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A B S T R A C T

A monitoring of organic contaminants in the muscles of the Procambarus clarkii and environmental samples of 
water and sediment was conducted in three Sicilian wetlands (Italy). The substances investigated in the bio-
logical samples were per- and polyfluoroalkyl substances (PFAS), phthalic acid esters (PAEs), pesticides, anti-
biotics, and microcystins (MCs), all of which were below the detection limit. Given that the Louisiana red swamp 
crayfish is considered a bioaccumulator, the results of this study indicate that these environments are not 
significantly contaminated by the selected pollutants. Furthermore, the study suggests the potential uses of the 
edible portions of this alien species. Despite P. clarkii cannot be marketed in several countries, including Italy, it 
is possible that the animal biomass obtained in the frame of the monitoring, control and eradication activities 
carried out by local authorities, could be exploited for various purposes, such as food, feed and biotechnology. 
This would reduce the costs associated with disposal and make these activities more sustainable in the long term, 
thereby contributing to the preservation of ecosystems that are currently threatened by this invasive species.

1. Introduction

The presence of contaminants of emerging concern (CECs), including 
pharmaceuticals and personal care products (PPCPs), cyanotoxins, 
pesticides and perfluoroalkyl substances (PFAS), in freshwater samples 
has been increasingly documented, and their detection poses a risk to 
the health of environments and biota (Kazakova et al., 2018; Man-
jarrés-López et al., 2023; Ríos et al. 2013; Savoca et al., 2023a).

PPCPs encompass a diverse array of chemical compounds, including 
antibiotics and plasticisers such as phthalates (Rehman et al., 2024). The 
escalating demand for antibiotics has led to a significant increase in their 
utilisation, both by humans and in various other fields (Gambino et al., 
2022). The high solubility in water and the presence of polar functional 
groups facilitate the dispersion of antibiotics and their metabolites in 
surface water, which is also facilitated by the inefficient removal in 

water treatment plants and sewage systems (Mahmud et al., 2024). They 
pose a serious threat to aquatic ecosystems due to their 
pseudo-persistence, their bioactivity and bioaccumulability (Branchet 
et al., 2021). Among the main risks associated with antibiotics exposure 
are the development of antibiotic resistance, toxicity, mutagenicity, and 
carcinogenicity (Rehman et al., 2024).

Phthalates are easily found in the aquatic environments due to the 
absence of covalent bonding with the matrices in which they are mixed 
(Savoca et al., 2023b). The slow degradation of plastics leads to the 
dispersion of micro- and nanoparticles, which in turn make phthalates 
bioavailable due to their persistence and lipophilicity (Savoca et al., 
2023b). The ubiquity of phthalates is further aggravated by their natural 
origin, as they can be biosynthesised by various organisms (Pace et al., 
2024). As endocrine distrupting chemicals (EDCs) phthalates causes a 
range of effects, such as the onset of reproductive, growth and 
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developmental disorders (Savoca et al., 2022).
Despite the restrictions on the use of phthalates (Commission 

Regulation (EU) 2018/2005), environmental and food contamination 
continues to persist (Pace et al., 2024). PFAS are other persistent organic 
pollutants classified as EDCs. They have been identified in a variety of 
aquatic environments globally and are known as ‘forever chemicals’ due 
to their exceptional chemical and thermal stability (Mojiri et al., 2023). 
Recently, the EU and the US have adopted several regulatory measures 
for their management (Reinikainen et al., 2024).

PFAS have been used for a variety of applications, including the 
formulation of pesticides. The latter have long been used in private 
gardens, farmland and other public areas (Mojiri et al., 2020; Vaglica 
et al., 2024) to eliminate unwanted organisms.

Although pesticides are subject to varying degrees of regulation, 
their use in wetlands is frequent with consequent risk to the ecosystem 
(Barreca et al., 2021).

In addition to PFAS and PAEs, a variety of pesticides have been 
identified as EDCs, with evidence indicating their association with a 
multitude of adverse health outcomes. These include systemic toxicity 
and multifactorial diseases such as metabolic syndromes, teratogenicity, 
genetic aberrations, and even carcinogenesis (Mojiri et al., 2020; Savoca 
and Pace, 2021; Savoca et al., 2022; Yang et al., 2024).

The occurrence of cyanobacterial blooms in water bodies has been 
identified as a global concern (Chorus and Welker, 2021; Jablonska 
et al., 2024). The massive development of cyanobacteria, which is often 
sustained by excessive nutrients input, may lead to high levels of toxic 
metabolites (cyanotoxins)in the water. The most frequent cyanotoxins 
are microcystins, anatoxins, cylindrospermopsins, and nodularins). In 
particular, microcystins (MCs) are of concern due to their long-term 
toxicological effects, their high prevalence in freshwaters, and their 
remarkable chemical stability, which makes them prone to accumulate 
in aquatic biota and food crops (Chorus and Welker, 2021). These fac-
tors pose a significant health hazard to humans and other animals 
through the food chain. The potential repercussions of MCs accumula-
tion encompass organ impairment, with the liver, intestines, brain, 
kidneys, lungs, heart and reproductive system exhibiting heightened 
vulnerability (Massey et al., 2018). The toxicity, ranging from acute to 
chronic, is characterised by the formation of a permanent covalent bond 
between MCs and protein phosphatases, particularly in hepatocytes’ 
cytosol (Massey et al., 2018). This process is associated with an increase 
in reactive oxygen species (ROS), resulting in morphological and func-
tional alterations in hepatocytes, potentially causing damage to cellular 
structures and a number of harmful effects, including oxidative stress, 
lipid peroxidation, apoptosis, cytoskeleton rupture, potential carcino-
genesis and autophagy (Ríos et al., 2013; Massey et al., 2018). They can 
be produced by several common cyanobacterial genera, including 
Microcystis, Planktothrix, Nostoc, and Fischerella (Rastogi et al., 2014; 
Kurmayer et al., 2017).

Routes of expositions for humas to MCs can be i) direct: through 
exposition to contaminated water (drinking, inhalation, skin contact); 
and ii) indirect: through consumption of contaminated aquatic organ-
isms, fish included (Rios et al., 2013).

The analysis of CECs in aquatic biota could provide a more detailed 
insight into pollution relationships than would be possible through 
analysis of contamination only in environmental matrices 
(Manjarrés-López et al., 2023).

Among the bioindicators most informative about the state of envi-
ronmental pollution, there are bioaccumulative alien species (Goretti 
et al., 2016; Spyra et al., 2019).

The processes of globalization, industrialization, the deliberate 
introduction of exotic species for food production, and climate change 
facilitate the spread of species beyond their natural habitats (Faraone 
et al., 2008, 2019; Mori et al., 2022). This phenomenon is exemplified by 
the Louisiana crayfish (Procambarus clarkii), one of the most widespread 
freshwater crayfish in the world which was introduced for commercial 
purposes and has become an invasive species in Mediterranean 

wetlands, including in Sicily (Italy) (Faraone et al., 2017; Vecchioni 
et al., 2022). To date, it is known that P. clarkii contain a considerable 
quantity of proteins, amino acids, unsaturated fatty acids, carotenoids, 
and chitin (Conde and Domínguez, 2015). It can be reasonably deduced 
that these decapods have the potential to be utilised as functional ad-
ditives in the food industry, industrial feed and fertilisers in agriculture 
(Azelee et al., 2023). The economic benefits of its introduction 
encouraged its exploitation in areas with similar habitats.

Its robust physiology, which allows it to withstand low oxygen levels, 
high temperatures, and high-water pollution confers it a pivotal role in 
the food chain, facilitating the transfer of energy and pollutants between 
trophic levels, rendering it an optimal species for use as a bioindicator 
(Mistri et al., 2020, Manjarrés-López et al., 2023).

Although P. clarkii has been introduced in several countries, it is 
primarily exploited industrially in the USA, China and Spain 
(Souty-Grosset et al., 2016). In most European countries, several laws 
protect native biota by banning the importation of non-indigenous 
crayfish and/or regulating their use due to their potential enormous 
economic and ecosystemic impact (Souty-Grosset et al., 2016).

Most EU countries now prohibit the importation of live crayfish, 
nevertheless, a unified and strengthened legislative framework should 
be established at the European level to ensure a total ban on the import, 
trade and holding of live P. clarkii (Souty-Grosset et al., 2016).

In this context, there is a need to monitor, control and mitigate the 
impact of this species through its capture and disposal. Concurrently, 
there is a necessity to identify alternative and sustainable food or 
biotechnological products with the objective of addressing population 
growth and the depletion of natural resources, not only at the European 
level but also on a global scale. It is therefore necessary to find a sus-
tainable solution to this impact from a circular economy perspective.

In view of the impact of the Louisiana crayfish on Sicilian biota 
(Marrone and Naselli-Flores, 2015) and its possible use as a resource, it 
is of primary importance to carry out accurate monitoring the status of 
the species in regional inland waters, and the assessment of the possible 
role of the species as a vector of toxic substances or pathogens in Sicily 
(Italy) as one of the European regions experiencing the deterioration in 
water quality (Zuccarello et al., 2021; Tricarico and Zanetti, 2023). This 
information would allow the drafting of "best practices" plans for the 
management, control and, where possible, eradication of the species. 
This would be in line with Article 22 of Legislative Decree 230/17, ac-
cording to which it is possible to authorise the commercial use of 
specimens of invasive alien species of Union or national importance as 
part of the management measures aimed at their eradication, numerical 
control or containment (Reg. EU 1143/14) (Tricarico and Zanetti, 
2023).

The high commercial value of this species suggests that the disposal 
of carcasses at an additional cost could be avoided.

However, as a species capable of accumulating pollutants, it is 
essential to ensure the safety of the product through chemical analysis.

The aim of this study is to investigate for the first time the occurrence 
of various CECs in edible portions of Procambarus clarkii and in selected 
environmental matrices collected from three representative areas of 
Sicily. Furthermore, this study seeks to: 

• Compare the results of analyses of different classes of organic pol-
lutants, in particular antibiotics, pesticides, PFAS, PAEs and MCs, for 
the same sample in order to identify potential differences in 
contamination profile.

• Compare the results of this study with similar research conducted on 
the same species.

• Evaluate the feasibility of sustainable and regulated exploitation of 
this species, based on the results obtained.
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2. Material and methods

2.1. Samples origin and samples preparation

The choice of study areas was made with the aim of testing the 
studied parameters under quite different environmental conditions. 
With this approach the following three areas were selected for sampling. 
Cuccumella reservoir, province of Siracusa (37◦21’36"N, 14◦54’48"E), is 
an agricultural pond in the context of organic rice crops. Gorgo Basso, 
province of Trapani (37◦36’30"N, 12◦39’19"E), is a natural pond in the 
context of the nature reserve "Lago di Preola e Gorghi Tondi", sur-
rounded by vineyards and orchards where high levels of lanthanides 
(D’Angelo, 2013) and Microcystis sp. (Naselli-Flores et al., 2007) have 
been previously detected. San Leonardo river, province of Palermo 
(37◦54’20"N, 13◦36’35"E), is a river section upstream of a large reser-
voir ("Rosamarina"), mainly surrounded by pastures and uncultivated 
lands.

In July 2023, a total 500 individuals of Procambarus clarkii from 
Cuccumella Resevoir, 159 from Gorgo Basso and 266 from San Leonardo 
River were caught using baited hoop traps, as described in Vecchioni 
et al. (2020). Once collected, the specimens of P. clarkii were immedi-
ately transported to the laboratory in refrigerated containers and then 
stored at − 20◦C. Of these 925 individuals, only the amount needed to 
form sample pools for each site was randomly selected. The pools were 
constituted with the objective of enhancing the homogeneity and 
representativeness of the measurements, as well as facilitating com-
parisons between the various investigated analytes, which were ana-
lysed from the same pool.

In detail, for the analyses of PAEs, PFAS, pesticides and antibiotics, a 
total of 463 specimens were dissected: 183 from the Cuccumella Rese-
voir, 64 individuals from the San Leonardo River, 118 from the Gorgo 
Basso. For each site, P. clarkii samples were divided into five pools and 
dissected to obtained only the edible part, without intestine for a total of 
15 samples. The biometric data of these individuals are present in 
Table S1 of supplementary material.

Instead, the specific case of microcystins analyses, a total of 98 
specimens were dissected: 48 from the Cuccumella Resevoir, 24 in-
dividuals from the San Leonardo River, 26 from the Gorgo Basso. For 
each site, P. clarkii samples were divided into six pools and dissected to 
obtained samples of muscle with intestine and samples of muscle 
without intestine for a total of 36 samples. The biometric data of these 
individuals are recorded (see Table S2 of supplementary material).

All the samples were weighed, homogenised, and stored in sterile 
polypropylene tubes and frozen at

20 ºC until freeze drying.
At the same date, from each site, three sampling points located at 

50 m from each other were chosen along a transect; water samples 
(500 mL each) and sediment samples (500 g each) were collected in each 
sampling point, and then transported in the laboratory in refrigerated 
polypropylene (or glass for PAEs analyses) containers previously washed 
with water collected in situ and stored at 4 ºC.

This samples of water were analysed for determination PAEs, PFAS, 
pesticides and antibiotics while sediment samples were analysed for 
determination PAEs, PFAS, and pesticides.

Both during sampling and sample preparation, the utmost care was 
spent to avoid cross contamination or contact contamination, using new 
or thoroughly washed ceramics and stainless steel after each operation, 
and implementing solvent cycles of acetone and water liquid chroma-
tography - mass spectrometry (LC-MS) grade.

2.2. Pollutants analysis

The class of pollutants investigated were antibiotics, microcystins, 
pesticides, PFAS, and PAEs.

All extraction and analysis, procedures included the procedural 
blanks, were performed in duplicate and adapted to the type of matrix 

and analyte.
The extraction and analyses of pesticides, PFAS and PAEs were 

conducted by Chimica Applicata Depurazione Acque s.n.c. di Filippo 
Giglio e C. (CADA). The methods/protocols used for muscle, sediment 
and water samples are presented in the supplementary material, 
together with the full list of all these analytes and their detection limits 
(Table S3 in the supplementary material).

The extraction of the toxins was conducted in accordance with the 
methodology described by Adamovský and Bláha (2016), with minor 
modifications (see Supplementary Material). For the LC-MS/MS anal-
ysis, the procedures outlined by Cerasino and Salmaso (2020) were 
employed (see Supplementary Material).

The detection of macrolides, tetracyclines, sulphonamides, quino-
lones was carried out by a LC-HRMS method. The method was validated 
according to the Decision EC 657/2002. The complete extraction and 
analysis procedures in accordance with Cammilleri et al. (2019) are 
presented in the Supplementary Materials.

3. Results and discussion

Most research on the bioaccumulation in the natural environment of 
pollutants in P. clarkii focuses on trace elements and heavy metals 
(Ariano et al., 2021; El-Aziz et al., 2022; Mo et al., 2022, Selvaggi et al., 
2023; Savoca et al., 2024 and references therein) while, in proportion, 
few are the research concerning organic pollutants (Song et al., 2018; 
Yang et al., 2019; Manjarrés-López et al., 2023, Stecconi et al., 2023 and 
references therein).

In the present study, all biological and environmental samples were 
below the detection limits for each class of pollutant investigated, except 
for two water samples, which exhibited the presence of a phthalate.

3.1. Phthalates

Benzil butyl phthalate was identified in a water sample from Gorgo 
Basso (0.029 ± 0.01 mg L− 1) and in a water sample from the San Leo-
nardo River (0.079 ± 0.028 mg L− 1); while in all other samples (water, 
sediment and muscles of P. clarkii), the concentration of phthalates was 
below the level of detection (please refer to Table S3 in the supple-
mentary material for the complete list of phthalates analysed).

Phthalates contaminations are common in freshwater aquatic envi-
ronments, both in biota and environmental samples such as water and 
sediment (Dong et al., 2022; Chaudhary et al., 2023; Liu et al., 2024).

The results indicate the presence of a punctiform contamination at a 
specific sampling point.

It is well established that these PAEs can be derived from both 
anthropogenic (for example, the dispersion of plastic material) and 
natural factors including the biosynthesis of certain phthalates by plant, 
algae, fungi, and bacteria (Pace et al., 2024). This suggests that it cannot 
be excluded that there is moderate contamination of natural origin of 
BBP.

To the best of our knowledge, no studies have been conducted on the 
presence of phthalates in P. clarkii. Consequently, comparisons with 
other works in the literature are not possible.

3.2. Pesticides

In the present work all pesticides analysed were below the detection 
limits (please refer to Table S3 in the supplementary material for the 
complete list of pesticides analysed). A comparable outcome was 
observed by Song et al. (2018) in China, who reported that the levels of 
60 pesticides in the meat of P. clarkii were below the quantification limit. 
Similarly, in another study, pendimethalin residues in P. clarkii were 
below the detection limit, in contrast to the presence of these residues in 
water and sediment (Yang et al., 2019). In contrast, P. clarkiii individuals 
sampled from eight southern states of the USA and analysed for 34 
pesticides including organochlorine, organophosphate and pyrethroid 
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compounds exhibited positive results (Santerre, et al., 2000). The 
average total DDT in P. clarkii was 0.047 mg kg− 1, in particular only p, 
p’-DDE was detected in the 8 % of individuals while other pesticides 
were below the detection limit (Santerre, et al., 2000).

In a more recent study, Manjarrés-López et al. (2023) examined the 
presence of 54 pesticides in the soft tissue of three freshwater invasive 
species, including 17 individuals of P. clarkii collected from the Albufera 
Natural Park of Valencia (Spain). In the latter work, the pesticides 
detected were dichlofenthion, DMA, fenthion (mean value: 255 ng g− 1 

in estimated in dry weight considering an 80 % water contribution), 
imidacloprid, methiocarb, molinate, spinosyn A, and terbutryn 
(Manjarrés-López et al., 2023). However, with the exception of phention 
(<LOD: 5 ng g− 1), none of the 95 pesticides investigated in our study on 
the muscle of P. clarkii was in common with those detected by Man-
jarrés-López et al. (2023) therefore it is not possible to make 
comparisons.

3.3. Antibiotics

Target antibiotics investigate in this work were not detected (please 
refer to Table S4 in the supplementary material for the complete list of 
antibiotics analysed). Our result suggests that there is no significant 
contamination from antibiotics compounds or that it is not sufficient to 
be detected in the matrices analysed, probably due to the absence of 
potential sources of contamination in the surrounding environment 
considering their pseudo-persistence nature (Harrower et al., 2021). In 
fact, the persistence of pharmaceuticals in the aquatic environment is 
contingent upon a number of factors, including biodegradation, sunlight 
photolysis, and other abiotic transformations, such as hydrolysis. 
Moreover, the half-life of antibiotics in the aquatic environment is 
subject to variation depending on the prevailing environmental condi-
tions. This can range from a few hours to several days (Yamamoto et al., 
2009; Felis et al., 2020, Harrower et al., 2021). These degradation fac-
tors or combinations of them may have led to the degradation of anti-
biotics in the environment before bioaccumulation in P. clarkii, as such 
degradation processes would be more effective on a small or intermit-
tent intake of antibiotics.

Differently a constant and consistent inflow of these pollutants was 
observed by Kazakova et al., (2018), with the source identified as 
persistent sources of landfills, such as livestock farming activities.

In the latter study, samples of P. clarkii were collected from six sur-
rounding areas of the Doñana National Park (Spain). Among the 23 
different pharmaceutical active ingredients, ciprofloxacin, ibuprofen, 
salicylic acid, flumequine and carbamazepine were detected at some of 
the selected sampling points. Furthermore, flumequine and carbamaz-
epine have been identified in samples of Procambarus clarkii at concen-
trations of approximately 30 ng g− 1 and 14 ng g− 1, respectively. Data 
from captured samples of P. clarkii indicate that this organism may serve 
as a useful bioindicator, despite the absence of any selected drug in the 
water samples at certain sampling points. Similarly in Spain, the 
investigation of 87 pharmaceutically active compounds showed median 
values above the limit of quantification for 20 of them (Manjarrés-López 
et al., 2023).

3.4. PFAS

Although PFAS are commonly found in aquatic environments, our 
analysis did not detect their presence in the various environmental and 
biological matrices (please refer to Table S3 in the supplementary ma-
terial for the complete list of PFAS analysed). Specifically, some studies 
have identified the presence of PFAS contamination in the muscle tissues 
of P. clarkii (Manjarrés-López et al., 2023; Stecconi et al., 2024) and in 
particular the maximum values recorded were for PFOS (60 ng g− 1), 
PFODA (74 ng g− 1) in Manjarrés-López et al. (2023), and PFDoDA 
(240 ng g− 1) and PFTrDA (200 ng g− 1) in Stecconi et al. (2023). The 
results obtained by Manjarrés-López et al. (2023) and Stecconi et al. 

(2023) for these PFASs were higher than those obtained in the present 
work, with values below the detection limits (< 2 ng g− 1). Although 
Stecconi et al. (2023) identified PFAS values that were higher than those 
observed in our study, their research indicated that the concentration of 
total PFAS in muscle followed a descending order among the species 
analysed, with European eel exhibiting the highest levels, followed by 
red fish, European perch and red swamp crayfish. In contrast, liver levels 
were relatively similar across species. These findings suggest that 
P. clarkii may not be the most polluting accumulator. Similarly, as 
observed in China by Zhou et al. (2022), the maximum value of the sum 
of 11 PFAS recorded in muscle of P. clarkii was 6 ng g− 1 (estimated in dry 
weight considering an 80 % water contribution). This tissue is typically 
less contaminated with PFAS than other organs showed values on 
average about four times higher (exoskeleton of the cephalic region) or 
even about 14 times higher (hepatopancreas) (Zhou et al., 2022). 
Similar results were also found in in Chinese commercially available red 
swamp crayfish by Bian et al., (2024) who found the total concentration 
of PFAS in the hepatopancreas (median: 160 ng g− 1) significantly higher 
than that in muscle tissue (5.95 ng g− 1), as well as the concentration of 
each individual substance.

Wang et al. (2024) obtained higher concentration levels of PFAS in 
China, with average values of approximately 14 ng g− 1 (estimated in dry 
weight considering an 80 % water contribution) for the sum of 14 PFAS. 
The highest concentration levels were observed for PFOA, with an 
average concentration of 6.5 ng g− 1 (estimated in dry weight consid-
ering an 80 % water contribution).

Regarding environmental samples, the mean concentration found in 
water samples by Zhou et al. 2022, was 49 ng g for the sum of 11 PFAS 
while, in our work the sum of 20 PFAS was below the detection limit (<
10 ng g− 1).

3.5. Microcystins

The MCs investigated in the present work in muscles (with and 
without intestine) of P. clarkii were below the limit of quantification 
(LOD range: 10–15 ng toxin/g dry biomass) (please refer to microcystins 
extraction and analysis section in supplementary material).

The literature also reports that the P. clarkii is able to accumulate 
MCs, as has been demonstrated in Portuguese estuaries (Vasconcelos 
et al., 2001) and Chinese waters (Chen and Xie, 2005). In these cases, the 
concentrations are mainly high in the less edible parts of the animal, 
such as the gut or hepatopancreas.

A study of the presence of toxins in 15 water bodies in Sicily revealed 
that the only toxins detected were microcystins. The highest values were 
recorded in summer, (Zuccarello et al., 2021) according to cyano-
bacterial blooms that usually occur in this season (Simoni et al., 2004).

Furthermore, Rios et al. (2013) conducted a study to determine the 
presence of MCs in edible parts of P. clarkii and water collected from 
three ponds in Extremadura (Spain). In the latter work, it was demon-
strated that P. clarkii accumulated MCs in their tissues in summer period. 
MC-LR (2.3–18.1 µg MCLR/g body weight) was identified as the pre-
dominant MC variant in all the crayfish samples. MC-RR was quantified 
in 50 % of the samples analysed, with concentrations ranging between 
1.4 and 7.8 µg MC-RR/g body weight. No MC-YR was detected. The 
results indicated that crayfish could accumulate free MCs by toxic cya-
nobacteria species and emphasised the need for regular monitoring if the 
health risks associated with their consumption are to be avoided.

Furthermore, a study has demonstrated that P. clarkii collected in 
Massaciuccoli Lake (90 km from Florence, Italy) accumulates micro-
cystins in its organs and tissues, particularly in the intestine. The latter 
tissues have a higher concentration of toxins than the edible part 
(muscle) and cannot be detoxified after a short period, as observed for 
the edible parts (Tricarico et al., 2008).

The absence of MCs detection in this study suggests that individuals 
were not exposed to these toxins during the monitoring period. How-
ever, given the seasonal fluctuations in toxin production associated with 
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algal blooms and the impact of environmental factors such as water 
temperature and nutrient enrichment (which enhance their production) 
(Filatova et al., 2020), continuous long-term monitoring is essential to 
guarantee the safe utilisation of P. clarkii from this contamination.

3.6. Future development trend and direction

Although P. clarkii is usually considered a pollutant bioaccumulator 
(Souty-Grosset et al., 2016) this must be contextualised with the level of 
pollution in the environment in which it lives. In fact, if the environ-
ments are not heavily polluted because they are far from the sources of 
pollution, it is possible that the biota present will be slightly affected, 
regardless of its capacity for double accumulation. In this context, the 
eradication, monitoring and commercial exploitation of alien species 
represent an opportunity with several positive aspects: 

• improving the quality of ecosystems by helping to restore their 
natural biotic composition and promoting the conservation of 
endemic species and existing biodiversity;

• reducing the environmental impact of disposal by exploiting all parts 
of individuals, including non-edible parts that could be used for high 
added-value products such as biotechnology, nutraceuticals, cos-
metics, etc.;

• To promote the local economy, scientific progress and social 
awareness of the impact of the spread of these alien species;

• To support management and numerical control and monitoring ac-
tions in a sustainable and cost-effective manner of the revenues 
related to products from resource exploitation;

• To monitor the environment from both an ecological and chemical 
point of view.

In this context, the European Commission promotes policies and 
regulations that aim to support environmental sustainability (Reg. EU 
1143/14) (Tricarico and Zanetti, 2023).

The eradication and re-use of P. clarkii would be perfectly in line with 
this and would be particularly important for the most threatened 
ecosystems.

Given the lack of research in this area, monitoring studies should be 
extended to cover areas where this species is present. In particular, 
chemical analyses should be systematically carried out both for the 
purpose of environmental biomonitoring and to assess the contamina-
tion of P. clarkii meat before use as food or feed. In this context it is 
desirable to utilise and/or develop existing multi-residue analytical 
methods for the most common pollutants as well as to carry out specific 
analyses for those pollutants which may be more easily found in the area 
under investigation through information on the type of local pollution.

Comparing the results obtained in this study with other studies, it 
was found that contamination levels for common pollutants in our 
samples were similar or lower.

These encouraging results should be confirmed and provide a start-
ing point for future research and applications.

4. Conclusions

In general, the results of this study indicate that at the sites moni-
tored on the dates of the study, there is no particular concern about the 
impact of PFAS, pesticides, phthalates, antibiotics and microcystins.

The organic pollutants investigated in the muscles of P. clarkii were 
found to be below the detection limit, which is likely attributable to the 
lack of significant pollution in the wetland, thereby preventing the 
pollutants bioaccumulation. This finding is encouraging from both the 
perspective of environmental quality and for the potential utilization of 
P. clarkii’s specimens collected in the frame of monitoring or control 
activities. This would reduce the management and environmental costs 
associated with eradication and related carcass disposal of this invasive 
species, while simultaneously facilitating the development of 

sustainable products. Further research is required to ascertain whether 
red swamp crayfish meat can be used for food or feed purposes. It would 
also be beneficial to conduct the same environmental and biological 
analysis on other sites to gain a better understanding of the contami-
nation levels in the muscles of Sicilian P. clarkii populations. Never-
theless, it is of paramount importance to pursue long-term 
biomonitoring for these and other pollutants at the sites under investi-
gation in this study, as well as at all locations where cases of the species 
have been documented, in order to corroborate these findings, which 
may be subject to variation due to potential seasonal fluctuations in 
pollutant levels. This would help to determine if the muscles of Sicilian 
P. clarkii can be routinely exploited as a foodstuff or for other 
applications.
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liquid chromatography–mass spectrometry (LC–MS). Food Chem. Toxicol. 57, 
170–178. https://doi.org/10.1016/j.fct.2013.03.025.

Santerre, C.R., Ingram, R., Lewis, G.W., Davis, J.T., Lane, L.G., Grodner, R.M., Wei, C.I., 
Bush, P.B., Xu, D.H., Shelton, J., Alley, E.G., Hinshaw, J.M., 2000. Organochlorines, 
organophosphates, and pyrethroids in channel catfish, rainbow trout, and red 
swamp crayfish from aquaculture facilities. J. Food Sci. 65 (2), 231–235. https://doi. 
org/10.1111/j.1365-2621.2000.tb15985.x.

Savoca, D., Pace, A., 2021. Bioaccumulation, biodistribution, toxicology and 
biomonitoring of organofluorine compounds in aquatic organisms. Int. J. Mol. Sci. 
22 (12), 6276. https://doi.org/10.3390/ijms22126276.

Savoca, D., Barreca, S., Lo Coco, R., Punginelli, D., Orecchio, S., Maccotta, A., 2023b. 
Environmental Aspect Concerning Phthalates Contamination: Analytical Approaches 
and Assessment of Biomonitoring in the Aquatic Environment. Environments 10 (6), 
99. https://doi.org/10.3390/environments10060099.

Savoca, D., Lo Coco, R., Melfi, R., Pace, A., 2022. Uptake and photoinduced degradation 
of phthalic acid esters (PAEs) in Ulva lactuca highlight its potential application in 
environmental bioremediation. Environ. Sci. Pollut. Res. Int. 29 (60), 90887–90897. 
https://doi.org/10.1007/s11356-022-22142-5.

Savoca, D., Pace, A., Arizza, V., Arculeo, M., Melfi, R., 2023a. Controlled uptake of PFOA 
in adult specimens of Paracentrotus lividus and evaluation of gene expression in 
their gonads and embryos. Environ. Sci. Pollut. Res. Int. 30 (10), 26094–26106. 
https://doi.org/10.1007/s11356-022-23940-7.

Savoca, D., Vazzana, M., Arizza, V., Maccotta, A., Orecchio, S., Longo, F., Giudice, V., 
D’Oca, G., Messina, S., Marrone, F., Mauro, M., 2024. Contamination Profiles of 
Selected Pollutants in Procambarus clarkii Non-Edible Portions Highlight Their 
Potential Exploitation Applications. J. Xenobiot. 14 (3), 893–906. https://doi.org/ 
10.3390/jox14030049.

Selvaggi, R., Pallottini, M., Caldaroni, B., Dörr, A.J.M., Magara, G., Gravina, P., 
Grispoldi, L., Cenci-Goga, B., Goretti, E., La Porta, G., Elia, A.C., Cappelletti, D., 
2023. Sex and seasonal differences in metal accumulation of selected tissues in red 
swamp crayfish from Lake Trasimeno (Umbria, Italy). Environ. Sci. Pollut. Res. 30, 
6234–6244. https://doi.org/10.1007/s11356-022-22582-z.

Song, S., Zhu, K., Han, L., Sapozhnikova, Y., Zhang, Z., Yao, W., 2018. Residue analysis of 
60 pesticides in red swamp crayfish using QuEChERS with high-performance liquid 
chromatography–tandem mass spectrometry. J. Agric. Food Chem. 66 (20), 
5031–5038. https://doi.org/10.1021/acs.jafc.7b05339.

Souty-Grosset, C., Anastácio, P.M., Aquiloni, L., Banha, F., Choquer, J., Chucholl, C., 
Tricarico, E., 2016. The red swamp crayfish Procambarus clarkii in Europe: impacts 
on aquatic ecosystems and human well-being. Limnologica 58, 78–93. https://doi. 
org/10.1016/j.limno.2016.03.003.

Spyra, A., Cieplok, A., Strzelec, M., Babczyńska, A., 2019. Freshwater alien species 
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