the reports of the species in the eastern Mediterranean Sea during the
last decade.

4. Discussion

The present work provides additional information on five uncommon fish species for the Aegean
and Levantine Sea. Rare species are often considered to be data-limited. However, spatial and temporal
variations in the distribution of rare species might provide relevant signs of climate and environmental
change [23,24]. Until recently, the scarce communication between researchers and citizens entailed the
loss of an important part of available information on these species, while the recent increase in the use
of social networks allowed for a closer communication that can result in an increase of records of rare
and non-native species [20,25–28]. To date, the project “Is it Alien to you? Share it!!!” has gathered a
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vast amount of information regarding the distribution and establishment of species, including several
first records, as well as expansion evidences [20].

Alectis alexandrina is a thermophilic species with a rather sporadic occurrence in the Mediterranean
Sea. Fishers state that the species is increasingly caught the last years, being very common in
Cyprus and rather sporadic in southern Aegean Sea, despite the few observations from the northeast
Mediterranean Sea.

Ranzania laevis commonly known as slender sunfish (Fam. Molidae) is a pelagic-oceanic
cosmopolitan species found in tropical and temperate seas and feeding on small fish, planktonic
crustaceans, and jellyfish. It is one of the two Molidae species occurring in the Mediterranean Sea;
however, reports of R. laevis from the eastern basin are scarce. Occasional records from Greece [29],
Cyprus and Israel [30], Turkey [31], and Lybia [32] have been reported. Current distribution of R. laevis

covers the whole Mediterranean Sea while quantitative information has revealed a rather sporadic
occurrence and local peaks of abundance with increased zooplankton biomass [23]. The reported
species is the second record from the north Aegean Sea [29].

The remaining three species reported are typical rare deep-water species in the eastern
Mediterranean Sea [6]. Recent studies demonstrated the occurrence of these deep-water species,
as previously overlooked in the eastern Mediterranean Sea [33,34].

Dalatias licha, commonly known as the kitefin shark, is one of the largest deep-sea sharks occurring
in the Mediterranean Sea, being distributed at depths between 200 and 900 m, where it can be considered
a top predator. It is although an uncommon species in the western and central part of the basin [35,36],
while its presence in the eastern Mediterranean Sea is considered as very scarce [37,38], signifying any
reports as highly valuable, also given the conservation status of the Mediterranean population of the
species as vulnerable [39].

Lophotus lacepede, commonly known as the crested oarfish, is a large bathypelagic species that
is remarkably sporadic in the whole Mediterranean Sea. Similarly, to the majority of deep-sea fish
species it is more regularly observed in the western Mediterranean Sea, with only a few records in the
eastern part of the basin. Currently, only four published records are known, all being from the Aegean
Sea [40]. The observations that are reported in the current work highlight the deep waters between
Chalkidiki Peninsula and Evoia Islands as an important area for the species.

Sudis hyalina, which is a rare bathypelagic cosmopolitan fish species, is considered to be regular in
the western part of the Mediterranean basin, while only five documented records of the species exist
from the eastern Mediterranean basin [41]. In the Aegean Sea only two records of the species have
been published [29]. Consequently, the record presented in this study is the third record of the species
from the Aegean Sea. Interestingly, the report from Cyprus is the first record of the species from the
Cypriot territorial waters, most possibly an overlooked species.

5. Conclusions

This study reveals that the contribution of citizen-science accounts for 45.4% of the total number
of the studied species published records and 58.5% of the total number of published records during
the last decade in the eastern Mediterranean Sea. This signifies the important role of citizen-science
efforts, both for scientific and public awareness. Nine more records of the reported species have
been published since “Is it Alien to you? Share it!!!” was launched [38,42–46], whereas, in this article,
we report the occurrence of 26 individuals contributing with 74.2% during the same period. Of course,
it can be hard to determine whether the species density in the region has increased or if the reports
were overlooked before pictures of the species were circulated on social media as something rare.
Thus, post-hoc interviews with citizens and fishermen who report catches can be used to reconstruct
species distributions and densities.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/2/107/s1,
Table S1. Up-to-date records of five data-limited species in the eastern Mediterranean Sea.
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Abstract: Data on the biology of Dasyatis pastinaca are absent from the Ionian Sea and only a few studies
were conducted in the Mediterranean Sea. Some biological and ecological aspects of D. pastinaca

were investigated between November 2019 and February 2020 in the central Mediterranean Sea.
In particular, we investigated several morphologic, population and ecological aspects of the species.
The analysis of the stomach contents showed that D. pastinaca is a generalist carnivorous, mainly
feeding on small crustaceans and polychaetes. The Levin’s index value (Bi) was 0.85. The sex ratio
showed no significant differences from 1:1 ratio. Females were larger than males, but no statistical
differences were found in disc width-weight and total length-disc width relationships between sexes.
Most of the specimens caught were juveniles and inhabit shallow sandy bottoms.

Keywords: eastern Sicily; Batoidea; elasmobranchs; diet; coastal fishery

1. Introduction

Elasmobranchs are key top predators in most marine environments and play an essential role in
regulating and structuring marine ecosystems [1,2]. On the other hand, due to their low fecundity and
delayed age at maturity, elasmobranchs are highly vulnerable to fishing activity and are often affected
by high by-catch rates [3,4]. All this is reflected in the dramatic decline of shark and ray populations
and, as demonstrated by several researches conducted in the Mediterranean Sea over the last decades,
most species of elasmobranchs have dramatically declined in number mainly due to overfishing and
illegal fishing [5–9].

In Italian seas, stingrays (Dasyatidae) are represented by 4 species and 3 genera [10]: Dasyatis

Rafinesque, 1810, Pteroplatytrygon Fowler, 1910 and Taeniura Müller & Henle, 1837. The genus Dasyatis

comprises Dasyatis pastinaca (Linnaeus, 1758) and Dasyatis centroura (Mitchill, 1815). These two species
are very similar but can be distinguished by the presence (D. pastinaca) or absence (D. centroura)
of a dorsal keel behind the spine on the tail and by the presence of quite developed spines and
tubercles on the dorsal surface of the body and tail in large specimens of D. centroura [11]. Furthermore,
between all the Mediterranean species of the genus Dasyatis, D. pastinaca is the most abundant and
widely distributed one [12]. Pteroplatytrygon violacea (Bonaparte, 1832) is a less common species than
D. pastinaca, while Taeniura grabata (Geoffroy Saint-Hilaire, 1817) is very rare and was only occasionally
caught in the Mediterranean, and only once in Italian waters [10,13]. Because of their low or no
commercial value, stingrays are usually discarded [14–16]. However, due to their vulnerability to
fishing activities, the conservation and correct management of these vulnerable K-selected species
require special efforts to ensure their perpetuation.
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The common stingray, D. pastinaca, is an Atlantic-Mediterranean species whose distribution
extends from the southwestern Baltic Sea and throughout the Mediterranean Sea to Senegal [17]. It is
listed as “data deficient” in the IUCN Red List [18]. The common stingray inhabits soft bottoms of
coastal waters, down to a depth of about 200 m [19,20]. It is commonly caught with trammel nets and
trawls and usually discarded [14–16]. The maximum recorded disc width (DW) is 64 cm, but common
sizes range from 20 to 40 cm DW. The survival rate of this species, when caught with trammel net, is
equal or close to 0 [16]. Indeed, because of their defensive behavior, fishermen are forced to kill the
stingrays with the aim of avoiding serious injuries from their venomous spine on the tail. Another
noteworthy fact of this species is the antimicrobial and anti-proliferative effects of its skin mucus [21].

Data on the biology and ecology of D. pastinaca in the Mediterranean Sea are scarce, and no data
are available from the Ionian Sea. Therefore, the aim of this study is to provide new data on the biology
and ecology of the common stingray, providing the first data from specimens from the Ionian Sea.
In particular, we investigated size frequency distribution, sex ratio, disc width-weight relationships,
total length-disc width relationships, diet composition and habitat of D. pastinaca from specimens
caught as discards in trammel nets targeting cuttlefish, Sepia officinalis Linnaeus, 1758, in the central
Mediterranean Sea.

2. Materials and Methods

A total of 120 specimens of D. pastinaca were collected along the coastline extending for about
21 km in the southeast coast of Sicily (Ionian Sea), from Avola to Marzamemi (Figure 1). The specimens
were caught by professional fishermen at 5–30 m depth between the 10 November 2019 and 10 February
2020 with trammel nets targeting cuttlefish (S. officinalis) [16]. Trammel nets were deployed overnight
(from 6 pm to 4 am) for about 10 h, on sandy and mixed bottoms (sand and rocks), close to Posidonia

oceanica seagrass meadows. In order to better represent the population, specimens were randomly
selected from different fishing vessels operating in the area. Data about bottom nature and depth of
capture were collected through interviews to fishermen.

Figure 1. Study area (indicated in red) in the Ionian coast of Sicily (central Mediterranean Sea).
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Each specimen was weighed and measured (disc width and total length). The sex was determined
by the presence (male) or absence (female) of claspers. Weight and disc width measures were used for
the disc width-weight relationships following the formula: W = aDWb, where W is the weight in grams
(g), DW is the disc width in centimeters (cm), a is the intercept and b is the slope of the regression curve.
Total length (TL) and disc width measures were used for the total length-disc width relationships
following the formula: DW = yTL + x, where y is the slope and x is the intercept of the regression
line. Disc-width frequency distributions were constructed for both sexes. A chi-square test was used
to verify if there was a significant difference (α = 0.05) between the observed and the expected sex
ratio (M:F, 1:1) of the whole sample. To test if the regressions of the weight (W) on disc width (DW)
were significantly different (α = 0.05) for the two sexes, and to test if the regressions of the disc width
on total length (TL) were significantly different (α = 0.05) for the two sexes, an analysis of covariance
(ANCOVA) was employed. Five outliers (females > 2143 g) were excluded from the analyses.

The stomach was removed from each fish as soon as possible after landing, and its content
analyzed. All the prey items in the stomachs were counted, washed in clean seawater and dried with
blotter paper, identified under a microscope to the lowest taxonomic level possible and weighed to the
nearest 0.01 g.

The frequency of occurrence (%F), percentage weight (%W), percentage abundance (%N) and the
Index of Relative Importance (%IRI) were calculated for each prey category [22,23]. The vacuity index
(percentage of empty stomachs) was also calculated.

According to the value of their percentage abundance (%N), prey were grouped into three
categories [24]: dominant (N > 50%), secondary (10% < N < 50%) and accidental (N < 10%).

The feeding strategy of D. pastinaca was visually examined using a modified version of the Costello
(1990) graph [25] by plotting the prey-specific biomass (Pi) against their frequency of occurrence
(%F) [26]:

Pi =
SWi

SWti
× 100 (1)

where Pi is the prey-specific biomass of prey i, SWi the stomach content biomass of prey i, and SWti

the total stomach content biomass in those predators with prey i in the stomach.
Standardized Levin’s index (Bi) was used to evaluate the breadth of the diet [27]:

B =
1∑
p2

j

(2)

Bi =
B− 1

Bmax − 1
(3)

where pj is the relative frequency specimens in the jth prey item and Bmax is the total number of
prey item categories found. Bi is comprised between 0 and 1. The more the value of Bi is close to
0, the narrower is the trophic niche of the species investigated. Conversely, the closer the value of
Bi is to 1, the wider the trophic niche. Hence, if Bi < 0.40, the species is considered a “specialist
feeder”; if 0.40 < Bi < 0.60, the species is considered an “intermediate feeder”; if Bi > 0.60 the species is
considered a “generalist feeder” [28].

A cumulative prey curve [29] was computed with R Studio [30] in order to evaluate whether the
number of analyzed stomachs was sufficient to describe the diet of the species. The estimated number
of prey groups with the associated SD were plotted against the cumulative number of individuals
whose stomach was examined.

3. Results

Out of the total 120 specimens sampled, 57 (47.5%) were males and 63 (52.5%) were females.
The sex ratio did not deviate significantly from 1:1 (M:F, 0.9:1; p-value > 0.05). Females were on average
larger than males, ranging from 31 to 76.4 cm in total length, from 16.8 to 45.5 cm in disc width and
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from 144 to 3781 g in weight (Figure 2, Table 1). However, the ANCOVA test did not indicate significant
differences (p-value > 0.05) in disc width-weight relationships between sexes and neither did total
length-disc width relationships (p-value > 0.05). The disc width-weight relationships for both sexes and
combined showed a positive allometry (Table 2, Figure 3). The parameters of the linear regression of
the total length-disc width relationships were: DW = 0.641TL−4.2508 for males; DW = 0.641TL−4.122
for females; and DW = 0.641TL−4.1867 for combined sexes (Figure 4).

Figure 2. Sex composition by size classes of Dasyatis pastinaca.
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Table 1. Sex distribution, total length, disc width and weight of Dasyatis pastinaca in the Ionian Sea
(central Mediterranean Sea). The sex ratio (M:F, 0.9:1) was not significantly different from 1:1 (chi-square:
p > 0.05).

SEX N Total Length (TL) cm Disc Width (DW) cm Weight (W) g

Range Mean SD Range Mean SD Range Mean SD

M 57 31.2–62.8 44.62 10.72 15.9–38.2 24.36 6.94 125–2195 672.1 616.51
F 63 31–76.4 44.99 12.55 16.8–45.5 24.72 8.09 144–3781 750.1 952.76

Combined 120 31–76.4 44.82 11.67 15.9–45.5 24.55 7.53 125–3781 713 808.29

Table 2. Disc width-weight relationships parameters of D. pastinaca in the Ionian Sea (central
Mediterranean Sea); C.I. = 95% confidence interval.

SEX N a C.I. a b C.I. b R2 p-Value

M 57 0.0133 0.0095–0.0185 3.303 3.197–3.409 0.99 <0.01
F 63 0.0163 0.0126–0.0217 3.229 3.147–3.311 0.99 <0.01

Combined 120 0.0149 0.0121–0.0183 3.262 3.196–3.327 0.99 <0.01

Figure 3. Disc width-weight relationships of D. pastinaca for both sexes (a) and combined (b). A: in red
for females (N = 63) and blue for males (N = 57).
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Figure 4. Disc width-length relationships of D. pastinaca for both sexes (a) and combined (b). A: in red
for females (N = 63) and blue for males (N = 57).

Considering the size at first maturity (L50 = 62.5 cm and 43 cm in DW for males and females,
respectively) reported by a study conducted in the nearby Aegean Sea [31], a high percentage of
specimens (virtually all males and the majority of females) were juveniles. All the specimens were
caught on sandy bottom and within the whole bathymetric range investigated (5–30 m). A total of only
5 specimens (all females > 2143 g) were of relatively large size.

The cumulative prey curve showed that relatively few stomachs (about 50) are necessary for a
reliable description of the diet of D. pastinaca (Figure 5). Out of the 120 specimens analyzed, only 67 had
prey in their stomach (vacuity index of 55.83%). The stomach content analysis revealed that juveniles of
D. pastinaca mainly feed on small benthic crustaceans and also, to a lesser extent, polychaetes (Table 3).
Fish represented a negligible part of the diet. However, no preference for a particular prey was
observed: the value of the standardized Levin’s index (Bi) was 0.85 (the digested category was included
in the analysis), indicating a wide trophic niche. Most of the prey types were included into the category
of “accidental prey” (N < 10%) (Table 3) and only a few (Amphipoda, Mysida and Lumbrineridae)
were classified as “secondary prey” (10% < N < 50%). No dominant (N > 50%) prey types were found
between the 13 identified items. Most of the prey were represented by small benthic invertebrates
inhabiting sandy bottoms (Table 3). The values obtained for %IRI, %F and %W also indicated no clear
dominance of any prey (Table 3). The same was clearly indicated by the plotted results of the main
prey-specific biomass (Pi) against the frequency of occurrence (%F), being in agreement with results of
the other previous analysis (Figure 6).

110



J. Mar. Sci. Eng. 2020, 8, 269

Figure 5. Cumulative prey curve (in red) as a function of sample size for all stomachs analyzed of D.

pastinaca. Standard deviation (SD) represented with blue lines.

Table 3. Diet composition of D. pastinaca from the Ionian Sea (central Mediterranean Sea).
%F = percentage frequency of occurrence; %N = percentage in number; %W = percentage in biomass;
IRI = Index of Relative Importance of prey items and its percentage (%IRI). Values > 10% are in bold.

Food Items %F %N %W IRI %IRI

CRUSTACEA
Alpheus sp. 5.97 2.06 1.37 20.47 1.1

Amphipoda 7.46 11.86 2.07 103.91 5.6
Caridea 14.93 6.7 12.32 283.96 15.2

Crangon crangon 8.96 3.61 3.15 60.56 3.2
Liocarcinus sp. 10.45 3.61 20.2 248.81 13.3

Mysida 10.45 43.81 3.04 489.58 26.2
Portunus hastatus 8.96 3.09 17.44 183.94 9.8

Xantho sp. 4.48 1.55 8.74 46.09 2.5
MOLLUSCA

Donacidae 7.46 3.09 2.32 40.35 2.2
Gastropoda 5.97 2.06 6.79 52.83 2.8

POLYCHAETA
Lumbrineridae 8.96 11.34 15.5 240.48 12.9

Polychaeta 10.45 5.15 2.27 77.53 4.1
TELEOSTEI

Pomatoschistus sp. 1.49 0.52 3.21 5.55 0.3

Digested 4.48 1.55 1.58 14.02 0.8

Figure 6. Prey-specific biomass (Pi) plotted against the frequency of occurrence (%F) of the main prey
items for D. pastinaca from the Ionian Sea (central Mediterranean Sea).
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4. Discussion

With the exception of a few large female specimens, all or most of the individuals were juveniles.
The sex ratio (statistically not significantly different from 1:1) of the fish caught during the study period
indicates that there is no sexual segregation in juveniles of D. pastinaca.

The disc width-weight relationships showed a positive allometric growth in both sexes. Population
structure and growth parameters, such as length-weight relationships are valuable measurements
in order to evaluate the health conditions of fish populations [32] and are useful for comparisons of
life histories of species among regions [33]. Also, total length-disc width relationships are valuable
measurements to investigate intra and interspecific variation among populations [34]. Females showed
larger sizes than males, but no significant differences were found in disc width-weight and total
length-disc width relationships between the two sexes. Males and females attained smaller sizes than
those of specimens from the Aegean Sea and Cilician Basin [31,35]. On the contrary, they reached
similar size to those from the Iskenderun Bay [36]. Size differences appears to be related to the sampling
depth. Indeed, while our specimens and those from the Iskenderun Bay were caught in shallow waters
(5–30 and 0–50 m, respectively), the specimens from the other two Mediterranean areas (Aegean Sea
and Cilician Basin) were collected in deeper waters (>50 m, down to a depth of 500 m). In consideration
of this, we can speculate that juveniles of D. pastinaca use the study area, consisting of sandy bottoms of
shallow waters close to Posidonia oceanica meadows, as a feeding ground. A similar result was obtained
for juveniles of the rough ray, Raja radula Delaroche, 1809 [37].

On the basis of the number of specimens collected during the study period—and especially
from interviews with local fishermen—D. pastinaca can be considered common in shallow waters
of the Ionian coast of Sicily (central Mediterranean Sea). We also point out that in the investigated
area D. pastinaca represented about 19% of the total elasmobranch catches in trammel nets targeting
S. officinalis [16]. In the southeastern Sicily, the species is sympatric with other common species of
elasmobranchs: R. radula and Torpedo torpedo (Linnaeus, 1758). However, while fishermen caught both
adults and juveniles of T. torpedo [38], in R. radula, as in the case of D. pastinaca, most of the specimens
were juveniles [37]. Furthermore, considering the different feeding habits between D. pastinaca and T.

torpedo, their trophic niche does not overlap, resulting in little or no direct competition between these
two species. Indeed, while D. pastinaca mainly feeds on small benthic crustaceans, as also demonstrated
in this study, T. torpedo is a generalist piscivore [38,39]. The different diets of the two species (D.

pastinaca and T. torpedo) can be explained by a different predation strategy. Indeed, only T. torpedo

is capable of producing electric discharges to stun prey before swallowing them, and therefore this
ambush predator feeds on more mobile and larger prey such as fish. Conversely, between D. pastinaca

and R. radula the diet overlap was consistent. Both species mainly feed on small benthic crustaceans,
with R. radula being a more selective feeder [37]. Hence, the differences in the diets of these species
and, consequently, the different trophic competition between them, could be the cause, at least in part,
of the different abundances of the species in the area: ~19%, ~33% and ~47% of the total catch of
elasmobranchs, respectively for D. pastinaca, R. radula and T. torpedo [16].

Crustaceans (total percentage in number > 75%), followed by polychaetes, were the dominant
prey. Considering the IRI, the main prey among crustaceans were represented by mysid shrimps,
Liocarcinus sp. and Caridea. Other studies from other Mediterranean areas also showed similar results.
In particular, Yeldan et al. (2009) [35] showed that the diet of specimens from Cilician coasts (Turkey)
was mainly composed by crustaceans. Another study from the Black Sea (Turkey) [40] showed a similar
result and similar results were also reported from the northeastern Atlantic (Azores) and from the
eastern Adriatic Sea (Croatia) [41,42]. Furthermore, although the crustacean species composition varies
between our and the above mentioned studies, some decapods species seem to be quite common in the
diet of D. pastinaca and were reported from two or more of the above mentioned studies (including our
study): Alpheus glaber (Olivi, 1792), Crangon crangon (Linnaeus, 1758), Liocarcinus depurator (Linnaeus,
1758) and Upogebia pusilla (Petagna, 1792). In all cases, the high value of the Levin’s index (0.85) and
the plot of the prey-specific biomass (Pi) indicated that D. pastinaca is a generalist feeder.
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In the marine environment, sharks and batoids often occupy the highest trophic levels of the food
chain [43]. The key ecological role of these species is however threatened by human activities such as
illegal fishing, overfishing and habitat destruction [1], which have in some cases led to dramatic shift
in relative abundance, sometimes resulting in a great increase in smaller, lower-trophic level species.
However, despite the importance of understanding the feeding relationships and the energy transfer
in marine ecosystems, little is known about the feeding ecology of most elasmobranch species, and this
is particularly true for batoids, which have received considerably less attention than sharks [44,45].
The importance of stingray predation in regulating the abundance and composition of prey in shallow
waters has been demonstrated by several authors [46,47]. Hence, there is a need to protect these
vulnerable and important key species. It therefore appears of great importance in management and
conservation strategies such as, for example, the establishment of marine reserve, to have a good
understanding of the trophic differences and relationships among species. Hence, we also need to
deepen the knowledge about the trophic ecology of these species [48].

In conclusion, our study provides new data on the biology and ecology of D. pastinaca in the
central Mediterranean Sea (where the only available data were from the eastern Adriatic Sea), and first
data from the Ionian Sea. Dasyatis pastinaca juveniles were found common in sandy bottoms of the
investigated area. Juveniles are quite active feeders, and mainly feed on small benthic invertebrates,
with a general preference for decapod crustaceans and polychaetes. However, there was no clear
preference of any particular species. Additional targeted studies are needed to provide new useful data
for the management and protection of this potentially vulnerable k-selected species. Still little is known
about several biologic and ecological aspects of D. pastinaca, such as population structure, abundance,
distribution and habitat selection and no data are available from the western part of the Mediterranean
Sea. The experience and knowledge of fishery workers is a valid method for data collection [49,50];
a close collaboration between scientists and fishermen can lead to a better understating of the ecology
and distribution of elasmobranchs.

Finally, particular attention is needed concerning the impacts of coastal fisheries on this and other
coastal elasmobranch species. Considering the relatively high percentage of juveniles of the species of
batoids caught in the area, a reduction of fishing pressure on these resources should be encouraged.
A successful strategy could be the release of juvenile and adult specimens that are still alive and in
good conditions in nearby selected areas immediately after landing.
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Abstract: The dynamic predator–prey relations in the food web are vital for understanding the
function and structure of ecosystems. Dietary estimation is a research hotspot of quantitative ecology,
providing key insights into predator–prey relationships. One of the most promising approaches
is quantitative fatty acid signature analysis (QFASA), which is the first generation of statistical
tools to estimate the quantitative trophic predator–prey relationships by comparing the fatty acid
(FA) signatures among predators and their prey. QFASA has been continuously widely applied,
refined and extended since its introduction. This article reviewed the research progress of QFASA
from development and application. QFASA reflects the long-term diet of predator, and provides
the quantitative dietary composition of predator, but it is sensitive to the metabolism of predator.
The calibration coefficients (CCs) and the FA subset are two crucial parameters to explain the
metabolism of predators, but the incorrect construction or improper use of CCs and the FA subset may
cause bias in dietary estimation. Further study and refinement of the QFASA approach is needed to
identify recommendations for which CCs and subsets of FA work best for different taxa and systems.

Keywords: quantitative fatty acid signature analysis; aquatic food webs; dietary estimation

1. Introduction

To understand the structure and function of aquatic ecosystems and realize the trophic
predator–prey relationships, it is necessary to obtain accurate dietary composition of predators.
In aquatic ecosystems, the impracticality and limitations of direct observation method of feeding have
prompted the development of indirect dietary estimation methods [1], such as the stomach content
analysis [2], the stable isotopes (SI) analysis [3] and fatty acid (FA) analysis [4]. As one of the promising
methods, FA analysis is based on the fact that specific FA can only be produced by certain primary
producers (usually algae and bacteria), and higher trophic levels cannot synthesize by themselves;
therefore, it can be used to track food sources. Fatty acids (FAs) have been widely applied in qualitative
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studies for analyzing the trophic predator–prey relationships. Then, Iverson et al. [5] developed a new
method named quantitative fatty acid signature analysis (QFASA), which was the first time FAs have
been used to quantitatively estimate the diet of predators.

The QFASA model has been continuously refined and extended, though it has been extensively
applied in diet estimation. This article reviews the development of QFASA in the dietary estimation
of aquatic species, and discusses the application scope of QFASA based on its merits and demerits.
The aim of this paper is to provide a reference when applying QFASA to the quantitative evaluation of
trophic relationship in marine ecosystem.

2. Fundamental Requirements of QFASA

QFASA is related to the characteristics of FAs. The differences in FA biosynthesis among species
make it possible to identify the original source of certain FA. Firstly, FAs in prey are transferred,
largely unaltered or at least in a predictable manner, to lipid storage sites (i.e., adipose tissue) of their
predators, and reflect the long-term diet. Secondly, FAs derived from food are called dietary FAs,
some of which can only be produced by specific species (such as algae and bacteria), and are essential
for the survival of organisms, also called essential FAs [6]. Thirdly, in contrast to primary producers,
other species usually can only produce some simple FAs (e.g., 14:0, 16:0, and 18:0 saturated FA; 14:1n-5,
16:1n-7, and 18:1n-9 monounsaturated FA) [7].

To understand the QFASA model, it is necessary to understand the terms of FA signature and
calibration coefficient (CC).

The first issue is FA signature. According to Iverson et al. [5], the quantitative distribution of all
FAs obtained in samples (prey or predators) is called FA signature. Each prey species has a unique
pattern of FA signature due to the difference of life history and dietary habits [8]. As these signatures
are conserved through the food chain, they can act as indicators of dietary composition [8].

The second issue is CC, which is a coefficient to calibrate the lipid metabolism process in the fat
tissue of the predator [5]. Due to the biosynthesis, mobilization, modification and deposition of FAs,
the FA signature of the predator is not completely consistent with its prey. Calibration coefficients
(CCs) were determined previously from feeding experiments of individuals on a given long-term diet,
with the assumption that after such long-term feeding, the adipose tissue stored in the predator will
be similar to the given diet [5,9–11]. Then it can be calculated as the discrepancy or ratio, between
adipose tissue and diet levels of each FA [5], as follows:

CC = Predator/Prey (1)

Fundamental requirements for the application of QFASA are as follows: (i) a predator tissue
properly sampled, stored, extracted and analyzed for FA signature; (ii) an appropriate sampling analysis
of FA signature of potential prey species for a predator; (iii) the lipid metabolism and deposition of
predator estimated, usually through captive feeding experiments; (iv) a quantitative model to minimize
the distance of FA signatures between a predator and its prey [5]. More detailed information about the
initial QFASA model can be found in the study of Iverson et al. [5], and further discussion of the model
can be found in the article by Budge et al. [12].

QFASA is the first generation of statistical tools to evaluate the quantitative trophic predator–prey
relationships by comparing the FA signatures among predators and their prey [5]. Taking into account
the metabolism of the predator, the technique aims to find the combination of prey, based on their
FA signatures, which yields a combined FA signature similar to that of the predator [5]. QFASA is
developed based on two main hypotheses: the representative prey signature database contains all
potential prey taxa and CCs are known and accurate [13].

QFASA can be used for individuals as well as food webs. Figure 1 is revised from Magnone et al. [14],
who applied QFASA to generate a food web model in the aquatic environment to find out the trophic
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relationships among the species. The arrows point from all predators to their prey and the percentage
represents the proportion of prey in the diet of predator.

Figure 1. Quantitative trophic predator–prey relationships. (Revised from Magnone et al. [14]).

Ecological Modeling

The dietary assessment of each predator is acquired from the weighted combination of its prey’s
FA signatures, and then the weighted coefficient with the lowest statistical distance from the predator’s
FA signature is selected. This is achieved by minimizing the statistical distance between the prey’s FA
signatures weighted combination and predator’s FA signature. The flow chart of QFASA application is
shown in Figure 2 and the ecological modeling is as follows [5]:

The QFASA model considering the vectors of prey (x) and predator (y), originally developed by
Iverson et al. [5], combined with the Kullback–Liebler (KL) distance, can be expressed as:

ŷ =
∑

k

pkx̂k (2)

KL =
∑

j

(
yj − ŷ j

)
log
(

yj

ŷj

)
(3)

where ŷ is weighted sum of the FA of the prey, x̂k is a vector of the prey species k, x̂k j represents the
mean of each FA j of the prey species k, pk is a weight coefficient corresponding to the evaluated
proportion of the k in the diet of predator, yj represents the proportion of each FA j of the predator,
and ŷ j represents the estimated value of each FA j of the predator.
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The aim of the model is to select the pk that makes the estimated value ŷ as near as possible to
the true value y. Because the pk values are greater than or equal to zero and the sum of pk values is 1,
the evaluation can be transformed into a constrained optimization problem [14,15],

minKL =
∑

j

(
yj − ŷ j

)
log
(

yj

ŷj

)
(4)

∑
k

pk = 1, pk ≥ 0 (5)

Figure 2. The application flow of quantitative fatty acid signature analysis (QFASA).

3. The Research Progress of QFASA

3.1. The Improvement of QFASA

The improvement of the QFASA model mainly includes the testing of the method in new taxa,
selection and refinement of prey library, calculation of CC, selection of the FA subsets, and optimization
of the statistical model.

3.1.1. The Testing of the Method in New Taxa

At first, QFASA was intended for estimating the dietary composition of marine mammals [5].
Subsequently, it has been used in multiple predators in various ecosystems, including marine
mammals [16–19], seabirds [9–11,20], and fishes [14,15,21–23]. The development history of QFASA is
shown in Figure 3, and each node (indicated by a circle) in the figure represents the first application to
this species type.

In previous research, as shown in Figure 3, Iverson et al. [5] developed QFASA to estimate the
dietary composition of Halichoerus. grypus and Phoca. groenlandica, and concluded that QFASA can be
applicable to various predators and ecosystems; Iverson et al. [9] also applied QFASA to seabirds for
the first time, and estimated the diets of Uria. aalge and red-legged kittiwakes; Wang et al. [10] estimated
the dietary composition of threatened species (Somateria. Wscheri and Polysticta. stelleri) by QFASA,
and inferred that QFASA can be used with other wild eiders or birds, and can estimate their diet
composition at different life stages; Budge et al. [21] applied QFASA to marine fish for the first time
and studied the diets of Atlantic salmon (Salmo. salar) (Figure 3); in addition, Magnone et al. [14] used
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QFASA to generate a food web model in the aquatic environment to find out the trophic relationships
among the species, and this was the first time that QFASA has been used to construct food web.

Figure 3. Development history of QFASA’s dietary items.

In recent studies, Goetsch et al. [19] estimated the dietary composition of Mirounga angustirostris

across five years; Conners et al. [20] studied the dietary composition of two albatross species through
QFASA, which was beneficial to understand their fishery exploitation; Knox et al. [24] also evaluated
the dietary composition of Arctocephalus pusillus doriferus by QFASA. It is obviously shown that the
predator taxa of QFASA are dominated by marine species, mainly including marine mammals, seabirds,
and fishes. In addition, as shown in Figure 3, there have been several studies focused on the diet of
freshwater fishes in recent years [22,23,25,26], such as Salvelinus namaycush by Happel et al. [22].
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3.1.2. The Selection and Refinement of Prey Library

A pre-condition of QFASA is a prey library which contains the potential prey species of predator [5],
and each prey species has a unique FA signature. QFASA uses the average value of each prey to
evaluate its contribution to the signature of the predator. However, wild animals consume individuals
of different species rather than homogeneous species [5]. Although it is likely to identify the species
in the ecosystem by its FA signature, there may be considerable differences within species, such as
the same species but different ages or sizes. For instance, studies have found that the lipid content
of sprat changes drastically with age and size [27]. Moreover, Magnone et al. [14] treated the young
and adult Paralichthys orbignyanus as two types, and found that the adult P. orbignyanus was the top
predator in the ecosystem studied while the young P. orbignyanus was prey of other species, and the
dietary composition was different from each other. Therefore, species subgroups can be introduced
into the QFASA model to provide extra details of diet. It is recommended that the age and size of prey
should be taken into account when applying the QFASA model, and species with drastic changes in
lipid content could be regarded as two types.

Besides, it is necessary to ensure that the quantity of FAs used in model is no less than the amount
of potential prey in the database [19], otherwise, the estimated value of diet will be non-unique [18,28].
Three solutions are used to solve this problem based on previous studies. Firstly, multiple prey types
with FAs alike could be assembled as a single type before applying QFASA [18,29,30]. Secondly, a post
hoc method, assessing the diet of each prey as a unique type, is then pooling the estimated values
of those prey into their respective communities [17]. Thirdly, Goetsch et al. [19] proposed an ad hoc
approach (Drop Core Prey Analysis) to recognize the prey that did not contribute much to the diet and
eliminate them from the model. In general, the first method may cause the mean FAs of the mixed prey
species to be dissimilar to the practical prey, and the second method cannot ensure if the estimated
value of the mixed diet is unique [19]. In contrast, the third method could avoid the deficiencies of the
two methods above.

3.1.3. The Calculation of CCs

In addition to a detailed knowledge of the FA signatures of all potential prey, an understanding of
the biochemistry and metabolism of FA within predators is essential to use this method accurately.
At present, QFASA has two crucial parameters to explain the metabolism of predators: the set of CC
for individual FA and the subset of FA used in modeling diets [5].

The first issue is CC, which accounts for the lipid metabolism of the predator. CCs were determined
previously from captive feeding experiments. Although the CCs for a variety of birds, mammals,
and fishes [11,15] have been determined, which is shown in Table 1, feeding experiments of most
predators have not been conducted. In that condition, the developed CC of a surrogate species is
normally used based on the evolutionary and ecological similarities. For instance, Thiemann et al. [16]
used the CC of Mustela vison to replace the CC of polar bears; Meynier et al. [17] compared five sets
of CC calculated by Iverson et al. [5] and Tollit et al. [31] then chose available CC that can be used
for the application of QFASA on Phocarctos hookeri; Haynes et al. [30] used three CCs obtained by
Iverson et al. [9] and Wang et al. [10] to replace the CC of Gavia adamsii by feeding trials.

Some studies have shown that diet estimation is very sensitive to the selection of CC, and the
errors in CC would cause bias in dietary estimation [13,30]. Whereas, the factors such as feeding
time and the type of food fed may affect the adaptability of the obtained CC in the study of wild
predators [21,32] and the accuracy of CC in dietary estimation of wild animals cannot be verified.
These issues have caused considerable criticism, and some recent studies emphasized and pointed out
that using QFASA without CC is also sufficiently robust [15,21,22,32,33]. For instance, Budge et al. [21]
used five calibration scenarios (four sets of CC were determined by captive feeding experiments,
and the fifth calibration scenario was modeled without CC) to verify the application of QFASA in
fish. They found a tendency to overestimate the dietary components used as prey for CC calculations,
which indicates that applying QFASA without CCs to quantitatively estimate the dietary components
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and the trophic relationships in aquatic food web might be sufficiently robust. Magnone et al. [14]
generated a food web model in the aquatic environment without CCs, found the results were similar
to the previous knowledge; Happel et al. [22] illustrated that the prey used to make CCs can affect
QFASA outputs and that perhaps ignoring CCs was a better method. Moreover, in a latest research,
Bromaghin et al. [33] proposed a model that can simultaneously estimate CC and dietary composition
on the basis of FA signature samples of predator and its preys alone. In summary, the application
of CC depends on the species and system being studied, and the diet estimation of fish without CC
is sufficiently robust, and for other taxa which are difficult to conduct captive feeding trials, it is
recommended to refer to the model proposed by Bromaghin et al. [33].

Table 1. Captive feeding trials to improve the precision of quantitative fatty acid signature analysis
(QFASA).

Species Captive Feeding Trials References

Halichoerus grypus,
Phoca groenlandica

The CCs were originated from seals that fed herring for
five months.

[5]

H. grypus
The CCs were obtained by replacing the mixed wild

types with a homogeneous test diet via gastric cannula.
[8]

Eumetopias jubatus
The CCs were derived from the FA signature of blubber

that has been fed only herring for a long time.
[34]

E. jubatus Simulated ephemeral feeding events of E. jubatus. [35]

Uria aalge
The CCs were obtained from silverside which had been

raised in captivity since birth.
[9]

E. jubatus
Three CCs sets derived from constant diet respectively of

Clupea pallasii, Thaleichthys pacificus or the mixture
of them.

[31]

P. vitulina richardsi The CCs were estimated from four seals fed herring. [36]

Somateria fischeri,
Polysticta stelleri

The female birds were grouped by type and kept in
outdoor natural saline habitats respectively, and offered

different proportions for each experimental diet, then
proceed biopsy sampling.

[10]

Salmo salar
The changes of CCs with the FA signatures in the diet

were investigated by feeding salmon with diet of
different FA compositions.

[21]

S. fischeri Developed CCs for individual FA for eggs. [11]

Paralichthys orbignyanus
The CCs used for P. orbignyanus was obtained through

the controlled feeding experiments of feeding on
silverside and menhaden for 20 weeks.

[15]

Salmonidae:
Salvelinus namaycush,

The juvenile lake trout was fed with invertebrates with
diverse FA signatures to obtain CCs.

[22]

Mirounga angustirostris
The CCs were calculated from known dietary data

derived from an adult female elephant seal in captivity.
[19]

Pollachius virens
The CCs were obtained by feeding P. virens on three

formulated dietary.
[37]

3.1.4. The Selection of FA Subsets

The second issue, as stated above, is related to the FA subset used in assessing diets. More than
70 FAs have been identified through the gas chromatography and a polar capillary column in marine
lipids studies [12]. Nevertheless, due to the influences of the predator’s metabolisms, only some FAs
can provide useful information for dietary estimation [38]. For example, short-chain or medium-chain
FAs (i.e., <14 carbons) could only be produced by biosynthesis. In contrast, n-6 or n-3 polyunsaturated
FAs usually only come from the diet. Due to these differences in origins, some studies have explored
the utility of FA subsets rather than the full FAs.

Traditionally, the dietary or extended dietary subsets of FA investigated by Iverson et al. [5] is
routinely used [10,11,13,16,30]. The former FAs are strictly from the diet, while the latter included
several FAs that can be biosynthesized by the predator or ingested from diet [5]. In general,
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the extended dietary subset performed better in the modeling exercises, likely due to the increased
information provided [8]. Besides, additional criteria were also applied by some investigators [18,19,21].
For example, Magnone et al. [15] selected seven FA sets to estimate diet; Budge et al. [21] used four FA
sets; Goetsch et al. [19] adopted a new FA subset, which only included FAs derive from the diet (n = 46)
and removed three FAs (16:4n-3, 18:1n-11, 22:1n-11) that were used in other studies. In conclusion,
the optimum subsets of FA may depend on the type of predators (e.g., mammal, bird, fish) and the
ecosystem studied (e.g., estuarine ecosystems, fresh water, and soil ecosystem). It is a significant area
for further research.

There are generally three approaches to deal with the FA subset selected [13]: the “traditional”
approach is to rescale the sum of the proportions of the FA components to 1 [5,13,19]; the “un-scaled”
approach maintains the original ratio of FAs in the diet unchanged; and the “augmented” method is to
add an additional ratio while maintaining the original proportions of FAs in the subset to make the
sum equal to 1.

Bromaghin et al. [13] used computer simulations to compare the effects of three scaling methods
based upon KL [5], Aitchison [39] and Chi square [39] distance measures on the variance and bias
of dietary estimation. They recommended that researchers should check the sum of the original
proportions and analyze the degree of difference among preys, and then determine whether the scaling
will cause deviation.

3.1.5. The Optimization of the Statistical Model

QFASA has been extensively used since it was proposed and some distance measurement
methods have been applied in previous studies (e.g., [5,19,39,40]), such as the KL [5], Aitchison [19,39],
Chi square [39] statistical distance, although the KL measure originally recommended by Iverson et al. [5]
has been frequently used [39].

Dietary estimation was usually carried out in two spaces. One was the prey space, which was
transformed by dividing predator FA signature by CC based on Formula (1) [5]; and the other was
the predator space, which was obtained by multiplying prey FA signature by CC based on Formula
(1) [18,19]. Bromaghin et al. [41] investigated the influence of the choice of distance measures (such as
KL or Aitchison) and optimization spaces (i.e., prey or predator space mentioned above) on dietary
estimation in the application of the QFASA model, and revealed that the choice of evaluation method
may have a significant impact on dietary estimation. Additionally, Bromaghin et al. [42] developed a
new algorithm that can objectively determine the bootstrap sample size to generate a pseudo-predator
signature with actual attributes, thus improving the efficacy of computer modeling to evaluate the
performance of the QFASA estimator. Besides, Bromaghin et al. [40] used computer modeling to study
the robustness of the Aitchison and KL distance measure, kept a record of the deviations in dietary
estimation, and concluded that the former was more robust in terms of CC errors while the latter was
more robust to the ingestion of preys unrepresentative in the prey profiles database. Furthermore,
Litmanen et al. [43] estimated the performance of several algorithms and found that some Bayesian
algorithms take longer time to calculate than QFASA, recommending the use of Chi square or KL

statistical distance. In conclusion, the distance measure that performs the best may depend on the
ecosystem being studied, and it is recommended to test multiple measures to assess differences,
or evaluate the ecosystem under controlled conditions (e.g., feeding experiments).

In the application of the QFASA model, the statistical characteristics of predator dietary
estimation is usually estimated through computer simulations [42], e.g., commercial software,
Fortran programs [18], R package [13,19,30,32,44,45], a combination program of R and Fortran [6,41],
and Matlab with its optimization toolbox [14,15,17,36]. In recent years, Bromaghin summarized a
new R package named QFASAR, calculating the goodness-of-fit diagnosis, which may enhance the
performance of the prey signature database [19,44].
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3.2. Research Status of QFASA

QFASA has become a promising approach in dietary estimation since it was proposed and its
applications are shown in Table 2. In recent years, Wang et al. [11] estimated the diets of threatened
S. fischeri, and concluded that infertile eggs yolks can be used to evaluate the diet of breeding
female S. fischeri for better understanding the source and timing of nutrients during reproduction;
Magnone et al. [15] estimated the diet of P. orbignyanus by QFASA, determined CC and validated the
model with a controlled experiment, which quantified the diet of lower vertebrates (P. orbignyanus) for
the first time; Magnone et al. [14] used QFASA to generate a food web model in the aquatic environment
to find out the trophic relationships among the species; Conners et al. [20] estimated two albatross
species by QFASA, and adapted the QFASA model, which introduced a combination of FAs and fatty
alcohols; Goetsch et al. [19] estimated the diet composition of M. angustirostris, and suggested that the
seals mainly fed on mesopelagic fishes; Knox et al. [24] estimated the diet of A. pusillus doriferus, finding
that elasmobranchs accounted for more in the diet of males than previous reports, and showed that
prey composition varied among males; Happel et al. [25] used a controlled trial to test the influence of
intraspecific difference in FA signatures of prey on the QFASA model, indicating that QFASA used for
steelhead trout may not only be used for a specific lake, but also for other freshwater systems with
alewife and round goby as the main food; Tao [26] estimated the diet composition of Channa. argus

using the QFASA model, and then calculated the biomagnifcation factors (BMFs) of the alternative
halogenated flame retardants (AHFRs) based upon the results.

Table 2. The application of QFASA.

Species Species Type Research Contents References

H. grypus,
P. groenlandica

Marine mammals
Proposed the QFASA model, which was the

first time FAs has been used to quantitatively
estimate the diet of predators.

[5]

H. grypus Marine mammals

Conducted controlled feeding experiments
designed to investigate some of the issues
relating to CC, optimization of FA sets and

validation of QFASA.

[8]

E. jubatus Marine mammals

Captive feeding experiments were conducted
on juvenile female E. jubatus to estimate the

ability of QFASA to recognize known
mixed dietary.

[34]

E. jubatus Marine mammals
Simulated ephemeral feeding events of E.

jubatus and investigated the use of QFASA to
evaluate diet.

[35]

Rissa brevirostris,
Rissa ridactyla,

U. aalge, U. lomvia
Seabirds

Using four species of captive and wild birds to
verify the application of QFASA in seabird

dietary estimation.
[9]

P. vitulina
richardsi

Marine mammals

Tested the QFASA model with newly weaned P.
vitulina richardsi, obtained species-specific CCs,
and compared the credibility of QFASA with

previous studies.

[36]

Ursus maritirnus Marine mammals
Examined the internal and external factors that

affect the prey selection of U. maritirnus.
[16]

Pagophilus
groenlandicus,

Cystophora cristata
Marine mammals

Studied the effects of demographic, time and
space differences on the diet of P. groenlandicus

and C. cristata.
[46]

Phocarctos hookeri Marine mammals

Optimized the QFASA model for bycaught P.
hookeri by changing some parameters (such as

the CC subsets used in previous studies
[5,17,30]); and estimated the diet of P. hookeri by

optimization model.

[17]
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Table 2. Cont.

Species Species Type Research Contents References

S. fischeri,
P. stelleri

Seabirds
Developed CCs to explain the lipid metabolism
of eider and verified the reliability of QFASA

through captive experiments.
[10]

S. salar Marine fish
Investigated the application of QFASA to

S. salar.
[21]

Ursus maritimus Marine mammals

Used QFASA and δ13C-FA to estimate the
variations in the diet of U. maritimus from 1984

to 2011, which reflected the massive shifts in
the ecosystem of East Greenland.

[47]

P. vitulina Marine mammals
Used QFASA to investigate the diets of

P. vitulina.
[18]

Rhincodon typus Marine fish
Used QFASA and stomach content analysis to

identify the main prey of R. typus.
[48]

S. fischeri Seabirds

Examined the diversity of FA signatures
between fertilized and unfertilized eggs of
feeding female S. fischeri, developed CC for

individual to explain the modification of yolk
on FAs derived from the dietary, and verified

that the QFASA model could use yolk to
estimate the diet of maternal.

[11]

P. orbignyanus Marine fish
Estimated the quantitative diet of P.

orbignyanus, determined CC and validated the
model by controlled trials.

[15]

P. orbignyanus
and other 21

species

Marine fish,
plankton etc.

Used QFASA to generate a food web model in
the aquatic environment to find out the trophic
relationships among the species and compared

the consequences with previous researches.

[14]

Gavia adamsii Seabirds
Estimated the diet of G. adamsii breeding on the

Arctic Coastal Plain using QFASA.
[30]

Salmonidae:
S. namaycush

Marine mammals

Determined the time it takes to make the FA
signatures of the S. namaycush similar to its
dietary, and evaluated the difference in CC

among different diets.

[22]

S. namaycush,
Neogobius

melanostomus,
Perca flavescens

Marine mammals
Established a model for estimating diet and
evaluated its ability in freshwater predator.

[23]

Phoebastria
nigripes,

Phoebastria
immutabilis

Seabirds

Estimated two albatross types by QFASA,
and adapted the QFASA model,

which introduced a combination of FAs and
fatty alcohols.

[20]

M. angustirostris Marine mammals
Proposed a new approach to optimize prey

library, then evaluated the diet of M.
angustirostris with the optimized prey library.

[19]

Arctocephalus
pusillus doriferus

Marine mammals
Investigated the diet composition of male A.

pusillus doriferus, and dietary differences among
males and seasonal changes in diet.

[24]

Oncorhynchus
mykiss

Freshwater fish
The effect of intraspecific difference in the FASs
of preys on QFASA was verified by controlled

captive trial.
[25]

Channa argus Freshwater fish
Estimated the diet composition of C. argus

using QFASA model.
[26]

P. virens Marine fish
Estimated the effects of diet fat concentrations

on assimilation patterns of FAs in P. virens.
[37]

Ursus maritimus Marine mammals
Estimated the diet composition of U. maritimus

by QFASA.
[49,50]
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4. Conclusions and Suggestions

FAs have been widely applied in qualitative research for evaluating trophic predator–prey
relationships. However, QFASA is the first attempt to use FAs to quantitatively estimate the diet of
predators, which provides an insight into the function and structure of dynamic ecosystems. The core
of QFASA is to find the FA signatures combination of prey that is most similar to the FA signatures of
predator to infer the diet of predator. One of the most important assumptions of the QFASA model
is that the metabolism of the predator is already known. Currently, the effect of predators on FA
metabolism and deposition is explained by CCs, which were determined previously from captive
feeding trials and could be found by calculating FA levels found in the predator over FA levels in
the food. Additionally, CCs have already been evaluated in several species of marine mammals,
seabirds and fish (Table 1). The refinement of which subsets of FAs are more effective for QFASA
accuracy remains a topic of study. QFASA has been used in a variety of taxa (e.g., marine mammals,
seabirds and fish) rather than being limited to high-trophic vertebrates, and presumably it will be
tested in new taxa. If one predator in a given ecosystem meets all of the above requirements for using
QFASA, it can be modeled.

Nevertheless, QFASA has several limitations. Firstly, since it is a non-probabilistic model, it is hard to
evaluate the effects of the different uncertainties related with dietary proportion estimation. The handling
of confidence interval in QFASA can be found in Stewart et al. [51,52]. Ecological mechanisms cannot be
built directly into the model owing to the absence of an explicit model [53]. Secondly, some species are
not suitable for captive experiments; therefore, accurate CCs cannot be obtained. Thirdly, the model
is not applicable to all species, because some taxa lack specific fat storage organs. In addition,
some factors may cause bias when QFASA is applied to fish and invertebrates, since FAs may be
modified during metabolism and transportation. Some invertebrates tend to have greater ability to
biosynthesize and modify the FA than higher trophic organisms, and fish have a stronger ability to
modify some exogenous FAs than mammals and birds [7]; many studies have indicated that FAs with
a high proportion in the diets of fish are easily catabolized [21]; the growth and reproductive stage
(e.g., the proportions of 20:5n-3 and 22:6n-3 in fish eggs seems to be fixed) may affect FA signature of
tissues [21]; some freshwater taxa (e.g., Daphnia) can elongate and desaturate 18:3n-3 to 20:5n-3 [7].

Several techniques have been used to study predator–prey relationships, such as stomach content
analysis, IS analysis and FA analysis [54]. Traditional stomach content analysis can directly reflect
the diet composition of predator, but it usually only represents a snapshot of diet and tends to
underestimate the proportion of soft-bodied prey [55]. Chemical markers such as SI and FAs can
reflect the long-term diet of predator. SI analysis plays an important role in evaluating the trophic
level of predators, but the resolution is limited by the number of SI to be measured (e.g., typically only
2–3 SI are measured) [56]. FAs seem to provide more information than SI, because many potential
FAs can be measured. However, the proportion of the measured FAs is always limited to a sum of
one. Therefore, some studies have developed mixed models that combine SI and FAs, such as the
Bayesian fatty acid-based mixing model (Fatty Acid Source Tracking Algorithm in R, FASTAR) [57,58]
intended for zooplankton and benthic macro-invertebrates, a mixed model combining FAs with SI
(FastinR), which could improve the dietary estimation with the available fat content and conversion
coefficients [53], and the Bayesian mixing model framework (mixSIAR) [59], which evaluates the
relative contribution of food sources in the diet of predator. As a promising method in quantitative
ecosystem, QFASA relies on the distance measurement rather than model-based formulation to evaluate
the most likely diet proportions, which is contrary to (Bayesian) SI and FA mixing models.

As for the future studies of QFASA, firstly, it is suggested to use QFASA in combination with other
approaches (such as the SI analysis [8] or stomach content analysis [16]) to obtain more comprehensive
information. Secondly, some simplification procedures of FAs extraction are expected to widen
the use of the QFASA model in marine ecology and biology, such as the simplified method to
extract polyunsaturated FAs [60]. Thirdly, the application of QFASA in invertebrates and low-trophic
vertebrates needs further study. More studies are expected to use the QFASA model to build food
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webs [14,61]. For instance, Magnone et al. [14] generated a food web model in the aquatic environment
to find out the trophic relationships among the species by QFASA. Further, captive feeding trials
may provide a good way of testing if QFASA will work and its intricacies, but the predator signature
produced through trials may not relate to wild species of different age, size, or lipid status even if
they are fed the same prey in the wild. There is still much remaining to be known and tested with
how FAs can be used in quantitative models. For instance, Goetz et al. [62] indicated that within the
lake trout species different ectomorphs accumulate lipids in different ways which may mean finding
CCs for plastic species may be difficult and suggests that over time CCs would need to be updated as
genetics drift.

In conclusion, it has been clearly shown that FA has become an important trophic tracer in the
research of carbon transfer, predator–prey relationships, food webs, along with the function and
structure of dynamic ecosystem. Although QFASA has some limitations, it is still the promising
approach because of its several potential advantages [12]. QFASA reflects the long-term (a period of
weeks to months) diet compared with the stomach content analysis, allows more than three prey types
to be estimated, and can avoid the problem of underdetermined systems common in analysis with SI
markers. Results of QFASA may be useful in studies into the effects of maternal diets on offspring or
the assessment of nutrient deficiencies in marine organisms [63,64].
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Abstract: The study focused on the macroscopic, histological, and biometric analysis of European
hake females in GSA 17 (Central-North Adriatic Sea). From 2013 to 2015, 976 females were collected
and analyzed monthly. Though females in spawning conditions were found during the whole year,
the trend of GSI showed a peak of the reproductive season from April to July in 2014 and 2015. HSI
and Kn reached the highest values in September, after the spawning peaks. In 2013, the trend of these
indices did not highlight an evident peak, probably due to an adverse event that occurred in the
previous winter in the Adriatic shelf. The length at first maturity (L50) was estimated by macroscopic
and histological approaches, resulting in 30.81 cm for the macroscopical length and 33.73 cm for
the histological length; both values are higher than the current catching legal size. For the first
time in this area, batch and relative fecundity were estimated. Relative fecundity was similar to the
Mediterranean and the Atlantic stocks, whereas batch fecundity values were lower compared to other
fishing grounds. Overall, the analysis of reproductive parameters plays a fundamental role in the
sustainable management of this resource in an area as overfished as the Central-North Adriatic Sea.

Keywords: European hake; Merluccius merluccius; fecundity; somatic indices; Adriatic Sea; L50

1. Introduction

In the last several decades, the excessive fishing effort, together with the increase of
pollution, poor fishing management, and impairment of marine ecosystems, caused the
depletion of fish stocks worldwide. The Food and Agriculture Organization reported that
57.4% of fish stocks are fully exploited, 29.9% are overexploited, and only 12.7% are not
fully exploited [1]. In the Mediterranean Sea, the long-lasting, intense fishing pressure
applied on fish and invertebrate stocks has led to declining population biomasses [2],
which has also been reflected in a reduction of catches for the majority of stocks [3]. Mullon
et al. [4], by analyzing the FAO dataset of world fisheries catches for the period 1950–2000,
detected that the major collapse occurred for demersal species. Colloca and coworkers [5]
assessed the impacts of the fishing pressure in the period 2002–2014 in the Mediterranean
Sea and determined that the Central-North Adriatic represents the highest catching area of
demersal species in the Mediterranean area.

Among demersal species, the European hake (Merluccius merluccius, L. 1758) received
attention because it represents one of the principal fishing targets in the Northeast Atlantic
Ocean and the Mediterranean Sea. In the Mediterranean Sea, a total landing of 22,547 tons
was recorded in 2011 [6,7]; in the Central-North Adriatic Sea, the European hake is one
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of the leading commercial species [8] and represents 77% of landings from Croatia [9].
To avoid the collapse of hake stock, fishing should be conducted more sustainably by
maintaining a spawning stock biomass level that is suitable to guarantee the renewal of the
species. In this regard, egg-producing females contribute more to embryonic development
success. The acquisition of information on reproductive cycle of the female Adriatic stock,
including length at first maturity, fecundity, and spawning cycle, is essential to quantify the
reproductive potential of this population [10]. Because of the great commercial importance
of the European hake and the critical status of its stocks, several studies were performed
in different areas of the Mediterranean Sea related to stock assessment, spawning cycle
and fecundity estimation [11–16], feeding habits [17,18], analysis of lipid reserves [19],
nursery area [6,20], juvenile recruitment [21], the selectivity of fishing gear [22], fisheries
management [2,23,24], and reproductive physiology [25,26]. However, none investigated
the fecundity, the spawning cycle, and the proportion of mature individuals at length by a
macroscopic and histological approach in the Central-North Adriatic Sea (FAO Geographi-
cal Sub-Area 17, according to GFCM division), where this species represents a valuable
economic resource.

In this regard, a multiannual survey (2013–2015) was conducted to improve under-
standing of the reproductive dynamics of European hake in this area. In particular, the
work focused on females since the female conditions limit the egg production and the
progeny production more than males, and it evaluated the size at first maturity in females
using the histological and macroscopic analysis of the gonads. The condition indices such
as Le Cren’s condition factor (Kn), the hepatosomatic index (HSI), and gonadosomatic index
(GSI) were calculated and compared across different ovarian stages, and their changes
analyzed in the three years. Furthermore, batch and relative fecundities were estimated
together with the analysis of ovarian stages.

This study has never been carried out in this area (GSA 17) and completes the scenario
of this important resource of the Italian seas, in order to provide knowledge for a sustainable
management.

2. Materials and Methods

2.1. Sampling

A total of 976 females ranging from 13 to 64 cm in total length (TL) were collected
aboard commercial bottom trawler fishing vessels in the Northern and Central Adriatic
Sea (FAO Geographical Sub-Area 17, according to GFCM division) monthly from January
2013 to December 2015. Guidelines of the Data Collection Framework Regulation (EU
Reg.199/2008) followed those established by the Community system for the conservation
and sustainable exploitation of fisheries resources under the Common Fisheries Policy
(CFP). The sampling procedures did not include any animal experimentation and animal
ethics approval was therefore not necessary under the Italian legislation (D.L. 4 March 2014,
n. 26, art. 2). For each specimen, the following parameters were recorded: total weight
(TW), gutted weight (GW), total length (TL), sex, macroscopic maturity stage of gonads,
and gonad and liver weights.

2.2. Reproductive Seasonality and Fish Condition Indices

To evaluate the temporal variation of maturity and condition stage of females, the
gonadosomatic index (GSI), hepatosomatic index (HSI), and Le Cren’s relative condition
factor (Kn) were calculated. These indices were defined by the following equations:

GSI (%) = gonad weight/gutted weight body*100

HSI (%) = liver weight/gutted weight body*10

Kn = W/a TLb

where a and b are the regression parameters of the length–weight relationship, W is
gutted weight, and TL is the total length. GSI was evaluated only for the mature females;
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313 mature animals were found from developing to regenerating phase. From January to
March of 2013, livers were not available for sampling problems. The spawning season was
also investigated by analyzing the monthly frequency of ovarian maturity stages. Number
of samples of mature females used for GSI, HSI and Kn calculation for each month in three
years are reported in Table S1.

2.3. Histological Analysis

173 female specimens at different maturity stages were randomly chosen for histolog-
ical analysis while choosing a group that was representative for all sizes to confirm the
macroscopic classification of ovarian development. Ovarian samples were fixed at 4 ◦C
overnight in formalin at 10% in phosphate-buffered saline (PBS, 0.1 M, pH 7.4), after which
they were washed in PBS and stored in 70% ethanol at 4 ◦C until use. The samples were
then dehydrated through a series of graded ethanol, cleared in xylene, and embedded in
paraffin wax. Five μm thick consecutive sections were cut using a microtome RM2125
RTS (Leica Biosystems, Wetzlar, Germany) and stained with Meyers’s hematoxylin and
eosin. Images were acquired using a Zeiss Axio Imager M2 microscope (Zeiss, Oberkochen,
Germany). Assessment of the reproductive status of samples was performed according
to the method of Brown-Peterson and coworkers [27] but adapted for European hake
following the method of Candelma and coworkers [25]. Five ovarian stages were defined:
(i) immature; (ii) developing; (iii) spawning capable and actively spawning; (iv) regressing
(postspawning); (v) regenerating (spent) (Table 1).

Table 1. Criteria used to determine the maturational status of European hake females.

Ovarian Phases Macroscopic Morphology Histological Aspect Follicle Diameter (μm)

Immature Orange, semi-transparent
Presence of oogonia (O), primary oocytes (PO).

Scarce connective tissue and well compact
ovigerous lamellae.

<250

Developing
Small pink but some oocytes

visible

Presence of early (vtg1) and middle (vtg2)
vitellogenic oocytes. Yolk vesicles form in the

ooplasm. Lipid granules occupy a larger
cytoplasmic area than yolk droplets. The zona

radiata thickens.

250–550

Spawning
capable and

actively
spawning
subphase

Large ovaries, oocytes visible
macroscopically.

An abundance of hydrated
oocytes in actively

spawning subphase.

Presence of late vitellogenic oocytes (vtg3). Lipid
globules occupy a cytoplasmic area like that

occupied by yolk granules. Actively spawning
subphase: lipid globules fuse into a single larger
oil droplet, yolk droplets start to coalescence, the

nucleus starts to migrate peripherally to the
animal pole (Mn) and POFs. Follicles grow due

to water uptake and become transparent (H).
Zona radiata is thinner than in previous stages

550–1150

Regressing
(postspawning)

Flaccid and small ovaries,
blood vessels prominent.

Atresia (any stage) and POFs present. Some CA
and/or vtg1, vtg2 oocytes present.

<250

Regenerating

Pinkish and small ovaries that
occupy 1/3 of the body cavity,

blood vessels reduced
but present.

Presence of oogonia (O), primary oocytes (PO),
cortical alveoli (CA), and lipid stage oocytes (LS).

The ovarian wall is thickened.
<250

The measurement of oocytes was only from oocytes that had been sectioned through
the nucleus. The oocyte classification followed Candelma et al. [26] and Murua et al. [28]:
oogonia (O); primary oocyte (PO); cortical alveoli (CA); lipid stage (LS); early vitellogenesis
(vtg 1); middle vitellogenesis (vtg 2); late vitellogenesis (vtg 3); migrating nucleus (Mn);
hydration (H); postovulatory follicles (POFs). Cohen’s k coefficient [29] was applied to
assess the agreement between the histological and macroscopic classification.
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2.4. Size at First Maturity (L50) and Fecundity

The proportion of maturity at length (PL) was estimated using both histological and
macroscopic data with the following logistic function:

PL =
1

1 + exp(α + β ∗ TL)

where α (intercept) and β (slope) represent the estimated parameters and TL is the total
length. All specimens were used for macroscopic investigation; 173 individuals were
examined using histological analysis. Females from the developing stage onwards were
considered mature. The length at which 50% of the females are mature was computed as
L50 = −α/β. The two regression logistic curves of histological and macroscopic data were
compared with the likelihood ratio test.

With regards to batch and relative fecundities, 28 females at the actively spawning
stage representing the total number of females available were used and the gravimetric
method, based on the relationship between ovary weight and oocyte density as described
by Murua et al. [30], was applied. Because the distribution of hydrated oocytes does
not statistically vary in the ovaries [31], only a lobe of the hydrated ovary was used for
analysis. The hydrated oocytes from fresh subsamples were manually counted under a
stereomicroscope (Optika, Italy). Batch fecundity was estimated as the average of the
hydrated oocyte number integrated over three subsamples multiplied by ovary mass for
each specimen with the hydrated oocyte [11]. The relative fecundity was calculated as a
ratio of batch fecundity and gutted weight for each fish.

2.5. Statistical Analysis

Statistical differences of the monthly variation of indices for each year and of indices
per ovarian stages in each year were determined using a Tukey’s multiple test comparison.
Both analyses were performed using Prism 6 (GraphPad Software, San Diego, CA, USA).
For the determination of size at first maturity, the R statistical environment [32] and the
packages “Fisheries Stock Assessment” (FSA) [33], ggplot2 [34], and rel [35] were used. The
p-values < 0.05 were considered as significant. Results were expressed as the mean ± SEM.

3. Results

3.1. Reproductive Seasonality and Fish Condition

The percentages of European hake females in different maturity stages observed
monthly in the three years indicated that specimens from developing to regressing phase
were present throughout the year (Figure 1).

In Figure 2, the GSI trend of mature females during three years of sampling is repre-
sented. The GSI values were lowest in 2013 compared to the other two years. In 2013, the
highest value was recorded in April with a significant difference only compared to October
(Tukey’s multiple comparison test; p < 0.05) (Figure 2a). Differently from 2013, in 2014 and
2015, the highest peak was observed in June and the lowest in September (Figure 2b,c).
In particular, in 2014, the GSI in June was significantly higher than February, September,
October, November, and December (Tukey’s multiple comparison test; p < 0.05) (Figure 2b),
and the peak in July was significantly higher than September, December, and February
(Tukey’s multiple comparison test; p < 0.05). In 2015, June was significantly different only
compared to September (Tukey’s multiple comparison test; p < 0.05) (Figure 2c).
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Figure 1. Monthly percentages of European hake female maturity stages. Imm/reg, includes individuals in immature
and regenerating stages; dev, developing; spaw, spawning capable; ac spaw, actively spawning, regr, regressing. For their
histological characteristic, the immature and regenerating stages were grouped (See Section 3.2).

Figure 2. Monthly variation of European hake female gonadosomatic index (GSI) for three years. Statistical differences were
described in the result section. In January and March of 2013, no mature females were found. In August of the three years,
no samples (n.s.) were sampled. The letters indicate a statistically significant difference among groups (p < 0.05) determined
by Tukey’s multiple comparison test.

The HSI analysis distinguished immature females from mature females (considering
from developing to regenerating phase) (Figure 3). The HSI trend varied over the three
years. In immature females from 2013, the highest values were in summer months, but
significantly different only with September (Tukey’s multiple comparison test; p < 0.05)
(Figure 3a). In 2014, the highest peak was reached in December, significantly different
compared to March (Tukey’s multiple comparison test; p < 0.05) (Figure 3b), whereas in
2015, the highest value was in September and significantly different only compared to
March (Tukey’s multiple comparison test; p < 0.05) (Figure 3c). The lowest value was in
March in both 2014 and 2015. In 2013, as in immature females, the mature females were
also characterized by an increase of HSI values from May to July (Figure 3d), whereas
the lowest measurement was in April significantly diverse compared to July, September,
October, November, and December (Tukey’s multiple comparison test; p < 0.05). Different
peaks were recorded during 2014, the highest in December, significantly higher than March–
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July (Tukey’s multiple comparison test; p < 0.05) (Figure 3e). In 2015, the HSI surged in
September, significantly different compared to all months (Tukey’s multiple comparison
test; p < 0.05), except to January and December (Figure 3f), and the lowest value was in May.

Figure 3. Monthly variation of European hake female hepatosomatic index (HSI) for three years in different ovarian
stages. Graphics (a–c) indicate the females in the immature phase, while graphics (d–f) show females from developing to
regenerating phase. From January to March of 2013, no sampling of the liver was conducted. In August of the three years
no samples (n.s.) were sampled. The letters indicate a statistically significant difference among groups (p < 0.05) determined
by Tukey’s multiple comparison test.

The Kn analysis distinguished immature females from mature females (considering
from developing to regenerating phase) (Figure 4). In immature individuals collected
in 2013, the highest peak was in October and significantly different only compared to
April (Tukey’s multiple comparison test; p < 0.05) (Figure 4a), while in mature animals
no significant variation was observed (Figure 4d). The trend of Kn varied mainly in 2014
and 2015, with the highest peak recorded in September for both immature and mature
females (Figure 4b–f). In immature individuals captured in 2014, the lowest value was in
March and significantly different compared to September and November (Tukey’s multiple
comparison test; p < 0.05) (Figure 4b), whereas mature females showed the lowest value
in June with significant differences respect to September and December (Tukey’s multiple
comparison test; p < 0.05) (Figure 4e). In 2015, the Kn of immature females was significantly
higher in September compared to the rest of the year except for May, June, July, and October
(Tukey’s multiple comparison test; p < 0.05) (Figure 4c). In mature females captured in
2015, the highest peak of September was significantly different compared to January, April,
and May (Tukey’s multiple comparison test; p < 0.05) (Figure 4f), whereas the value was
lowest in December.
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Figure 4. Monthly variation of European hake female Le Cren’s condition factor (Kn) for three years in different ovarian
stages. Graphics (a–c) indicate the females in the immature phase; graphics (d–f) show females from developing to
regenerating phase. In January and March of 2013, mature individuals were not found. In August of the three years, no
samples (n.s.) were sampled. The letters indicate a statistically significant difference among groups (p < 0.05) determined by
Tukey’s multiple comparison test.

The analysis of the condition indices per ovarian stage per three years was macro-
scopically performed (Figure 5a–c). For their histological characteristic, the immature and
regenerating stages were grouped. Regarding the GSI, the significantly highest peak was
evidenced in the spawning phase for all three years (Tukey’s multiple comparison test;
p < 0.05) (Figure 5a), the trend increased from imm/reg to the spawning stage for all three
years but was significant only in 2013 (Tukey’s multiple comparison test; p < 0.05). For HSI,
the tendency of mean values was lowest in the imm/reg stage for all three years (Tukey’s
multiple comparison test; p < 0.05) (Figure 5b). The other mean values were not signifi-
cantly different among them within the same year, except for 2014, in which the spawning
phase showed a significant decrease (Tukey’s multiple comparison test; p < 0.05) compared
to developing and regressing stages. The variation of Kn was less visible compared to
the other two indices in the period analyzed (Figure 5c). The only significant difference
(Tukey’s multiple comparison test; p < 0.05) was evidenced in the spawning capable stage
compared to the imm/reg and developing stages in 2014 and only compared to imm/reg
phase in 2015.

3.2. Histological Analysis: Ovarian Classification and Patterns

The female reproductive cycle of the European hake consists of five ovarian reproduc-
tive stages according to the histological classification (Table 1). Ovaries from immature
individuals exhibited compact ovigerous lamellae with groups of oogonia and previtel-
logenic oocytes (diameter < 250 μm) and an ovarian wall usually thinner than that of the
regenerating stage (Figure 6a). Entry into the developing phase is characterized by the ap-
pearance of early and the middle vitellogenic oocytes with a diameter ranged 250–550 μm
(Figure 6b). The oocytes take up the yolk proteins. The yolk granules multiply and increase
in size, forming a densely packed zone in the inner part of the cytoplasm. The oil droplets
proliferate, becoming lipid globules and the zona radiata increases in width. The ovaries
from spawning specimens were characterized by the presence of fully grown vitellogenic
oocytes (vtg3) and/or migrating nucleus (Mn) stage as well as hydrated oocytes (H) (di-
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ameter 550–1150 μm) (Figure 6c–e). Nuclear migration and/or hydration distinguish the
actively spawning subphase (Figure 6d). The presence of postovulatory follicles in the
same ovary with vtg3, OM, and H was observed (Figure 6e). Extensive atresia and a
reduced number of vitellogenic oocytes were considered markers of the regressing stage
(Figure 6f). The females in the regenerating phase have spawned at least one time in life.
Their ovaries are loose and have thickened wall and CA and LS oocytes are present among
previtellogenic oocytes (diameter < 250 μm) (Figure 6g).

Figure 5. Values of the GSI (a), HSI (b) and Kn (c) for females of European hake per ovarian stages for
three years. Imm/reg, includes individuals in immature and regenerating stages; dev, developing;
spaw, spawning capable; regr, regressing. The letters indicate a statistically significant difference
among groups (p < 0.05) determined by Tukey’s multiple comparison test.
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Figure 6. Tissue sections of European hake ovaries at different developmental stages. (a) Immature; (b) developing;
(c) spawning capable; (d,e) actively spawning; (f) regressing; (g) regenerating. For a,b,g scale bar = 100 μm; for c,d,e,f scale
bar = 200 μm. The abbreviations indicate: OW, ovarian wall; O, oogonia; PO, primary oocytes; CA, cortical alveoli; LS, lipid
stage; vtg1, vitellogenesis 1; vtg2, vitellogenesis 2; vtg3, vitellogenesis 3; Mn, migrating nucleus; H, hydrated oocytes; POF
(postovulatory follicle); Aα, alpha atretic oocyte; Aβ, beta atretic oocyte.

The histological investigation showed a 60.6% similarity with the macroscopic ma-
turity stage classification of the females. Cohen’s k was 0.45 (95% confidence interval:
0.35–0.55), which corresponds to a “Moderate” level of agreement [36]. Taking into consid-
eration the macroscopic classification, the percentage of agreement between the histological
and macroscopic analysis was different among phases. For the imm/reg phase was 91.8%,
for the developing stage was 45.8%, for the spawning phase was 85.3%, and for regressing
was 2.86%.

3.3. Size at First Maturity (L50) and Fecundity

L50 was estimated macroscopically and histologically to be 30.81 cm and 33.73 cm
(Figure 7), respectively.

Figure 7. Estimated L50 and observed the proportion of mature individuals by 1 cm length classes.
(a) Macroscopic value; (b) histological value. The shaded area indicates a 95% confidence interval.
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The estimated parameters of the logistic regression were statistically significant
(p < 0.05) and summarized in Table 2.

Table 2. Summary of the L50 estimates based on histological and macroscopic data.

Model Estimates HISTOLOGY

Estimate Std. Error z value p-value

Intercept −9.17104 2.00365 −4.577 p < 0.001
Total_length_cm 0.27183 0.05925 4.588 p < 0.0001

Model Estimates MACROSCOPIC

Estimate Std. Error z value p-value

Intercept −9.15307 2.13655 −4.284 p < 0.0001
Total_length_cm 0.29703 0.06505 4.566 p < 0.0001

The two curves of L50 were not significantly different (p > 0.05). The size at which all
the females reproduced at least once was 39 cm. The shortest length at which the female
specimens entered ovarian development (vitellogenesis) was 26 cm.

Batch fecundity estimation ranged between 7771 (TL 33 cm) and 137,256 (TL 32 cm)
hydrated eggs. The shortest total length of a specimen with hydrated eggs in the ovary
was 29 cm (batch fecundity of 45,004 eggs) and the longest was 42 cm (batch fecundity
70,519 eggs). The mean value of a relative fecundity was 205 eggs/g of body weight, the
lowest value of relative fecundity was 34 eggs/g of body weight found in a female with
TL of 33 cm, and the highest value of relative fecundity was 573 eggs/g of body weight
derived from a female with TL of 32 cm.

4. Discussion

One of the targets of fisheries management is to conserve enough reproductive po-
tential in a population to allow for sustainable exploitation [37]. To achieve this, the
reproductive parameters, such as length at first maturity, fecundity, and spawning cycle
determination, are usually applied as health indicators of the stock. The present study
is the first attempt to highlight an exhaustive knowledge of the reproductive biology of
Merluccius merluccius in the Northern and Central Adriatic Sea (GSA 17) to complete the
scenario of knowledge in the Italian seas.

The easiest, cheapest, and most direct approach to investigate some aspects of repro-
ductive biology is a macroscopic evaluation of the maturity stages of the gonads, but it is
not always an accurate method [16,38,39]. This study considered the somatic indices to eval-
uate the reproductive state of the European hake. We focused on different indices, namely
the gonadosomatic index (GSI), the hepatosomatic index (HSI), and Le Cren’s condition
factor (Kn) along three consecutive years. The GSI trend calculated on mature specimens
sampled from the GSA17 indicated that the hake reproductive season reached a peak from
March to July, even though a presence of spawning females was observed throughout the
year, confirming that a protracted spawning period is typical for this species [11,40,41].
Unlike 2014 and 2015, in 2013, a lack of the GSI peak during the reproductive season was
observed. The possible reason for this could be related to an exceptional event of dense
water that occurred in the winter of 2012 in the Adriatic shelf [42]. Such a phenomenon
was characterized by high-velocity currents that caused a cascading event leading to the
transport of more than 50% of water volumes from the Northern Basin to the Southern area
of the Adriatic Sea [42–44]. Directly or indirectly, unfavorable conditions for the successful-
ness of the hake reproduction could have emerged, as previously suggested by Recasens
et al. [11], in which dense water formation caused intense cascading events shifting the
hake reproduction in the Catalan Sea by several months. Thus, the oceanographic events
that took place in the Adriatic Sea in 2012 could have negatively impacted the stock of the
European hake in 2013 in the area. Regarding the GSI value in different ovarian stages, the
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highest mean value was reached at the spawning stage, confirming its correlation with the
sexual maturity of gonads.

In the European hake, lipids are stored mainly in the liver, confirming the critical role
of this organ for energy storage in this species [19]. The analysis of HSI represents a good
proxy of the energy reserve available in fish. In the Central-North Adriatic Sea, HSI showed
different trends within the three years studied in both immature and mature females. In
2014 and 2015 for all ovarian phases, the highest recorded values of HSI after summer are
probably due to the increase in the food availability for this demersal predator during this
period. The energy stored during richer months foodwise is not followed by reproductive
activity, allowing the European hake to survive during the winter period, as previously
reported in Galician shelf stock [45]. In 2013, the HSI reached the greatest value of the year
in the summer months, probably because the absence of the reproductive activity allowed
an incessant accumulation of lipids. Based on ovarian developmental stages, the lowest
level of HSI was obtained in the imm/reg stage, demonstrating that juvenile fish use lipid
energy for growth and do not accumulate them in the liver [46].

Together with HSI, Le Cren’s condition factor indicates the energy storage in fishery
species. It is given by weight and length data and assumes that heavier fish of a given
length are in a better condition [47]. In 2014 and 2015, the Kn showed the highest values in
September both for immature and mature individuals, just like HSI. In 2013, the autumn
peak shifted one month only for immature females, whereas no variation was shown in
mature animals, so we speculated that like for HSI, the Kn also indicates an incessant
accumulation of energy in fish during such a period. In the spawning capable phase,
the low levels of Kn occurred in 2014 and 2015; only HSI in 2014 could confirm that
European hake uses part of the energy accumulated in previous months for reproduction if
it is necessary.

The assessment of maturity stages of the ovaries is a crucial step for the estimation
of the L50, and errors might lead to subsequent biased estimation of the spawning stock
biomass [38,39,48]. In this contest, an accurate assessment of sexual maturity is an essential
component of effective fisheries management. For European hake, some sexual maturity
classifications exist, but often in these studies, a different terminology was used for the
oocyte stages or ovarian phases [12,16,28,49]. Furthermore, some authors proposed only
an oocyte classification, whereas other authors suggested a macroscopic and histological
scale, but without a proper calibration between visual (macroscopic) and histological (mi-
croscopic) staging. We used the oocyte stage classification proposed by Candelma et al. [26]
and Murua et al. [28] and the standardized terminology for ovarian phases described by
Brown-Peterson et al. [27] to obtain a clear and accurate scale on ovarian and oocyte stages
validated by the similarity between macroscopic and histological approach. The “Moder-
ate” level of agreement in the assignment of reproductive stages between histological and
macroscopic investigation revealed that our macroscopic classification for European hake
does not suffer from relatively high error rates. An exception was the regressing phase,
whose percentage of agreement was weak. Overall, our scale appeared an accurate tool
for the sexual maturity determination by the macroscopic method, notwithstanding some
stages require (i.e., the regressing phase and the immature stages) histological analysis
to avoid misclassification. Moreover, the histology is the most suitable method for the
studies on reproductive biology and it is strictly recommended a regular calibration (over
the years) between the two approaches. Histological analysis confirmed that M. merluccius
is a batch spawner with an asynchronous type of ovarian development.

The L50 is a fundamental parameter of fish population dynamics studies and plays
a crucial role in species management purposes. In the present study, the length at first
maturity was estimated as 30.81 cm by macroscopic evaluation of gonads maturity and
33.73 cm by histological analysis. The L50, determined in this work, is comparable to the
value of 30.5 cm obtained in a previous study of Zupanovic and Jardas [50] in the same
area, while Alegria Hernandez and Jukic [51] estimated an L50 equals to 31.3 cm in total
length, but both only by macroscopic inspection. In the Southern Adriatic, the size of the
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first maturity calculated using the macroscopic method was 31.95 cm [16]. In comparison
with previous studies on length at first maturity in the Mediterranean Sea, the values
estimated were similar to the measure reported in the present study. On the Egyptian
coast, Al-Absawy [14] found an L50 of 32.5 cm, while in the Algerian coast [13], it was 30.6
cm. The first maturity size is generally affected by variations of several environmental
factors that characterize the different areas, such as the abundance and distribution of
local populations, competition for space, and availability of nourishment. Furthermore,
the overexploitation of this resource could explain the differences in this parameter that
reduces the spawning biomass in different areas [12,16]. The L50 of 33.73 cm resulting
from histological analysis evidenced that the macroscopic approach underestimates this
value, but the two curves were not significantly different, indicating that the histological
examination is not strictly necessary.

The L50 found in the present study contrasts the decision regulated by Annex III of the
Council Regulation (EC) N◦ 1967/2006, in which the minimum legally allowed fishing size
is 20 cm, implying the catch of sexually immature individuals. This excessive fishing effort
could lead to a likely decrease in the stock in the area in upcoming years. Accordingly, as
reported by Anderson et al. [52], the reduction of the age of a stock and average body size
can reduce the ability of exploited species to survive to annual environmental variation.

In the present study, for the first time, batch and relative fecundities in the Northern-
Central Adriatic Sea were analyzed. The mean value of a relative fecundity reported
in this study (205 eggs/g of body weight) seemed comparable with the previous esti-
mates reported in Catalan waters (204.29 eggs/g of body weight), the North Tyrrhenian
(202.35 eggs/g of body weight) [11], and in the Eastern-Central Atlantic (228.33 eggs/g
of body weight) [12], yet it was lower than the value estimated in the Central Tyrrhenian
and Southern Adriatic Sea (281.6 eggs/g of body weight GSA10 and 262.2 eggs/g of body
weight GSA18) [16]. The batch fecundity estimation ranged between 7771 and 137,256 eggs.
It was lower compared to the Southern Adriatic Sea and Central Tyrrhenian, probably due
to the major dimensions of reproductive animals in these areas compared to Northern and
Central Adriatic Sea [16]. In fact, as reported by Recasens et al. [11], El Habouz et al. [12],
Carbonara et al. [16] and Korta et al. [53], the relationship between fecundity estimations
and hake size influences the total of eggs number per female that increases with size,
weight, and gonad weight.

In conclusion, the scenario depicted in the present study evidenced that smaller
mature females released fewer eggs per spawn than bigger mature females. As reported by
Working Group on Stock Assessment of Demersal Species (WGSAD) [54], the European
hake stock of Adriatic Sea results to be overfished and the overexploitation together with
a low number of spawned eggs, and unfavorable environmental events could lead to a
consequent decrease of the fish resource with the collapse of the stock. To avoid the collapse
of European hake, especially in the Central-North Adriatic Sea, continuous monitoring
programs, estimation of reproductive potential, and the stock assessment are essential. The
easiest, cheapest, and most direct tool to investigate the reproductive stage of European
hake, necessary for the determination of reproductive potential, could be represented by
the maturity scale provided in this study. Furthermore, the reproductive cycle, the analysis
of somatic indices, the L50 estimations, and the estimation of fecundity represent valuable
information for a scientific decision-making process to establish suitable management
measures aimed at tackling the continuing stock decline of European hake in an overfished
area as Central-North Adriatic Sea. Finally, the result highlighted in the present study
suggested increasing the minimum legal catch size as a tool to preserve this resource in
this area.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse9040389/s1.

144



J. Mar. Sci. Eng. 2021, 9, 389

Author Contributions: M.C. contributed to the acquisition of data, analysis of data, and drafting
of the manuscript. S.C. was involved in contributions to conception and design of the manuscript,
acquisition of data, and analysis of data and in revising it critically for important intellectual content.
L.M. contributed to the analysis and interpretation of data. A.S. contributed to the conception and
design of the project and to revising it critically for important intellectual content. D.B., G.R., and
G.G. contributed to the analysis of data and to revising it critically for important intellectual content.
O.C. conceived the experimental design, contributed to the analysis of data, and revised it critically
for important intellectual content. All authors gave the final approval of the version to be published.
Each author has participated in the work to take public responsibility for appropriate portions of the
content and agreed to be accountable for all aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are appropriately investigated and resolved.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the Italian Ministry of Agricultural, Food, and
Forestry Policies (MiPAAF) and European Union (Italian National Programs 2011–2013 and 2014–2016,
in the ambit of Data Collection Framework).

Institutional Review Board Statement: The sampling procedures did not include any animal exper-
imentation and animal ethics approval was therefore not necessary, under the Italian legislation (D.L.
4 March 2014, n. 26, art. 2).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions, e.g., privacy or ethical.
The data presented in this study are available on request from the corresponding author.

Acknowledgments: The authors wish to thank the Filippo Domenichetti and Camilla Croci of
Nation-al Research Council (CNR) Institute of Biological Resources and Marine Biotechnologies
(IRBIM) Ancona, Italy, and Captain Giordano and crew of the “Orizzonte” vessel for their support
in sampling.

Conflicts of Interest: Sabrina Colella, Alberto Santojanni, and Oliana Carnevali contributed equally
to this work. The authors declare that there is no conflict of interest.

References

1. FAO. Review of the state of world marine fishery resources. FAO Fish. Aquac. Tech. Pap. 2011, 569, 334.
2. Colloca, F.; Cardinale, M.; Maynou, F.; Giannoulaki, M.; Scarcella, G.; Jenko, K.; Bellido, J.M.; Fiorentino, F. Rebuilding

Mediterranean fisheries: A new paradigm for ecological sustainability. Fish Fish. 2013, 14, 89–109. [CrossRef]
3. Tsikliras, A.C.; Dinouli, A.; Tsiros, V.-Z.; Tsalkou, E. The Mediterranean and Black Sea Fisheries at Risk from Overexploitation.

PLoS ONE 2015, 10, e0121188. [CrossRef]
4. Mullon, C.; Freon, P.; Cury, P. The dynamics of collapse in world fisheries. Fish Fish. 2005, 6, 111–120. [CrossRef]
5. Colloca, F.; Scarcella, G.; Libralato, S. Recent trends and impacts of fisheries exploitation on Mediterranean stocks and ecosystems.

Front. Mar. Sci. 2017, 4, 244. [CrossRef]
6. Druon, J.N.; Fiorentino, F.; Murenu, M.; Knittweis, L.; Colloca, F.; Osio, C.; Mérigot, B.H.; Garofalo, G.; Mannini, A.; Jadaud,

A.H.; et al. Modelling of European hake nurseries in the Mediterranean Sea: An ecological niche approach. Prog. Oceanogr.

2015, 130, 188–204. [CrossRef]
7. Cerviño, S.; Domínguez-Petit, R.; Jardim, E.; Mehault, S.; Piñeiro, C.; Saborido-Rey, F. Impact of egg production and stock structure

on MSY reference points and its management implications for southern hake (Merluccius merluccius). Fish. Res. 2013, 138, 168–178.
[CrossRef]

8. Sabatella, E.C.; Colloca, F.; Coppola, G.; Fiorentino, F.; Gambino, M.; Malvarosa, L.; Sabatella, R. Key Economic Characteristics of
Italian Trawl Fisheries and Management Challenges. Front. Mar. Sci. 2017, 4, 1–10. [CrossRef]

9. Grati, F.; Aladžuz, A.; Azzurro, E.; Bolognini, L.; Car, P.; Spedicato, M.T.; Stagličić, N.; Vrgoć, N.; Zerem, N.; Arneri, E.; et al.
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Abstract: Pollution and other types of environmental stress do not spare marine environments,
especially those affected by high industrial pressure. Fish, especially coastal species, are used
for monitoring the marine environment because they are particularly efficient as bioindicators
thanks to their ability to bioaccumulate and biomagnify along the trophic chain. The aim of this
research is to evaluate the bioaccumulation and the indirect bioindication ability of the European
Hake, Merluccius merluccius (Linnaeus, 1758), one of the most important commercial fish species
of the Mediterranean Sea. Morphological and histological alterations of the main target organs,
such as liver and gills, have been investigated and the results showed a steatosis in the hepatic
tissue. The accumulation of heavy metals has been analyzed by inductively coupled plasma mass
spectrometry and for several metals it was showed a different concentration in the two sexes.
Moreover, the expression of metallothioneins 1 and Heat Shock Protein 70 has been assessed by
immunohistochemistry and did not show high level of expression. We underline the importance
of contamination evaluation in commercial fish species and the utilization of the ichthyofauna as
bioindicator of environmental quality.

Keywords: commercial fish species; Mediterranean Sea; environmental health; heavy metals; biomarkers

1. Introduction

The significant industrial and technological development recorded in recent years has brought
undoubted benefits both in terms of quality increase and life expectancy. Despite such benefits,
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this rapid progress has greatly and negatively increased the impact on the environment and on
human health.

An economy based on encouraging the consumption of goods and services promotes a progressive
increase in anthropogenic pressure on the environment, due to the increasing loads of substances of all
kinds released into the air, water and soil. Exposure to these contaminants can cause harmful effects
on the health of organisms and humans.

One of the most dramatic aspects that humans will have to face himself in the immediate
future is represented by waters pollution, determined by the growing release of heavy metals which,
being unable to be degraded or destroyed, tend to accumulate in the environment and in organisms
with consequent and substantial risks both for the various living forms and for humans who consume
foods with a content of significantly high metals [1].

The effects of heavy metal pollution on the environment, on the conservation of biodiversity and
on human health are now well known [1]. Immediate actions are therefore necessary both aimed
at preventing the continuation of uncontrolled discharges and at imposing compliance with current
regulations in terms of protection of the environment and public health. These interventions should be
preceded by an environmental biomonitoring program that allows rapid identification of the risk areas.

In biomonitoring programs, the choice of species to be used is particularly important. In recent
decades among the new generation bioindicators, fish have been taking on a growing interest in
assessing environmental quality in various aquatic ecosystems, for their ability of bioaccumulation
and biomagnification along the trophic chain [2,3]. It is also necessary to remember that fish
are a fundamental component in human nutrition, representing a significant source of protein,
polyunsaturated fatty acids and micronutrients. However, through the consumption of fish products,
humans are thus exposed to various contaminants.

Heavy metals are elements with a characteristic shiny appearance and a good electric conductivity.
In chemical reactions, heavy metals frequently occur as cations [4]. However, non-heavy elements,
such as aluminum (density 1.5), can be dangerous under particular conditions. Indeed, it becomes a
powerful toxic if placed in acidic waters [4].

From an environmental point of view, the term heavy metals are commonly referred to all metals
or non-metals which represent a danger to health and to the environment. They are substances
present in the environment as constituent elements of the same, as well as introduced following
industrial emissions. They can undergo biological and chemical transformations, which entail their
accumulation in the environment and in organisms, both vegetable and animal, thus manifesting their
deleterious action. Although currently exposure to anthropogenic sources is of prevailing toxicological
importance, exposure to natural sources has proven to be fundamental for the development, in living
organisms, of detoxification mechanisms, elimination and use aimed at reducing the danger of metals.
These mechanisms allow some animal species to withstand high metal concentrations, which vice
versa can be toxic to others, without suffering any damage [5]. Some metals are required by organisms
in limited quantities; in particular, Zn, Cu, Fe, and Mg, even if present at low concentrations, perform a
series of fundamental activities for the cell behaving as essential micronutrients and participating in
numerous biochemical processes responsible for cell growth and life [6].

Zinc, for example, is involved in the replication, transcription and translation processes [7,8],
acts as a cofactor for over 200 metalloenzymes [9] and performs regulatory functions, as in the
case of modulation of synaptic transmission [10]. Copper, in low concentrations, is essential for
breathing, for defense against free radicals and for the synthesis and release of neurotransmitters [11].
Other metals, such as Cd, Cr, Al, Hg and Pb are not normally present in the cells not even in traces
and therefore, even at low concentrations, they can be very toxic. These metals can cause delays in
embryonic development [12,13], in growth [14–17], as well as a long series of pathologies, including
cancer [18,19]. Fish species, for example, hardly eliminate the absorbed mercury and the metal halving
times vary from 6 months for mussels to 2 years for pike. The accumulation in fish is greater in
muscle tissue than in adipose tissue and about 90–99% of the mercury present in fish is in the form of
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methylmercury, an extremely toxic form of this metal [20]. Therefore, fish in risk assessment studies are
useful bioindicators and can represent an early warning system of environmental damage, which can
also be used for the assessment of potential risks to human health.

Merluccius merluccius (Linnaeus, 1758) is a demersal fish whose depth range normally extends from
70 to 400 m, although it can be found in shallower waters and up to about 1000 m depth. Its distribution
range extends from the eastern Atlantic (from Norway and Iceland to Mauritania) to the Mediterranean
Sea and southern part of the Black Sea. Unlike the small specimens (<14 cm TL), which feed mainly
on euphausiids and mysids, the larger specimens (>32 cm TL) of the European Hake, M. merluccius,
are ichthyophagous [21]. Furthermore, this species has been successfully used as bioindicator [22].
Hence, considering the commercial importance of this predator, its position in the trophic web and its
ability to be used as a good bioindicator of marine water pollution, our choice to use M. merluccius in
the current study.

In this perspective, our work aims to evaluate the impact of metals/metalloids contamination in
the commercial fish species M. merluccius, commonly known as “European Hake”, sampled in the
Ionian Sea. Previous research in this area of study report a total metal load higher in pelagic fish
than demersal and benthic ones [23,24]. Although fish species resulted stressed by environmental
conditions with a certain degree of oxidative stress in liver tissue [23], from a chemical point of view,
the analyzed species were healthy for human consumption and the human risk to develop chronic
systemic and carcinogenic effects due to their consumption was low [24]. Nevertheless, studies focused
on the biomonitoring of the Sicilian ionic coast highlighted a significant metal load in areas subject to
heavy anthropogenic pressure, particularly the Augusta coastal water, where it is hosted the largest
industrial complex of Sicily [25,26].

The present study has been based on analysis of the gastrointestinal content to evaluate the
presence of metals/metalloids; quantitative and qualitative analysis of metals/metalloids in the tissues;
analysis of the toxicological effects of metals/metalloids through biomarkers detection (Heat Shock
Proteins 70 and Metallothioneis 1) and histological analysis.

2. Materials and Methods

For this study, 20 specimens (10 males and 10 females) of M. merluccius fished in Food and
Agriculture Organization of the United Nations (FAO) area 37 (Marzamemi, southeastern Sicily,
Ionian Sea) were analyzed. Fish size ranged from 35 to 45 cm total length (TL), and were captured with
longlines by local fishermen and transported fresh to the laboratory for analyses.

2.1. Metals and Metalloids Analysis

The method for extraction and quantification of metals and metalloids is described by
Copat et al. [27]. Briefly, aliquots of 0.5 g of muscle, liver, gills and gastrointestinal content of
fish were acid digested with 6 mL of 65% nitric acid (HNO3) (Carlo Erba) and 2 mL of 30% peroxide
hydrogen (H2O2-Carlo Erba) in a microwave system (Ethos Touch Control, Milestone S.r.l., Italy).
Analytical determination of arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), lead
(Pb), mercury (Hg), manganese (Mn), nickel (Ni), vanadium (V), selenium (Se), antimony (Sb) and
zinc (Zn) was performed with an ICP-MS Elan-DRC-e (Perkin–Elmer, United States). Blanks, standard
and samples were prepared with the same reagents. A multi-elements certified reference solution ICP
Standard (Merck) was used for the instrument calibration. Processed blanks were used to calculate the
method detection limits (MDL) based on the following equation:

MDL = One-tailed student’s t-test (p = 0.99%; df = n − 1) × Sr

MDL (mg/kg ww) estimated for each trace elements are the following: As 0.013, Cd 0.002, Co 0.008,
Cr 0.003, Cu 0.005, Pb 0.001, Hg 0.0025, Mn 0.005, Ni 0.007, V 0.025, Se 0.03, Sb 0.020 and Zn 0.109.
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The quality control was performed with laboratory-fortified matrix (LFM) processed at each batch
of digestion, obtaining a recovery ranges from 91.5 to 110% of the nominal concentration.

Statistical analysis was performed with the software SPSS (version 20.0, Inc., IBM, Armonk, NY,
USA: IBM Corp.). Results below the MDL were elaborated as MDL/2. The normal distribution was
verified using the Kolmogorov–Smirnov test. Since the low number of samples, the Mann-Whitney
non-parametric test was used to compare median concentrations between tissues.

2.2. Histological Analysis

Histological analysis was performed according to our standard laboratory procedures [28].
Liver and gills were fixed in 4% formaldehyde (Bio-Optica, Milano, Italy) in PBS buffered to 0.1 M,
pH 7.4 (Sigma Life Science) at room temperature for 48 h and processed with Tissue Processing Center
TPC 15 Duo (MEDITE®, Burgdorf. Germany). The sections were stained with Haematoxylin-Eosin
(HE) (Bio-Optica) and observed under optical microscope (Leica DM750, Monument, CO, USA)
equipped with a digital camera (Leica DFC500, Monument, CO, USA).

2.3. Immunohistochemical Analysis

The immunohistochemical protocol was performed on sections to detect mouse monoclonal
anti-HSP70 (Gene Tex, 1:1000) and to detect mouse polyclonal anti-MT1 (Abcam, 1:1000);
secondary antibody used is FIT-conjugated goat anti-mouse IgG (Sigma-Aldrich, 1:1000). Analysis
were performed according to our standard laboratory procedures [29–31]. Slides after mounted with
mounting medium containing DAPI (Vectashield, Vector Laboratories, Burlingame, United States),
were observed with NIKON ECLIPSE Ci fluorescence microscope and the images taken with the
NIKON DS-Qi2 camera.

3. Results and Discussion

The chemical analysis showed that the bioaccumulation of metals in gills was higher in males
for Cu (p < 0.001), Hg (p < 0.01), Se (p < 0.001) and Zn (p < 0.001), and in females for Cd (p < 0.001),
Co (p < 0.001), Cr (p < 0.01), Pb (p < 0.001) and V (p < 0.05) (Table 1, Figure 1). Nevertheless,
the concentrations of all the metals examined were low in both sexes, with higher concentrations of
the essential metals Zn and Mn. The analysis of the gastrointestinal content showed a predominance
content of Co (p < 0.05) and Mn (p < 0.01) in males versus an higher concentration of As (p < 0.01),
Pb (p < 0.001), Ni (p < 0.01), V (p < 0.01) and Se (p < 0.001) in females (Table 1, Figure 2). In muscle tissue
of both sex, it was observed a lower content of all metals versus the concentrations find in gill and
gastrointestinal content. In females, it was found a higher concentration of Cr (p < 0.01), Cu (p < 0.05),
Mn (p < 0.001), Ni (p < 0.001) and Zn (p < 0.001) than males. In males, only the bioaccumulation of Pb
(p < 0.001) was found higher than females (Table 1, Figure 3).

The results obtained agreed with Bosch et al. [32] which describes a differential bioaccumulation.
Particular attention is given to some heavy metals: cadmium, mercury and lead.

The authors hypothesize that the concentrations of heavy metals depend on factors influencing
the absorption of metals, such as the simultaneous presence of other xenobiotics, the geographical
distribution and the specific biological factors of the species. Overall, the metal concentrations found
by us are comparable to those of other studies present in literature [33–35]. These concentrations of
metals present in the edible portion of the fish (i.e., muscle) is acceptable as it falls within the limits of
international legislation and the specimens analyzed seem to be safe for human consumption. Lead,
cadmium and mercury were recorded with values well below the limits imposed by law (0.30 mg/kg
for lead, 0.05 mg/kg for cadmium, 0.50 mg/kg for mercury).
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Table 1. Descriptive statistics of metals and metalloids (mg/kg ww) in Merluccius merluccius.

Tissue Sex Statistics As Cd Co Cr Cu Pb Hg Mn Ni V Se Sb Zn

Gill

Males

Min. 1.115 0.005 0.465 2.468 4.746 2.459 0.030 78.25 1.452 4.598 0.246 0.021 16.43
Max. 1.924 0.010 0.513 3.215 5.483 5.896 0.058 130.5 3.145 9.452 0.495 0.059 19.75
Mean 1.536 0.007 0.496 2.851 5.137 3.706 0.043 104.7 2.408 6.501 0.376 0.034 18.76
S.D. 0.234 0.002 0.017 0.183 0.260 1.032 0.009 18.12 0.559 1.400 0.074 0.012 1.094

Females

Min. 1.248 0.022 0.745 2.853 3.145 5.424 0.021 78.25 2.139 6.300 0.156 0.021 8.120
Max. 1.570 0.037 0.985 3.851 4.926 7.952 0.040 120.3 2.770 9.485 0.235 0.062 12.37
Mean 1.429 0.029 0.880 3.354 4.163 6.486 0.032 97.80 2.517 8.045 0.189 0.044 10.11
S.D. 0.106 0.005 0.079 0.306 0.483 0.735 0.006 11.53 0.200 1.253 0.024 0.013 1.394

Gastrointestnal
content

Males

Min. 0.302 0.001 0.034 0.345 1.952 0.135 0.174 1.324 0.041 0.180 0.141 <0.020 8.125
Max. 0.601 0.007 0.064 0.699 2.770 0.195 0.251 1.520 0.095 0.264 0.195 <0.020 12.45
Mean 0.405 0.003 0.048 0.544 2.358 0.165 0.197 1.390 0.066 0.220 0.177 <0.020 9.873
S.D. 0.084 0.002 0.009 0.107 0.270 0.020 0.023 0.053 0.018 0.028 0.016 / 1.122

Females

Min. 0.421 0.001 0.021 0.485 1.214 0.214 0.182 1.100 0.065 0.215 0.234 <0.020 8.420
Max. 0.621 0.009 0.064 0.741 3.254 0.512 0.260 2.164 0.164 0.354 0.485 <0.020 12.48
Mean 0.505 0.005 0.037 0.620 2.092 0.324 0.210 1.903 0.099 0.280 0.357 <0.020 10.88
S.D. 0.067 0.003 0.011 0.095 0.585 0.088 0.027 0.348 0.029 0.049 0.087 / 1.331

Muscle

Males

Min. 0.111 0.001 <0.008 0.325 0.218 0.007 0.005 0.230 <0.007 <0.025 0.075 <0.020 0.796
Max. 0.194 0.009 <0.008 0.852 0.324 0.021 0.016 0.465 <0.007 <0.025 0.164 <0.020 1.500
Mean 0.151 0.004 <0.008 0.522 0.272 0.014 0.009 0.363 <0.007 <0.025 0.111 <0.020 1.101
S.D. 0.033 0.002 / 0.146 0.041 0.005 0.003 0.072 / / 0.023 / 0.213

Females

Min. 0.114 0.002 <0.008 0.596 0.222 0.001 0.005 1.108 0.011 <0.025 0.085 <0.020 1.745
Max. 0.384 0.006 <0.008 0.771 0.513 0.009 0.014 1.345 0.035 <0.025 0.254 <0.020 2.224
Mean 0.212 0.004 <0.008 0.692 0.341 0.003 0.010 1.201 0.021 <0.025 0.137 <0.020 2.072
S.D. 0.086 0.001 / 0.055 0.079 0.002 0.003 0.078 0.008 / 0.057 / 0.141
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Figure 1. Mean values of metals and metalloids concentrations in gills (mg/kg ww). Significant
differences between sex: a, p < 0.001; b, p < 0.01, c: p < 0.05.

Figure 2. Mean values of metals and metalloids concentrations in gastrointestinal content (mg/kg ww).
Significant differences between sex: b, p < 0.01, c: p < 0.05.

As far as histological investigations are concerned, morphological anomalies of the gill lamellae
were not found in the analyzed specimens (Figure 4A,B), but marked liver steatosis was evident in the
liver sections (Figure 4C,D). The immunohistochemical investigation revealed a weak expression of
MT1 (Figure 5A,C) and HSP70 (Figure 5B,D) in both the target organs (gills and liver) of both sexes.
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Figure 3. Mean values of metals and metalloids concentrations in muscle (mg/kg ww). Significant
differences between sex: a, p < 0.001; b, p < 0.01, c: p < 0.05.

Figure 4. Sections stained with Hematoxylin-Eosin. (A,B); gills sections (C,D); male liver sections,
is evident a diffuse steatosis. Scale bar A,C and D: 200 μm; B 100 μm.
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Figure 5. MT 1 expression in male gills (A) and liver (C). HSP70 expression in male gills (B) and in
liver (D). Using specific antibodies anti-MT1 and anti-HSP70 it has been showed a weak expression of
these proteins in cells (green). Scale bar A, C and D: 200 μm; B: 50 μm.

The histological analysis, despite being non-specific about pathogenic noxae, offers the possibility
of highlighting any alterations in the gill and liver tissues. The use of these tissue is an efficient
biomarker in a preliminary screening for fish and water quality. Merluccius merluccius, being a
voracious predator, can be considered a useful species for monitoring the environmental situation over
time through bioaccumulation and biomagnification studies. Heavy metals contamination in fishery
products remains an almost inevitable condition due to the environmental situation facing most of the
national fishing areas. Therefore, as already pointed out by European Food Safety Authority (EFSA) [36]
in order to reduce this risk to an acceptable level, it is necessary to bridge the lack of information
on the conscious consumption of the various fish species and, more generally, it is necessary that
consumers can receive a concrete information on the possible risks associated with the consumption of
certain species.

In recent decades, with the rapid evolution of molecular, biochemical and pathological technologies,
biomarkers have found a very wide application. The toxicity of a contaminant on an organism is
usually expressed at a biochemical and molecular level and, because of this, at cellular and tissue
levels. As a response to the action of a toxic agent, the body develops adaptive responses that tend
to bring the system back into a balanced state. However, when the homeostatic mechanism is not
sufficient to balance the action of the toxic agent, the negative effect is manifested at the cellular, tissue
and eventually organ level. It can therefore be said that the different responses, homeostatic and
otherwise, generated by an organism towards a toxic agent, represent potential markers that can be
used in ecotoxicological investigations [37,38].

It can be said that the gills, because of the role of primary importance in interfacing the fish with
the surrounding aquatic environment and for their demonstrated reactivity and sensitivity, are optimal
candidates for the role of versatile biomarkers in the biomonitoring of aquatic ecosystems. They lend
themselves to a study in the field of environmental protection, also aimed at protecting the human
being as a user, direct and indirect, of the resources that natural ecosystems can offer. However, also the
investigation of ecological indices represents a good method for the monitoring of the environmental
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quality [39] and these types of studies should be associated to the bioaccumulation studies for a more
complete and wide point of view.

4. Conclusions

The diversity of cultures bordering the Mediterranean and the level of anthropization present
make interventions aimed at environmental protection difficult. The same international fishing
legislation of the Mediterranean Sea is applied with different weights, according to the different social
and economic realities on which it acts. To protect the Mediterranean environment, which currently has
different pressures at the expense of coastal and marine habitats, it is increasingly necessary, in addition
to implementing and applying existing environmental laws, to also adopt integrated approaches
based on knowledge of ecosystems in order to better understand their organization and functioning.
The result of these negative impacts is an ecosystem in which the survival of fish species is dependent
on human intervention. This study analyzes some of the complex variables that currently affect
the fish populations of the Mediterranean Sea, intended both as a fish resource of great commercial
value, and as a symbol of an ecosystem that now lives below the limits of sustainability. In particular,
the contamination level recorded by us in M. merluccius in the current study suggested that this
important commercial species can be considered sure for human consumption, although we recorded a
marked liver steatosis that can be the result of stressing environmental conditions. Further investigation
in this direction may help to better understand contamination dynamics and effects on fish population
and their potential risks to human health.\
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