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Abstract

:

Simple Summary


The population of Procambarus clarkii was surveyed twenty years after its introduction into Lake Trasimeno (Central Italy), investigating both ecological and genetic aspects. Our results confirmed that P. clarkii is well acclimatized with a stable population structure, mainly characterized by a unique mitochondrial lineage, suggesting that a single introduction event may have occurred in the lake, complemented by secondary events.




Abstract


The deliberate or accidental introduction of invasive alien species (IAS) causes negative ecological and economic impacts altering ecosystem processes, imperiling native species and causing damage to human endeavors. A monthly monitoring program was performed in Lake Trasimeno (Central Italy) from July 2018 to July 2019 in order to provide an upgrade of the population ecology of Procambarus clarkii and to assess the genetic diversity by analyzing the relationships among mitochondrial DNA diversity. Our results confirmed that P. clarkii is well acclimatized in the lake, revealing a stable population structure favored by the resources and conditions typical of this ecosystem, which seem to be optimal for the maintenance of the species. Four distinct mitochondrial haplotypes were detected, but one of them was clearly overrepresented (76%), suggesting that a single predominant introduction event may have occurred in this area, likely followed by secondary events. The identification of the typical genetic variants provides a better understanding of the evolutionary scenarios of P. clarkii in this biotope and it can be helpful in management plans concerning the expanding populations of this invasive alien species.
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1. Introduction


Invasive alien crayfish have moved outside their natural ranges leading to ecological threats and adverse economic impacts. The red swamp crayfish Procambarus clarkii (Girard, 1852) is widely spread across all continents, except for of Australia and Antarctica [1,2,3]. P. clarkii has a great ecological adaptability that allows it to colonize most fresh and brackish water environments [4,5]. Its biological plasticity and resistance to environmental pollution determines its extreme invasiveness, competitiveness and aggressiveness with native species, making it almost impossible to eradicate from a territory once established. Indeed, P. clarkii is able to survive in waters with low oxygen concentration and can even survive out of water for a period of more than two days with a very low relative humidity level (30% RH) and for more than a month at 100% RH [6]. In dry periods, the species digs deep burrows (40–90 cm) which are also useful during the most delicate phases of its life cycle (molting and reproduction). This species can live in a wide range of pH [7], salinity [8,9] and environmental contaminant conditions [10,11,12]. It is an omnivorous predator, opportunistic and generalist consumer and extremely active both day and night. It enters the trophic network [13,14] acting as a keystone species causing a significant decrease in biomass and richness of species located at lower trophic levels. In general, the red swamp crayfish exerts a predatory pressure at which the native species are often not adapted. Moreover, P. clarkii is an asymptomatic potential carrier of the crayfish plague (Aphanomyces astaci) and an importer of pathogenic microfungal taxa such as Phoma glomerata (Coelomycetes) potentially harmful to human health, flora and fauna [15,16]. P. clarkii is reported in the Delivering Alien Invasive Species Inventory for Europe (DAISIE) list as one of the 100 worst invasive alien species and it is on the list of species of European Union concern linked to the EU Regulation 1143/2014 on invasive alien species. Red swamp crayfish exerts undesirable impacts on natural water resources producing a loss of ecosystem services [17,18]. The first introduction of red swamp crayfish in Italy in northern Italy dates back to 1989 [19]. Before 1999, no populations of allochthonous freshwater crayfish were reported in Umbria (Italy). Since the beginning of 2000, the P. clarkii population has rapidly increased in Lake Trasimeno [20]. Introduction of invasive red crayfish species into this lake has caused an ecological imbalance by altering the structure of the existing communities.



Trasimeno is a shallow lake subjected to severe hydrological level fluctuations through the seasons [21,22]. It is well known that in shallow lakes, hydrological levels represent a pivotal abiotic factor for both ecosystem and biota. Changes in water-level regime may cause shifts between the turbid and the clear water and biota responds to these variations [23]. Previous studies showed that dynamics and population structure of P. clarkii can be modulated by changes in water temperature and Lake Trasimeno level [4,20]. In Trasimeno P. clarkii can reach 5 years of age [4,20], whereas the biological cycle in the autochthone habitat usually does not exceed 12–18 months [24]. Both sexes invest heavily in reproduction, using a large part of their energy [20,24]. This crustacean is one of the most prolific species of crayfish, which usually produces from 500–600 to 700–750 eggs per female [25,26] and two reproductive events a year can also occur: one in spring and one in autumn. Furthermore, females provide parental care to eggs and hatched offspring. Its high reproductive capacity and growth rate has favored the rapid expansion of P. clarkii in this shallow and mesotrophic lake, increasing the economy of the primary (professional fishermen) and tertiary Lake Trasimeno sector. Nowadays the species is well acclimatized in Lake Trasimeno and has also colonized the lakes of Piediluco, Corbara, Alviano and Pietrafitta and at least six other watercourses in the Umbria region.



It is well known that the human-mediated jump dispersal of P. clarkii, including the intentional or unintentional transport, combined with its natural expansion influenced its population structure and genetic diversity. To date, there are no investigations focusing on the genetic variation of this species in Lake Trasimeno. There are only few population genetic studies dealing with the red swap crayfish invasion in the European continent based on different molecular markers [27,28,29,30,31]. Mitochondrial DNA (mtDNA) is considered one of the most useful markers to evaluate population dynamics [32,33,34]. The uniparental inheritance, the high mutation rate and the large number of copies inside the cells, make the mtDNA a very easy and cheap tool to identify the population variations. Moreover, it can be helpful in developing management measures to control invasions and to prevent further introductions [35]. Understanding how introduced species widely spread in non-native areas represents the key to avoid threats and facilitate the development of techniques that should prevent the invasions of allochthonous species. The analysis of genetic variability, in both native and invaded areas, allows to reconstruct the main invasion dynamics and identify the origin areas, thus obtaining information about the number of introductions (single or multiple) and describing expansion patterns.



This study presents a comprehensive overview of the red swamp crayfish status in Lake Trasimeno, with the aim to revisit the population ecology of P. clarkii twenty years after its introduction into Lake Trasimeno. In particular, its main objectives were: (i) to assess whether changes in life-history traits of red swamp crayfish in the lake may have occurred through time; (ii) to describe the growth of P. clarkii as well as estimate the condition indexes of both sexes, such as abdominal index (TwB), hepatosomatic index (HIw) and gonadosomatic index (GSI); (iii) to investigate the influence of the lake water levels on the life cycle of the species; (iv) to assess the genetic diversity of P. clarkii populations in Lake Trasimeno, analyzing the relationships among their mitochondrial haplotypes. The present study is the first investigation of P. clarkii genetic variability in this basin, based on the most polymorphic mitochondrial marker (mtDNA control region). It points to reconstruct the invasion history of the red swamp crayfish in Lake Trasimeno and to understand how the natural and anthropogenic factors could have influenced this species. Indeed, identifying the typical genetic variants inhabiting this shallow lake can be helpful to test single versus multiple introduction events and potential bottleneck effects, in order to shed light on their origin and demographic trends. This genetic characterization based on the mitochondrial marker represents a new molecular approach, more informative for the detection of the genetic variability of P. clarkii, thus useful to detect and manage the species.




2. Materials and Methods


2.1. Study Site


Lake Trasimeno is located in the province of Perugia (Umbria, Central Italy) and is the largest Italian peninsular lake, with a surface of 126 km2 and an average depth of 4.5 m. This laminar and mesotrophic lake is characterized by a Mediterranean climate, with maximum rainfall in spring and minimum in autumn, causing significant hydrologic fluctuations [21]. It is a Regional Park of Umbria and in accordance with the Council Directive 92/43/EEC on the conservation of natural habitats and of wild fauna and flora the site is designed as a Special Area of Conservation (IT5210018) and a Special Protection Area (IT5210070).




2.2. Chemical-Physical Parameters of Lake Trasimeno


The hydrological level (±0.1 cm) was recorded daily (data provided by the Umbria Region, Soil Defense Service). Temperature, transparency, pH, dissolved oxygen, percentage of dissolved oxygen saturation and conductivity were detected monthly in parallel with sampling of P. clarkii by multiparametric probes for dissolved oxygen, pH, temperature and conductivity (550A DO and Model 63, YSI Environmental Incorporated, Yellow Springs, OH, USA) and Secchi disk (Ecology Labs, Perugia, Italy) for transparency.




2.3. Sampling of P. clarkii and Morphometric Data Collection


A total of 1820 specimens of P. clarkii (1200 males and 620 females) were sampled from July 2018 to July 2019 in a protected wildlife area in the south-east part of Lake Trasimeno. A mean number of 92 males and 47 females were monthly collected from the lake by a professional fisherman within 24 h using fyke nets. Monthly samples were immediately transported to the laboratory and chill-killed using an ice-water bath. Morphometric parameters were recorded for both sexes in order to evaluate growth in length and weight and the crayfish condition indexes. Each crayfish was sexed and the following morphometric and biological parameters were measured:




	
total body length (from the tip of the rostrum to the posterior margin of the abdomen (TL)



	
length of the cephalothorax or carapace (CL)



	
total body weight (W)



	
abdomen weight (AW)



	
hepatopancreas weight (HIw)



	
mature gonad weight (for females only)








Length of total body and cephalothorax (with rostrum) were measured by a digital caliper to the nearest 1 mm; wet weights of total body, carapace, abdomen, hepatopancreas and gonad were measured using an electronic balance within 0.001 g accuracy. The sexual activity in males was assessed by observing the presence or absence of the spines on the third and fourth walking legs. Sexual maturity of females was assessed by observing the internal egg stages [20]. Ovarian egg color was used as an indicator of successive growth in oocytes: white color indicates the ovary is at rest (immature), yellow when the eggs have started maturation, orange when are almost mature, and dark brown when are mature and can be expulsed [4,20]. Crayfish carapace was analyzed by touch and specimens with a soft exoskeleton were identified as molted as well as those presenting slightly consumed gastroliths in their stomach [4].




2.4. Sex Ratio and Condition Indexes


Sex ratio and condition indexes such as abdominal (TwB) and hepatosomatic index (HIw) in both sexes, as well as and gonadosomatic index in females (GSI) were estimated using the following formulas [4,20]. Hepatosomatic Index (HIw) was carried out only for the whole male sample and females with mature gonads.



Sex ratio:


F:M = X:1










F = females; M = males











Hepatosomatic Index:


HIw = WH wet × 100/Wt










WH wet = wet weight (g) of hepatopancreas










Wt = weight (g) of the body











Abdomen Index Tw/B (Tail Muscle to wet body weight ratio):


Tw/B = WT wet ×100/Wt










WT wet = wet weight (g) of abdomen










Wt = weight (g) of the body











Gonadosomatic index:


GSI = [Wg/(Wt − Wg)] × 100










Wg = wet weight (g) of the gonads










Wt = weight (g) of the body












2.5. Statistical Analysis


Data were processed using the statistical programming environment R [36] and dplyr packages [37], tidyr [38] and ggplot2 [39]. In order to verify differences between the biometric variables of males and females, the Student t-test was performed, using a statistical significance level of 0.05. When necessary, data were Box-Cox transformed after testing for normality using the Shapiro-Wilk test. Comparisons with counting data were made using the chi-squared hypothesis test and correlations estimated by Persons’ product-moment coefficient.




2.6. Genetic Analysis


A total of 29 specimens were analyzed in order to determine DNA content and to sequence the mitochondrial control region. Genomic DNA was extracted both from the crayfish tail muscle and hepatopancreas using the Wizard® Genomic DNA Purification Kit (Promega Corporation, Madison, WI, USA). A good quality of DNA was obtained from both kind of tissue with different concentrations expressed in ng/μL. The primers used for PCR amplification were those published by Li et al. [40] and the reaction conditions were as follows: initial denaturation at 95 °C for 2 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 1 min and elongation at 72 °C for 1 min, followed by final extension at 72 °C for 10 min. After enzymatic purification (ExoSAP, USB), the PCR products were sent to Eurofins Genomics (Ebersberg, Germany) for Sanger sequencing using the following primer specifically designed: 5′-CTTCTAAAAATGTTCCCCCC-3′. The resulting sequences showed a variable length; they were aligned through the Sequencher software (www.genecodes.com accessed on 12 February 2021) together with those retrieved from GenBank [40] and compared to a sequence considered as reference mitogenome (NC_016926.1; [41]). In order to make uniform all sequences, they were cut at the same range, from the nucleotide position(np) 4717 to np 5434.



Mitochondrial DNA sequence variation parameters were estimated by using DnaSP 5.1 software (www.ub.edu/dnasp/index_v5.html accessed on 13 June 2021) [42]. Haplotype (HT) number codes have been assigned to each sample only for our convenience, as previously classified.



The evolutionary relationships among haplotypes were visualized through Molecular Evolutionary Genetics Analysis Integrated software (MEGA7; http://www.megasoftware.net accessed on 17 June 2021) by using the Neighbor-Joining algorithm, also including the mtDNA sequences available from GenBank.





3. Results


3.1. Chemical-Physical Parameters of Lake Trasimeno


Hydrological levels of Lake Trasimeno were higher during spring and summer, with a maximum monthly mean of −0.47 m in June 2019. The lower values were recorded in October 2018 (−0.89 m) (Figure 1).



Seasonal chemical and physical parameters of Lake Trasimeno, such as water temperature, transparency, pH, dissolved oxygen, oxygen saturation and conductivity, are reported in Table 1.




3.2. Morphometric and Biological Analysis


3.2.1. Sex Ratio and Population Size


Generally, the number of males was statistically significant higher than that of females (Χ2 = 22.64; p < 0.05), accounting for 60–80% for most every monthly sample, excepted May, June and July 2019 showing a sex ratio close to 1:1 (Χ2 = 0.40; p > 0.05) (Figure 2).



Size (TL) and weight (W) of males were generally smaller than for females (Table 2). Mean total length of females was 99.46 mm (mean weight 23.06 g), with a minimum value of 45.03 mm and a maximum of 164.8 mm, while for males the mean value was 94.02 mm (mean weight 22.44 g, with a minimum of 65.91 mm and a maximum of 138.5 mm (tTL = 8.7, df = 1792, p < 0.001; tW = 0.49, df = 1817, p = 0.2) (Table 2).



The total mean of carapace length (CL) in females was 48.59 mm (min 20.14 mm; max 73.81 mm), and in males 46.76 mm (min 21.2 mm; max 81.55 mm). Higher carapace length was recorded during the warm months in females, with a maximum mean of 54.33 mm in July 2019, and lower in the colder months, with a minimum mean of 44.59 mm in November 2018. In males the carapace length slightly increased during the monitoring period, from a minimum mean value of 43.31 mm in September 2018 to a maximum value of 53.02 mm in June 2019 (tCL = 5.6, df = 1818, p < 0.001). For both sexes a statistically significant linear relationship between total length and total weight emerged (rfemales = 0.96, df = 601, p < 0.01; rmales = 0.89, df = 1188, p < 0.01).




3.2.2. Molting and Reproductive Cycle


Molting (Figure 3A,B) occurred from late-autumn to late-spring, with a greater peak in November 2018 corresponding to the lowest value of hydrological level and the other two peaks in January-February 2019 and April 2019, especially in males, when lake level raised (Figure 3B). However, no statistically-significant correlation was found between lake water level and molting (rfemales = −0.12, df = 11, P = 0.7; rmales = −0.14, df = 11, p = 0.65). Frequency of molts (Figure 3A) was higher in females, and seasonal fluctuations were inversely proportional to the sexual maturity observed in both sexes (rfemales = −0.69, df = 11, p < 0.001; rmales = −0.99, df = 11, p < 0.001). In females, the maximum percentage of molting was recorded in November 2018 (48.6%) and April 2019 (48.8%). In males, a higher molting frequency (34.9%) was observed in January 2019, corresponding to the lowest percentage of sexual activity (57.8%, Figure 3A). July displayed the lowest frequency and no molts were registered in August and September. The smallest female with mature ovarian eggs had a total length of 70.24 mm (7.0 g), while the largest measured 139.58 mm (63.7 g). In August and September 2018 almost all adult females (82.9% and 95.2%, respectively) had mature ovarian eggs (Figure 3C), when the water temperature ranged between 18.7 and 25.7 °C, pH 8.7, dissolved oxygen 9.0 mg/L (110.5%), conductivity between 1607.33 and 1417.88 μS/cm and hydrometric level of about −0.75 m. No statistically-significant correlation was found between female abundance and maturity of ovarian eggs (r = 0.35, df = 11, p = 0.24). The frequency of sexually active males was generally high throughout the sampling months, except January, April and May 2019 (Figure 3D).




3.2.3. Condition Indexes


Tw/B values in males were lower (5–20%) compared to those of females in each sampling month (Figure 4A). Similarly, a lower abdomen weight (up to 25%) was regularly measured in males (3–7 g and 3–8 g for males and females, respectively) (Table 2). In detail, the mean value recorded in females was 6.27 g (min 1.50 g; max 15.80 g), while in males 5.24 g (min 2.10 g; max 13.70 g) (tAW = 8.8, df = 1818, p < 0.001). However, abdomen weight showed similar seasonal variations for both sexes, being higher from May to July and lower (up to 60%) in late summer and in colder months. A similar trend has also been observed for the Tw/B index. Lower HIw values were measured for males (10–35%) compared to females (Figure 4B).



Indeed, for females the hepatopancreas mean weight was 1.61 g, with a minimum of 0.10 g and a maximum of 5.90 g, while for males the mean value was 1.25 g, with a minimum of 0.20 g and a maximum of 4.30 g (tHW = 11, df = 1818, p < 0.001). Generally, hepatopancreas weight of most females was between 0.8 and 1.5 g, while for males it ranged between 0.8 and 1.2 g. Hepatopancreas weight, and consequently HIw, showed seasonal fluctuations, but in the opposite way to Tw/B (Figure 4A,B, Table 2). In females, the gonadosomatic index (GSI) differed during the sampling period, showing 3 peaks in September 2018 and January and April 2019 (Figure 4C). No correlation emerged between GSI and HIw (R = 0.042, df = 11, p = 0.89) (Figure 4D).





3.3. Genetic Analysis


A total of 718 bp of the mtDNA control region, spanning from nucleotide position (np) 4717 to np 5434, for each sample were analysed. The overall sequence alignment revealed the presence of 12 polymorphic sites (S), represented by any singleton variable sites of two variants, and 12 parsimony informative sites. The average number of nucleotide differences was 3.14. Nucleotide diversity (π) across all individuals was estimated at 0.00438, and the haplotype diversity (Hd) was determined at 0.414.



Both Tajima’s D nor Fu and Li’s D* values were negative and statistically significant: neither of neutrality test rejected the null hypothesis of neutral evolution (D = −0.07738, D* = −0.04512; p > 0.10); therefore, variation pattern of the mitochondrial control region may be a reliable reflection of the population history of P. clarkii. The negative Fs value (−0.01845) derived from sequence analyses was 0.773 (p = 0.393 > 0.05), thus suggesting that P. clarkii experienced a significant population expansion.



Four distinct mtDNA haplotypes were detected (Table 3): HT01, HT03, HT05, and HT05. As reported in Figure 5, the most representative HT01 was detected in 22 out of 29 samples (76%), while one (HT05) was unique (3%). These two haplotypes were more closely related than others (Figure 5). HT03 was characterized by only four mutational variants relative to the reference sequence.





4. Discussion


It is well known that water column levels can influence the behavior and reproductive cycle of P. clarkii [4,20,43,44,45]. The levels in Lake Trasimeno have changed considerably over time; during the 1970–1975 and 1989–2012 periods the lake level decreased more than 1 m and 2 m below the hydrometric zero level, respectively, whereas during the rainy years 2013–2014 it increased considerably. Indeed, in order to prevent flooding of coastal areas, in January 2015 the bulkhead of the artificial outlet of San Savino was moved down after a total closure of about 30 years [21]. Although hydrological levels of Trasimeno increased considerably over the last five years, fluctuations of lake level during seasons lead to reach the highest level in spring and summer and the lowest level in autumn and mainly in October. These changes in the hydrological level require physiological adaptations of aquatic organisms [46]. Therefore, the present study assessed whether changes of life-history traits of the invasive red crayfish species occurred in the last decade in Lake Trasimeno.



The sex ratio throughout the monitoring period of the present study was generally different from the expected 1:1 previously found for cambarids [26] and for P. clarkii in Lake Trasimeno [20]. An imbalanced sex ratio in specimens from the same ecosystem has already been reported by Dörr and Scalici [4]. According to the authors, females have never prevailed over males in the years 2007–2009, differently from what was observed for P. clarkii eight years earlier [20].



In this study, conducted 10 years after the last study of Dörr and Scalici [4], a male/female ratio of 1:1 was recorded only in May, June and July 2019, while in the remaining period males were more abundant than females (60–80% of the entire monthly sample), in particular in August and December 2018 and February 2019. Moreover, the abundance of males has also been reported by other authors who have monitored the population of P. clarkii in Italian freshwater ecosystems [47,48,49].



Whereas in Dörr et al. [20] an inverse correlation between the abundance of females and the maturation of gonads emerged, the present study found no relationship between abundance and maturity of ovarian eggs of females. The sex ratio imbalance is likely due to the presence of several factors that can induce a different abundance between the two sexes, such as the breeding period, incubation period and digging habit [50,51,52]. In addition, other eco-ethological factors, such as the tendency of females, especially mature or with juveniles, to shelter in burrows [43,45], or the height of water column [44] could help to promote males abundance. It is quite difficult to attribute the imbalance of sex ratio to one or more biotic or abiotic factors. However, in this study, the increase in the hydrological level of the lake over the last five years may have played a pivotal role. The rise of the height of the water column may lead to an increase of the predation rate of P. clarkii in Trasimeno by its predators, such as largemouth bass (Micropterus salmoides), eel (Anguilla anguilla), pike (Exos lucius) and perch (Perca fluviatilis) [20]. At the same time the fishing pressure on P. clarkii by the professional fishermen may not be neglected in this basin.



The population of P. clarkii from Lake Trasimeno showed dimensions ranging from 6.2 cm to 14.0 cm of total length (5.90–65.0 g of total weight), mainly in a range between 8.5 to 10.5 cm. This outcome suggests that the red swamp crayfish is able to grow more in this shallow lake than in its original habitats [53,54,55]. However, the mean size of the P. clarkii population recorded in this lake seems to be slightly shortened since the beginning of the millennium [20].



The growth of crayfish is a process that involves a series of molting and inter-molting periods. Previous studies showed that molting period can be influenced by changes in hydrological levels and temperature of lake [4,20,26]. In the present study, molts were not strictly affected by the hydrological levels of Lake Trasimeno, even though the highest peak of crayfish in molt for both sexes was observed when the hydrological level was the lowest. Rather, molts showed seasonal variations and occurred mainly in autumn, winter and spring. However, although molting was predominantly in November 2018 and February and April 2019, the frequency was different in males and females, according to Dörr and Scalici [4]. Dörr et al. [20] found synchronized molting period for both sexes in spring. On the contrary, in the present study molting frequencies occurred asynchronously between sexes. While a single maximum molting peak was observed in males in January 2019, at a water temperature near to 5 °C, in females two peaks were recorded in different seasons: autumn (November 2018 at a water temperature near to 9 °C) and spring (April 2019, at a water temperature of about near to 17 °C).



For both sexes, molting activity significantly decreased in summer. Several published studies analyzed how temperature affects molting, some suggesting that it is favored at temperatures below 10 °C [56], others that the favorable period is when the temperature reaches 20 °C [54].



Molting is inversely related in both sexes to sexual maturity [20,57], which in turn is directly related to temperature, especially in females. In the crayfish monitored from July 2018 to July 2019, a correlation between molting and the reproductive stage of the specimens also emerged, with a higher molting frequency corresponding to a low percentage of sexually active males or females in the pre- or post-spawning phase (with immature ovarian eggs). On the other hand, reproductive cycle especially in females is related to temperature and hydrological levels. Previous studies have shown that the optimal growth temperatures of ovarian eggs range between 21 and 27 °C, while inhibition occurs below 12 °C [58]. In the present study, the peak of mature ovarian eggs occurred in September 2018, at a water temperature of 19 °C and a lower hydrological level (−0.8 m), after a progressive growth from July 2018, when the water reached higher temperatures (25–28 °C). These results are in line with a previous study of Dörr et al. [20], where a peak of P. clarkii with mature ovarian eggs was observed when the water temperature was about 20 °C and hydrological levels were around −0.8 m. However, in this study, with a hydrological level of −0.8 m but a lower temperature, the number of sexually mature females decreased. Indeed, for female crayfish pre-spawning phase (onset of egg maturation) takes place in June, and then the spawning phase (egg maturity) occurs in August-September, when the temperature was higher, suggesting that in Lake Trasimeno the reproductive cycle of P. clarkii females can be more affected by temperature rather than the hydrological levels.



In crayfish, the condition indexes based on weight are a valuable support to investigate the health state of a population [59,60] Tw/B and HIw were lower in males than in females, also in relation to the lower weight of the abdomen and hepatopancreas. This finding is also in agreement with the data reported by Dörr et al. [59] for wild specimens in Lake Trasimeno. However, in the present study, the weight difference between males and females reached 25%, whereas Dörr et al. [59] observed a difference of approximately 10%. This difference may be likely related to the smaller total size of males compared to females. In this regard, the values of Tw/B and HIw are comparable with those reported by Dörr et al. [4,59] and confirm a stable health condition of the species, suggesting that the changes of the hydrological levels did not affect its health status. HIw can be used as a sensitive morpho-physiological health marker, dependent on water nutrition, reproduction and pollution [59,60]. Dörr and Scalici [4] revealed an inverse correlation between HIw and GSI, dependent on the presence and weight of mature gonads in females. On the other hand, in the present investigation, there was no significant correlation between both condition indexes. In particular, GSI showed three peaks, corresponding to the period of higher incidence of mature gonads in females (August, September and October 2018).



Population genetic analyses can be helpful to assess origin, pathways of introduction and demographic changes associated with the dispersal of invasive species [40]. In order to ascertain the genetic affinities of our samples to other worldwide P. clarkii populations, the survey was extended to all available red swamp crayfish mitochondrial control region sequences. Unfortunately, to date, the only data concerning non-coding mtDNA are those published by Li et al. [40], who, by considering 291 individuals from 37 different sites of Asia and North America, identified a total of 46 haplotypes, including the four haplotypes inferred to be ancestral (Hap_d1, Hap_d2, Hap_d44, and Hap_d46). None of these four haplotypes was detected in our dataset, thus suggesting that the Lake Trasimeno population could be unique (Figure 6). Nevertheless, our four haplotypes were widely distributed in the precedent phylogeny, showing a clear separation of HT03, which falls in the exclusively Chinese clade, and the other haplotypes (HT01, HT05 and HT06), which belong to the other clade.



Indeed, the present study implemented the historical scenario based on mtDNA control region reported by Li et al. [40], by inferring P. clarkii population genetics and invasion routes in Europe. Previous investigations were undertaken in the European continent, Italy included, using the same population genetic approach, but focusing only on coding mtDNA markers, mainly 16S [61] and CO1 [28,31]. These previously published data are not consistent with the present study because it is based on the most polymorphic region of the mtDNA genome. Similarly, to the investigated control region haplotypes (HT01, HT05 and HT06, but not for HT03), all CO1 haplotypes found in European basins were closely related, differing by very few mutational steps. The authors argued that this low level of sequence divergence was expected, showing that the colonization of P. clarkii is recent [28]. It is evident that the Trasimeno’s population is distinct from those of other continents because the haplotypes were unique when compared to those already known [40], suggesting complex invasion dynamics followed by transfer and expansion. The marked prevalence of one haplotype (HT01) suggests a single introduction of P. clarkii into Lake Trasimeno, but the divergence of HT03 can strengthen the hypothesis of multiple secondary introductions as reported in the whole European continent [31]. Undoubtedly, further genetic investigations are needed by extending the dataset from Lake Trasimeno and other basins.




5. Conclusions


Morphometric and condition indexes indicate a good health state of both sexes of crayfish. The breeding period in Lake Trasimeno seems to be strongly related to water temperature and fluctuates with the hydrological level of the lake. In females, the pre-spawning phase is in June, and the spawning phase is from August to October. The frequency of sexually active males is generally high during all months of sampling and reaches its maximum value in the warmer summer months. Despite the imbalanced sex ratio showing a higher number of males than females, our results confirmed that P. clarkii has a stable population structure with decent condition indexes for both sexes and is skilled to deal with fluctuating water temperatures and levels and is favored by the resources and conditions typical of the Trasimeno ecosystem, which seems to be optimal for the maintenance of the species. As a consequence, almost 20 years after its first report, P. clarkii is still well acclimatized in the Trasimeno area. It is noteworthy that all mitochondrial haplotypes were unique when compared to those already known. In addition, the prevailing of a mitochondrial haplotype (HT01) suggests that a single predominant introduction event may have occurred in this area, likely followed by secondary events. Overall, the biology and genetic diversity investigation of P. clarkii provided relevant information which could be valuable for the management and control of this invasive species.
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Figure 1. Hydrometric level of Lake Trasimeno during the monitoring period (July 2018–July 2019). 
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Figure 2. Sex-ratio and frequency of female (pink) and male (blue) crayfish from Lake Trasimeno (absolute values of both sexes inside the bars). 
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Figure 3. Frequency (A) and number of molts in relation to the hydrometric levels of Lake Trasimeno (B) in females (pink) and males (blue). Frequency of sexual maturity (percent values inside the bars) of females with mature (red) and immature (pink) gonads (C) and of sexually active (blue) and immature (light blue) males (D) of P. clarkii from Lake Trasimeno. 
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Figure 4. Tw/B index (A) and Hiw index (B) of females (pink) and males (blue) crayfish. Number of females with mature gonads (orange) in relation to the hydrometric levels of Lake Trasimeno (C) and HIw (pink) and GSI (brown) indexes of females (D) of P. clarkii from Lake Trasimeno. 
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Figure 5. Pie chart of haplotype relative frequency and schematic representation of the mtDNA phylogeny of 29 samples from Lake Trasimeno. 
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Figure 6. A phylogenetic tree that includes all samples from Lake Trasimeno (highlighted in grey) and sequences retrieved from GenBank (those considered ancestral haplotypes are marked with green stars). Haplotypes are shown in different colors according to the geographical regions from which the samples were collected: orange for China, purple for Japan and blue for USA. 
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Table 1. Seasonal chemical-physical parameters of Lake Trasimeno during the biomonitoring period (mean value ± standard deviation).
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	Variable
	Summer
	Autumn
	Winter
	Spring





	water temperature (°C)
	24.54 ± 4.34
	10.52 ± 5.35
	7.80 ± 2.94
	21.17 ± 5.15



	water transparency (m)
	0.60 ± 0.10
	0.52 ± 0.24
	0.50 ± 0.17
	0.83 ± 0.15



	pH
	8.54 ± 0.15
	8.34 ± 0.06
	8.42 ± 0.12
	8.57 ± 0.19



	dissolved oxygen (mg/L)
	8.4 ± 1.02
	10.42 ± 1.61
	11.20 ± 1.02
	8.13 ± 0.98



	oxygen saturation (%)
	97.12 ± 19.91
	92.83 ± 3.58
	94.00 ± 1.81
	91.23 ± 3.83



	conductivity (µS/cm)
	1569.75 ± 116.80
	1143.67 ± 192.55
	1032.10 ± 89.06
	1425.00 ± 167.82
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Table 2. Monthly values of morphometric parameters of P. clarkia (mean value ± standard deviation).
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Total Length (mm)

	
Carapace Length (mm)

	
Total Weight (g)

	
Abdomen Weight (g)

	
Hepatopancreas Weight(g)




	
Month

	
Females

	
Males

	
Females

	
Males

	
Females

	
Males

	
Females

	
Males

	
Females

	
Males






	
July 2018

	
107.02 ± 14.60

	
90.65 ± 12.14

	
52.76 ± 9.42

	
48.45 ± 5.71

	
31.50 ± 13.32

	
26.05 ± 9.60

	
8.56 ± 2.51

	
6.46 ± 1.85

	
1.76 ± 0.66

	
1.18 ± 0.49




	
August 2018

	
99.27 ± 11.39

	
88.34 ± 8.38

	
50.20 ± 7.04

	
43.80 ± 5.24

	
24.76 ± 10.44

	
19.37 ± 5.97

	
6.40 ± 2.10

	
4.80 ± 1.17

	
1.47 ± 0.55

	
0.95 ± 0.31




	
September 2018

	
94.88 ± 9.15

	
87.55 ± 8.78

	
47.38 ± 4.51

	
43.31 ± 4.56

	
20.83 ± 6.71

	
17.60 ± 5.52

	
5.38 ± 1.58

	
4.31 ± 1.22

	
1.43 ± 0.50

	
0.84 ± 0.25




	
October 2018

	
94.77 ± 11.50

	
92.88 ± 9.34

	
46.97 ± 5.46

	
46.25 ± 5.23

	
20.22 ± 7.75

	
21.50 ± 7.60

	
5.45 ± 2.00

	
4.92 ± 1.37

	
1.50 ± 0.76

	
1.20 ± 0.43




	
November 2018

	
90.66 ± 12.31

	
91.49 ± 10.61

	
44.59 ± 6.38

	
45.76 ± 5.82

	
17.81 ± 8.33

	
20.56 ± 9.26

	
4.83 ± 1.88

	
4.72 ± 1.56

	
1.37 ± 0.87

	
1.25 ± 0.60




	
December 2018

	
99.55 ± 13.22

	
94.99 ± 8.86

	
48.90 ± 6.70

	
47.50 ± 4.93

	
23.66 ± 10.39

	
23.63 ± 8.18

	
5.94 ± 2.24

	
5.13 ± 1.29

	
1.87 ± 1.01

	
1.60 ± 0.62




	
January 2019

	
93.26 ± 10.81

	
91.47 ± 10.40

	
45.43 ± 5.85

	
45.31 ± 5.66

	
18.71 ± 7.77

	
20.07 ± 9.05

	
5.01 ± 1.70

	
4.75 ± 1.63

	
1.45 ± 0.66

	
1.24 ± 0.50




	
February 2019

	
93.00 ± 10.25

	
92.29 ± 10.56

	
45.63 ± 5.47

	
45.92 ± 5.69

	
18.96 ± 7.98

	
20.75 ± 9.33

	
5.15 ± 1.67

	
4.82 ± 1.48

	
1.53 ± 0.87

	
1.31 ± 0.61




	
March 2019

	
103.70 ± 13.71

	
99.08 ± 9.04

	
50.24 ± 7.10

	
48.62 ± 5.02

	
25.85 ± 11.91

	
24.54 ± 7.99

	
6.70 ± 2.42

	
5.67 ± 1.56

	
1.97 ± 0.95

	
1.40 ± 0.48




	
April 2019

	
99.08 ± 12.15

	
97.98 ± 8.45

	
47.81 ± 6.49

	
47.92 ± 4.67

	
21.28 ± 9.35

	
22.69 ± 8.48

	
6.16 ± 2.17

	
5.57 ± 1.41

	
1.46 ± 0.76

	
1.34 ± 0.37




	
May 2019

	
103.53 ± 12.93

	
103.03 ± 9.59

	
50.00 ± 6.57

	
50.70 ± 5.36

	
24.01 ± 9.62

	
27.97 ± 10.33

	
7.04 ± 2.52

	
6.41 ± 1.62

	
1.73 ± 0.78

	
1.43 ± 0.47




	
June 2019

	
110.83 ± 10.40

	
106.92 ± 8.77

	
54.06 ± 5.31

	
53.02 ± 5.47

	
31.14 ± 10.40

	
33.13 ± 11.24

	
8.49 ± 2.36

	
7.24 ± 1.79

	
1.79 ± 0.63

	
1.47 ± 0.51




	
July 2019

	
111.69 ± 9.86

	
102.64 ± 9.89

	
54.33 ± 5.61

	
50.22 ± 5.52

	
30.53 ± 9.45

	
27.79 ± 9.47

	
8.84 ± 2.24

	
6.79 ± 1.72

	
1.94 ± 0.71

	
1.13 ± 0.41
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Table 3. Control region mtDNA variation: haplotypes are shown with the respective mutations (within the range nps 4717–5434).






Table 3. Control region mtDNA variation: haplotypes are shown with the respective mutations (within the range nps 4717–5434).





	Sample ID
	Mutations (Range: nps 4717–5434)
	Haplotype Code





	TR01
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR02
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR03
	4752 4771 4865 4880 5033 5056 5334 5335 5363 5370 5418
	HT05



	TR04
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR05
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR06
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR07
	4752 4771 4986 5033 5056 5334 5335 5352 5363 5370
	HT06



	TR08
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR09
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR10
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR11
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR12
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR13
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR14
	4752 4771 4986 5033 5056 5334 5335 5352 5363 5370
	HT06



	TR15
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR16
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR17
	5254 5334 5335 5363
	HT03



	TR18
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR19
	5254 5334 5335 5363
	HT03



	TR20
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR21
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR22
	5254 5334 5335 5363
	HT03



	TR23
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR24
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR25
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR26
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR27
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR28
	4752 4771 4865 4880 5033 5041 5056 5334 5335 5363 5370 5418
	HT01



	TR29
	5254 5334 5335 5363
	HT03
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