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Year class strength is an important determinant of fish population size, but the drivers are often unknown. The northern stock of European sea bass (Dicentrarchus labrax) is an important target species for both commercial and recreational fisheries. Scientific assessments showed a rapid decline in spawning stock biomass from 2010-18 attributed to a combination of fishing mortality and poor year class strength. Recruitment to the adult stock is linked to the abundance and temporal dynamics of young bass in estuarine nursery areas, but little is known about the relative importance of environmental and biological drivers on the survival of these young life stages. In this study, we use Generalised Linear Models to attempt to identify important local environmental (sea surface temperature and river flow) and biological (chlorophyll-a concentration and predator abundance) drivers of young sea bass abundance. We focus on seven British and Irish estuarine areas that are important to the northern stock of European sea bass. In four English estuarine areas there were good model fits to the abundance of young sea bass, but predictors differed amongst these suggesting that drivers of abundance may differ among individual nursery areas. This was further demonstrated by poor fits of models generated for English estuaries to interannual patterns of abundance in the Irish nursery areas tested. The differences found in the most important abundance drivers amongst areas highlight the complex and differing dynamics between estuaries. If the number of young bass that eventually join the adult stock is dependent on survivors from a diverse set of unique nursery area conditions, then endeavours to incorporate this knowledge into fisheries management should be further explored.
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Introduction

Year class strength is an important determinant of fish population size, but the drivers are often unknown (Hjort, 1914; Jennings et al., 2001; Sguotti et al., 2020; Ottersen and Holt, 2023). The productivity of a fish stock is dependent on two aspects of life history, namely the early life history dynamics and the growth dynamics of the fish (Maunder and Piner, 2015). The productivity of a stock will often vary over spatial scales (e.g., latitude) and a range of temporal scales from annual to multi-decadal (Vert-pre et al., 2013). Studies of drivers of the variability in productivity, especially in early life history, are elusive, with much of the early work concentrating on the egg and larval stages of the life history (Houde, 2008). However, the subsequent juvenile stage may also play an important part in the determination of survival and resultant size/strength of a year class (Bogstad et al., 2015).

It is generally recognised that the numbers of individuals surviving through to recruitment (i.e., joining the fishable population) stems from egg production and therefore the size of the spawning stock (Kell et al., 2016). Early life history dynamics then modify the initial number of eggs or larvae produced through the pre-recruitment phase (Houde, 2008). Stock-recruitment relationships (SRR) are generally very noisy (Hilborn and Walters, 1992), mainly because the drivers of survival vary interannually. In an effort to make an SRR reflect the variability observed in the data, attempts have been made to add environmental drivers to SRRs, for example, annually varying sea surface temperature (SST) as a proxy for the inter-annual variability in mortality rates during the early life history stages (Subbey et al., 2014). As with the majority of other species, there has been no clear relationship between stock size and the number of recruits for European sea bass in UK waters (Pawson et al., 2007a), but there is potential for improved management success with a better understanding of the drivers of young sea bass abundance in nursery areas.

The European sea bass is widely distributed across the northeast Atlantic (Pickett and Pawson, 1994) and is divided into four spatially discrete management units by ICES [commonly referred to as stocks (ICES, 2020d)]. Here we focus on the northern stock covering the central and southern North Sea, English Channel, Celtic Sea and Irish Sea (ICES divisions 4.b&c, 7.a,d-h), which is assessed by ICES using Stock Synthesis (Methot and Wetzel, 2013; ICES, 2020d). Sea bass in the northern stock are characterised by relatively slow growing individuals that tend to reach maturity between the age of four and seven and have a maximum lifespan of 30 years (Pawson and Pickett, 1996). In the northern stock, mature individuals aggregate to spawn between February and June, with the timing and geographic extent of spawning thought to be heavily influenced by environmental conditions (Pawson and Pickett, 1996). For example, spawning is thought to occur only when sea temperatures reach 9°C or above (Pickett and Pawson, 1994). The pelagic phase of the life cycle lasts for 60 to 100 days (Jennings and Ellis, 2015), resulting in eggs and larvae dispersing from their spawning areas to nursery grounds that are located in sheltered coastal sites such as estuaries, harbours, and saltmarshes (Beraud et al., 2018; Graham et al., 2023). After spending the first few years of life on the nursery grounds, juveniles migrate offshore to join the adult population (Pickett et al., 2004).

Sea bass nurseries around Great Britain and Ireland are, like many other fish nurseries [e.g., European plaice, Pleuronectes platessa (Fox et al., 2006; Fox et al., 2007; Ciotti et al., 2013)], considered to be non-synchronous, semi-isolated locations with differing environmental conditions (Pickett et al., 2004). Despite being isolated from one another, it is assumed there are many important nursery habitats that contribute to recruitment in the northern seabass stock. It is therefore valuable to understand the similarities and differences in drivers of annual variability in young sea bass abundance in different nursery areas and assess how this may contribute towards overall recruitment.

Previous studies have attempted to decipher estuarine mechanisms that may drive the abundance of young European sea bass in nursery areas including: resultant river flow impact on juvenile sea bass abundance; sea surface temperature (SST); the North Atlantic Oscillation (NAO) (Vinagre et al., 2009; Bento et al., 2016); and the north-south wind component intensity (Vinagre et al., 2009). Results from these studies suggested that environmental drivers may vary between different estuaries (Bento et al., 2016), and that SST may be more important nearer to the northern limit of sea bass distribution (Vinagre et al., 2009). Since the northern stock of sea bass frequent waters towards their northern thermal limit and the stock is fed by isolated nursery areas around Great Britain and Ireland, it is important to understand variability or coherence in estuarine processes among these nurseries, in an attempt to understand their consequence to abundances of young bass found there.

Here, we fit Generalized Linear Models (GLMs) to young bass abundance data for seven study locations that represent important nursery areas for the northern stock of sea bass around the southern coasts of Great Britain and Ireland. In each of these areas we examine the relationship between indices of young sea bass abundance and the following potential drivers that are split into: 1) those that could affect the supply of larvae to the nursery areas (sea surface temperature, chlorophyll-a concentration, sea bass stock size, and the population size of possible predators of sea bass eggs and larvae in the North Sea and English Channel); and 2) those that could affect the abundance within the estuary (sea surface temperature, chlorophyll-a concentration, size of previous sea bass year class, and river flow). The outcomes of these analyses are then considered and discussed in the context of the management and assessment of the northern stock of European sea bass.





Methods

Our analysis used Generalised Linear Models to test the relationship between indices of juvenile sea bass abundance (derived from trawl/netting surveys) and selected environmental and biological drivers across seven important estuaries for the northern stock of European sea bass (Pickett et al., 2004; ICES, 2012; ICES, 2014a). Models were created for each estuarine system independently. This was done by first identifying possible drivers of young sea bass dynamics and then attempting to obtain relevant data. The chosen drivers used in analysis (see justifications later in methods section) can be split into: 1) those that could affect the supply of larvae to the nursery areas (sea surface temperature, chlorophyll-a concentration, sea bass stock size and population size of possible predators of sea bass eggs and larvae stages in the North Sea and English Channel); and 2) those that could affect the abundance within the estuary (sea surface temperature, chlorophyll-a concentration, size of previous sea bass year class, and river flow).




Abundance surveys




Thames and Solent

Both the Thames and the Solent are located in the south of Great Britain (Figure 1 and for more detailed satellite images see Supplementary Materials) and are recognised as important nursery grounds for the northern stock of European sea bass (Pickett et al., 2004; ICES, 2012; ICES, 2014a; Catherall, 2020). The Thames estuary lies on the south-east coast of England, covers an area of almost 250 km2 and is characterised by ‘semi-natural’ habitats that include open water, intertidal mudflats, sandflats, and salt marsh (Hyder et al., 2018). Under the Water Framework Directive, the ecotype of the Thames estuary is described as ‘mixed, macro, and extensively intertidal’ (Hyder et al., 2018). The Thames estuary receives saline water from the North Sea and freshwater from the River Thames and its tributaries.




Figure 1 | Locations of estuaries with existing time series of sea bass surveys aimed at assessing year class strength on nursery grounds.



The Solent is a strait that separates the Isle of Wight from the south coast of England and is associated with several estuaries and harbours. Each of these estuaries and harbours provides a large area of suitable habitat for juvenile sea bass (Hyder et al., 2018). The ecotypes of the sea bass nursery grounds in the Solent range from ‘mixed, meso, and extensively intertidal’ areas to ‘transitional lagoons’ (Hyder et al., 2018). The Solent receives saline water from the English Channel and freshwater from rivers including the Avon, Test, Itchen, and Meon.

An annual trawl surveys was conducted in both the Thames [1989 to 2009 (with a standalone survey in 2018 which was not considered for analysis in this study as the near 10 year gap was presumed unreasonable to attempt to model)] and Solent (1979 to present) estuaries to determine the distribution and abundance of juvenile sea bass (Pickett et al., 2002). The surveys were conducted in November in the Thames estuary and in May and/or September in the Solent. During each survey, around 35 stations were fished for between 5 and 20 minutes (Pickett et al., 2002; Hyder et al., 2018). All stations were fished using a high headline sea bass trawl with diagonal stretched 70 mm mesh and a 4 mm mesh cod end which was towed at 3 knots (1.54 m.s-1) (Pickett et al., 2002).

Using sea bass age and length data collected during the trawl surveys, and an annual abundance index calculated for both the Thames and Solent estuaries (see Pickett et al., 2002 for full details). However, for the Solent survey only the autumn survey was used for the index in our analysis to reflect the settlement within a particular year. Briefly, a high headline trawl was used to sample 35 stations in the Solent and Chichester Harbour for the survey. All the sea bass were counted and measured, and ages were read from scales from a sample of around 200 fish for 5 cm age classes. All abundances were standardised to 10 minute tows and combined across stations. The abundance index was then calculated using fish at ages 2–4. For each year, abundance at age estimates were normalised using the mean over the time series for that age. This resulted in three estimates of year class strength for each year, so an estimate of abundance for year y was produced from two-year-olds in year y+2, three-year-olds in year y+3, and four-year-olds in year y+4. The abundance index was then calculated from the mean of these three estimates (Pickett et al., 2002).

The abundance index for the Thames estuary was based on the abundance of juveniles between the ages of zero and three (ICES, 2014a). Conversely, the abundance index for the Solent was based on the abundance of juveniles between the ages of two and four, as age zero and age one sea bass were not routinely caught using this gear in the areas sampled (Brown, 2017; Brown, 2018). The different age classes included in the indices for the Thames and Solent could influence any direct comparison, so analysis was conducted separately for each estuary.





Fal and Helford

Both the Fal and Helford estuaries are located on the south coast of Great Britain (Cornwall) (Figure 1 and for more detailed satellite images see Supplementary Materials) where juvenile sea bass are known to occur (Catherall, 2020). An annual seine net survey has been conducted in these estuaries by volunteers since 1997 to assess sea bass year class strength. The main netting period is between May and September (inclusive), and so covers the late spring, summer and early autumn, but note that July is excluded to protect newly settling fry from net damage. Two methods are used for sampling: hauling the net up a gulley or inlet and bringing the ends together before bringing the net ashore (termed “haul”) and holding the net across the tide before bringing it ashore in a ‘J’ shape (termed “held”). Netting took place on average 14 times per year and was carried out according to tidal heights, boat availability, volunteer availability, and weather. Efforts were made to cover a range of sites in both estuaries in the spring and the summer.

To address issues with patchy or inconsistent sampling methodologies, here we use data from just the “held” samples during 2005-2019, with the abundances of sea bass then aggregated across the Fal and Helford. The abundance index was calculated by dividing the number of age 0 bass caught by the sampling duration for each sampling event. Within each year we then average across the catch per unit effort scores (CPUE) to result in in an annual mean CPUE index score of age 0 sea bass abundance for each year in the timeseries. Finally, normalisation was carried out on this age 0 CPUE index to achieve scores between 0 and 1 for sea bass abundance, as the relative changes rather than the absolute values were considered to be important and allowed values on different scales to be compared between sites (as well as reducing the potential impact of any mean biases from the input data). Normalisation was done using the following equation:



where   is a normalised value of sea bass abundance,   is the abundance in year i and   and   are the maximum and minimum sea bass abundance, respectively.





Irish rivers

Only a limited number of estuaries along the southern coast of Ireland are known to consistently be used as juvenile bass nurseries. Surveys of year 0 sea bass (YOY) have been carried out in four rivers by Inland Fisheries Ireland: Lee at Tralee; Lower Slaney Estuary; Munster Blackwater; and New Ross Port (Figure 1 and for more detailed satellite images see Supplementary Materials). These four waterbodies report YOY sea bass annually, though note that small numbers of YOY sea bass are encountered occasionally but irregularly in other Irish estuaries (i.e., in the course of the Water Framework Directive transitional water surveys). The lower Slaney estuary is a shallow, sheltered transitional waterbody protected by a narrow estuary mouth which covers an area of 18.4 km2. This water body is situated within the Slaney River Valley Special Area of Conservation (SAC), Wexford Harbour and Slobs Special Protection Area (SPA) (Kelly et al., 2015). New Ross Port is a transitional waterbody within the Nore-Suir-Barrow estuary system and covers 6.7 km2. A number of important habitats are present within this SAC, including tidal mudflats, estuary, and floating vegetation, all of which are listed in Annex I of the EU Habitats Directive. The Lower Blackwater covers an area of 12.1 km² and is mostly mud with some areas of gravel and stones intermixed. The Lee Estuary covers an area of 3.1 km2 and is shallow with soft muddy sediment, note this estuary is outside of the northern stock area, but was included for comparison.

Sampling was completed using beach seine nets in August each year in the Lee at Tralee (2015-18, 2020), lower Slaney estuary, Munster Blackwater, and New Ross Port (2013–20). Beach seining was conducted using a 30 m x 3 m net (10 mm mesh size) with a weighted lead line to sample young of year bass in littoral areas. In brief, ropes of 30 m were attached to both ends of the head rope, the seine was cast out to its fullest extent from the shore by boat in a 'U' shape, allowed to settle and hauled to shore. On the Slaney, New Ross Port and Lee at Tralee waterbodies, a minimum of five net hauls were used to capture fish in littoral areas. On the Munster Blackwater, a seine net was used to cut off a backwater, with the net positioned at high tide and monitored until low tide. All sea bass lengths were measured, and scales taken from a subsample of fish for ageing. Total number of 0-group bass per m2 were calculated for each site per year, an annual average was then calculated for each estuary over the multiple sites and then normalised using the same approach as for the Fal and Helford to produce an index for analysis (Equation 1).






Physical and biological data

Normalisation was applied to all numerical predictors for each estuary data set to achieve scores between 0 and 1 (Equation 1). This was done as the relative changes rather than the absolute values were most important.




Temperature, river flow, and chlorophyl

Sea surface temperature (SST) is well documented as a driver of post larval sea bass arrival time and abundance in nursery areas (Beraud et al., 2018; Graham et al., 2023) along with some evidence for river flow (Vinagre et al., 2009) and chlorophyll-a concentration has been used as a proxy for food as is seen in other sea bass models (Watson et al., 2022). To incorporate information about these drivers a time series data set comprising of sea surface temperature, chlorophyll-a concentration, and river flow were compiled from various sources throughout the survey period and incorporated into a GLM for each location (see below for further details).

Time series of monthly mean SST (°C) and chlorophyll-a concentration (mg.m-3) were extracted for the period 1993 to 2019, from the European Space Agency (ESA) reprocessed global ocean SST analyses (CMEMS, 2023a) and the Atlantic-European northwest shelf ocean biogeochemistry reanalysis (CMEMS, 2023b), respectively. For both SST and chlorophyll-a concentration, the mean across the four ICES statistical rectangles1 associated with each location was calculated to give a single monthly mean value for each estuary. The coordinates from which data were extracted (see Supplementary Table 1; Supplemantary Figure S1) were selected to ensure that both inshore and offshore regions were included in the time series, thus allowing us to: (1) account for the increased variability of SST and chlorophyll-a concentration near to the coast; (2) reduce the impact of potential misrepresentations of chlorophyll-a concentration in the inshore regions; and (3) avoid sampling across tidal mixing fronts, and therefore regions of differing stratification within the biogeochemistry model reanalysis (Graham et al., 2018).

Daily mean river flow (m3.s-1) for rivers in Great Britain was extracted from Hydrology Data Explorer2. For each estuary, gauge data were obtained for each of the stations closest to the mouth of the estuary (see Supplementary Materials for location maps). Where one single appropriate gauge was not available, gauges were combined from each of the available tributaries. Although there may be numerous rivers that drain into each nursery estuary, data was often not available for all of these. For example, no river flow was available for the Helford, so in this case, other rivers surrounding the Fal estuary were used as a proxy. For each estuary considered within England, the gauge data obtained were then: for the Fal, River Kennall at Ponsanooth, Carnon River at Bissoe, River Fal at Tregony, River Kenwyn at Truro; for the Thames, River Thames at Kingston, River Lee at Lee Bridge and Lee Flood Relief Channel at Walthamstow, River Roding at Redbridge; and for the Solent, River Itchen at Riverside Park, River Blackwater at Ower, and River Test at Chilbolton Total. For rivers in Ireland, five daily records were downloaded from the Office of Public Works, Ireland Hydro-Data website3. The closest station was chosen where available: for the New Ross Port waterbody, Barrow at Graiguenamanagh; for Munster Blackwater, Munster Blackwater at Ballyduff; and for the Slaney estuary, Slaney River at Scarawalsh. There are no gauges for river flow on the River Lee, so the River Galey at Inch Bridge, 27 km southwest of the Lee was used as a proxy as it was the most similar in terms of rainfall and climatology.

Monthly mean SST, chlorophyll-a concentration, and river flow were converted to annual means, annual maximums, and ‘winter’ means that cover the period between January and March and thus represent the period in which juvenile sea bass are likely to be the most vulnerable to environmental variability, particularly to periods of low SST (ICES, 2014b).





Predator and sea bass abundance

The population size of sea bass and of possible predators of sea bass eggs and larvae in the North Sea and English Channel are here presumed to be potential drivers of young of year sea bass abundance. To account for the potential impacts of changes in the population dynamics of predatory species on sea bass abundance, time series of the abundance of several pelagic species that are assumed to predate upon sea bass eggs and larvae [including sprat (Sprattus sprattus), herring (Clupea harengus), anchovy (Engraulis encrasicolus) and sardine (Sardina pilchardus)] were extracted from the Database of Trawl Surveys [(DATRAS, 2021) including: North Sea International Bottom Trawl Survey (NSIBTS), French Western and Southern Area demersal (EVHOE), and Irish Sea Groundfish Surveys (IGFS)]. For this study, NSIBTS data south of 54°N, encompassing survey areas 5 and partially covering areas 4, 6 and 10 [see (ICES, 2020b) for survey areas], were extracted for quarter 1 (January-March) in all years (1965–2020). Data from all depth strata in three sectors from the EVHOE survey (northern, central, and southern Celtic Sea) were extracted for all years (1997–2018). Data from the IGFS were extracted for ICES divisions 7 b, j, and g for all depth strata and all years (2003–2017). Annual survey indices were derived for each survey and species by averaging Catch Per Unit Effort (CPUE) for each depth strata (if relevant) in each area by year, and then averaged across each area and then across all areas to obtain a single index per year per species.

As juvenile sea bass tend to remain in their nursery grounds for several years (Pawson et al., 2007b), it is possible that cannibalism or intraspecies competition might play a role in sea bass recruitment (Henderson and Corps, 1997). The abundance of sea bass in the surveys were therefore used to produce a time series describing potential inter-cohort interactions. As sea bass are thought to move down estuaries as they get older, the potential inter-cohort interactions are likely to be strongest with the previous year class, so settlement in the previous year was used as a proxy. Sea bass spawning stock biomass (SSB) estimates were used as a proxy for egg production and were sourced from the 2020 ICES stock assessment (ICES, 2020a; ICES, 2020c).






Generalised linear modelling

Time series of year class strength were used to fit Generalised Linear Models (GLMs) for the Solent (1999-2018), Thames (1997-2009), and Fal and Helford (2005-2019). A separate GLM was fitted to the abundance index at each location in order to identify whether the drivers differ between nursery areas (with the exception of the Irish rivers, see details below). In all cases, the GLMs were fitted using the gamma distribution and the log link function in the R Statistical Computing Software (R Core Team, 2018). The gamma distribution was used to deal with skewed continuous data. The age aggregated index was used for the Solent and Thames and age zero index for the Fal and Helford, and Irish rivers. The dredge function of the MuMIn R package version 1.42.1 was used to explore the best-fitting models (Bartoń, 2018). This function fits multiple GLMs using different combinations of the explanatory variables and then ranks the models based on a given measure of model fit. The full model included: sea bass SSB, mean winter SST, maximum river flow, mean winter river flow, mean annual river flow, mean chlorophyll-a concentration, the size of the previous incoming sea bass year class (as a proxy for cannibalism), and the abundance of anchovy, herring, sardine, and sprat.

A version of Akaike’s Information Criterion that is corrected for small sample sizes [AICc; (Cavanaugh, 1997)] was used as a measure of model fit and any model within two units of the AICc of the best-fitting model was considered when selecting the final model. The final model was selected by taking into consideration the outputs of the dredge function and a further check of the goodness of fit was done by plotting: (1) the observations against the predictions of the GLMs; (2) the residuals against the fitted values; and (3) a Normal Q-Q plot. McFadden’s adjusted pseudo-R2, which is analogous to the adjusted R2 for ordinary least squares regression (Sapiano et al., 2012; Signorell, 2019) was used as a further check of the goodness of fit of the GLMs. The fit of the full models (i.e., the GLMs that included all possible explanatory variables) and the best-fitting models were compared using these measures to highlight improvements in fit.

Due to the relatively short length of the time series, it was not possible to fit models with sufficient numbers of variables to test the impact of physical and biological drivers for the Irish study estuaries. Instead, the best-fitting models from the Solent, Thames, and Fal and Helford were used to predict year class strength in the Irish Rivers. While the magnitude of the predictions would be different, the models could be considered to have similar factors driving variation if the relative differences between years were captured/observed. As we are interested in the comparing the trends, the relative change, rather than the absolute values were considered to be most important. To achieve this, we present the results for each series on a normalised scale from 0 to 1 (Equation 1).






Results




Settlement indices

The Solent survey had the longest timeseries available for analysis from 1999 to 2018, followed by 15 years of data for the Fal and Helford, and 13 years for the Thames. The Irish Rivers (Lee, New Ross Port, Slaney, and Munster Blackwater) had the shortest time series with between four and seven years of data (Figure 2). Year class strength appeared to have decreased over the period of the surveys in the Solent, with very poor settlement from 2008. For the other rivers, there was no obvious trend in year-class strength. All nursery areas showed large interannual variation in year-class strength, with large peaks in some years (Figure 2).




Figure 2 | The settlement index for the Fal and Helford, Lee at Tralee, Lower Slaney, Munster Blackwater, New Ross Port, Solent, and Thames estuaries. See Figure 1 for locations.







Fal and Helford

The best-fitting model for the Fal and Helford had an AICc score of 23 [which is a large improvement over the full model (Supplementary Table S2)] and an adjusted pseudo-R2 of 0.81 (Figure 3; Table 1). In the best-fitting model, winter river flow, and winter SST are significant positive predictors of age zero sea bass abundance. A greater abundance of anchovy also has a positive effect on age zero sea bass abundance, but this is not statistically significant. Finally, annual river flow had a significant negative effect (Table 1).




Figure 3 | Fit of the best-fitting model for the Fal and Helford age 0 abundance. The points show the real abundance index, the blue line shows the model predictions, and the grey area indicating the model 95% confidence intervals.




Table 1 | Parameter estimates, standard error (SE), t values, and p values of the best-fitting model for the Fal and Helford.







Thames

The best-fitting model had an AICc score of 22 [which is a large improvement over the full model (Supplementary Table 2)] and an adjusted pseudo-R2 of 0.72 (Figure 4; Table 2). In the best-fitting model winter river flow had significant positive influences on the abundance of juvenile sea bass, whilst herring abundance a significant negative one. This indicates that a faster river flow and a lower abundance of herring positively influence the abundance of juvenile sea bass (Table 2).




Figure 4 | The Thames age aggregated juvenile abundance index model fits for the best-fitting model. The points show the real recruitment index, the blue line shows the model predictions, and the grey area indicating the model 95% confidence intervals.




Table 2 | Parameter estimates, standard error (SE), t values, and p values of the best-fitting model for the Thames.







Solent

The best-fitting model had an AICc score of 35 [which is a large improvement over the full model (Supplementary Table 2)] and an adjusted pseudo-R2 of 0.48 (Figure 5; Table 3). In the best-fitting model, herring abundance had a significant negative impact on juvenile sea bass abundance whereas the previous year’s recruits had a significant positive impact on sea bass juvenile abundance. Mean chlorophyll-a concentration has a negative relationship with juvenile sea bass abundance, but this was not statistically significant (Table 3).




Figure 5 | The Solent age aggregated recruitment index model fits for the best-fitting model. The points show the real recruitment index, the blue line shows the model predictions, and the grey area indicating the model 95% confidence intervals.




Table 3 | Parameter estimates, standard error (SE), t values, and p values of the best-fitting model for the Solent.







Irish rivers

As described in the methods section, due to the short time series of data available, it was not possible to fit models with sufficient numbers of variables for the Irish study estuaries. In addition, the best-fitting models for the Fal and Helford, Thames, and Solent also did not provide reasonable predictions of the trends observed in the Irish rivers. Figure 6 shows resultant fits for the Fal and Helford model and for other poor model fits see Supplementary Figure 11.




Figure 6 | Sea bass year class strength predictions for the four Irish rivers (Lee at Tralee, Lower Slaney Estuary, Munster Blackwater, and New Ross Port) from the best-fitting models for the Fal and Helford. The points are observations, and the blue line represents the predicted values. The results are presented with a normalised scale (see methods) and without 95% confidence intervals as the aim was to assess the model’s ability to predict trends rather than actual values.








Discussion

In this study, we used Generalized Linear Models to identify the relative importance of biological and environmental drivers of young sea bass abundance in British and Irish nursery areas important to the Northern stock of sea bass. Data availability for each study estuary differed and the length of time series affected our ability to fit models to the data, meaning that we did not generate models of Irish rivers due to the short time series (described further, later in the discussion). In comparison, there was relative success with models fitted to data from British rivers.

A primary finding from the analysis was the importance of predator abundance. The population of pelagic fish with the potential to predate on bass eggs and larvae is thought to effect supply to nursery areas alongside cannibalism pressure from the previous sea bass year bass class inside the estuary. In this study, we found that a greater herring abundance in the North Sea and English channel resulted in a significantly reduced abundance of young bass in the Solent and Thames. A less clear result was where a larger previous bass year classes in the Solent resulted in an increased abundance of juvenile sea bass. A similarly unclear result is where an increase in anchovy abundance also correlated with an increase in abundance of age 0 bass in the Fal and Helford. The mechanism for increased abundance of young bass when there is a higher potential for predation from the previous year class or pelagic predators is not clear as increased opportunity for predation/cannibalism should reduce supply/survival. Relationships between juvenile sea bass and potential cannibalism from the previous year class or predation of egg and larvae stages by anchovy could result from a correlation with other important factors for sea bass abundance not accounted for in this study. This could also be potentially linked to surveys taking place within different months, but this is considered unavoidable where surveys are designed and carried out to catch peak abundance in their respective estuaries. As the time series was limited, more data are needed to assess the robustness of these models. Research is required to determine whether the relationship between young sea bass abundance and the abundance of potential predators remains an important driver with a longer time-series.

Sea surface temperature was an important predictor in the best-fitting model for the Fal and Helford, but not the other estuaries. The lack of importance of SST in the Thames and Solent is surprising given the thermal tolerance range of adult sea bass (Person-Le Ruyet et al., 2004; Claireaux et al., 2006; Vinagre et al., 2012; Sánchez-Vázques and Muñoz-Cueto, 2014). In particular, sea temperatures of less than 9°C are believed to cause delayed maturation, reduced growth, poor settlement, and widespread juvenile mortality (Pawson, 1992; Pawson et al., 2000; ICES, 2012) which will reduce the supply of individuals to the nurseries and reduce their survival when there. Similar to the effect of predator abundance on indices on year class strength, the low impact of SST in the Thames and Solent could be due to a short time series used and/or linked to the necessary phenomenon of surveys taking place in different months across study estuaries. The time series used in the analysis captured mainly the period of poor year class strength, particularly in the Solent. Thus, the effects of temperature may only be important in determining the single very large year classes previously observed in the late 1980s and early 1990s. There was evidence to suggest that a regime shift occurred in the Northern hemisphere around the end of the 1990s (Auber et al., 2015; Beaugrand et al., 2015), which may also have impacted on the factors driving year class strength.

Winter river flow rates were an important predictor of young bass abundance in the Fal and Helford and the Thames estuaries, but not the Solent. In the Fal and Helford and the Thames, increased rate of winter river flow resulted in an increased abundance of juvenile sea bass, this differs from the Solent where winter river flow was not included in the best-fitting model. However, the opposite was true for mean annual river flow, which has a negative correlation with abundance in the Fal and Helford. Amongst many others, one explanation may be that the Solent estuary was somewhat less river dominated than the others included in this study. River flow has previously been shown to have a positive relationship with striped bass in the Chesapeake Bay USA (Martino and Houde, 2010; Millette et al., 2020) and sea bass recruitment in the Tagus estuary in Portugal (Vinagre et al., 2009). It is hypothesised that increased river flows, prior to settlement in the nursery areas, may result in enhanced settlement due to the formation of river plumes, which are thought to act as an environmental cue to pelagic larvae to direct their movement towards the nursery area (Vinagre et al., 2009). Increased river flow may also reduce the salinity of the surrounding area and increase the amount of organic matter in the water column, both of which might act as additional environmental cues to pelagic larvae (Creutzberg et al., 1978; Tanaka, 1985; Miller, 1988) and benefit juvenile growth (Johnson and Katavic, 1986; Vinagre et al., 2009). On the other hand, increased freshwater flows are typically associated with a decline in water temperature in winter and salinity. As sea bass in the northern stock live close to the lower limit of their thermal tolerance range, they may be more susceptible to the negative effects of increased river flows compared with those in Portugal that live comfortably within their thermal tolerance range. It is also possible that increased annual river flows in the Solent reflected a greater number of storm events, which may have a negative impact on juvenile survival and/or prevent larvae from reaching the nursery ground.

Sea bass SSB was not retained in any best-fitting models for any estuary, this is consistent with several studies that have shown recruitment success of sea bass to be largely independent of the stock size (Pawson et al., 2007a; ICES, 2018). As sea bass are thought to return to the same areas to spawn each year (Pawson et al., 2008), site-specific measures of SSB may be needed to better understand the relationship between SSB and recruitment in different areas. Similarly, measures of the SSB of herring or even the abundance of herring capable of predating seabass eggs and larvae over smaller spatial scales may help us to better understand the impacts of changes in the population size of herring on sea bass recruitment.

None of the models from UK Rivers predicted the trends in juvenile abundance observed in the Irish Rivers, despite their ability to predict their respective systems relatively well. The models’ inability to predict abundance trends in other locations indicates that there are either not enough data in the original models to support the trends observed, or other processes accounted for in the current models drive abundance in the Irish estuaries (or, more likely, a combination of the two). The importance of different variables for predicting sea bass abundance between estuarine systems is highlighted in this study as each estuary required a unique set of variables to predict the abundances of young sea bass. Consequently, additional data are required from the Irish estuaries before a juvenile abundance index can be derived from these locations.

The predictions made by the best-fitting models closely follow past trends in recruitment observed in the Fal and Helford, Thames, and Solent. For the Fal and Helford, the model predicted the peaks and troughs in the data with relatively high precision and accuracy, with almost all data points being within the 95% confidence interval. The high precision and accuracy of the model suggests the primary drivers, or at least proxies for these drivers, have been captured adequately in the model. The best-fitting Thames estuary model generally captured the trend in the data with most data points falling within the 95% prediction confidence intervals. The best-fitting Solent model generally captured some of the trend in juvenile sea bass abundance with around half the data points being within the 95% prediction confidence intervals. However, the best-fitting Solent model predicted a large peak in abundance in 2000 not seen in the data, alongside a large increase in the 95% confidence interval range.

In this study, we have focused on seven estuaries in southern Great Britain and Ireland that widely represent the important nursery areas for the northern stock of sea bass. However, the sites studied varied in the length of time series data available which effects uncertainly around modelling conclusions. We suggest that future focus should look to extend the analysis shown here with scope to include drivers of abundance from additional data sets (e.g., pollution) collected for other reasons [e.g., Water Framework Directive, local monitoring; (Hyder et al., 2018)] alongside data from other countries (e.g. France). It is also important to continue monitoring programmes to understand the extent and relative contribution of nursery areas for sea bass. Despite data limitations the study has identified potential drivers of sea bass abundance in the Fal and Helford, Thames, and Solent estuaries. We did not find evidence for a relationship between sea bass SSB and young bass abundance relationship in any of the estuaries where bass SSB is removed from the best-fitting model in all cases. The results highlight the challenges with developing stock recruitment relationships for sea bass and that if a SSR was to be included in the assessment of this stock then it would need to include a broad suite of drivers as identified in the study presented here. Managers can then begin to evaluate the impacts of prospective policy options on the future of the stock using a more biologically realistic model with scope to investigate impacts of climate change and other changes on future sea bass recruitment.
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