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Abstract

:

Mullet is the most heavily fished species in Tunisia, accounting for one-third of the freshwater fish harvest. To ensure the continuity and development of fisheries in the country, Tunisian reservoirs have been stocked with Mugilidae fry collected from coastal and estuarine areas. The quantities of fry introduced and mullet landings were correlated. To determine the spatial distribution and abundance of mullets in these fisheries, a multi-mesh gillnet was used in 10 reservoirs. The results showed a weak global correlation between the fry introduced and mullet landings, while the correlation of these variables in each reservoir separately revealed a high correlation in all the reservoirs, except for Ghezala reservoir. The fishing survey revealed that the numerical yield varied significantly from one reservoir to another. Sidi Saad reservoir recorded the highest yield of mullet (196.52 fish/1000 m2 of nets), while a lower yield was recorded in Lahjar, Seliana, Mellegue, Laabid, Ghezala, Bezirekh, Bouheurtma, Sidi Salem, and Sidi Barrak reservoirs. The harvested mullets’ sizes ranged from 14 to 65 cm, indicating good growth conditions in the Tunisian reservoirs. Our findings demonstrate a high potential for mullet production in the country; therefore, we recommend the sustainable development of this sector.
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1. Introduction


Fish farming began in Tunisia in the 1960s and witnessed a major upturn in the 1990s thanks to the efforts of the Tunisian–German cooperation project initiated by the German Association of Technical Cooperation (the Deutsche Gesellschaft für Technische Zusammenarbeit) [1]. Many proposals have been made over the years to develop freshwater fisheries in Tunisia, including mullets [2,3,4,5]. However, before the abovementioned project was implemented, freshwater fisheries were not properly exploited.



The diversity of freshwater fish fauna in North Africa is generally limited, particularly in Tunisian reservoirs [6,7,8,9,10]. This is due to environmental conditions including the lack of freshwater input and permanent natural streams, in addition to extreme temperatures, which make ichthyofauna’s survival difficult [7]. As part of the aforementioned project, fish species were introduced from Europe in the 1990s to increase and diversify fish production in Tunisian reservoirs [6,11,12]. Both commercial and noncommercial species are now harvested in these water bodies, as per Mili et al. and Mtimet [13,14]. The first category includes Cyprinus carpio [15], Sander lucioperca [15], Silurus glanis [15], Anguilla anguilla [15], Mugil cephalus [15], Chelon ramada [16], and Oreochromis niloticus [15]. The second category is mainly composed of Scardinius erythrophthalmus [15] and Rutilus rutilus [15]. The Mugilidae family is reported to be one of the most important fish groups in the Tunisian fisheries [17]. The experimental stocking of reservoirs with mullet fry marked the beginning of freshwater fish farming of Mugilidae in Tunisia. The first experiment was realized in Mellegue reservoir in 1964 using 100,000 fry of M. cephalus. The exploitation of freshwater reservoirs by the National Office of Fisheries (ONP) started in 1979 and continued until 1988. In Tunisia, mullet harvesting is mainly carried out in hill lakes and dam reservoirs. However, the exploitation of fisheries varies among reservoirs due to differences in the watersheds, which lead to fluctuating patterns in the physicochemical parameters of the water [6,13]. In the 1990s, the introduction of mullet fry allowed a total fish harvest of around 20.3 tons, where mullets represented 44% of the catches, preceded by barbell (54%) [1]. Along with these measures which seek to improve fishing in the reservoirs, the ONP has issued fishing licenses to professional fishermen since 1987.



Regarding fishing gear and methods; Losse et al. [1] and Mili et al. [13] stated the different mullet fishing practices used in freshwater reservoirs, such as passive techniques. Passive fishing entails setting gill nets for one night and leaving them to catch fish, especially in bad weather. Another fishing technique is to encircle the mullet shoals in the surface water layers. Fishermen can easily use gill nets regardless of the spatial and temporal distribution of the fish, particularly mullet [8,13].



The mullet fisheries have faced many challenges, including a lack of reliable catch statistics and overall development planning [13]. Eco-biological studies of these species in Tunisian reservoirs are scarce in the literature. The lack of information on the population status and distribution of Mugilidae species in these water bodies makes their study and management more difficult. To potentially assist in resource management, the Higher Institute of Fishery and Aquaculture of Bizerte, in collaboration with the Technical Center of Aquaculture, implemented a fish sampling technique based on the European standard CEN using multi-mesh gill nets [18]. This sampling technique provided good information on fish density in terms of catch per unit effort (CPUE). Fry stocking procedures in Tunisian reservoirs are based on the European norm set by Loss et al. for the right size and quantity seeded per volume of water (20 mm–100 fry/ha) [1].



The primary goals of our investigation are twofold: to assess the state of mullet fisheries, and to examine existing knowledge about mullet populations. These steps can provide fishery managers with conservation measures to boost mullet productivity in Tunisian reservoirs.




2. Materials and Methods


The study was carried out in 10 reservoirs located in the north of Tunisia (southeast Mediterranean Sea) (Figure 1). To collect information on mullet fishery in Tunisian reservoirs, several databases (from 2001 to 2020) were used including technical reports, as well as published and unpublished data. These databases were obtained through a collaborative work agreement between the Higher Institute of Fishery and Aquaculture of Bizerte (ISPAB), the General Directorate of Fishery and Aquaculture (DGPA), and Tunisia’s National Institute of Marine Sciences and Technologies (INSTM).



Generalized additive models (GAMs) were applied to assess the correlation between the quantity of mullet fry stocked and the mullet harvest in the Tunisian reservoirs [19]. GAMs can be considered a nonparametric generalization of linear regressions that are increasingly being used to study nonlinear relationships between the covariates and the response variable [20].



Multi-mesh gill nets were used in ten reservoirs located in different areas of Tunisia to determine the spatial distribution and abundance of mullets. Sampling was carried out using 20 m long, 1.5 m deep multi-meshed gill nets with eight different mesh sizes ranging from 18 to 80 mm, manufactured by ISPAB [18]. This European standard method was used in Tunisian reservoirs for the first time [21,22]. Samples were collected between April 2013 and May 2020. A generalized additive model (GAM) was used to determine the most common size class in each reservoir [19].



Similarity among reservoirs was tested according to the biotic (biomass and catch of mullet, weight per unit of effort (WPUE), and number per unit of effort (NPUE)) and the abiotic parameters (depth, area, and fishing effort) using Principal Component Analysis (PCA). The statistical analysis and the graphical representations were carried out using R 2.15.0 with the following R packages: “Vegan” [23], “Pgirmess” [24], and “mgcv” [19].




3. Results


3.1. Mullet Production


Mullet is the most abundant freshwater fish species in Tunisia, with 362 t/year, which represents 32.5% of the total harvest per year. From 2001 to 2020, the mean total yield of freshwater fish was 973 tons per year in the 10 studied reservoirs. It increased from 862 tons in 2001 to over 1251 tons in 2017 with a decrease to 919 tons in 2011 because of the political situation in the country, and then dropped again in the years (2018–2020) due to the reduction in the mullet fry stocked in these reservoirs.



C. ramada and M. cephalus represent the most important freshwater fish harvest in Tunisia (Figure 2). In 2013, 149 tons of these species were harvested in the studied sites. This low value was due to a lack of mullet fry stocked in 2011 and 2012.




3.2. Correlation between the Introduced Fry and the Harvested Mullet


The quantity of the collected mullet fry has fluctuated over the years. The Technical Center of Aquaculture’s objective was to collect and transfer 10,000,000 mullet fry, but this was never achieved. The variation of fry captures is widely related to the conditions of exploitation and natural recruitment. After capture, the fry can be stabilized by acclimatization in storage units near the reservoirs. All the stock (C. ramada and M. cephalus) is captured by a special gill net, i.e., the “Italian seine”, that has a mesh size of 1.5 mm and H × L dimensions of 1.5 m × 4 m. This net replaced several other fry fishing gear (beach seine, etc.). The fry, measuring between 15 and 37 mm in total length, are captured and transported in oxygenated tanks, and then released after adaptation (adjustment of salinity and temperature).



The variability in the quantities of mullet fry stocked over the past 19 years is summarized in Figure 3. The decrease in the collected quantity of mullet fry was due to low rainfall, the disconnection between fresh water and seawater associated with pollution, and probably the overexploitation of these resources.



The analyses of mullet harvest and the quantity of mullet fry stocked in the totality of Tunisian reservoirs between 2001 and 2020 indicate a low correlation among these factors (R2 = 0.320). The total quantity of mullet fry stocked in these reservoirs ranged from 295,000 (in 2017) to 9,759,000 (in 2009) and differed significantly across the years (F = 3.45; p < 0.05). As for mullet harvest, it dropped from 370 tons (2014) to 239 tons (2001) and fluctuated significantly over the years (F = 5.32; p < 0.05).



The plot (Figure 3) shows a poor relationship between fry stocking and mullet landing. This observation can be explained by the unreliable harvest statistics given by fishermen. Additionally, the lack of data on mullet fry mortality can lead to an overestimate of the stocked quantity.



The generalized additive models (GAMs) applied to 10 Tunisian reservoirs showed a high correlation between introduction and landing (F = 23.2; p = 0.04). This parameter accounted for 46.69% of the deviance in variability in mullet harvest except for Ghezala reservoir (GAM, F = 5.58; p = 0.54), where the GAM showed a weak correlation between mullet harvest and stocked mullet fry. A strong correlation between these two variables was observed in the rest of the reservoirs. The covariate accounted for between 91.7% and 91.2% of the deviance in variability in Lahjar, Sidi Saad, Seliana, Mellegue, Sidi Salem, Laabid, Sidi Barrak, Bezirekh, and Bouheurtma reservoirs (Figure 4). However, the GAMs demonstrated a poor significant correlation between the stocked mullet fry and mullet harvest for the remaining reservoirs.




3.3. Numerical and Weight Yield


Fish sampling with multi-mesh gillnets (based upon the European CEN Standard) gives a good indication of trends in fish density (CPUE). This enables us to compare the CPUE density of the population, which allows us to make recommendations on how to achieve sustainable mullet management in Tunisian reservoirs. These reservoirs show significant variations in numerical yield (F = 2.51, p < 0.05) ranging from 0.76 fish/1000 m2 net in Sidi Salem to 196.52 fish/1000 m2 net in Sidi Saad reservoir. Mullet catch rates by weight differed in the prospected reservoirs (F = 3.42, p < 0.05), and oscillated between 0.36 kg/1000 m2 net and 196.52 kg/1000 m2 net in Laabid and Sidi Saad reservoirs, respectively.



Variation in catch and biomass of mullet in Tunisian reservoirs expressed in terms of number per unit effort (NPUE—fish/1000 m2) and weight per unit effort (WPUE—kg/1000 m2) was detected according to depth, area, and fishing effort using principal component analysis (PCA). The two principal components contributed 89.69% of the total variance. The first component axis, which accounts for 49.66% of the catchability and biomass of mullet variance, is characterized by low positive contributions from the reservoirs of Lahjar, Seliana, Mellegue, Sidi Salem, Sidi Barrak, Laabid, Ghezala, Bezirekh, and Bouheurtma and, otherwise, by high negative contributions from Sidi Saad reservoir. The second component axis, accounting for 40.03% of the total variance, is distinguished especially by the high positive contributions of Sidi Salem, followed by Sidi Barrak reservoir (Figure 5). ACP shows that covariates accounted for 59.4% to 0.14% of the deviance in variability in these reservoirs.



The harvested mullets were divided into three groups (I, II, and III) according to the NPUE and WPUE. Group I is composed of reservoirs with relatively low yields, which is the case for Lahjar, Seliana, Mellegue, Laabid, Ghezala, Bezirekh, and Bouheurtma reservoirs. The NPUE and WPUE obtained in these reservoirs were significantly different from the number and weight per unit effort of mullet components in the second and third groups. Group II, composed of the NPUE and WPUE of caught mullets in Sidi Salem and Sidi Barrak, showed a positive correlation with the second factor. The low yields of these reservoirs are significantly correlated to their areas (F = 2.33, p < 0.05) and fishing effort (F = 3.21, p < 0.05). Group III is composed of relatively high yields (NPUE = 196.52 fish/1000 m2 and WPUE = 29.41 kg/1000 m2), as observed in Sidi Saad reservoir. This study shows that the yields of mullets were not correlated to the depth of the reservoir (p = 11.21, F = 0.07), which confirms the pelagic character of mullets.




3.4. Population Status


The size of mullets caught in Tunisian reservoirs ranged from 14 to 65 cm TL (total length) (Figure 6). In our study, the sampled population consisted of four age groups (based on the scalimetry method) in the reservoirs of Lahjar, Sidi Saad, Seliana, Ghezala, Bezirekh, and Bouheurtma and five age groups in the reservoirs of Sidi Salem and Sidi Barrak. Mullets from Mellegue and Laabid reservoirs were composed of eight age groups. A significant nonlinear relationship between the abundance of mullets and the size of the different specimens was observed (Figure 6). The covariate (size) accounted for more than 50% of the deviance in variability in all inspected reservoirs. The most abundant class size of the mullet, 20–40 cm, is highlighted in the plot (Figure 6). Juvenile fish were observed in the shallow shoreline zones which were not investigated with the net.





4. Discussion


Mullet is the most abundant freshwater fish species in Tunisia, representing more than 30% of the total harvest per year [25]. Coastal waters are of particular interest as they contribute to the seasonal abundance of juveniles and fry of Mugilidae. These are used to stock freshwater reservoirs [1,13]. Until 2009, several species of Mugilidae were introduced as fry into many Tunisian reservoirs [7,26,27,28]. The fry of M. cephalus and C. ramada, collected from coastal and estuary areas, were acclimated and introduced into the reservoirs. These species revealed normal survival conditions, but they were unable to reproduce in freshwater [1,26,29,30]. Previous research on mullet fry exploitation in Tunisian waters revealed that lowland courses had a very high density of fry migrating from the open sea to estuarine waters depending on their intensity and physicochemical water parameters. The shoals of mullet migrate from mesohaline water (17% to 23%) to oligohaline waters (7% to 8%) when temperatures are between 15 and 17 °C [31,32,33]. The recommended quantity of fry for stocking reservoirs is 100 fry/ha [1]. To guarantee optimal growth of mullet, fry must be stored annually at low densities (50 fry/ha) where aquatic vegetation is important and at high densities (100 fry/ha) in reservoirs without aquatic vegetation. The storage must be made in the spring after the migrating fish-eating birds leave the area [26]. The estimation of the stocking’s contribution to landing (the stocking vs. landing ratio) must be made after the estimation of the mortality rate [29]. The relationships between stocked Mugilidae and catches indicated an increase in landings over 3 years [26].



The Technical Center of Aquaculture (CTA) catches mullet fry in different areas where the rivers and the sea converge. Mili et al. [34] studied the presence of red mullet fry along the Tunisian coast. They found that optimum stocking densities were a function of carrying capacity, food availability, environmental conditions, and fish size, as well as potential loss due to predators and mortalities [34]. Depending on the density in the capture zones, the number of stocked fry varies seasonally [34]. An analysis of the collection of mullet fry at the different stations showed that the abundance of these organisms did not occur throughout the whole season, but only during shorter periods. These authors pointed out that the spatiotemporal analysis of the mullet fry caught at the different stations showed that each station was characterized by a high abundance of one species in each season.



To take the example of Asian countries, it was reported that the availability of fingerlings of sufficient size and species represents one of the greatest impediments to all sorts of stock enhancement operations.



One of the most important components of stocking, according to De Silva and Funge-Smith [35], is to ensure that the stocked fry are of suitable size. Years of experience in China, where predatory threat is negligible in small and medium-sized waterbodies, have revealed that the most ideal size for stocking is over 13 cm in length (about 25 g).



The effect of the physicochemical parameters of the water on the mortality of the juveniles, which has not yet been estimated, can explain the poor relationship between the stocking of mullet fry and the harvest of this species in Tunisian reservoirs. Furthermore, the inaccuracy of fishery statistics and the low rate of stocking have contributed to poor outcomes. These findings are in line with previous studies. For instance, De Silva and Funge-Smith [35] depicted that the final quantity produced from a reservoir will be contingent not only on the kind of stocked specimen and its dimensions, but also on the biological productivity of the waterbody, and this determines how accessible food is to the filled seed, thus mediating how well they grow and thrive.



According to Bok [36] and Besbes et al. [37], large-scale mullet stockings, in some countries, have increased the fishing potential of their inland waters. For instance, Egypt’s Lakes Mariut and Quarun, as well as Lake Kinneret, have been stocked with millions of mullet fry, including flathead gray mullet Mugil cephalus (Galilee Sea) [38].



The relationships between stocked Mugilidae fry and harvests in Lake Kinneret indicated an increase in landings in 3 years [29]. These authors demonstrated that, when the stockings were correlated with the landings 1 year later, the trend was negative, i.e., an increase in stocking corresponded to a decline in catches the following year. These results were different from those obtained in Tunisia by referring to the landing statistics. Losse et al. [1] showed that stocking 350,000 mullet fry (density 160 fry/ha) in March led to the recruitment for commercial fishing in August (250–300 g) in Sidi Salem reservoir in Tunisia, in 1990. Additionally, mullets do not undertake large migrations and remain confined to the reservoir zone of their stocking.



Referring to the studies of Saleh [39] and Leber et al. [40], in 2005 (Egypt), 69.4 million mullet fry were gathered with a total production of 156.400 tons of mullet in lakes, semi-intensive ponds, and coastal net pens. The authors also reported that C. ramada accounted for 58% of the catch on average, whereas this thin-lip gray mullet was at 23% [39]. These findings confirmed that the development and spread of inland fish farming and the growth of local socioeconomic activities were both attributed to the stocking of numerous reservoirs with mullet fingerlings and other species [1,12].



As stated by Jenhani et al. [41], the biomass of landed freshwater fish accounts for an amount ranging from 25% to 30% of the mullet yield each year. The Technical Center of Aquaculture (CTA), which is a governmental institution, typically does not catch enough fish to meet the demand [41]. Pressure on wild-caught fry has risen as the profitability of mullet fisheries has grown [40]. However, despite numerous studies on the biology of freshwater fish in Tunisian reservoirs [27,42,43,44,45,46,47,48,49,50], little information is available on the population status, distribution, and abundance of mullet.



Regarding the fishing gear and methods, before 1990, the primary fishing gear used to catch mullets was invisible gillnets and trammel nets (invisible monofilament or multifilament). Recently, a diagnosis was made to determine the fishing gear characteristics used in Tunisian reservoirs. The findings revealed variability in the fishing gears used in the Tunisian reservoirs, with a heterogeneous technical specification [13]. Fishing gear was limited to nets, and fishermen used only small fishing boats without engines [13,14,48]. Three types of nets are used in all the Tunisian reservoirs: invisible gillnet, trammel nets, and combined nets [13,14]. The nets used by most professionals are invisible gillnets (61%). Trammel nets come second (26%), followed by combined nets (13%). The complexity of mounting this type of net has limited its use. However, compared to other types of nets, it has a very high catching efficiency [13].



Monofilament and multifilament gillnets with floating lines (1.8 kg/100 m) and lead lines (3.2 kg/100 m) were used by Losse et al. [1] in fishing trials and fishery monitoring. Nine different mesh sizes were used by these authors: 15, 25, 32, 40, 50, 60, 70, 80, and 100 mm. In 1990, the Sidi Salem, Mellegue, Bouheurtma, Seliana, and Laabid reservoirs were surveyed using multi-mesh gillnets to estimate abundance and catch per unit effort (CPUE). This study showed that the annual average of the CPUE of the mullet in terms of number and weight in Sidi Salem reservoir is about 0.66 ind/gillnet and 439 g/gillnet, respectively. Losse et al. [1] confirmed that the mullets of Sidi Salem present a small stock composed of old specimens.



Between 1985 and 1989, 800,000 mullet fry were stocked in the Bouheurtma reservoir [51]. In 1989, this reservoir was heavily fished, which led to the overexploitation of the freshwater fish stocks. The use of electric fishing combined with multi-mesh gillnets made it possible to estimate the biomass of mullets, which was estimated at 6 kg/ha. Mullet numeric and weight CPUEs were 1.5 ind/gillnet and 428 g/gillnet, respectively.



Seliana reservoir was stocked with mullet fry in 1960. This year, mullet larvae were introduced into Seliana reservoir. Because reproduction is impossible in this reservoir, the numerous fishing operations conducted in 1991 did not corroborate the persistence of these resources. In 1990, fishing activities in Laabid reservoir yielded only five specimens of mullets from three distinct species: M. cephalus, C. ramada, and L. aurata. All the specimens of mullets were harvested with a 60 mm mesh gillnet. These catches do not reflect the fish populations in Lebna reservoir.



As demonstrated by Djemali et al. [52] and Mili et al. [9,53,54], mullets were heavily abundant below 6 m depth in Ghezla, Sidi Salem, Sidi Barrak, and Lahjar reservoirs, and no individual was caught at a depth greater than 9 m in any reservoir. Mullets are known to display gregarious behavior and live in schools [26,29,52,55]. Fishermen also reported that C. ramada naturally move in schools; therefore, they are easily captured. However, M. cephalus are usually solitary and are active during the short winter period, which is the time reproductive shoals are formed in nature. Additionally, Djemali et al. [8] indicated that, in the majority of the Tunisian reservoirs, the mullet density was higher downstream than upstream because greater depths were located near the dam.



The ages of M. cephalus and C. ramada were determined in the Tunisian reservoirs, and the results showed that the maximum age for C. ramada was 10 years, corresponding to a total length ranging from 52.9 cm to 58.5 cm. Moreover, Mili et al. [26,50] found that the maximum size of M. cephalus was 65.2 cm, corresponding to an age of 8 years. In the reservoirs of Sidi Salem and Bouheurtma, Losse et al. [1] found that only M. cephalus and C. ramada were present. They also reported that, before the age of 6 years, the growth of C. ramada was faster than that of M. cephalus, but the situation reversed after the age of 7 years. In addition, they noted that the maximum age observed for C. ramada was 8 years, whereas the maximum age for M. cephalus was 9 years.



When comparing length and weight growth parameters, we found that M. cephalus grew more quickly than C. ramada [1]. This observation can be explained by the fact that the environmental conditions are optimal for the growth of this species (temperature and salinity). Temperature can have a big influence on fish production, mainly during recruitment [48]. There are also intraspecific differences in growth rates among populations in Sidi Salem, Sidi Barrak, Seliana, Kasseb, and Bouheurtma reservoirs [50]. The environmental conditions in Sidi Saad reservoir seem to be better for the growth of Mugilidae than those present in Sidi Barrak, Seliana, Kasseb, and Bouheurtma reservoirs. This result is related to metabolism, which is important when annual temperatures are high, as in the cases of Sidi Saad (21.5 °C), Sidi Salem (19.5 °C), Mellegue (18.5 °C), and Sidi Barrak (18.5 °C). The highest growth rates were also recorded when the salinity was low (>1.0) reaching 0.5, 0.7, and 0.82 in Mellegue, Sidi Barrak and Sidi Saad, respectively. High temperature and low salinity represent the optimal conditions for the growth of Mugilidae [50]. The effect of temperature, salinity, amount of food available, population density, fishing season, and maturation stage in freshwater are probably responsible for the differences observed in the growth rate of mullets in Tunisian reservoirs [50]. The growth variability observed in Mugilidae may have been due to differences in environmental conditions and migration factors, which favored mixing between migrant and local populations, according to numerous studies conducted in different regions [56,57,58]. However, differences in length and growth rates associated with the genetic origins of populations cannot be ruled out [58]. After stocking fry sizes ranging from 14 to 28 mm in Sidi Salem reservoir, mullet growth rates were found to be higher than those for C. ramada, with 240 g after 9 months and 600 g after 15 months [27]. The variation in growth rate is related to the availability of trophic resources, which is important in Sidi Salem due to the abundance of detritus and fine mud, as well as the absence of aquatic vegetation [1]. M. cephalus and C. ramada have similar trophic levels, with an affinity for vegetable resources mixed with a low quantity of zooplankton settled with mud and detritus [1].



Many authors indicated that M. cephalus has a higher potential for growth than C. ramada. Mullets grow rapidly for the first 2 years, and then slow down when they reach sexual maturity, as is the case with freshwater Mugilids in Tunisia [56]. The growth rates and ecological behavior of the two Mugilid species (M. cephalus and C. ramada) differ. However, Gophen and Snovsky [29] reported a very close survival value. The rapid growth of C. ramada and M. cephalus during the first 2 years is explained by the abundance of food [59]. Albertini-Berhaut [60] reported that the juveniles of C. ramada grow promptly in an open environment in early summer and slowly in November. This author attributed this slowdown to low temperatures and a decrease in the quantity of food available. Quignard and Farrugio [56] depicted that the difference in growth rate between sexes becomes noticeable after the second year. Farrugio [31] estimated the maximum lifespan for M. cephalus and C. ramada to be more than 15 years and 10 years, respectively. Bar-Ilan reported that M. cephalus reaches a weight twice higher in freshwater than C. ramada [61]. The rapid growth of M. cephalus and C. ramada was also reported by Vidy and Franc [62]. Furthermore, the study made in Lake Kinneret [29] showed that the food of adults comprised detritus, nano-phytoplankton, and small benthic organisms, whilst fingerlings feed on free swimming zooplankters. Additionally, these authors indicated that Mugilidae, as omnivorous fishes, collect their food primarily in the shallow part of the lake and partially in the water column.



The mortality of mullets in Tunisian reservoirs was studied by estimating fishing (M), natural (M), and total (Z). Larger size classes are affected by fishing mortality; however, natural mortality affects young specimens (1–2 years). Gophen and Snovsky [29] showed that the calculated natural mortality factor, with respect to growth rate and landing statistics, gave a similar survival for both species: 27% and 28% of stocked fingerlings recruited into the “catchment categories” for C. ramada and M. cephalus, respectively. The depletion of species diversity in reservoirs is unavoidable as a result of the transition from riverine to lacustrine habitat and due to the structure of the dam, which represents an obstacle to the upstream flow of species [35].




5. Conclusions


The diagnosis of the current state of mullet fisheries in Tunisian reservoirs allowed us to highlight several findings. There are many technical and administrative problems in managing mullet fisheries. The lack of reliable data on fisheries statistics is the main obstacle to the development of this activity. The incapacity of fishermen to discriminate between species limits the trustworthiness of research based on these data. Fisheries’ poor management led to the failure to produce important quantities of mullet. Additionally, there is insufficient information on freshwater fish distribution in Tunisian reservoirs. Such data are required to improve our understanding of the stocks and to adjust fishery management. Ineffective control services would inevitably result in serious problems, specifically an increase in unreported and unregulated fishing (IUU).



Difficulties in communicating and connecting with fishermen cause serious problems in every aspect related to mullet fisheries (marketing, stocking, equipment, etc.). Gear efficiency worsens as a result of fishermen’s lack of knowledge of the gear and the remoteness of fishing equipment outlets. The use of a nonregulatory mesh combined with a lack of compliance with the fishing season results in inaccurate exploitation of the mullet fishery. Lastly, two major problems for fishermen are the difficulty of marketing mullets and the variability of their prices.



However, the mullet population in the reservoirs remains an important part of the ecosystem that has benefits for water quality and fishing income. The high production potential of these resources is demonstrated by the rapid growth rate of mullet species. As juveniles grow rapidly, the development of mullet fisheries should be encouraged. To preserve this activity, fishing gear, particularly mesh size and net number, should be standardized and controlled. Following the annual introduction of mullet fry, whether produced in hatcheries or captured from natural sites and reintroduced into reservoirs, the exploitation of reservoirs should immediately take place. The most important development axis for mullet fisheries is (a) granting reservoirs to private developers, (b) improving the productivity of reservoirs, and (c) establishing a mullet hatchery. Lastly, mullet fishery management should be implemented through public policies that include the quantity of stocked fry mullet, the amount of catch allowed, and control over the fishing effort (number of vessels, mesh size of the net) to regulate the size of fish marketed, as well as seasonal and site regulations.
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Figure 1. Locations of the most important Tunisian reservoirs (yellow boxes: studied reservoirs). 
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Figure 2. Evolution of the mullet harvest in Tunisia from 2001 to 2020. The solid line represents the predicted value of the dependent variable as a function of the x-axis. The gray band represents ±2 standard errors. 
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Figure 3. Correlation between the quantity of mullet fry stocked and mullet harvest in Tunisian reservoirs. The dotted line represents the predicted value of the dependent variable as a function of the x-axis. The gray band represents ±2 standard errors. 
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Figure 4. Generalized additive model depicting the correlation between mullet production and mullet fry stocked. The solid line represents the predicted value of the dependent variable as a function of the x-axis. The dotted lines represent ±2 standard errors. (A) Seliana; (B) Bouheurtma; (C) Lahjar; (D) Mellegue; (E) Sidi Salem; (F) Laabid; (G) Sidi Barrak; (H) Bezirekh; (I) Sidi Saad. 
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Figure 5. Principal component analysis (PCA) applied to the biotic parameters (biomass and catch of mullet (WPUE and NPUE)) and abiotic parameters (depth, area, and fishing effort) (PC1 = 49.66, PC2 = 40.03) in the Tunisian reservoirs (Red arrows). Three mullet groups: I (Red circle), II (Yellow circle), and III (Blue circle). 
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Figure 6. Generalized additive model depicting the relationship between mullet abundance and size (total length: TL). The solid line represents the predicted value of the dependent variable as a function of the x-axis. The dotted lines represent ±2 standard errors. (A) Lahjar; (B) Sidi Saad; (C) Seliana; (D) Mellegue; (E) Sidi Salem; (F) Sidi Barrak; (G) Laabid; (H) Ghezala; (I) Bezirekh; (J) Bouheurtma. 
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