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Abstract

:

Fisheries in the Curonian Lagoon (1584 km2 coastal lagoon in South-East Baltic) can be classified as artisanal, small-scale, multi-species, and multi-gear. Such types of fisheries are characterised as data-poor and require appropriate investigation methods. We used CMSY (version CMSY_2019_9f. R) to assess maximum sustainable yield (MSY) and related indicators for freshwater bream, roach, pike-perch, and European perch. A decline in pike-perch and roach was identified, while the stocks of freshwater bream and European perch were sustained. As the CMSY model does not consider the impact of environmental factors, the decline in roach stock may be attributed to the increase in salinity rather than to overfishing. In the case of freshwater bream and pike-perch, the method cannot consider the increase of the percentage of small-sized fishes in catches due to the allowance of low-selectivity gears in the fishery. Additionally, in the case of the pike-perch, the model does not take into account the interannual fluctuations in the stock-recruitment system. The assessment of the European perch stock can be considered to be good. However, the accuracy of CMSY is limited, and it should be used for fisheries management only in combination with other methods.
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1. Introduction


The Curonian Lagoon has a historically developed fisheries and associated fisheries infrastructure, including fishing enterprises, fleet, and fishing gear. The Curonian Lagoon region underwent major geopolitical changes in the 20th century and corresponding changes in the way fisheries are organised. The peculiarities of fisheries organisation, changes in the structure and capacity of the fishery base have had a significant impact on both fish stocks and their management [1]. The hydrological, hydrochemical, and hydrobiological conditions relevant for most of the fish species in the Curonian Lagoon have not changed much over the last 100 years, but there have been significant quantitative and qualitative changes in the fish community during said time [2]. Most authors consider fisheries to be a key factor in shaping the fish communities in the Curonian Lagoon [3,4,5]; the choice of fishing gear and regime can reduce the abundance of some fish species, favouring others, thus completely altering the structure of the fish communities [1].



Anthropogenic pressure on the Curonian Lagoon’s fish communities has increased with the growth of the population of the region, and consequently with the commercial demand for fish species [5]. The characteristics of fisheries have been shaped and changed depending on the state of fish stocks, fisheries’ regulatory measures, and economic (and political) conditions [1]. The modern shape of the fish community in the Curonian Lagoon was formed in 1958–1968. By this time, stocks of valuable commercial fish had fallen to critical levels. Therefore, all measures were taken to rebuild the resources [4,6]. The seasonal restrictions were extended and restricted areas were increased. A very efficient but non-selective method of fishing, trawling, was banned. During this period, scientific principles were introduced into the Curonian Lagoon fisheries [6]. To rebuild valuable fish stocks as quickly as possible, the Curonian Lagoon’s fish food availability was improved: six species of Malacostraca class crustaceans of the Ponto-Caspian region were successfully introduced into the lagoon [7]. During this period, as recommended by scientists [8], to conserve the food and eggs of valuable fish, the intensive capture of an inedible fish, the three-spined stickleback (Gasterosteus aculeatus Linnaeus, 1758), was commenced. Strict fisheries regulatory measures have brought benefits, and the stocks of valuable commercial fish have increased. The period that followed until the collapse of the Soviet Union (1969–1990) is seen as a period of a stable and predictable fishery [4].



The shift towards market-oriented fisheries development (1991–1999) was triggered by the collapse of the Soviet Union, and the overall transformation of the Lithuanian and Russian economies. This had a strong impact on fisheries, with catches falling after 1991 despite the rapid establishment of new fisheries enterprises. In the Kaliningrad district, 36 fishing enterprises replaced four fishery cooperatives and 71 new fishing enterprises replaced four fishery cooperatives in Lithuania [2,9]. In 1994, catches were the absolute lowest in the history of the Curonian Lagoon fishery, at 12.7 kg/ha, with a total catch of only 2.1 thousand tonnes. The transition to a market economy has also caused problems in the catch accounting system, and therefore, data for this period cannot be considered reliable. Between 1997 and 2000, an increase in catches was observed in the Curonian Lagoon, which was attributed to the fisheries management measures developed and implemented in both countries. On average, annual catches during this period amounted to 3.4 thousand tonnes, which is a 36% decrease compared to catches in the 1960s–1980s [2].



In the modern period (since 2000), fishery practice changes in the Lithuanian part of the lagoon have mostly been due to the ascension of the country to the European Union, which requires adherence to the EU Common Fisheries Policy. Thus, EU legislation on fisheries policy is being introduced. Total catches in the lagoon during this period remain almost stable (3.6 thousand tonnes per year on average), while catches in the Lithuanian part show a slight downward trend while there is an upward trend of catches in the Russian part of the lagoon. In 2000, an agreement between the governments of the Republic of Lithuania and the Russian Federation on cooperation in the field of fisheries was concluded. A joint commission of the two countries was launched, which provides directions for the development of fisheries in the Curonian Lagoon, but the mechanism for the joint management of the Curonian Lagoon’s biological resources has not yet been fully implemented [1].



Legislative regulatory changes in fisheries are usually due to declines in fish stocks. Fisheries management measures are usually tackling the already aggravated situation rather than preventing such changes. The introduction of the maximum sustainable yield (MSY) indicator would be a new step in fisheries management in the Curonian Lagoon. MSY, i.e., maximum sustainable yield, or variants thereof [10,11,12,13], is theoretically the maximum catch that can be consistently taken from a stock under current (average) environmental conditions [14].



Although there are many methods for determining MSY [15], there are important constraints on their application to the Curonian Lagoon, where the fisheries have been, and continue to be, artisanal [5], and thus also small-scale, multi-species and multi-gear. Fisheries with these characteristics tend to be characterised by a scarcity of quantitative catch, catch composition and fishing effort data [16,17], which precludes, e.g., the computation of catch-per-unit effort (CPUE) [12]. CPUE is used as an index of relative biomass, but in this case, even with information on fishing effort, there is a problem of standardisation of CPUE because in this type of fishery the same species is caught with different gears [18], in addition, the fishing gear used by Lithuanian and Russian fishermen is different [9]. Therefore, the list of MSY estimation methods applicable to both parts of the Curonian Lagoon is constrained by the availability of input data and is reduced to a single class of data-limited methods (DLM).



A comparison of the data output capabilities of the various DLMs highlights the strengths of the CMSY method [19], which produces biomass (B), fishing mortality (F), biomass capable of supporting MSY (BMSY), fishing mortality consistent with MSY (FMSY), relative stock size (B/BMSY), exploitation rate (F/FMSY), and MSY [20]. The CMSY method has been applied to global [21] and regional fish stock assessments [22] and has been used to assess stocks of several species of fish in the East China Sea [23], in the Indian Ocean to Narrow-barred Spanish mackerel [24] and the Atlantic shortfin mako shark [25], as well as to many other stocks.



This work aims to assess the stocks of the main commercial fish species, which are dominating the catches of fishermen in both countries, Lithuania, and Russia (freshwater bream, roach, pike-perch, and European perch), using the CMSY method for the period 2000–2020, and to evaluate the applicability of this method in the management of Curonian Lagoon fisheries. During the last 30 years, no joint cross-border assessment of fish stocks in both parts of the lagoon has been carried out—Lithuania and Russia have carried out separate surveys in their territorial waters. The CMSY method allows the assessment of the fish stock for the whole water body. To date, no mathematical modelling methods have been applied to assess the fish stocks in the Curonian Lagoon.




2. Materials and Methods


2.1. Study Area


The Curonian Lagoon is Europe’s largest coastal lagoon and is classified as a transitional waterbody. It is a shallow, low-shored basin in the south-eastern part of the Baltic Sea, separated from it by the Curonian Spit, a 0.5–4.0 km wide sandy strip of land. Its shape resembles a steep triangle with a wider southern part, tapering steadily in a northerly direction and eventually becoming the 0.36–1.20 km wide Klaipeda Strait, connecting the lagoon with the Baltic Sea within the Klaipeda harbour boundary [26]. The lagoon covers an area of 1584 km2, of which 413 km2 belongs to Lithuania. The majority (1171 km2) belongs to the Russian Federation (Figure 1). The lagoon is relatively shallow, with an average depth of only 3.8 m and a maximum depth of 5.8 m. Depths up to 3 m isobath cover more than 2/3 of the lagoon area. Historically, the Curonian Lagoon is divided into 3 parts: (1) the northern part as transitional: where the hydrodynamics is more active due to the exchange of water between the sea, and the lagoon, and the flow of the rivers (it belongs to Lithuania); (2) the middle part as intermediate: between transitional and stagnant (belonging to Lithuania and Russia); (3) the southern part as stagnant or limnic: characterised by fine sediments, and poor water exchange (belonging to Russia) [27]. The lagoon has a total water volume of about 6.2 km3. The Nemunas river runoff accounts for 98% of the total freshwater (22 km3 year−1) entering the Lagoon. Nemunas flows into the lagoon in its central part, dividing the waterbody into different hydrological zones [26]. Nemunas Delta, with its maze of river branches, canals, polders, and wetlands, is protected under the Ramsar Convention as a wetland of international importance and has the status of a regional park. The delta is of exceptional importance for the migration of diadromous fish and is an important spawning ground for key lagoon fish species [9].




2.2. Fisheries Objects and Catch Data


The large water area and geographical position of the Curonian Lagoon mean that it is home to a large ichthyofauna complex, consisting of freshwater, migratory and marine species. The modern list of the ichthyofauna includes 52 species of fish and 2 species of lampreys belonging to 22 families. The species composition of the ichthyofauna of the northern (Lithuanian), and southern (Russian) part of the Curonian Lagoon differs due to the different hydrological regimes and salinity. While in the northern part, where salinity rises to 7‰, marine species are often found, in the southern part, where salinity is less than 1‰, marine species are absent. Therefore, the list of the ichthyofauna of the Russian part of the lagoon is shorter, with 43 fish and lamprey species [28].



Although the Curonian Lagoon is dominated by cyprinids, the structure of the fish community is characterised by significant seasonal differences in the migration of diadromous fish, and lampreys, seasonal migration of freshwater fish to the sea, and migrations within the lagoon itself between the southern, and the northern parts. The lagoon, like other estuaries of a similar type, is a very important feeding, spawning, and nursery habitat for many freshwater or diadromous fish species [9]. Although about 20 fish species have commercial value in the Curonian Lagoon, the catches of fishermen in both countries are based on only 6 species each (Table 1) [9]. According to K. Gaigalas [6], four species listed in the table are common throughout the lagoon: (1) the main stocks of freshwater bream (Abramis brama Linnaeus, 1758) are concentrated in the southern deeper part of the Curonian Lagoon, in larger bays, and the area of Nemunas avandelta; (2) the roach (Rutilus rutilus Linnaeus, 1758) is ubiquitous in the Curonian Lagoon basin; (3) the population of the pike-perch (Sander lucioperca Linnaeus, 1758) in the Curonian Lagoon is not evenly distributed. The majority of the stock is permanently concentrated in the deeper southern part of the area, and the area of Nemunas avandelta; (4) the perch (Perca fluviatilis Linnaeus, 1758) is common throughout the lagoon. Migratory fish species such as vimba bream (Vimba Vimba Linnaeus, 1758), sichel (Pelecus cultratus Linnaeus, 1758) and European smelt (Osmerus eperlanus Linnaeus, 1758) were not included in this study.



Catch data for the period 2000–2020 for four commercial fish, typical of both countries’ fisheries, in the Lithuanian and Russian parts of the Curonian Lagoon were used for this study. Catch data were obtained from the official statistical source, which is the Environmental Protection Agency database. Catch data are also published on the Nature Research Center (NRC) website [29]. The overall dynamics of catches of freshwater bream, roach, pike-perch, and European perch in the Lithuanian and Russian parts of the Curonian Lagoon are presented in Figure 2.




2.3. CMSY Model


The stock assessment and MSY of the main commercial fish in the Curonian Lagoon were obtained using the R software (R version 4.1.1, available online: https://cran.r-project.org/bin/windows/base/old/, accessed on 1 September 2021) environment and the CMSY (CMSY_2019_9f.R) model code developed and provided by Froese et al. [30]. This is an open-source fisheries stock assessment model for situations where fisheries data are limited. The model uses retrospective data on the catches of a species and its resilience. Resilience is broadly defined as the ability of a system to respond to and absorb disturbances while maintaining essentially the same function, structure, and feedback [31]. These data are needed to determine the initial parameters of the model. From the catch and resilience data, the model estimates the control parameters of the fishery (MSY, FMSY, BMSY), as well as the relative stock size (B/BMSY) and stock exploitation level (F/FMSY) [30].



The CMSY model is based on Schaefer’s surplus production model (SPM) [32], which is very simple and therefore very popular:


Bt+1 = Bt + r·(1 − Bt/k)·Bt − Ct,



(1)




where Bt is the biomass at time step t of the time series, r is the intrinsic growth rate, k is the environmental carrying capacity (assumed equal to the unexploited or initial biomass B0), and Ct is the (known) catch at time step t. This model has two unknown parameters, r, and k. Since depletion (d) is:


d = 1 − Bt/k,



(2)




the value of k in Equation (1) can be determined using prior information about r and d [18].



The CMSY model uses production as the basis for population modelling, and information on the resilience of the species allows parameterisation of the intrinsic population growth rate (r) and the size or environmental carrying capacity (k) of the unexploited population, and the retrieval of their viable pairs, using an iterative Markov chain Monte Carlo approach. A pair of parameters is considered viable if the corresponding biomass trajectories estimated from the production model are consistent with catches in the sense that the biomass predicted by Equation (1) does not take negative values, and is consistent with priors pertaining to the relative biomass values at the beginning and end of the time series [30]. After the identification of an optimal pair of r and k, a time series of biomass (B) and fishing mortality (F) can be computed, along with various indicators, i.e., [10,32]:


MSY = r·k/4,



(3)






BMSY = 0.5·k,



(4)






FMSY = 0.5·r.



(5)







Stocks of the species can be defined according to the B/BMSY and F/FMSY of the last year of a time series (Table 2).




2.4. Input Parameters and Data


The following parameters are used as model inputs: resilience of species and prior relative biomass (B/k) ranges corresponding to depletion levels at the start, intermediate, and end time series. Resilience is a preliminary (or ‘prior’) estimate of the resilience of the species, corresponding to the intrinsic growth rates. Suggested values are ‘high’, ‘medium’, ‘low’, ‘very low’. Table 3 presents the r ranges automatically assigned by CMSY based on resilience categories, which were obtained from www.FishBase.org (accessed on 5 August 2021) [30]. Instead of resilience, a pair of parameters representing the ‘atypical’ range of intrinsic growth rate of a species population may be manually specified as r.low–r.hi. In this case, the ‘Resilience’ column will be ignored.



Although the resilience categories provided by FishBase are appropriate for 88% of stocks, it is common for the same species to have different resilience in different populations, and it may be possible to take advantage of the relationship of r with other parameters:


r ≈ 2FMSY ≈ 2M ≈ 3K ≈ 3/tgen ≈ 9/tmax,



(6)




where r is the growth rate of the population, FMSY is the fishing mortality rate corresponding to MSY: FMSY = 0.5·r, M is the natural mortality, K is a parameter of the von Bertalanffy growth equation, tgen is the generation time of the population, and tmax is the maximum age of individuals in the population [19]. In this study, we use the resilience categories provided by FishBase.org.



Prior relative biomass (B/k) ranges for CMSY are provided by Froese et al. [30]: (1) very strong depletion—0.01–0.2; (2) strong depletion—0.01–0.4; (3) medium depletion—0.2–0.6; (4) low depletion—0.4–0.8; (5) nearly unexploited—0.75–1.0. In this study, these value pairs are obtained by expert judgement according to the assumed depletion levels.



Input parameters for the CMSY model are shown in Table 4.



The expert assessment in this work is based on reference points, which are quartiles 1 and 3 of the catches from the 1969–1990 fishing period (Figure 3).



In Figure 3, catch quartile 1 corresponds to the lower side of the grey rectangle and quartile 3 to the upper side. It is generally accepted that in the period 1969–1990, freshwater bream and pike-perch stocks recovered to average levels, while roach stocks recovered to high levels (low depletion), and perch stocks varied from average to above-average levels [6].





3. Results


The CMSY model generates a two-part report: CMSY analysis based on viable r–k pairs and results for management based on CMSY analysis. Figure 4 shows the log r–k space explored and the r–k pairs in dark grey, which were found by the model to be consistent with catches and prior information. The dashed rectangle indicates the range of priors given in the input parameters. The point in the centre of the blue cross is the most likely r–k pair predicted by CMSY, and the horizontal and vertical error bars roughly represent the 95% confidence intervals for r and k.



From CMSY analysis based on viable r–k pairs, we can get an overall picture of the environmental capacity and compare the calculated MSY with the catches of the selected year. Table 5 summarises the results of CMSY analysis based on viable r–k pairs and results for management based on CMSY analysis. Comparing MSY with catches in 2020 shows that catches of bream were lower than MSY (1.70 × 103 t and 1.71 × 103 t, respectively), catches of roach were lower (0.70 × 103 t and 0.78 × 103 t), catches of pike-perch were higher (0.34 × 103 t and 0.33 × 103 t), and catches of European perch were also higher (0.29 × 103 t and 0.25 × 103 t). From these results, we can only make rough estimates of what species should be caught less, but they do not provide an understanding of the state of the stock.



The next step is CMSY analysis for management, which uses primary r and k data to present the results for decision making. In CMSY analysis for management, the essential parameters for fisheries management were estimated: biomass (B), biomass corresponding to MSY (BMSY), fishing mortality (F), and fishing mortality corresponding to MSY (FMSY). Table 5 shows that the biomass (B2020) of freshwater bream in last year was higher than the sustainable biomass (BMSY) (12.9 × 103 t and 11.3 × 103 t, respectively) and the fishing mortality (F2020) was lower than fishing mortality corresponding to MSY (FMSY) (0.132·year−1 and 0.158·year−1). This indicates the good condition of the freshwater bream stock. The parameters B2020 < BMSY (2.42 × 103 t and 3.18 × 103 t) and F2020 > FMSY (0.289·year−1 and 0.252·year−1) for roach indicate the poor condition of its stock. The situation is similar with pike-perch stock—B2020 < BMSY (1.27 × 103 t and 1.82 × 103 t, respectively) and F2020 > FMSY (0.266·year−1 and 0.186·year−1). The state of European perch stock is similar to freshwater bream—B2020 > BMSY (1.95·103 t and 1.62 × 103 t) and F2020 < FMSY (0.148·year−1 and 0.155·year−1). The correct status of stocks was determined from the combinations of B/BMSY and F/FMSY pairs, according to the method described in the Materials and Methods (Table 2). Table 6 presents the status of the stocks of species determined from the combinations of B/BMSY and F/FMSY pairs.



Figure 5 shows the graphs meant of CMSY Analysis to inform management.



The upper row shows catch relative to MSY, with the indication of 95% confidence limits in grey. The second row of graphs shows relative exploitation (F/FMSY), with FMSY corrected for reduced recruitment below 0.5 BMSY. The third row of graphs shows the development of relative total biomass (B/BMSY), with the grey area indicating uncertainty. The lower row shows a Kobe plot. A Kobe plot represents the time series of pressure (F/FMSY) on the Y-axis and of state (B/BMSY) on the X-axis. The orange area indicates healthy stock sizes that are about to be depleted by overfishing; the red area indicates that it is undergoing overfishing, with biomass levels being too low to produce maximum sustainable yields; the yellow area indicates reduced fishing pressure on stocks recovering from low biomass levels; the green area is the target area for management, indicating sustainable fishing pressure and healthy stock size capable of producing high yields close to MSY. The coloured shape around the assessment of the final year triangle indicates uncertainty with yellow for 50%, grey for 80%, and dark grey for 95% confidence levels. The legend in the upper right graph also indicates the percentage of the 95% confidence area falling into the respectively coloured areas [30].



In 2000–2001, the roach was still in the orange area, although it later entered the red zone, and remains there, except in 2018, when it entered the yellow area. Pike-perch was present in the red area throughout the investigation period from 2000 to 2020. In the yellow area, bream (2000 to 2007) and perch (2000 to 2010) were present in the first half of the investigation period. Later, both species entered the green area.



The status of the main commercial fish stocks in the Curonian Lagoon, as determined by the CMSY method, can be summarised as satisfactory:




	
The status of freshwater bream is assessed by the CMSY model as good. F/FMSY was <1 throughout the period under review and remains at the same level; B/BMSY has been >1 since 2008 and continues to increase. The MSY value (1.71 × 103 t, 95% CI = 1.31–2.63) was only reached and exceeded in 2019.



	
The stock of roach is assessed as overexploited by the CMSY model. F/FMSY was >1 throughout the study period, except for 2018, and remains at this level; B/BMSY was <1, except for 2000 and 2001, and has a downward trend. The MSY set by the model (0.786 × 103 t, 95% CI = 0.649–0.988) was exceeded in the periods 2000–2005, and 2014–2015.



	
The CMSY model considers the pike-perch stock to be overexploited. F/FMSY was >1 throughout the study period and continues to increase; B/BMSY was <1 and continues to decrease. The MSY set by the model (0.329 × 103 t, 95% CI = 0.274–0.433) is periodically reached and exceeded (2003–2004; 2014–2015; 2020).



	
The European perch stock is assessed by the CMSY model as good. F/FMSY was <1 for the entire study period but approached ‘1′ in 2000. B/BMSY >1 since 2011, with an increase until 2019, which stopped in 2020. The estimated MSY value (0.247 × 103 t, 95% CI = 0.181–0.393) was reached, and exceeded in 2019–2020.









4. Discussion


Over the last few years, many new mathematical methods have been developed to assess the state of stocks with limited data. These new methods are a valuable tool both for regional fisheries managers and for global and regional organisations such as the Food and Agriculture Organisation (FAO) and the International Council for the Exploration of the Sea (ICES). FAO is mandated by the United Nations (UN) Sustainable Development Goals (SDGs) (Target 14.4) for tracking global progress in the sustainable use of fisheries resources. The MSY (SDG Indicator 14.4.1) [34] is used as a reference point for assessing sustainability and the CMSY method is used to calculate it. This method inevitably raises the issue of its reliability and the viability of the MSY concept itself.



We can compare the MSY of freshwater bream and pike-perch calculated by the CMSY method with the quotas set for these species. Quotas for catches of these two species and European smelt in the Curonian Lagoon are set by joint Russian–Lithuanian Fishery Commission (RLFC), considering annual monitoring data and historical catches, as well as scientific advice [9]. Quotas do not apply to catches of roach and European perch. A comparison of the MSY for freshwater bream and pike-perch calculated by the CMSY method with the established catch quotas shows, that the quotas for both species fall within the 95% confidence intervals of the estimated MSY (Table 7).



In the period 2000–2020, the quota for freshwater bream was exceeded only in 2019 and 2020, while the quota for pike-perch has never been used up, indicating that it is too high. As the model demonstrates good results with these species, there seems to be no reason to distrust the results of the assessment of other fish stocks. However, several considerations need to be addressed when applying the CMSY method.



Given the increasing dependence of global fisheries stock assessments on the data-limited methods, the assessment of the reliability of these measures and their improvement has been and continues to be a focus of many researchers. Several studies have found that CMSY tends to overestimate fishing mortality and underestimate biomass [35,36,37]. One of the reasons for these shortcomings is the inability of CMSY to estimate fluctuations in a stock-recruitment system under drivers which are highly favourable for the population [38]. Such a situation was observed at the beginning of the time–series when a very abundant 1997 generation of pike-perch [39] appeared in the commercial landings in the period from 2000 to 2004, while later the catches started to decline. In the model, this is referred to rather as a period of increased fishing mortality than an actual stock biomass increase (Figure 5, column C—pike-perch case). Biomass may also be underestimated because the CMSY method commonly uses official commercial catch statistics, which does not take into account catches from recreational and illegal fisheries in the Curonian lagoon, which could amount to several hundred tonnes per year [5]. Considering bream and pike-perch as the main objects of recreational and illegal fishing, it can be assumed that the actual stock biomass of these two fish species is higher than the one estimated by the model. However, it should be noted that absence of recreational and illegal fishing estimates does not affect the setting of limits for commercial fishing in the CMSY method. In the formula for calculating MSY (Equation (3)), the environmental carrying capacity k is reduced to a level that is only covered by commercial fishing. Otherwise, MSY would be set jointly for commercial, recreational, and illegal fisheries, which would be completely useless and even illogical from a management point of view.



Other problems cited for CMSY are related to the heuristic methods used in such types of models. They reveal that it is inappropriate to estimate the stock using default model settings [35,40]. With the default settings, CMSY misjudges stocks that are efficiently managed and fishing pressure at the end of the time series decreases while catches increase [41]. In this case, higher catches are interpreted as increased fishing mortality rather than as a result of successful management [36]. Our study shows (Figure 5, column D—European perch case) that, when initial, intermediate, and final depletion is correctly estimated, catch growth does not affect the exploitation rate F/FMSY < 1 for all years of the catch time series. The model results are predictably more consistent if the modeller’s knowledge of the modelled stock is sufficient. A correct estimate of the initial depletion is critical for the model setup. If time series are short, as is the case with most resource assessment models, it is difficult to estimate initial depletion [35]. As the Northwest European fish stocks have been intensively exploited for several centuries, even a long time series of catches provide only partial knowledge of stock exploitation [36,42]. Another case is that lower catches at the end of the time series related to management restrictions implemented (longer prohibited fishing periods, new prohibited areas, a lower number of gears, quotas, fish size, etc.) are interpreted as overfishing. The paradox is that the information quality of the catch time series ‘deteriorates’ with the introduction of new restrictions on fisheries [20].



Although MSY is enshrined in national (some countries) and international law (e.g., in the UNCLOS—United Nations Convention on the Law of the Sea) the original Schaefer concept [32], which is based on logistic growth of population, has since its inception been subject to considerable criticism and questioning, as it does not take into account recruitment, stock size, stock structure, and environmental conditions [43,44,45]. The concept of MSY is often seen as outdated and should give way to a modern understanding of ecosystems [46,47,48,49]. Aquatic ecologists believe that MSY is single-species-specific, and therefore hinders the implementation of EBFM—ecosystem-based fisheries management [50]. However, Pauly and Froese [50] suggest that the MSY concept is not only consistent with modern EBFM but also compatible with it. Over time, MSY has undergone conceptual changes, and refinements [13,51] so that it has become a boundary to be avoided, rather than a goal to be pursued [52], which aligns with the modern scientific approach and the concept of MSY [13,15,48].



During this study, we have highlighted at least two cases specific to the Curonian Lagoon, related to anthropogenic activities in the northern part of the Curonian Lagoon (belonging to Lithuania) and to the fisheries policy pursued by the Republic of Lithuania, which confirm the weaknesses of the MSY concept. The first consideration is that neither the MSY calculation formula itself (Equation (3)) nor the CMSY model, in selecting viable pairs of r and k parameters, allows variation in the environmental carrying capacity k during the period of stock assessment. The assumption of average environmental conditions used in MSY may lead to erroneous conclusions about the state of the stock [11]. Therefore, a species for which the decline in catches is attributable to environmental changes rather than to fishing is placed in the ‘overfished’ category in the model, as was the case with the roach. Recent studies (Švagždys, in prep.) revealed that the increase in saltwater intrusions from the Baltic Sea into the Curonian Lagoon due to the improvement dredging of the Klaipeda channel has had a significant impact on the population of the roach (reduction in food availability and spawning areas), which has led to a significant decline in the species’ catches in the northern part of the Curonian Lagoon (negative trend, Mann–Kendall trend test: Kendall’s tau = −0.686, alpha = 0.05, p < 0.0001). In the entirely freshwater southern (Russian) part of the lagoon, the catches of roach remain stable (no trend, Mann–Kendall trend test: Kendall’s tau = 0.143; alpha = 0.05; p = 0.381). As the catches of roach in the Lithuanian part and the Russian part of Curonian Lagoon were very similar at the beginning of the study period, the decrease in the northern part has a high impact on the total catches.



A second consideration is that the MSY concept does not take into account the size at first capture and the age structure [53,54,55]. In the case of freshwater bream and to some extent for pike-perch in the Lithuanian part of the Curonian Lagoon, the average size and age of fish caught decreases, while overall catch remains the same or even increases. This is related to the use of highly efficient but low-selectivity fishing gear, introduced in 2014–2017 (modernised lagoon traps and new 50 mm from knot to knot gillnets), which significantly increased the share of smaller freshwater bream and pike-perch specimens in catches. However, this shift in fishing gear does not affect the catch data used as an input in the CMSY model, while a decrease in the percentage of fish caught at the optimum length is one of the overfishing indicators [56]. Fortunately, this does not have a significant impact on the overall state of stocks of freshwater bream and pike-perch, as most of them are concentrated in the southern part of the Curonian Lagoon (Russia), where fisheries management is very conservative and changes in the fishery are negligible [9].



To assess the validity of CMSY model-based assessments of the stock status (Table 6), we correlated with the trends in known overfishing indicators provided by Froese [56]: (1) decrease in the percentage of mature specimens in the catch; (2) decrease in the percentage of fish caught at the optimum length; (3) decrease in the percentage of old, large fish in the catch. We conclude that the overall reliability of the CMSY assessment of main commercial fish stocks in the Curonian Lagoon can be regarded as ‘higher than moderate’: (a) the CMSY model assesses the status of freshwater bream as ‘healthy stock’. Ignoring the shift in the use of different fishing gear types, there is some risk of overfishing, which could be ‘masked’ by the overall catch dynamics not regarding the increased percentage in catches of small–sized fishes (Indicator 2). The use of the new type of gear should be limited to avoid overfishing of freshwater bream. Therefore, CMSY’s assessment of the freshwater bream stock is ‘generally good’; (b) the CMSY model assesses the stock of roach as ‘fully overfished’; however, there are no other indicators of overfishing. Given the evidence that the decline in catches of roach is due to the increased saltwater inflows to the lagoon rather than overfishing, the model assessment should be considered inadequate. The decline in catches of roach may stabilise over time, but is unlikely to reach the level of 20 years ago; (c) the CMSY model treats the pike-perch stock as ‘fully overfished’. This assessment is consistent with all three overfishing indicators. However, as the model does not take into account the fluctuations in the pike-perch stock-recruitment system, the modelling assessments, as in the case of freshwater bream, cannot be considered as ‘very good’. The suggested limitation of low-selective gear would downgrade catch statistics but positively affect the real stock. The overall assessment quality could be regarded as ‘generally good’; (d) the European perch stock is assessed by the CMSY model as ‘healthy stock’, and there are no indicators of overfishing. The model indicates that the European perch stock is approaching risk of overfishing and that future catches above current levels should be avoided. The model’s assessment of European perch stocks could be considered as ‘very good’.




5. Conclusions


For the CMSY modelling to be successful, several conditions that are difficult to fulfil during the period under assessment must be met: (a) the history of the fishery in the study area must be well known; (b) the stock-recruitment system must be stable and free from fluctuations; (c) the impact of the environment on the stock must be minimal and constant; (d) the fishing regime (gear, area, management, etc.) must be steady during the study period; and (e) the impact of recreational and illegal fishing on the stock must be negligible. In summary, the CMSY method has limited accuracy and is likely to lead to errors in fisheries management if it is relied upon alone, especially if it is used to justify new fishery restrictions. Introduction of new legislative constraints on fisheries will alter the relationship between fishing effort, catches and biomass, ‘corrupt’ catch statistics and, if relied upon blindly, can lead to a ‘snowball’ effect: more restrictions lead to lower catches, lower catches could trigger the introduction of tougher regulations. The use of the CMSY method in fisheries management should therefore be only a temporary aid while more detailed data are being collected (e.g., population age structure) for more accurate methods [20].
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Figure 1. The study site (①—the Lithuanian part; and ②—the Russian part of the Curonian Lagoon). 
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Figure 2. Catch dynamics of freshwater bream, roach, pike-perch, and European perch in the Lithuanian and Russian parts of the Curonian Lagoon. 
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Figure 3. Status for 2000–2020 by species according to 1 and 3 quartiles of catches of the 1969–1990 period. 
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Figure 4. Viable r–k pairs (r—the maximum intrinsic rate of population increase; k—carrying capacity, i.e., a parameter of the Schaefer model indicating unexploited stock size). 
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Figure 5. The graphs of CMSY analysis to inform management (A) of Freshwater bream, (B) of Roach, (C) of pike-perch, and (D) of European perch. 
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Table 1. The main fisheries objects in the Curonian Lagoon in 2000–2020 and their share in catches (%).
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	Species
	Lithuania
	Russia





	Freshwater bream (Abramis brama Linnaeus, 1758)
	37.3
	40.4



	Roach (Rutilus rutilus Linnaeus, 1758)
	31.6
	19.5



	Pike-perch (Sander lucioperca Linnaeus, 1758)
	7.8
	9.2



	Sichel (Pelecus cultratus (Linnaeus, 1758)
	-
	11.3



	Vimba bream (Vimba vimba Linnaeus, 1758)
	6.7
	-



	European perch (Perca fluviatilis Linnaeus, 1758)
	4.0
	4.3



	European smelt (Osmerus eperlanus Linnaeus, 1758)
	2.7
	6.1



	Other
	9.9
	9.2
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Table 2. Definition of fish stock status for fisheries management, based on B/BMSY and F/FMSY in the final year of a time series (from Froese et al., [33]).
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	B/BMSY
	F/FMSY
	Stock Status





	>1
	<1
	Healthy stocks



	0.5–1
	<1
	Recovering stocks



	0.5–1
	>1
	Fully overfished stocks



	0.2–0.5
	>1
	Stocks outside of safe biological limits



	<0.2
	>1
	Severely depleted stocks










[image: Table] 





Table 3. Resilience and its corresponding r-value pair [30].
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	Resilience
	r.low–r.hi





	High
	0.6–1.5



	Medium
	0.2–0.8



	Low
	0.05–0.5



	Very low
	0.015–0.1
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Table 4. CMSY model input parameters *.
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	Species
	Resilience
	stb.low–stb.hi
	int.yr
	intb.low–intb.hi
	endb.low–endb.hi





	Freshwater bream
	Low (0.015–0.1)
	0.20–0.50
	2011
	0.35–0.65
	0.45–0.75



	Roach
	Medium (0.2–0.8)
	0.30–0.60
	2010
	0.25–0.55
	0.20–0.50



	Pike-perch
	Low (0.015–0.1)
	0.15–0.45
	2011
	0.20–0.50
	0.20–0.50



	European perch
	Low (0.015–0.1)
	0.01–0.30
	2011
	0.30–0.60
	0.50–0.80







* stb.low–stb.hi—the relative range of biomass and environmental carrying capacity (B/k) values, indicating the level of depletion at the beginning of the time series of fishing data; intb.low–intb.hi—an intermediate range of B/k values indicating the level of depletion at the selected point in the time series of fisheries data; endb.low–endb.hi—a relative range of biomass and environmental carrying capacity (B/k) values indicating the level of depletion at the end of the fisheries data time series; int.yr—the intermediate year in the catch time series corresponding to the intb.low, and intb.hi parameter pair.













[image: Table] 





Table 5. The results of CMSY analysis are based on viable r–k pairs and results for management based on CMSY analysis.
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Stock

	
Param.

	
Value

	
Dimension

	
95% CI






	
Freshwater bream

	
r

	
0.315

	
year−1

	
0.17–0.582




	
k

	
22.5

	
103 t

	
12–42.2




	
MSY

	
1.71

	
103 t·year−1

	
1.31–2.63




	
B2020

	
12.9

	
103 t

	
10.3–16.6




	
BMSY

	
11.3

	
103 t

	
6.01–21.1




	
F2020

	
0.132

	
year−1

	
0.102–0.165




	
FMSY

	
0.158

	
year−1

	
0.0852–0.291




	
Roach

	
r

	
0.504

	
year−1

	
0.331–0.766




	
k

	
6.35

	
103 t

	
4.27–9.45




	
MSY

	
0.786

	
103 t·year−1

	
0.650–0.988




	
B2020

	
2.42

	
103 t

	
1.36–3.15




	
BMSY

	
3.18

	
103 t

	
2.13–4.73




	
F2020

	
0.289

	
year−1

	
0.222–0.515




	
FMSY

	
0.252

	
year−1

	
0.166–0.383




	
Pike-perch

	
r

	
0.372

	
year−1

	
0.236–0.586




	
k

	
3.64

	
103 t

	
2.43–5.44




	
MSY

	
0.329

	
103 t·year−1

	
0.274–0.433




	
B2020

	
1.27

	
103 t

	
0.761–1.79




	
BMSY

	
1.82

	
103 t

	
1.22–2.72




	
F2020

	
0.266

	
year−1

	
0.188–0.444




	
FMSY

	
0.186

	
year−1

	
0.118–0.293




	
European perch

	
r

	
0.31

	
year−1

	
0.188–0.512




	
k

	
3.24

	
103 t

	
1.84–5.7




	
MSY

	
0.247

	
103 t·year−1

	
0.181–0.393




	
B2020

	
1.95

	
103 t

	
1.63–2.5




	
BMSY

	
1.62

	
103 t

	
0.919–2.85




	
F2020

	
0.148

	
year−1

	
0.115–0.177




	
FMSY

	
0.155

	
year−1

	
0.0942–0.256
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Table 6. The status of the stocks of species is determined from the combinations of B/BMSY and F/FMSY pairs.
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	Stock
	B2020/BMSY
	F2020/FMSY
	Stock Status





	Freshwater bream
	1.14 (>1)
	0.836 (<1)
	Healthy stock



	Roach
	0.763 (0.5–1)
	1.15 (>1)
	Fully/overfished stock



	Pike-perch
	0.698 (0.5–1)
	1.43 (>1)
	Fully/overfished stock



	European perch
	1.2 (>1)
	0.954 (<1)
	Healthy stock
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Table 7. Catch quotas for freshwater bream and pike-perch in 2021 and estimated MSY (in 103 tonnes).
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Species

	
Quotas

	
MSY

	
MSY 95% CI




	
Lithuania

	
Russia

	
Both Countries






	
Freshwater bream

	
0.480

	
1.150

	
1.630

	
1.710

	
1.310–2.630




	
Pike-perch

	
0.110

	
0.260

	
0.370

	
0.329

	
0.274–0.433
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