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Abstract  The sea walnut, Mnemiopsis leidyi, has 
invaded and expanded throughout the whole Medi-
terranean Sea basin. Large blooms were recorded 
also in the Venice Lagoon (Italy), an ecosystem rich 
with biodiversity which supports multiple services, 
including artisanal fishery production. To investi-
gate M.  leidyi impacts on lagoon artisanal fisheries, 
we combined fishers’ local ecological knowledge, 

fishery landing time series analysis, and field sam-
pling. Firstly, we interviewed artisanal fishers to 
date the blooms of M. leidyi. Secondly, we analyzed 
long-term fishery landings records to detect whether 
changes in landings quantity and composition were 
related to the ctenophore invasion. Thirdly, we sam-
pled catches of the lagoon fyke nets. This interdis-
ciplinary approach overcame the weaknesses of 
single methodologies and allowed us to reconstruct 
the temporal phases of M. leidyi invasion in the 
Venice Lagoon. Moreover, our results indicate that 
the lagoon landings significantly declined with the 
blooms, paralleled by the increase of water tempera-
ture. Finally, we showed that the mechanical obstruc-
tion of the nets, caused by the massive ctenophore 
blooms, strongly impacts fishing activities. Our 
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results are a first step in assessing the short and long-
term impacts of this invasive species on lagoon eco-
systems, including its socioeconomic consequences, 
whose better understanding is fundamental to inform 
mitigation and adaptation measures.

Keywords  Invasive species · Local ecological 
knowledge · Time series analysis · Temperature · 
Fishery landings

Introduction

Biological invasions are one of the biggest threats 
for native biodiversity in terrestrial, freshwater, and 
marine ecosystems (Sala et al., 2000; Halpern et al., 
2008). Invasive alien species (IAS) are any non-
native species that, when introduced accidentally or 
deliberately into a natural environment where they 
are not normally found, can cause serious negative 
impacts on their new environment. Specifically, IAS 
are recognized as one of the key drivers of environ-
mental change due to their effects on biodiversity 
and ecosystem services (Pejchar & Mooney, 2009). 
In the marine environment, the management of IAS 
is particularly challenging because of the difficulty 
in detecting, controlling, and eventually eradicat-
ing them (Gallardo et al., 2016). In addition, climate 
changes might quicken the time of adaptation of 
marine IAS in non-native habitats (Hellmann et  al., 
2008).

The Mediterranean Sea is valued worldwide as a 
biodiversity hotspot due to its richness of habitats and 
an outstanding diversity of biota (Coll et  al., 2010). 
Over the past decades, this enclosed sea has suffered 
environmental degradation due to the increased fish-
ing pressure, the urbanization of coastal areas, pol-
lution, habitat destruction, coastal eutrophication, 
and intense maritime traffic (Rilov & Galil, 2009). 
An additional threat to Mediterranean biodiversity 
is the increasing introductions of non-indigenous 
marine species, from the Atlantic through the strait of 
Gibraltar, from the Red Sea through the Suez Canal, 
and through ballast waters (Azzurro et  al., 2019; 
Dragičević et al., 2019; Giangrande et al., 2020).

The lobate ctenophore Mnemiopsis leidyi A. Agas-
siz, 1865, commonly named warty comb jelly or sea 
walnut, is included in the list of the 100 of the world’s 
worst invasive species by the International Union for 

Conservation and Nature (IUCN) (Lowe et al., 2000). 
This species is native of the temperate and subtropical 
Atlantic coast of America, and since the early 1980s, 
it has started to invade European seas. M. leidyi was 
first recorded in the Black Sea in 1982 (Vinogradov 
et  al., 1989), probably introduced through ballast 
waters from the Gulf of Mexico (Reusch et al., 2010; 
Ghabooli et  al., 2011; Bayha et  al., 2015). Its first 
bloom was registered in 1989 near the North-Eastern 
coast of the Black Sea, but the biomass quickly turned 
so massive (around 840 million tonnes) that it spread 
also to the whole basin (Vinogradov et al., 1989; Shi-
ganova et al., 2019). The species kept blooming mas-
sively in the subsequent years with some interannual 
fluctuations, strictly related to the water temperature 
of the Black Sea (Shiganova 1998). The impact of M. 
leidyi on the Black Sea ecosystem was destructive: 
the main stock that suffered from the arrival of the 
species was the European anchovy Engraulis encra-
sicolus with a resulting crisis of the fishing industry, 
and the entire ecosystem underwent a regime shift 
(Vinogradov and Shushkina, 1992). From the Black 
Sea, M. leidyi spread throughout Ponto-Caspian basin 
and Mediterranean Sea (Shiganova et  al 2019). In 
the early 2000s, M. leidyi entered the North and Bal-
tic Seas through further invasions from the northern 
part of its native distribution range (e.g., Narragan-
sett Bay) (Reusch et al., 2010; Ghabooli et al., 2011; 
Bayha et al., 2015).

The species is considered eurythermal and eury-
haline thanks to its large range of tolerance to salin-
ity and temperature in native areas (salinity: 1−46; 
temperature: 0–32  °C) (Costello et  al., 2012) as 
well as in Eurasian seas (salinity: 6–40; temperature 
−  0.8−31  °C) (Shiganova 2020) with the growth 
optimum regionally depending on the combination 
of temperature, salinity, and prey concentration. Four 
factors seem to regulate the abundance of this spe-
cies: water temperature, salinity, food availability, 
and predation pressure (Costello et  al., 2012). The 
high fecundity characterizing M. leidyi (reviewed in 
Shiganova 2020) represents one of the most impor-
tant factors supporting its ecological success in 
invaded regions. The highest fecundity observed in 
the  Mediterranean was experimentally registered 
in coastal areas of the northern Adriatic Sea (Malej 
et  al., 2017). Massive blooms of M. leidyi are typi-
cally experienced in eutrophic ecosystems such as 
lagoons, which are highly biologically productive 
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environments (Condon & Steinberg, 2008), as seen in 
the S’Ena Arrubia Lagoon (Diciotti et al., 2016), the 
Venice Lagoon and the Marano and Grado Lagoon 
(Malej et  al., 2017), and in France (Marchessaux 
et al., 2020; Marchessaux & Belloni, 2021).

The Northern Adriatic Sea is a semi-enclosed 
basin, which has experienced profound ecological 
changes over the past decades due to multiple anthro-
pogenic pressures and climate change. It is one of 
the most socio-economically important basins of 
the Mediterranean, but also one of the most human-
impacted due to human activities taking place at sea 
(e.g., fishing), on the coasts (e.g., tourism), or in its 
catchment (e.g., large human settlements, industrial, 
livestock, and agricultural production and associated 
nutrient and pollutant emissions) (Barausse et  al., 
2011; Lotze et al., 2011; Giani et al., 2012; Fortibuoni 
et  al., 2017). In the Adriatic Sea, M. leidyi was first 
sighted in 2005 in the Slovenian waters of the Gulf 
of Trieste (Shiganova & Malej, 2009) and, after that, 
it was not seen for a decade, i.e., until 2016, when its 
first bloom was registered (Malej et al., 2017). Since 
then, M. leidyi has massively bloomed each sum-
mer in the northern Adriatic Sea and it has also been 
observed in the southern Adriatic Sea (Dragičević 
et al., 2019; Tirelli et al., 2021).

The Venice Lagoon, located along the coast of the 
Northern Adriatic Sea, is the largest lagoon of the 
entire Mediterranean Sea. Being a highly productive 
ecosystem, this lagoon seems to be an ideal place for 
the spreading of this ctenophore as well for other IAS 
and non-indigenous species (in the Venice Lagoon, 
71 non-indigenous species were censused in 2015 by 
Marchini et al., 2015) mainly arrived through ballast 
waters (Galil et al., 2014). The Venice Lagoon is an 
important area for small-scale fisheries; in particular, 
fyke nets have been used by fishers in this area for 
centuries, and the spread of gelatinous plankton such 
as ctenophores could have a significant impact on 
these traditional fisheries, which represents an ancient 
cultural heritage. The massive proliferation of Mne-
miopsis leidyi in lagoons may have strong negative 
impacts on artisanal fisheries (Diciotti et  al., 2016; 
Marchessaux et  al., 2022), but an assessment of the 
impact of M. leidyi on fisheries in the Venice Lagoon 
has not yet been conducted. To fill this gap, this study 
uses an interdisciplinary approach involving local 

ecological knowledge of fishermen (LEK), analysis 
of landing records in the lagoon, and field sampling, 
with the following  aims: (1) reassessing the occur-
rence of M. leidyi in the Venice Lagoon, (2) recon-
structing past changes in its abundance in this ecosys-
tem, and (3) assessing its impact on local small-scale 
fisheries.

Materials and methods

Study area

The Venice Lagoon (North-Eastern Italy) is the larg-
est (550  km2) Mediterranean coastal lagoon. It is a 
shallow transitional environment with mean depth 
around 1 m (Molinaroli et al., 2009). It can be divided 
into three sectors corresponding to the three inlets 
which connect the lagoon to the sea: the northern 
(Lido inlet), central (Malamocco inlet), and south-
ern basin (Chioggia inlet) (Fig.  1). This ecosystem 
experiences strong temporal and spatial variations in 
environmental parameters such as temperature, salin-
ity, turbidity, and dissolved oxygen due to the com-
bined effect of tides and the freshwater inflow of a 
few local rivers (Solidoro et  al., 2010). The Venice 
Lagoon hosts a great diversity of habitats (i.e., salt 
marshes, seagrass meadows, subtidal and intertidal 
flats, and meandering creeks) that provide multi-
ple ecosystem services (Franzoi et  al., 2010; Rova 
et al., 2015; Roner et al., 2016). This ecosystem has 
been heavily impacted by several human pressures 
over the past decades, including: nutrient inputs 
due to the large human population and its activities 
(e.g., agriculture, industries) in the mainland; pollu-
tion by heavy metals and other contaminants mainly 
connected to the presence of a large industrial park 
(Porto Marghera) on the border between the mainland 
and the lagoon; aquaculture; fishing activities includ-
ing impacting activities such as mechanical clam fish-
ing; widespread erosion of tidal forms and connected 
loss of biodiversity due to a combination of negative 
sediment budget and faster currents (associated with 
large-scale hydraulic engineering works to allow the 
transit of large vessels), sediment resuspension by 
mechanical clam fishing, waves generated by motor-
boats, sea-level rise, groundwater abstraction, and the 
recent operation of storm-surge barriers to protect 
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Venice from high tides (D’Alpaos, 2010; Solidoro 
et al., 2010; Tognin et al., 2022).

Local ecological knowledge (LEK) surveys

A structured interview was distributed to local fish-
ers in August 2020 to elicit their knowledge about 
the arrival and spread of M. leidyi and their percep-
tions of its impact on their own fishing activities. 
The interview was created using KoBoToolbox soft-
ware (https://​www.​kobot​oolbox.​org; see SI 1). The 
interview was administrated to 10 experienced local 
small-scale lagoon fishers, a number which covers 
a large fraction (30–40%) of the active professional 
lagoon fishers, also considering that fishers most 
often have additional crew members, and is thus well 

representative of the artisanal fishery activity in the 
Venice Lagoon, where, at the time of the survey, there 
were about 25–30 fishers regularly using fyke nets as 
a fishing tool. The combined activities of the inter-
viewed fishers covered all the three Lagoon basins, 
thus ensuring geographical representativeness of the 
survey. All the fishers use fyke nets (Fig. 2) as fish-
ing gear and they had previously collaborated with 
the researchers from the University of Padova (Italy). 
The interview took an average of 30 min to complete 
and contained both closed and open-ended questions. 
It consisted of 14 questions divided into 3 parts facili-
tating the study of the relations between M. leidyi and 
local artisanal fishery. The first part included ques-
tions about the years when M. leidyi was first sighted 
and the years when the ctenophore became a problem 

Fig. 1   Sampling sites in the 
Venice Lagoon. The yellow 
dots indicate the sam-
pling sites of the fyke nets 
belonging to lagoon fishers. 
The red dot indicates the 
Hydrobiological Station 
’Umberto d’Ancona’ of the 
University of Padova, sited 
in Chioggia, where water 
temperature was measured. 
Picture from Google Earth 
Pro (v. 7.3.4.8642)

https://www.kobotoolbox.org
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for the respondent’s fishing activities. This informa-
tion was used to reconstruct the years of appearance 
and spread of the ctenophore and thus divide the 
years into periods of absence, presence, and bloom 
(henceforth, periods of ‘occurrence’). The second 
part assessed the target species of fishing activities 
and whether fishers noticed a decrease in the catch 
of these target species after the arrival of the cteno-
phore. The final part of the interview was designed 
to explore the socioeconomic impact of the M. leidyi 
blooms, specifically the economic losses due to the 
presence of M. leidyi and how fishers attempt to avoid 
such losses.

Lagoon fishery landing records

Time series of official landing data at the wholesale 
fish market of Chioggia (Mazzoldi et al., 2014) were 
used to evaluate changes in fishery production. The 
dataset was kindly provided by the Chioggia fish mar-
ket. The dataset reports the landings of the Chioggia’s 
fishing fleet and includes boats operating both at the 
sea and in the southern part of the Venice Lagoon. 
Data were available as landings in kg per day between 
1997 and 2019; only data referring to the Lagoon 
fishery, as identifiable from the market bill records, 
were extracted and included in the analyses. Monthly 
and annual totals were calculated by summing daily 
records for total landings and for four main species. 
The four selected species are the most profitable 

among the fisher’s target species and represent their 
most abundant catches in the Venice Lagoon, as 
confirmed by the interviews, where they are almost 
exclusively caught by fyke nets. These species are as 
follows:

–	 Grass goby (Zosterisessor ophiocephalus (Pallas, 
1814)), a non-migratory bottom dwelling fish that 
inhabits seagrass meadows of the Lagoon (Scag-
giante et al., 1999).

–	 Mediterranean green crab (Carcinus aestuarii 
Nardo, 1847), a euryhaline and eurythermal Por-
tunid crab that occupies the Venice Lagoon waters 
for its entire life cycle (Marino et  al., 2010). 
According to the recording procedures, C. aestu-
arii is divided into two landing categories: C. aes-
tuarii, referring to the ripe female (locally known 
as ’mazaneta’), and C. aestuarii, referring to crabs 
immediately after molting (or ’moeca’) (Mazzoldi 
et al., 2014). The regular landings of the other less 
valuable crab life stages were not considered here.

–	 Common cuttlefish (Sepia officinalis Linnaeus, 
1758), a cephalopod that migrates to the Venice 
Lagoon to lay the eggs during spring (Lazzarini 
et al., 2006).

–	 Big-scale sand smelt (Atherina boyeri Risso, 
1810), a small euryhaline atherinid fish that 
inhabits shallow waters of the Lagoon and coastal 
marine environments (Kara & Quignard, 2019).

Fig. 2   Traditional fyke nets of the Venice Lagoon. a an exam-
ple, seen from above, of how the single fyke nets (shown in 
the inset) can be deployed; arrows indicate how target spe-

cies encounter the net barrier (represented by the continuous 
line) and are forced to move into the fyke nets (represented by 
shaded areas); b picture of a fyke net in the Venice Lagoon
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The total number of fishing days in the Lagoon in 
two seasons (winter and summer) was also calculated 
(SI, Fig. S1) to verify that the variations in landings 
over time revealed by our analyses were not simply 
due to changes in fishing effort.

Water temperature data

Daily lagoon surface water temperature records 
measured over 1997–2019 using a multiparametric 
probe (in degrees Celsius, with an approximation 
of 0.01  °C) were taken from the long-term dataset 
collected at the Hydrobiological Station “Umberto 
d’Ancona” of the University of Padova sited in Chi-
oggia (southern part of the Venice Lagoon) (Fig. 1). 
We considered also the water surface temperature 
at sea, to test the effect of both lagoon and sea tem-
peratures on the occurrence of M. leidyi. To do this, 
we extracted data from the NOAA ERSST v5 data-
set (Huang et al., 2015, 2017). These data are reana-
lyzed sea surface temperature values expressed in 
degree Celsius and were estimated for the full GSA 
17 (Northern and Central Adriatic). Sea surface tem-
peratures for both the Lagoon and the sea were aver-
aged per year and over seasons, which were defined 
as Winter (December of the previous year, January, 
February), Spring (March, April, May), Summer 
(June, July, August), and Autumn (September, Octo-
ber, November).

Statistical analyses

To verify whether the changes in landings are related 
to the periods of absence, presence, and bloom (i.e., 
occurrence) of M. leidyi reported by the fishers in the 
interviews, we performed a non-metric multidimen-
sional scaling analysis (nMDS) using Euclidean dis-
tances, with landings of the four selected species (Z. 
ophiocephalus, C. aestuarii (“Moeca” and “Mazan-
eta” stages), S. officinalis, and A. boyeri) as variables 
(Mead, 1992). After calculating the distances between 
years, we grouped years using hierarchical clustering 
(following Ward’s distance method; Murtagh & Leg-
endre, 2014). The resulting groups, representing dif-
ferent periods of change in landings, were compared 
with the results of the fishers’ interviews and, based 
on their coherence (see Results), were used as proxy 
indicators to define the different temporal phases of 

the spread of M. leidyi. From 1997 to 2019, we dis-
tinguished three periods, named as absence, presence, 
and bloom periods.

Since water temperature is a known driver of the 
population dynamics of M. leidyi (Costello et  al., 
2012), we tested if annual changes in sea and lagoon 
seasonal surface temperatures were significantly 
related with the periods of occurrence of M. leidyi 
resulting from nMDS using multinomial logistic 
regression. Multinomial logistic regression is a clas-
sification method used to classify a nominal-depend-
ent variable given one or more independent variables 
(Menard, 2002). Multinomial logistic regression 
extends the logistic regression algorithm to solve 
multiclass problems (e.g., the nominal variable has 
more than two categories) (Eq.  1). Logistic regres-
sions are usually written as follows:

where ß0 is the intercept, and ß1, …, n are the slopes, 
X are the control variables, and the logit function is 
used as the link function to transform the outcomes 
into log odds. The multinomial logistic regression 
is an extension of this model in which the outcome, 
instead of being the log odds, becomes the log odds 
of the probability of one category over the probability 
of a base category. We performed multiple multino-
mial logistic regressions using as response variable 
the annual M. leidyi occurrence (i.e., absence = A, 
presence = P, and bloom = B), as previously defined, 
and as annual explanatory variables different sea-
sonal sea or lagoon temperatures (°C, indicated as T 
in Eqs. 2 and 3). Having 3 categories (i.e., A, P, B), 
our model can be solved with two equations and our 
reference category was set as A (Eqs. 2, 3).

We built separated models for each control variable 
in order to better discriminate the effects of the differ-
ent seasons on the occurrence of M. leidyi. A total of 
8 models were fitted, using as control variables, the 
surface temperature of the sea or the lagoon in spring 
(March to May), summer (June to August), autumn 
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(September–November), or winter (December–Feb-
ruary). The interpretation of the model is given by the 
ß coefficients and the associated P-values.

To check whether the occurrence of M. leidyi was 
related to changes in landings in the lagoon, we built 
simple linear models. We used total annual landings 
of the four target species as the response variable, and 
we tested them for temporal autocorrelation before 
constructing the models (SI, Fig. S2). To achieve 
normality, the landings data were transformed tak-
ing their natural logarithm. We used the occurrence 
of M. leidyi as a categorical explanatory variable 
and the lagoon water temperature as a continuous 
explanatory variable. Before starting the analyses, 
we run the Fligner test (Conover et  al., 1981) to 
check for the homogeneity of variances in the three 
levels of the categorical variable (absence, presence, 
blooms) (Chi-square = 3.373, p = 0.18; therefore, the 
null hypothesis of equal variances was not rejected). 
We ran the models without and with an interaction 
between the effect of temperature and of the occur-
rence of M. leidyi (Eqs. 4, 5, respectively).

where ß0 is the coefficient of the intercept, ß1and ß2 
are the coefficients of the slopes of the two predictors 
which are temperature TL and occurrence OCC, and 
ß3 is the coefficient of the interaction term.

We performed a model selection based on the 
Akaike Information Criterion (AIC; Cavanaugh & 
Neath, 2019) between these two alternative models. 
Finally, we checked the residuals for normality to ver-
ify the validity of the model (SI, Fig. S3). To picture 
the effect of M. leidyi on the single species, we cre-
ated boxplots of landings versus the different occur-
rence periods of M. leidyi.

Data analysis was carried out with R (Vers. 4.0.5) 
and RStudio (Vers. 1.4.1106). The packages used 
were vegan for the nMDS (Dixon, 2003) and nnet 
for the multinomial logistic regression (Ripley et al., 
2016).

Field samplings

To understand if M. leidyi can mechanically affect 
fishing activities, we performed 6 field sampling 

(4)ln(totallandings) = �
0
+ �

1
⋅ OCC + �

2
⋅ T

L

(5)
ln(totallandings) = �

0
+ �

1
⋅ OCC + �

2
⋅ T

L
+ �

3
⋅ OCC ⋅ T

L

campaigns during peak months of the bloom period 
in the Venice Lagoon (Fig.  1): late spring, sum-
mer (in particular), and early autumn (Camatti et al., 
2023; Schroeder et  al., 2023). Nowadays, the most 
widespread traditional fishery in the Venice Lagoon 
is based on the use of fyke nets (locally called 
“cogolli”). Organisms enter the net when, follow-
ing the flow of lagoon currents, they hit into bar-
rier nets which drive them inside the fyke net. In 
the Venice Lagoon, the traditional fyke net is a fun-
nel shaped mesh, deployed by fishers in series con-
nected by mesh barriers (Fig. 2). In this way, organ-
isms are forced to follow the barrier nets that direct 
them inside the funnel of the fyke nets at the end of 
the barriers. Usually, the fyke nets are deployed for 
24 to 72 h, but we decided to standardize the deploy-
ment to 24 h to avoid losing some catches due to the 
deterioration within the net (e.g., because of preda-
tion by other captured organisms) or due to excessive 
clogging connected to M. leidyi biomass. In addi-
tion, during the summer, fishers tend to shorten the 
deployment time of the nets as the increased water 
temperature can degrade the quality of the catch. We 
sampled a total of 70 fyke nets by checking for the 
presence and abundance of ctenophores: 12 fyke nets 
in the northern lagoon (sampling dates: July 22, 2020, 
and September 17, 2020), 17 fyke nets in the central 
lagoon (sampling dates: July 21, 2020, and September 
01, 2020), and 41 in the southern Lagoon (sampling 
dates: August 04, 2020, and September 16, 2020). 
After a 24-h deployment, each net was loaded aboard 
a boat with the help of fishers and emptied into a 
plastic container, from which we removed algae and 
any debris, which were usually negligible compared 
to the catch and M. leidyi. Then, the entire contents 
of each net (i.e., fished organisms including M. leidyi) 
were placed in a bucket (12  l) and weighted using a 
dynamometer (Dr. Meter ES-PS01 max 110 lb/50 kg 
with a sensitivity of 1  g). Then, the weight of M. 
leidyi in the sample was measured separately. If the 
total amount of the catch was too high (> 100  kg), 
the same measurements were made on a subsample 
equal to about one-fourth of the total amount of the 
total fyke net content. After that, the weight of cteno-
phores was transformed in fraction of catch by divid-
ing the kg of ctenophores by the kg of total catches.
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Results

Six of the total 10 fishers interviewed lived in Chiog-
gia (southern basin of the Venice Lagoon), two fish-
ers lived in Venice (central basin), and two fishers 
lived in Burano (northern basin). 90% of the fishers 
reported seeing M. leidyi for the first time between 
2014 and 2016, with one fisher reporting seeing 
the ctenophore for the first time in 2009. All fishers 
reported no blooms before 2014, and most of them 
remembered that M. leidyi became a problem for 
their fishing activity, i.e., that the species bloomed 
and caused economic damage for the first time, in 
2014–2016, the years when most of them first saw 
it. The first bloom, indeed, was in 2014 for 10% of 
the respondents, in 2015 for 40% of the respond-
ents, in 2016 for 20% of the respondents, in 2017 
for 20% of the respondents, and in 2018 for 10% of 
the respondents. All the fishers agreed that the years 

when M. leidyi most damaged their fishing activ-
ity were 2018 (10% of respondents) or 2019 (90% of 
respondents), and that ctenophore biomass increased 
year after year with a related decrease in the catches 
of target species. Based on the interviews, we iden-
tified three distinct periods of M. leidyi occurrence 
in the Venice Lagoon: a period of absence (A) from 
1997 to 2008, a period of presence (P) from 2009 to 
2013, and a period of bloom (B) from 2014 to 2019 
(Fig. 3a). In the absence of direct field observations 
during this period, we chose 2009 as the start of the 
period P based on the interview of a single fisher, 
who is, however, very experienced and considered 
to be reliable based on the knowledge of the authors 
who regularly work with him and other fishers in the 
Venice Lagoon. Instead, all other fishers first spotted 
the ctenophore in 2014–2016. Also, the beginning of 
the bloom period in 2014 was reported by only one 
fisher, and an equally valid year for the beginning of 

Fig. 3   nMDS of the Lagoon landings and the construc-
tion of the time series of occurrence of M. leidyi. a Tempo-
ral division of the occurrence of M. leidyi in 3 periods based 
on the interviews of 10 local fishers: absence (A) from 1997 
to 2008, presence (P) from 2009 to 2013, and bloom (B) from 
2014 to 2019. b Nonmetric multidimensional scaling (nMDS) 
(stress = 0.1) of the main five landing categories for the Lagoon 
fishery, showing three clusters based on the hierarchical clus-

tering analysis. The clusters corresponded well to the periods 
indicated by the fishers and were thus indicated as absence 
(A) from 1997 to 2009, presence (P) from 2010 to 2013, and 
bloom (B) from 2014 to 2019. Species associated with each 
cluster (and thus more abundant) are indicated, and proximity 
indicates the association with the cluster. c The new temporal 
division in the periods A, P, and B based on the clusters found 
with the nMDS and compared with the fishers’ interviews
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blooms could be 2015, as given by 4 fishers. Regard-
ing seasonality, in the years after it started bloom-
ing, M. leidyi was absent from waters or present in 
lower quantities in winter months according to all 
respondents.

The main target species indicated by the fish-
ers were C. aestuarii ‘Moeca’ stage, C. aestuarii 
‘Mazaneta’ stage, A. boyeri, Z. ophiocephalus, and S. 
officinalis (SI 1). The nMDS of landings of these spe-
cies showed 3 clusters with a good quality of graphi-
cal representation (stress = 0.1, Clarke et  al., 2014; 
Fig.  3b): the first cluster includes data from 1997 
to 2009 and is associated with higher landings of S. 
officinalis; the second cluster includes data from 2010 
to 2013; Z. ophiocephalus is associated with both the 
first and second clusters; the last cluster includes data 
from 2014 until 2019 and is associated with a higher 
abundance of C. aestuarii. Instead, A. boyeri is asso-
ciated with all the three clusters. The clusters iden-
tified by nMDS combined with hierarchical cluster-
ing corresponded almost perfectly to the periods of 
M. leidyi occurrence observed by the fishers. There-
fore, we kept this last result as the final time series 
of M. leidyi occurrence (Fig. 3c), which we then used 
in further analyses: proxy period of absence (or A: 
1997–2009), presence (or P: 2010–2013), and blooms 
(or B: 2014–2019). Total landings of the four key tar-
get species averaged 264049 kg/year during absence, 
185864  kg/year during presence, and 157175  kg/
year during bloom periods, with average landings per 
year decreasing by 40.47% between the absence and 

bloom periods (full annual trends are reported in the 
SI, Fig. S4). These changes in landings do not seem 
ascribable to changes in fishing effort, as the number 
of fishing days did not change systematically over 
time (SI, Fig. S1).

The multinomial logistic regression showed a 
statistically significant relationship between water 
temperature and the occurrence of M. leidyi. Using 
the lagoon temperature, we found that warmer win-
ter, summer, and autumn water surface temperatures 
in the Lagoon led to a higher probability of blooms 
of M. leidyi (Table  1). Instead, there was no effect 
of temperature that could discriminate between the 
absence and the mere presence of the ctenophore. In 
the sea temperature model, we found that a warmer 
sea surface temperature in autumn and winter led 
to a higher probability of blooms of M. leidyi, and 
again, there was no difference between the pres-
ence and absence. The model fit was evaluated using 
the pseudo-R squared, calculated for the multino-
mial logistic regression as the McFadden R squared 
(pseudoRsquared = 1—(ln (Loglikelihood model) / 
(ln (loglikelihood null model)). A good model fit is 
between 0.2 and 0.4 of McFadden pseudo-R squared 
(Table 1). The annual mean surface water temperature 
in the Lagoon increased over time, from 15.47  °C 
during the absence period, to 16.79  °C during the 
presence period, and 17.22  °C during the bloom 
period (full interannual trends are reported in the SI, 
Fig. S5). The increase of annual average water tem-
perature in the lagoon from the absence to the bloom 

Table 1   Multinomial logistic regressions

Multinomial logistic regressions over 1997–2019 using as response variable the annual occurrence of M. leidyi (P = presence, 
B = bloom; results are expressed with respect to the absence period, or A) and as explanatory variables SST (°C) in the Adriatic Sea 
or surface water temperature in the Lagoon averaged over the season in the corresponding row. Sample size is N = 23. The P-values 
(* means < 0.05) are shown, with the associated β coefficients in parentheses in the case of statistical significance

Season Period P-value for lagoon surface 
temperature (°C)

McFadden pseudo 
Rsquared

P-value for sea surface 
temperature (C°)

McFad-
den pseudo 
Rsquared

Spring P 0.142 0.14 0.440 0.11
(March–May) B 0.068 0.060
Summer P 0.107 0.24 0.189 0.10
(June–August) B 0.022* (+2.29) 0.066
Autumn P 0.061 0.26 0.112 0.24
(September–November) B 0.025* (+ 2.23) 0.032* (+ 2.14)
Winter P 0.161 0.17 0.926 0.11
(December–February) B 0.024* (+ 2.25) 0.049* (+ 1.96)
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period was statistically significant (Table  1) and 
equal to + 11.3%, corresponding to a strong warming 
of + 1.75 °C over a period of slightly more than two 
decades, in agreement with what reported by Camatti 
et al. (2023).

To evaluate the effect of the occurrence of M. lei-
dyi on the total landings in the lagoon and account 
for its possible cumulative and synergistic effects 
with temperature, we built linear models (Eqs. 4, 5). 
The best model was identified based on the differ-
ence between the AIC of the two alternative models 
(Eqs.  4, 5). Since the difference in AIC was small 
(ΔAIC = 3), the best model was chosen using the 
principle of parsimony (Burnham & Anderson, 2002) 
and so it was the simplest model (without the interac-
tion term, which could be taken to represent potential 
synergistic effects). The model shows a significant 
effect of the occurrence of M. leidyi on the total land-
ings, while temperature was not significant (Table 2). 
In particular, the model identified a statistically sig-
nificant decrease in landings between the absence and 
the bloom period but not between the absence and the 
presence period (Table  3, Fig.  4a). The relationship 
with temperature was positive over the three periods 
but not significant. The model has an R2 = 0.32, which 
is not bad given the simple adopted model but which 
suggests that other factors might play a role in the 
decline of the total landings.

Looking at the effect of ctenophores on the single 
target species, we found that landings of Z. ophio-
cephalus and S. officinalis decreased with the onset 
of periods of presence and bloom of ctenophore 
(Fig. 4c, d). Instead, C. aestuarii and A. boyeri land-
ings showed an unclear trend over time, possibly 
increasing or remaining stable during the presence 
and bloom periods of M. leidyi (Fig. 4b, e).

To understand how M. leidyi could impact the 
activity of the fishers, and so the landings, we per-
formed fyke net sampling in the lagoon. In the cen-
tral and the southern areas of the lagoon, we observed 
similar mean values of the percentage of weight in 
fyke nets composed by M. leidyi during our fishery 
sampling activities, typically representing more than 
50% of the net weight (Fig. 5). In many cases (black 
dots), the net was completely (100% weight) filled 
by ctenophores (Fig.  5). The situation was partially 
different in the northern lagoon, where the average 
percentage of M. leidyi in the net was 25% and on 

many occasions, no M. leidyi was found in the fyke 
nets, although high values of filling were occasionally 
observed (Fig. 5).

Table 2   ANOVA test results for the total landings

ANOVA test results for the period 1997–2019. P-values 
(* < 0.05, ** < 0.005, *** < 0.001) show the statistical signifi-
cance of the effect of the occurrence of M. leidyi and of the 
lagoon water temperature on the total lagoon landings (ln-
transformed)

Total landings Df Sum of 
square

Mean 
square

F Pr 
(> F)

M. leidyi 
occurrence

2 0.984 0.474 3.85 0.039*

Lagoon tem-
perature

1 0.194 1.580 1.58 0.224

Residuals 19 2.337 0.123

Table 3   Best linear model of total landings

The table shows the best linear model (selected according to 
AIC) whose response variable is the annual total landings of the 
target species (ln-transformed) over the period of 1997–2019 
and whose explanatory variables are the occurrence of M. lei-
dyi, i.e., the period of absence, presence, and bloom, and the 
lagoon temperature. Sample size is N = 23. P-values (* < 0.05, 
** < 0.005, *** < 0.001) show the statistical significance of the 
effects of the occurrence of M. leidyi and of the lagoon water 
temperature on the total lagoon landings. Occurrence results are 
expressed with respect to the absence period, or A

Total landings Estimate Std. error t value Pr ( >|t|)

intercept 10.768 1.3 8.24 1×10–7***
Period P − 0.431 0.229 − 1.8 0.075
Period B − 0.648 0.227 − 2.84 0.013*
Lagoon tempera-

ture
0.105 0.084 1.257 0.224

Fig. 4   Effect of M. leidyi on the Venice Lagoon landings. a 
Effect of M. leidyi and water temperature on the annual land-
ings  (1997–2019) of the four target species in the Venice 
Lagoon (the vertical axis reports the natural logarithm of the 
landings expressed in kg); b–e Box plots of the landings of the 
single species (the vertical axis reports the natural logarithm of 
the landings expressed in kg) and divided in the three periods 
A, P, and B; where b box plots for C. aestuarii (both Mazanete 
and Moeche), c box plots for Z. ophiocephalus, d box plots for 
S. officinalis, e box plots for A. boyeri. The box plots represent 
the mean (the wide black line) and the interquartile range (the 
box), while lines represent the lowest and the uppermost quar-
tile

◂
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Fig. 5   Percentage wet weight of M. leidyi in the fyke nets 
in 2020. a From left to right, the results obtained in the three 
basins of the Venice Lagoon are shown: northern lagoon (LN), 
central lagoon (LC), and southern lagoon (LS). Box plots show 
median (dotted line), mean (the thick black line), interquartile 

range (the box), and raw data (dots), while lines represent the 
lowest and the uppermost quartile. b A fyke net completely 
obstructed with M. leidyi (left) and the content of a fyke net 
poured into a plastic container (right): the biomass of the cten-
ophore is predominant
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Discussion

We adopted an interdisciplinary approach to assess 
the spread of an invasive alien species over time and 
its impact on a small-scale lagoon fishery. Our study 
relied on the local ecological knowledge of fishers 
in the Venice Lagoon obtained through interviews, 
official landings records of the Lagoon fishery from 
the Fish Market of Chioggia (Italy), and experimen-
tal data collected in the field by scientific observers 
who were on board with fishers. With this approach, 
we were able to confirm M. leidyi as a successful 
widespread invader in the Venice Lagoon and to 
show the clear negative impact of this ctenophore 
on an artisanal fishery. Our results suggest that after 
the arrival of M. leidyi, its blooms in the Venice 
Lagoon were probably favored by the warming tem-
perature of these coastal waters. Indeed, sea surface 
temperature increased over time, and its value in 
cold periods (autumn and winter; the latter is a sea-
son when the ctenophore is rarer or absent accord-
ing to our interviews with fishers) was a good pre-
dictor of the blooms after 2014, similarly to water 
temperatures in the lagoon whose autumn, winter, 
and summer values were even better bloom predic-
tors. While of course these results represent cor-
relations, they are in line with the scientific litera-
ture that identifies water temperature as one of the 
key drivers of M. leidyi abundance (Costello et al., 
2006, 2012).

Traditional fishers are valuable sentinels of the 
Venice Lagoon ecosystem since they work daily in 
the lagoon visiting many areas. They are likely able 
to detect changes in the large and difficult to access 
lagoon environments as soon as they take place, 
often earlier than scientists. A consistent finding 
of our interviews, supported by 70% of the fishers, 
points out that M. leidyi started to bloom in the Ven-
ice Lagoon in a period between 2014 and 2016, with 
the reported differences about timing possibly ascrib-
able to different memories or, also, to geographi-
cally heterogeneous and maybe relatively short-lived 
first blooms in the Venice Lagoon. The fishers’ local 
ecological knowledge therefore suggests that blooms 
of M. leidyi may have begun a year or two before 
the first bloom in 2016 reported in the scientific lit-
erature in the Northern Adriatic Sea and in the Ven-
ice Lagoon (Malej et  al., 2017). This timing leads 
us to even suggest the hypothesis that the spread of 

M. leidyi into the Northern Adriatic Sea may have 
occurred in one or more successive waves starting 
from the Venice Lagoon, which is frequently visited 
by cruise and cargo ships that could act as an intro-
duction vector for such invasive species, and whose 
biological productivity together with the observed 
increasingly warmer waters could have favored the 
wintering and reproduction of M leidyi. The connec-
tivity of the lagoon with other areas of the Adriatic 
Sea may have contribute to fuel this process.

Our analyses of the Venice Lagoon landing records 
show three distinct groups of landings that corre-
spond well with the periods identified by the fish-
ers as periods of absence, presence and bloom of M. 
leidyi. Through statistical models and analyses, we 
were able to show that changes in the composition of 
landings of key lagoon target species clearly matched 
the periods of absence, presence, and blooms of the 
ctenophore reported by fishers. The amount of total 
landings also markedly declined from the absence to 
the bloom period. These results suggest that the dif-
ferent levels of M. leidyi abundance, possibly favored 
by long-term warming across the three A–P–B peri-
ods, could have impacted the local fishery.

The analysis of the fishery records confirmed the 
decrease of landings reported by 90% of the inter-
viewed fishers, especially in the case of important 
fishery resources such as grass goby (Z. ophiocepha-
lus) and cuttlefish (S. officinalis). Interestingly, land-
ings of C. aestuarii increased during the M. leidyi 
bloom period compared to the period of presence, but 
their average was similar to the period of M. leidyi 
absence; this species may have been more influenced 
by other factors such as temperature increase, which 
may also affect its fishery by extending the seasonal 
window of its molting phase and, thus, of its sale, or 
it may have benefited from possible restructuring of 
the food web due to the presence of M. leidyi, such as 
release from predatory pressure.

In general, changes in fishing effort and catchabil-
ity are also possible explanations that should be con-
sidered when examining landing trends, but our esti-
mate of the average number of fishing days per fisher 
per year has not changed significantly over time, and 
we have no reason to believe that fishers’ (mostly 
traditional) fishing gears has changed substantially, 
affecting catchability, over the investigated time-
frame. Alternatively, another explanation of the over-
all negative landing trend could be a direct impact of 
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increased temperature over time on lagoon commu-
nities (Pranovi et al., 2016). Indeed, the fact that M. 
leidyi occurrence and water temperature both display 
clear changes over time make it hard to distinguish 
their effects on landings using statistical analysis of 
time series alone, although the effect of the cteno-
phore occurrence seems to be stronger than that of 
temperature since the latter predictor was not found 
to be statistically significant in our linear models. 
These results call for further analyses to investigate 
species-specific trends in landings, which would help 
to clarify which are the traits of resilient or vulnerable 
fishery resources to M. leidyi invasions and to warm-
ing in changing lagoon environments.

Although we were able to establish a clear relation-
ship between the abundance of M. leidyi and changes 
in landings of Lagoon species based on local ecologi-
cal knowledge and landings data, these analyses alone 
could not establish if this was simply a correlation or a 
causal relationship. Several factors may have played a 
role and influenced fisheries production in the Lagoon 
over the past two decades, such as warming, climate 
change (Bartolini et al., 2013; Bellafiore et al., 2014), 
changes in ecosystem productivity (Bertolini et  al., 
2021; Berti et  al., 2022), and salt marsh erosion and 
changes in Lagoon hydrodynamics related to multiple 
human interventions over the past decades (to which 
the effect of the recent extensive construction activi-
ties and operation of the MOSE system of storm-surge 
barriers should be added) (Carniello et  al., 2009; 
Umgiesser, 2020; Tognin et al., 2022). So, while the 
integration of landings and LEK gave us more confi-
dence about the reliability of our temporal description 
of the occurrence and possible impacts on landings 
of M. leidyi, the samplings done in the lagoon were 
fundamental to clarify this causality issue by showing 
that M. leidyi has indeed a strong physical impact on 
fisheries through its blooms which can fill and clog 
the fishers’ nets. Based on such samplings, this study 
presents novel evidence of the direct negative impact 
of M. leidyi on artisanal fisheries in the lagoon. Dur-
ing the M. leidyi blooms, this invasive ctenophore 
species often filled 100% of fyke nets. By filling the 
net chambers, ctenophores prevented fish and other 
target species from entering the net. Moreover, fishers 
were not able to raise the net onboard when more than 
about 80% of the fyke net was filled with ctenophores, 
because they were too heavy. Therefore, in these cases, 
they had to cut the net and release the content into the 

water, losing all the catches of the day and damag-
ing the nets, thus adding a further economic loss. The 
apparently lower percentage weight of the ctenophore 
in the fyke nets of the northern Lagoon warrants the 
investigation of possible spatial differences in the 
invasion and of their reason; for example, the northern 
Lagoon receives higher freshwater inputs from rivers, 
which may inhibit the invader (Jaspers et  al., 2011). 
Although trophic interactions were not the subject 
of this study, we emphasize that, in addition to the 
observed negative mechanical effect, M. leidyi could 
have a direct impact on the food web functioning, as it 
is a voracious predator that feeds mainly on zooplank-
ton, as also recently confirmed in the Venice Lagoon 
where it preferentially feeds on meroplanktonic spe-
cies (e.g., decapod larvae and the slow-swimming lar-
vae of gastropods and bivalvae) (Camatti et al., 2023; 
Schroeder et al., 2023). Because zooplankton is a key 
food source for fishery target species at larval stage 
and for planktivorous adults of small pelagic fish, M. 
leidyi has the potential to negatively impact many fish-
ery resources, in addition to their food web, through 
competition. Also, important fishery resources in the 
Venice Lagoon such as crabs and clams have plank-
tonic early life stages, which seem to be preferentially 
preyed by M. leidyi similarly to those of other mero-
planktonic taxa (Schroeder et  al., 2023), therefore 
the direct predatory impact of this ctenophore on the 
lagoon food web and fisheries should not be neglected.

In any case, regardless of the mechanism, we can 
conclude that M. leidyi has most likely had a strong 
negative impact on the artisanal fisheries in the Ven-
ice Lagoon over the last decade. Yet, as mentioned 
above, we have to take into account that numerous 
environmental changes have occurred in the Venice 
Lagoon during the last years that could be alternative 
or additional explanations for the landings trend, even 
acting synergistically with M. leidyi. These changes 
include water warming and other  climate changes, 
reduced nutrient concentrations in water, morphologi-
cal changes such as salt marsh erosion and deepen-
ing of lagoon bottoms, changes in hydrodynamics and 
the sediment transport regime including those due 
the ongoing works aimed to protect Venice from high 
tide events (Tommasini et  al., 2019; Bertolini et  al., 
2021; Anzidei et  al., 2022; Berti et  al., 2022; Basili 
et  al., 2022; Finotello et  al., 2022; Mel et  al., 2022; 
Tognin et al., 2022).
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The interdisciplinary combination of LEK, land-
ing data analysis, and field sampling allowed us to 
overcome the limitations of the single methodolo-
gies and highlight their remarkable consistency and, 
hence, the robustness of our results about the impact 
over time of M. leidyi on the traditional Lagoon fish-
ery. On the one hand, for instance, the LEK of fish-
ers, while based on many fishing days per year in the 
Lagoon both in summer and in winter (SI, Fig. S1), 
mostly relies on their own experience and memory, 
which can potentially lead to errors (Lima et  al., 
2017). Examples of this methodological issue are 
the identification of the start of the bloom period, 
on which fishers slightly disagree, or of the extent 
of presence period P (2009–2013): in fact, a certain 
degree of incertitude is inherent and well known in 
invasion science (Leung et al., 2012). While the defi-
nition of the presence period is consistent with the 
year of first sight of M. leidyi in the nearby North-
ern Adriatic Sea, which is 2005 (Shiganova & Malej, 
2009), the limited sample size may call into question 
the precision of such estimate. Indeed, the cteno-
phore could have reached the Venice Lagoon sooner 
(it was first recorded in 2005 in the northern Adri-
atic Sea) or later. On the other hand, the statistical 
clusters emerged from Lagoon landings analysis are 
consistent with the information reported by the fish-
ers and closely mirror the time periods derived from 
interviews.

To our knowledge, this work is the first demonstra-
tion of the impacts of M. leidyi in the Venice Lagoon, 
the largest lagoon of the Mediterranean Sea and part 
of the UNESCO’s World Heritage List which com-
prises the site “Venice and its Lagoon” in recognition 
of the long-term evolution of the city of Venice and 
the surrounding Lagoon ecosystem. The traditional 
small-scale fishery considered in this study is an 
important and still lively component of the long-term 
human-nature relationship in the Venice Lagoon and 
an example of cultural heritage. The strong negative 
impacts by M. leidyi on local artisanal fishery, taking 
place since 2014–2016 and reported here for the first 
time, could bring to the total loss of this traditional 
type of fishing in this lagoon, thus impacting both 
the local economy and the Venetian cultural heritage. 
The bloom of the invasive ctenophore, favored by the 
warming temperatures of the Lagoon waters, appears 
as one of the plausible reasons of the reduction of 
landings of some main fishing target species, such as 

Z. ophiocephalus and S. officinalis; this impact, be 
it due to mechanical or trophic reasons or a combi-
nation of them, takes place in a context of a Lagoon 
whose waters have become cleaner (Berti et al., 2022) 
and so less productive, making the situation for the 
local fishery even more complicated. The economic 
quantification of the damages to fisheries and of the 
losses in terms of ecosystem services due to this inva-
sive ctenophore should be urgently carried out to raise 
awareness and contribute to a better knowledge base 
for mitigation and adaptation measures in the Venice 
Lagoon. This study demonstrates the usefulness of an 
interdisciplinary approach to study marine invasive 
species and their impacts. Further studies should clar-
ify the direct and indirect biological impacts of M. 
leidyi on the Venice Lagoon food web, including their 
relationship to the distribution of this invader at finer 
spatial and temporal (e.g., seasonal) scales, which is 
an especially important task when considering that 
lagoon environments are important nursery areas for 
several species of fishery and conservation relevance.
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