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Simple Summary: Alien species are an important cause of biodiversity loss and changes to ecosys-
tems. Harbors are hotspots for the introduction of these species, and, usually, the impacts and path-
ways of invasion of the host populations are poorly known. Since 2014, an alien jellyfish, Cassiopea
andromeda, coming from the Red Sea, has invaded a Mediterranean touristic harbor and established
a population there. In this study, the distribution and trophic behavior of C. andromeda were inves-
tigated to improve knowledge on this species within the Mediterranean. The preliminary results
highlight and confirm that C. andromeda is a perfect invader thanks to its nutritional strategy and
capacity to adapt to heavily anthropized areas. Therefore, its potential impact on the local biodiver-
sity and thus on the ecosystem’s structure and functioning is worth considering.

Abstract: Harbors are hotspots for the introduction of alien species, and, usually, investigations on
their host populations help fill the knowledge gap in their pathways of invasion and in their impacts
on marine biodiversity and ecosystems. In 2014, the upside-down alien jellyfish Cassiopea andromeda
invaded a Mediterranean touristic harbor (“Cala”), and its abundance has since increased over time.
In the present study, the distribution and trophic behavior of C. andromeda in Cala were investigated
for the years 2017-2018 through visual sampling, and GIS-based statistical and stable isotope anal-
yses. Since Cala is a hard-to-reach area (with many anchor cables and boats), Megabenthos Under-
water Video was used to count the number and estimate the size of jellyfishes. The variations in size
throughout the study period suggest that the population of C. andromeda is quite established in Cala
at depths lower than 7.5 m. The ranges of the environmental parametersrecorded (temperature,
salinity, and transparency) were consistent with the ideal conditions for maintaining a Cassiopea
population, but they did not seem to influence aggregation. Additionally, the carben and nitrogen
isotopic signatures studied highlight the mixotrophic behavior of this species. These prelimiriary
results confirm the capacity of C. andromeda to live and reproduce in heavily-anthropized arcas.
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1. Introduction

The presence of non-indigenous species (NIS), also called alien species, is considered
an important cause of biodiversity loss and changes in an ecosystem [1]. In the Mediter-
ranean Sea, NIS can also be introduced via maritime traffic, by means of ballast waters
and hull fouling. The diffusion of NIS has also been correlated with climate changes,
which allows tropical and subtropical species to expand their distribution to other habitats
[2—4]. For these reasons, harbors are hotspots for the introduction of NIS, and, usually, the
host populations need to be studied to fill the knowledge gap in their pathways of inva-
sion and in their impacts on the surrounding ecosystems. In 2014, the Lessepsian upside-
down jellyfish Cassiopea andromeda (Forsskal, 1775) (Cnidaria, Rhizostomeae) invaded a
touristic harbor of Palermo (Sicily, Italy) named Cala. Over the years, its abundance within
Cala has increased [5].

C. andromeda (Figure 1) entered the Mediterranean from the Red Sea through the Suez
Canal [5,6] and colonized several areas of the basin. This species is an epibenthic scypho-
zoan with a maximum umbrella diameter of about 30 cm commonly found in tropical and
subtropical shallow coastal ecosystems such as mangroves, estuaries, and sandy mudflats.
This species has a metagenetic cycle with the following phases: planula, benthic polyp,
ephyra, and adult medusa [7].

Contrary to jellyfish with pelagic behaviors, these benthic jellyfish prefer habitats
with less water movements [8-10]. They often lay down on their umbrella, exposing their
oral arms to the sun. Similar to other Rhizostomeae jellyfish, they frequently exhibit a
symbiotic relationship with dinoflagellates, such as Symbiodinium spp., which are present
in the tentacular tissue on their oral arms [11]. This relationship allows the jellyfish species
to feed via direct predation and through photosynthesis by the zooxanthellae [12,13]; this
mixed feeding of the jellyfish is called mixotrophy (concurrent autotrophy and heterotro-

phy).

Umbrella

-
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Figure 1. Cassiopea andromeda (Forsskal, 1775).

In this symbiotic interaction, the carbon needed for the basal metabolisin of the host
is provided by the photosynthetic process [14-17], whereas nitrogen is taken up from the
environment through the digestive processes [12,13]. However, this amount of nutrient
intake is not fixed but rather depends on the species and the environments in which they
grow (see, e.g., [16-20]). As with other symbiotic enhidarians, Cassiopea jellyfish may ac-
quire dissolved nutrients from the surrounding environment to meet the energetic needs
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of their photosynthetic partners [21], while zooxanthellae may provide much of the carbon
requirements to the host, which are critical to the metamorphosis of ephyrae and to the
survival of the jellyfish [8]. Stable carbon and nitrogen isotopes might be valuable indica-
tors of the relative importance between the autotrophy and heterotrophy pathways [22—
24]. Subsequent studies have found that several factors such as inorganic nitrogen uptake
[25], terrestrial nitrogen loads [26], eutrophication [26-29], zooxanthellae population dy-
namics [30], light [31], and bleaching [32] may affect the nitrogen isotopic (0'°N) signature
of mixotrophic coral organisms with zooxanthellae symbionts.

Some authors have demonstrated the success of a mutualistic interaction with C. an-
dromeda under stressful environmental conditions in shallow waters, i.e., high tempera-
tures, high levels of irradiation, eutrophic conditions, and changes in salinity [33]. These
life history traits also permitted this species to become an invader in the Mediterranean
Sea, where, being one of the earliest Lessepsian migrants, C. andromeda has spread, reach-
ing the western Mar Menor in Spain, being randomly spotted in the Levant Sea, Aegean
Sea, and Strait of Sicily [6,34-36]. Mediterranean C. andromeda populations form short-
term outbreaks up to 20 individuals m in semi-enclosed human-impacted coastal sys-
tems with eutrophic waters and low hydrodynamics [5]. Stoner et al. [8] observed that
Cassiopea spp. populations were significantly denser, and that individuals from these pop-
ulations were larger in areas with high human population densities (a proxy of nutrient
enrichment) with respect to more natural sites. Equally, The et al. [37] reported high den-
sities of Cassiopea jellyfish within shrimp farms where environmental conditions were sta-
ble and the concentrations of nutrients and organic matter were high.

Although knowledge about the biology and ecology of C. andromeda in its native dis-
tribution areas is available, little is known about its invasive behavior in the Mediterra-
nean Sea [38]. Given the growing interest in invasive alien species and in their manage-
ment in the Mediterranean, recently, the capability of C. andromeda to tolerate stress-
ful/changing environments (such as harbor areas) has been studied [38]. The authors of
that study showed that this jellyfish species has the ability to adapt to sudden changes in
light exposure from eutrophic to meso-oligotrophic waters and to withstand different
light conditions, thus suggesting that this species can colonize a wide range of shallow
water environments. These characteristics make it a potential successful invader in the
Mediterranean Sea.

In this paper, a preliminary investigation on a Mediterranean population of C. an-
dromeda (Palermo, Italy) was carried out through visual sampling and specimen collection.
The data were then organized and processed to provide insights into the distribution and
trophic behavior of this species within the study area.

2. Materials and Methods

Cassiopea andromeda were studied using a visual census and by direct collection.

2.1. Study Area

Cala is a curvilinear boat basin for pleasure crafts reachable from the mouth-of the
port of Palermo (Figure 2); it has an area of 49,000 m?, and an average depth of 7 m [39].
The sea bottom is predominantly made up of clay and is subject to rearrangement due to
shipping activities and possible inputs from the land (e.g., run-off water and old tinder-
ground channels). This area is characterized by the presence of many piers located very
close to each other, mainly during the tourist season, that can accommodate up to-370
boats [39]. This proximity results in a large presence of ropes, anchor cables, and boats
that make the sea bottom difficult to access for classical visual.observations.
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Figure 2. Study area: Cala of Palermo.

2.2. Visual Sampling Activities

The visual observations were carried out using Megabenthos Underwater Video
(MUYV), which was designed to overcome visual sampling difficulties in harbor areas [40].

This device consists of stainless-steel tubes with 5 mm diameters and has a truncated
square pyramid shape with a base side of 80 cm (unit of sampling area = 0.64 m?), and an
oblique side that is 135 cm long. An underwater video camera is located on the top. The
base sides are marked at 10 cm intervals to be used as a tool for estimating the size of
individuals (Figure 3). Its base is lead ballasted to maintain an upright position during
hauling of the device to the seafloor; a metered rope is used to record depth.
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Figure 3. Technical features of the Megabenthos Underwater Video.

MUYV was used in Cala to collect data on the density and size of C. andromeda indi-
viduals. No a priori sampling design was planned; the MUV hauls were carried out at
random sites within Cala on four dates (June 2017, November 2017, February 2018, and
April 2018). The observations in each sampling data were considered independent from
each other. The device was hauled from a small boat to the sea bottom, recording the haul
using the cam. In addition to depth (m), at each sampling site, temperature (°C) and sa-
linity along the water column were recorded using a portable meter (VWR EC300), and
water transparency (m) was recorded with a Secchi disc. The latter parameter was re-
ported as a percentage ratio between water transparency (m) and depth (m).

2.3. Specimen Collection and Sample Preparation

Ten live C. andromeda specimens were collected in the quay facing two sites of Cala
(five individuals in front of “Calamida” and five in front of “Canottieri” —Figure 2) using
a hand net for the subsequent stable isotope analysis (SI). The specimens were placed in a
50 L tank, and immediately after sampling (~2 h), the jellyfish were brought to the labor-
atory to proceed with the morphometric and morphological analysis. The gonadal tissue
was dissected from the somatic tissue for each specimen, and each was separately frozen
in liquid nitrogen for subsequent trophic biomarker analyses and stored at -80 °C.

To obtain the particulate organic matter for SI analysis, 3 L of seawater (sampled from
each site at a depth of 1 m) was pre-filtered (200 um) and then filtered under vacuaum
through one pre-ashed (4 h at 500 °C) Whatman GF/F glass fiber filter (47 mm).

The sediment was collected using sediment traps to analyze its role in _the trophic
web. Each trap consisted of two plastic bottles with a funnel (15 cm diameter), left at the
bottom of the two sampling sites for 7 days. After 7 days, the traps were closed, removed
from the bottom, and brought to the laboratory. The water and sediment contained in the
trap were filtered under vacuum through pre-ashed (4 h at 500 °C) Whatman GF/F glass
fiber filters.

At the same time as sampling of the jellyfish, POM, and sediments, other benthic
organisms were sampled to obtain a clearer reference of the trophic positioning of jellyfish
within Cala. These organisms were sorted, stored separately in falcon or labeled plastic
bags, and stored at -80 °C. After storage, all samples were freeze-dried and ground to a
fine powder.
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2.4. Data Analysis
2.4.1. Visual Data Analysis

The data from the MUYV observations were used to preliminarily investigate the C.
andromeda size composition and distribution in the study area.

The videos from each sampling were analyzed visually on a PC workstation. For each
video, the number of individuals of C. andromeda per unit of sampling area (m?) was rec-
orded, counting the number of individuals for which their umbrella center was inside the
unit area. The umbrella’s diameter was also measured. Three size classes (5-10 cm, 10-15
cm, and 15-20 cm) and four depth ranges (0-3 m, 3-6 m, 6-9 m, and 9-12 m) were defined.
The average (+ standard error) number of individuals belonging to each size class per unit
area (average density, ind m2) was calculated per sampling date and depth range. The
variations in density among size classes were compared using PERMANOVA [41] with
two fixed factors: sampling date and depth range. The analyses were based on a Euclidean
distance matrix generated using square-root-transformed data and 999 permutations. A p
value <0.05 was considered statistically significant. The statistical analyses were run using
the Primer 6 PERMANOVA+ software package (Plymouth Marine Laboratory). Finally,
Cala was divided into three sub-areas (internal, intermediate, and external), and for each
one of these, the average densities of individuals per size class and per depth range were
calculated and displayed on maps using ArcGIS 10.3 software. PERMANOVA was also
performed to detect differences in the densities of each size class: at each depth range
among sampling dates; among sub-areas; and at each depth range among sub-areas.

2.4.2. Spatial and Temporal Distribution Analysis

The data from the MUV observations were analyzed using ArcGIS 10.3 ESRI and its
Spatial Statistics tools (Measuring Geographic Distributions, Analysing Patterns, and
Mapping Clusters toolsets). GIS-based spatial statistics analysis is useful in the study of
species distribution [42] and alien species distribution and spread [43,44]. These analyses
were carried out to model the spatial and temporal distributions, aggregation patterns,
and spatial structure of C. andromeda in the study area; these analyses allowed obtaining
information related to the areas of concentration for this species on different sampling
dates: the shape of the distributions (dispersed/compact or elongated); the distribution
patterns (clustered, dispersed, or random); and their dependency on some environmental
parameters such as temperature, salinity, and transparency.

To describe and summarize the key distribution characteristics and to track their
changes over time and space, the indicators of central tendency (as a median center), spe-
cies spatial dispersion, directional dispersion, and directional trend were calculated.
These indicator values track the changes in distribution over time and space and allow for
a comparison of the distributions of occurrences between sampling dates and size classes
[45,46]. The spatial dispersion shows whether the distribution is concentrated or dispersed
around the geometric mean center: the higher the standard distance (i.e., the radius of the
generated circumference), the more dispersed the distribution [47]. The directional dis-
persion and directional trends allow us to visualize the shape of the distribution in the X
and Y directions (Standard Deviational Ellipse) and the orientation of the distribution (the
long-axis rotation of an ellipse measured clockwise from noon) [47]. The spatial dispersion
and directional dispersion were calculated with a one-standard-deviation polygon that
covers approximately 68% of the features. After data collection, a comparison of the dis-
tribution of C. andromeda specimens between the internal and intermediate sub-areas in
June and November, when both sub-areas were investigated, was conducted. The distri-
bution of the size classes (with the exception of the size class 15-20 em, which had a num-
ber of observations that were insufficient for the analyses) was also analyzed in February,
when the observations were carried out only in the internal sub-area..All data from April
were excluded as the number of specimens recorded was not sufficient for the analyses.
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In this study, the overall aggregation patterns and spatial structures of the distribu-
tion of C. andromeda in the area in relation to the environmental parameters temperature
(T), salinity (S), and water transparency (Tr) were also evaluated. To assess if the species
distribution pattern was clustered, dispersed, or random, spatial autocorrelation through
Global Moran’s I (GMI) was carried out (cut-off distance of 60 m). The GMI method was
performed simultaneously for the recorded position and for an associated attribute (ESRI
ArcGIS, 2011). GMI ranges from -1 to +1, and when the z-score is statistically significant
(p <0.01), a positive or negative GMI indicates a spatially clustered or dispersed dataset,
respectively [47]. Getis—Ord Gi* hot spot analyses (GOG) were carried out (cut-off distance
of 60 m) to evaluate if the spatial structure featured statistically significant spatial clusters.
Statistically significant z-scores (p < 0.05) indicate spatial clustering of high or low feature
values (hot spots or cold spots, respectively). The higher (or lower) the z-score, the more
(or less) intense the clustering. A z-score near zero indicates no apparent spatial clustering
[47].

2.4.3. Stable Isotope

Stable isotope analysis (SIA) is useful in explaining the role and effects of alien spe-
cies in the food web [48]. In this research, stable carbon (8'*C) and nitrogen (8'°N) isotopes,
and C/N ratios in the oral arms, umbrella, and gonads of C. andromeda individuals, were
assessed to better clarify the different nutrition behavior and growth processes of this spe-
cies in the study area.

Small amounts (0.2 mg) of freeze-dried jellyfish tissue were prepared for the '3C and
0N analyses. The stable carbon and nitrogen isotopic signatures were determined using
an isotope ratio mass spectrometer, DeltaV Advantage (Thermo Fisher Scientific, Bremen,
Germany), coupled with a CHN Analyzer Flash 2000 (Thermo Fisher Scientific, Bremen,
Germany). The analytical precision of the measurements for both 5*C and 5'°N was 0.2%.
Sucrose IAEA CH6 (International Atomic Energy Agency, Austria) and L-glutamic acid
(RM 8574, National Institute of Standards and Technology, NIST, MA, USA) were used as
certified reference materials.

The ratio of stable isotopes was expressed as delta (0):

0 =[(Rsample/Rstandard) - 1)] x 103,

where 0 is the isotopic ratio of the sample relative to the standards (international standard:
Vienna Pee Dee Belemnite for C, and atmospheric nitrogen for N); Rsample and Rstand-
ard are the fractions of heavy to light isotopes in the sample and standard, respectively.
This number is then multiplied by 1000 so that o is expressed in units of parts per thou-
sand (%eo).

3. Results

A total of 146 points were sampled using Megabenthos Underwater Video (MUV)
within Cala, divided as follows: 94 in the internal sub-area, 37 in the intermediate sub-
area, and 15 in the external sub-area (Figure 4). The sampling depth ranged from 1.5 to 12
m. The water transparency ranged from 34 to 100%; values greater than 70% were rec-
orded for 109 sampling points. Temperature and salinity ranged from 13.9 to24.1 °C, and
from 34.4 to 35.7, respectively.
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Figure 4. Sampling points per date using MUV within Cala.

3.1. Visual Data Analysis

Out of the 146 hauls, 39 were carried out in June, 38 were carried out in November,
39 were carried out in February, and 30 were carried out in April. A total of 67 individuals
of C. andromeda were recorded, of which 30 belonged to the size class 5-10 cm, 34 to the
size class 10-15 cm, and 3 to the size class 15-20 cm.

The average densities for each size class per sampling date are reported in Figure 5.
Individuals of the size class 5-10 cm were found on all dates, with a peak in density (0.76
+ 0.39 ind m?) in February 2018, and were the only size class present in April 2018, with
an average density of 0.10 + 0.07 ind m=2. Individuals of the size class 10-15 cm were rec-
orded in June 2017, November 2017, and February 2018, with higher average densities in
June (0.60 = 0.32 ind m=2) and November (0.57 + 0.33 ind m). Larger individuals (15-20
cm) were observed only in June and November 2017, but at low densities (0.08 + 0.05 ind
m=2and 0.04 + 0.04 ind m2, respectively).

12
1.1
1.0

09
0.8
0.7
06

05
0.4
03
0.2 ]

. [ i
00 L

June 2017  November 2017 February 2018 April 2018

Average density (ind m-?)

E5-10cm 10-15cm 15-20 cm

Figure 5. Average density (+ S.E. as vertical bar) of Cassiopea andromeda individuals for each size
class per sampling date.
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All individuals were found at depths of 1.5-7.5 m. All results are therefore reported
for three ranges of depth (0-3, 3-6, 6-9 m). Individuals of the size 5-10 cm were found in
all ranges, with a higher average density (0.55 + 0.29 ind m) at depths of 3-6 m. Individ-
uals of the size class 10-15 cm were found at all depths, with a higher average density
(0.54 +£0.25 ind m2) at depths ranging from 6 to 9 m (Figure 6). Individuals of the size class
15-20 cm were found only between depths of 3 and 6 m, with a low average density (0.09
+ 0.05 ind m2). The date and depth did not show any statistical influence on the size dis-
tribution (PERMANOVA, p > 0.05) (Table 1).

1.0

Average density (ind m2)
© 0o oo ooo
N WA OO N ®©

]
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=
=

L B

0-3m 3-6m 6-9m

o
o

m5-10cm 10-15cm 15-20 cm

Figure 6. Average density (+ S.E. as vertical bar) of Cassiopea andromeda individuals for each size
class per depth range.

Out of the 67 individuals recorded, 52 and 15 were found in the internal and inter-
mediate sub-areas, respectively. No individual was recorded in the external sub-area. The
total average density was not significantly different between the internal (0.82 + 0.25 ind
m2) and the intermediate (0.76 + 0.35 ind m™2) sub-areas. The average depths (+ standard
deviation) of the sampling points were 5.4 + 1.8 m in the internal sub-area, 7.3 + 2 m in the
intermediate sub-area, and 8.4 + 1.7 m in the external sub-area. The sub-areas did not show
any statistical influence on the size distribution (PERMANOVA, p > 0.05) (Table 1).

The average density for each size class per depth range for each sub-area is reported
in Figure 7a,b. In the internal sub-area, the average density of small individuals (5-10 cm)
was higher in the range 3-6 m (0.60 + 0.34 ind m2), while individuals of 10-15 cm were
recorded more abundantly between 6 and 9 m depths (0.54 + 0.37 ind m2); larger individ-
uals (15-20 cm) were recorded only in the range 3-6 m, with a low value (0.07 + 0.05 ind
m~?) (Figure 7a). In the intermediate sub-area, the higher average densities of individuals
of 5-10 cm and 10-15 cm were recorded in the range 0-3 m (1.56 ind m2 and 3.13 ind m?,
respectively); individuals of 15-20 cm were recorded only between 3 and 6 m depths (0.22
£ 0.22 ind m2) (Figure 7b). Sub-areas and depth did not show any statistical influence on
the size distribution (PERMANOVA, p >0.05) (Table 1).
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Figure 7. Average density (+ S.E. as vertical bar) of Cassiopea andromeda individuals in the (a) internal
sub-area and (b) intermediate sub-area; *one sampling point.

In Table 1, the results of the PERMANOVA on the average density of each size class
per sampling date and depth range, per sub-area, and per depth range and sub-area are
reported.

Table 1. Results of the PERMANOVA on the average density of each size class: per sampling date
(SD) and depth range (DR), per sub-area (SA), and per depth range and sub-area.

Source d.f. MS Pseudo-F p-Value
SD 3 0.51 0.764 0.57
DR 3 0.39 0.586 0.73

SD x DR 8 0.47 0.699 0.75
SA 2 0.88 1.342 0.24
DR 3 0.25 0.388 0.76
SA 2 0.12 0.193 0.78

DR x SA 3 0.08 0.133 0.93

3.2. Spatial and Temporal Distributions

In Figure 8, the values for central tendency, spatial dispersion, directional dispersion,
and directional trend are mapped for each sampling date. The species’ spatial and direc-
tional dispersions were quantitatively similar in all periods but showed changes over time
and space. In June, C. andromeda was primarily located in the internal sub-area, while in
November, it was primarily located in the intermediate area. The directional trends were
different in June and November, with angles of 31° and 83°, respectively.

Figure 8. Key characteristics of the distribution of Cassiopea andromeda in Cala: central tendency (as
a median center), spatial dispersion, and directional dispersion, calculated for june 2017, November
2018, and February 2018. The triangles indicate sampling points using MUV per date considered for
the analysis.
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June 2017 ey November 2017 &)

Clear differences between the size classes can be seen in the key characteristics of the
distributions per sampling date (Figure 9a—c). In June, the distribution of the 10-15 cm
size class was more compact than that of the 5-10 cm size class. In November, the speci-
mens observed mainly belonged to the 10-15 cm size class; their distribution was more
dispersed than in June. In February, the 10-15 cm size class was more dispersed than the
smallest size class.

7

(b) (c)

Figure 9. Key characteristics of the distribution of Cassiopea andromeda in Cala in (a) June 2017, (b)
November 2018, and (c) February 2018, calculated for each size class. The central tendency (as a
median center), spatial dispersion, and directional dispersion show changes in the distribution of
size classes in space and time. The triangles indicate sampling points using MUV considered for the
analysis.

Global spatial autocorrelations among the C. andromeda recorded in Cala were found
for temperature, salinity, and transparency. The GMI values reported in Table 2 suggest
that the distribution is clustered and non-random. Temperature and transparency showed
greater spatial autocorrelation than salinity.

Table 2. Spatial autocorrelation using Global Moran’s I (GMI) for the Cassiopea andromeda distribu-
tion in Cala performed on temperature (°C), salinity, and transparency (%). GMI expected index,
variance, z-score, and p-value are also reported.

Moran’s Index Expected Index Variance z-Score p-Value
Temgecr;‘ture 0.89 ~0.02 0.006 >2.58 <0.01
Salinity 0.33 -0.02 0.006 >2.58 <0.01
Trans(};)remy 0.71 ~0.02 0.005 >2.58 <0.01

Figure 10a—c report the results of the hot spot (Getis—-Ord Gi*) analysis on the MUV
sampling of C. andromeda in relation to the environmental parameters temperature (T),
salinity (S), and water transparency (Tr). At the local spatial scale, areas showing statisti-
cally significant clustering of low values (cold spot) and of high values (hot spot) were
found. The other records (yellow triangles) had non-significant index valucs. In Table 3,
the mean values + standard error of the T, S, and Tr parameéters corresponding to hot and
cold spots are reported.
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Figure 10. Results of the hot spot (Getis—Ord Gi*) analysis on Cassiopea andromeda records in Cala in
relation to the environmental parameters (a) temperature, (b) salinity, and (c) transparency: blue
and purple triangles indicate hot spots (high values) and cold spots (low values), respectively; yel-
low triangles indicate records with non-significant index values.

Table 3. Average + S.E. for temperature, salinity, and transparency corresponding to hot and cold
spots, with the z-score and p-value.

Cold Spot Hot Spot z-Score p-Value
Temperature (°C)  14.86 £ 1.96 21.52+3.30 >1.96 <0.01
Salinity 35.07+0.14 35.28 +0.16 >1.96 <0.01
Transparency (%) 93+ 13 100+ 0 >1.96 <0.01

3.3. Stable Isotope Analysis

In Figures 11-13, the results of 0N, 0"°C, and the C/N molar ratio, respectively,
found in the gonads, oral arms, and umbrella of the C. andromeda specimens sampled at
both the “Calamida” and “Canottieri” sites are shown. The data reported for 0'>N show
negative values. For both sites, the values of d’N were similar for the umbrella and gon-
ads and lower for the oral arms (A 2.3%o0 and 2.4%. for Canottieri and Calamida, respec-
tively) (Figure 11).

0
| .
-2
g g B9 calamida
'E » ﬁ E Canottieri
-6

Goﬁads Oral arms Umbrella

Figure 11. Box plot of '°N in the gonads, oral arms, and umbrella of Cassiopea andromeda individuals
collected at the two sites of Cala (N =5 in Calamida and 5in Canottieri).
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This evidence is also confirmed by the values of 8°C, which showed similar behav-
iors, despite the more pronounced differences in Calamida (A 0.8%o and 1.8%o. for Canot-
tieri and Calamida, respectively). The more negative 0"°C and higher C/N ratio values
observed for the gonads could depend on the higher lipid content in this tissue (Figures
12 and 13).

e -
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® ‘___‘ Canottieri
-21 ‘
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Goﬁads Oral arms Umbrella

Figure 12. Box plot of 8°C in the gonads, oral arms, and umbrella of Cassiopea andromeda individuals
collected at the two sites of Cala (N =5 in Calamida and 5 in Canottieri).
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Figure 13. C/N molar ratio (average + S.E. as vertical bar) in the gonads, oral arms, and umbrella of
Cassiopea andromeda individuals collected at the two sites of Cala.

Figure 14a,b show bidimensional plots of 8N and 5'*C in three body parts of C. ain-
dromeda and the other community components sampled at the Calamida and Canottieri
sites. The values of the two stable isotopes in C. andromeda show similar trends forthe two
sites, showing less negative values in the umbrella than in the oral arms. The Calamida
site probably reflects a less disturbed situation, showing a shift from lower.to highcival-
ues along the trophic chain for the two isotopes. Specifically, along with the thiree body
parts of the jellyfish and the sediment (0'°N = 11.37%o and 0°C = -24.79%o0 —onc sample),
Figure 14a shows three main groups (average + S.E. of 0N and d%3C): (1) organic matter
(OBN = 1.96 + 1.79 %o and d13C = -24.85 + 0.01 %o); (2) filter feeders/detritivores: Brau-
chiomma sp. Anellida, Eupolymnia nebulosi Anellida, Mytilidae, Phallsin sp. [unicata, and
Sabella spallanzanii Anellida (0N = 4.39 + 0.38 %o and 013C = =19.77 £ 0.21 %o); and (3)
predators: Diodora graeca Mollusca, Felimare picta Mollusca, Hexaplex trunculus Mollusca,
Gammaridea Crustacea, and Salaria pavo Osteichthyes (0'°N =7.08 + 0.88 %o and 015C =
-18.18 + 0.61 %o). The situation at the Canottieri‘site is different; even though the filter
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feeders/detritivores (Branchiomma sp., Mytilidae, Phallusia sp., and Clavelina sp. Tunicata)
present similar values (0N = 1.99 + 1.61 %o and d%C = -19.01 * 0.83 %o) to those at the
Calamida site, the organic matter (0N = 7.91 + 4.72 %o and 0C = -26.18 + 0.50 %o) and
the sediments (0°N =7.00 + 0.42 %o and 03C =-24.81 + 0.21 %o) have very different values
compared with other community components.

) § Calamida 12 Canottieri 12
¢ Sediment .
@ S. pavo 10 10
. —-Ol i ttei
N W /F. PICIG*D_ graeca 8 = '92"5‘;;?;,,’. 8
z - runcuiys ¢ s Gammaridea 6 T ) 6
= S. spallanzanii< ¢ E, nebulosa s » Branchiomma sp.
3 <F’I]Jallus:a sp. 4 »  Mytilid 4
[ Mytilidae®  Branchiomma sp. > ytilidae )
= % Organic matter 2 E I:ha”USIa sp. 2
13 =
8.7 25 -2 2te . 19, -7 -15 -13 -1 &7 5 23 21 -te <17 15 =13 -1 °
=N L
z Gonads  Umbrella 2z Clavelina spy | -2
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Figure 14. Bidimensional plot of d'°N versus d3C (average + S.E. as vertical bar) in the gonads, oral
arms, and umbrella of Cassiopea andromeda individuals; sediments, organic matter, and some benthic
organisms (Branchiomma sp.; Clavelina sp.; Diodora graeca; Eupolymnia nebulosa; Felimare picta; Gam-
maridea; Hexaplex trunculus; Mytilidae; Phallusia sp.; Salaria pavo; and Sabella spallanzanii) collected
from two sites of Cala: (a) Calamida and (b) Canottieri.

4. Discussion

Non-indigenous species (NIS) have attracted the attention of researchers due to the
impacts they can have on biodiversity, the economy, and human health. Harbors and ma-
rinas are among the main hotspots for the introduction of alien species, due to maritime
traffic being intense [49,50]. NIS monitoring and research are essential in improving the
knowledge on species invasiveness, in evaluating their potential threat to the surrounding
ecosystem, and in supporting management actions. One such alien species is the upside-
down jellyfish Cassiopea andromeda, the invasion of which has been recently reported in a
Mediterranean touristic harbor of Palermo (Italy): “Cala” [5].

4.1. Distribution of Cassiopea andromeda

Studying NIS in harbor environments is not always easy due to the presence of ob-
stacles (e.g., floating docks, anchored or moving nautical vehicles, and ropes) which hin-
der the use of standard visual methods and tools. A Megabenthos Underwater Video
(MUYV) device specially designed and built to overcome these sampling difficulties [40]
allowed recording several C. andromeda specimens of different sizes in the different sub-
areas of Cala. Their abundance and density varied across the four sampling dates. The
large number of individuals of small sizes observed in February 2018 compared with-that
during previous months, when the intermediate size was the most abundant, suggests a
previous reproductive event and indicates that the population of jellyfish in this study
area is quite established.

The lowest values of abundance and density were recorded in April 2018, when the
medusa stage population was clearly in decline. Since then, the medusastage disappeared
for two years and was subsequently spotted in October 2020 and in'November 2021 (un-
published data from the authors’ on-site visual inspections), when a few small and me-
dium-sized specimens were observed. The period of apparent absence of the species in
this harbor of Palermo could correspond to the polyp phase, which is not macroscopicaily
visible. After a long period of two years, the transition from the polyp tomedusa (strobi-
lation) phases could have been triggered by exogenous factors (according to-{11]), which
led to the reappearance of a visible population.
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The presence of C. andromeda down to 7.5 m depths may be due to the jellyfish’s pho-
tosynthetic symbionts needing light, and its presence in the internal and intermediate
zones of Cala could be due to the more eutrophic conditions [8]. Moreover, the dense
packing of the smallest individuals in the internal zone could depend on the hypothetical
presence of a close polyp population due to the lower hydrodynamics and the presence
of many artificial substrates in this area of the harbor. Equally, the lack of C. andromeda
observed at deeper and external sites (i.e., at the Cala mouth) may also be due to the
greater amount of water movement typically caused by the continuous passage of boats.

From the results of the GIS-based statistical analyses, the jellyfish aggregation seen
during June and November in different sub-areas and with different orientations suggests
that the C. andromeda population is established in various zones of Cala. This is probably
due to the environmental variability of the harbor, which is severely influenced by various
factors (e.g., terrigenous and anthropogenic inputs) heterogeneously distributed over
time and space, as well as by the variation in some environmental parameters (e.g., water
turbidity due to vessel movements and external inputs).

The ranges of the environmental parameters measured in the study area (tempera-
ture, salinity, and transparency) were consistent with the conditions necessary to maintain
a Cassiopean population [37] and did not influence the distribution of specimens, which
clustered around both low and high parameter values. In fact, Cassiopea spp. tolerate a
wide range of temperatures (up to about 29 °C), salinities (up to 36), and levels of light
exposure (from 200 to 500 pmol photons m™ s7) [10,38]. The cluster behavior is possibly
generated by other factors, such as a greater concentration of nutrients or organic matter
in these areas, which would attract jellyfish to specific areas, as hypothesized by [37].

4.2. Trophic Behavior of Cassiopea andromeda

In the literature, the use of 0'°N from aquatic autotrophic organisms and consumers
to trace anthropogenic sources of N has often been reported [51-55]. The generally most
useful observation is that, in nutrient-rich environments, the 8N of algae can track the
01N from nitrate. The transformation of inorganic nitrogen compounds into an organic
form during biosynthesis by living autotrophic organisms influences the reduction of ox-
idized forms of N to NH} and, then, its assimilation into organic matter. This process
generally prefers the incorporation of an isotope with a lower mass. Some authors [56,57]
measured a large range of N fractionations (=30 to 0%o) for nitrate and ammonium assim-
ilation by algae and bacteria. The atmospheric N2 bacterial fixation by the enzyme nitro-
genase is reflected in organic material having 8N values slightly less than 0%o. and lower
than the environmental values for organic materials produced by other mechanisms [58].
For this reason, low 0N values in organic matter are generally thought to indicate Nz
fixation. Assimilation produces isotope fractionation by favoring the incorporation of
lighter isotopes. Several authors measured a wide range of N fractionations (=30 to 0%o)
in field studies [56,57] and in laboratory experiments for nitrate and ammonium assimi-
lation by algae [59-61]. For ammonium assimilation, the authors of [58] reported a range
of fractionation from —4 to —27%., depending on whether the algae cells were nitrogen
limited, enzyme limited, or diffusion limited.

The Cassiopea andromeda trophic position and energy assimilation strategy may vary
according to the availability of food sources, allowing the species to subsist in -water
masses ranging from eutrophic to oligotrophic conditions [62-64].

In the study area, the lower values of d15N for C. andromeda, indicating a depletion
of ’N compared with N, were unexpected, but they could be the result of the availability
of nitrogen sources rich in N, such as those from untreated urban waste [65]. These lower
values could be more affected by the characteristic of the sampling sites (Calamida and
Canottieri), which are confined and feature low hydrodynamics. The stable isotope valties
in C. andromeda were consistently lower than those in.the other community components,
suggesting the production of organic components based on the metabolism of associated
symbionts.
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Septic tank effluent contains predominantly organic and inorganic carbon, organic
nitrogen, and ammonium. The septic sludge 6'°N reported by [65] had low values (-
2.1%o), whereas the corresponding particulate and dissolved fractions generally had dif-
ferent nitrogen and carbon ratios as a result of fractionation in the anaerobic or aerobic
processes. Nevertheless, an influence of atmospheric precipitation was not excluded given
that the 0N of nitrate reported for a wet deposition showed values ranging from —11%o
to +3.5%o0, with a mean value of —3.1%. [66—68].

For both sampling sites, the lower d*N values observed for the oral arms of jellyfish
suggest a lower trophic level with respect to the umbrella, highlighting the higher con-
centration of autotrophic symbionts in these tissues [11,69]. Indeed, the pattern suggested
is that the zooxanthellae, which colonize the oral arms of C. andromeda, uptake the dis-
solved inorganic nitrogen with a low d®N value from the environment [63,64,70], while
the umbrella uses a mix of the uptake of nitrogen with higher >N values, due to fraction-
ation along the food web through predation [24,62,71], and degradation of the colonizers.

Less negative d3C values (typically from —10%o to —14%o) than those of particulate
organic matter and plankton (ca. —20%o [62]) are typical for the uptakes of dissolved inor-
ganic carbon by zooxanthellae [20,22,72,73]. The 0*C values obtained for the umbrella in
this study were higher than those obtained for the oral arms, in particular at the Calamida
site, suggesting less translocation of the metabolites derived from symbionts and greater
dependence on the heterotrophic metabolism of the jellyfish [63,64].

During synthesis, the isotopic signature evidenced that the metabolites derived from
inorganic nutrient uptake and predation are then exchanged and recycled between the
zooxanthellae and the host (e.g., [74]). The photosynthesis that occurs in the oral arms
could involve processes depleting the nutrient pools derived from untreated discharge
civil effluents and mixed with the discharge of wet depositions.

5. Conclusions

In the touristic harbor of Palermo, “Cala”, the Cassiopea andromeda population
showed alternating periods of abundance, predominantly the medusa stage, and periods
of apparent quiescence. The specimens showed adaptation to both winter and summer
temperatures, settings found in the shallow bottoms of the more confined areas of Cala.
However, further investigations on the species distribution, including other environmen-
tal parameters (such as nutrients and light exposure) and seasonal differences, are still
needed to better understand how the species established itself and clustered within the
study area.

C. andromeda showed a dual nutrition strategy (mixotrophic behavior) with stable
isotope values that were consistently lower than those in the other community compo-
nents, probably due to the presence of N derived from human sources. However, addi-
tional studies on the nutrient dynamics in this area and the isotopic values of other com-
munity components (phyto- and zooplankton) would help to clarify the trophic role of
this species in the environment.

All preliminary results confirm that C. andromeda is capable of living and reproduicing
in heavily anthropized areas such as harbors, allowing the species to establish itself once
introduced and to be transferred elsewhere by boats [10]. Moreover, the speciés seems to
have the ability to cope with environmental changes. These traits, togetherwith itsmixo-
trophy, render the species a perfect invader in current and future scenarios of climate
change. Its potential impact on the local biodiversity and thus on the‘marinc ecosystem’s
structure and functioning is worth considering. Therefore, specific surveillance actions,
performed by trained staff, would allow for monitoring and control of these invasions,
which may be a threat to the biodiversity and ecosystems of@a certain region.
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