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Fish communities are multispecies assemblages, so ideally multispecies models should be used directly for assessing this resource. However, progress in this direction has been slow, partly because these models are often more complex and take longer to fit, rendering them too slow to demonstrate near-real-time utility, and thus creating a perception that they are opaque to stakeholders. In this study we implemented a multispecies assessment for the Irish Sea, fitting a model of eight key stocks directly to catch and survey data. Two novel features of our approach allowed the multispecies model to be fitted within a few hours. Firstly, by using size-based theory and life-history invariants to specify many of the required properties of stocks, we reduced the number of general parameters that needed to be fitted directly to a more manageable 25. Secondly, by using state-of-the-art fitting methods, we found acceptable solutions quickly enough to provide assessments within the timescale of an advisory meeting. The outcomes were compared with the standard single species assessments of the same eight species. Model fits were generally good for either catch or at least one of the surveys, but not for all data sources at the same time, illustrating the challenges of fitting multiple stocks to different data sources simultaneously. Estimates of SSB and F agreed qualitatively with the assessments for most stocks with the exception of whiting. Estimates of natural mortality showed modest year to year variability, suggesting that single species assessments may be appropriate for short term tactical management. This method shows great promise for making multispecies assessments as a complement to existing assessments because of the rapid turnaround time and ability to respond at meetings to the requests of stakeholders. In addition, because these models avoid our current dependence on existing single species models they can be used to provide boundary conditions in natural mortality for standard assessment models and check for internal consistency in the assessment process. Furthermore, they are easily accessible because they are based upon freely available code.

Keywords: multispecies, advice, Irish Sea, models, assessment, ICES advice


INTRODUCTION

The incorporation of ecosystem information into operational fisheries management has been mandated at international level (FAO, 2008) and incorporated into legislative frameworks in Europe (EU, 2008, 2013) and the United States (NOAA, 2016). However, though some examples incorporate limited ecosystem interactions (Marshall et al., 2019), most management is based upon single species stock assessments (Skern-Mauritzen et al., 2016). This despite it being widely acknowledged that fish populations, along with other taxa in the ecosystem, interact through predation and competition for resource, which means that natural mortality is not in general constant (Daan, 1987), but instead depends upon the abundance of all populations. As a step towards an ecosystem approach, the management of exploited fish populations should use multispecies assessment alongside the existing single species modeling (see e.g., Howell et al., 2021). Such an approach can take account of interactions in the foodweb and between fleets, and assist with management questions that involve trade-offs between fleets or stocks. However, incorporation of multispecies models into our understanding and prediction of the consequences of exploitation has been slow (Hollowed et al., 2001; Plaganyi et al., 2012; Hyder et al., 2015). There are several reasons for this, including the difficulty of fitting multispecies models directly to survey data (both speed of fitting process and quality of the fit), the perceived complexity of such models (Plagányi, 2007), structural uncertainty associated with charactering the important ecosystem components and processes that must be explicitly represented, and familiarity with single species methods, including the possibility that they are “good enough” for management (Marshak et al., 2017). Within the European Union (EU), multispecies models are used primarily to provide natural mortality boundary conditions for single-species assessments [at present, specifically for the North Sea (ICES, 2019a) and Baltic Sea (ICES, 2020a) using the Stochastic Multispecies Model (SMS: Lewy and Vinther, 2004)]; ICES multispecies advice supports ecosystem overviews [e.g., ICES Greater North Sea Ecosystem (ICES, 2020b) and Baltic Ecosystem (ICES, 2020c)], but is in general not used operationally.

The Irish Sea is no exception, it is a complex multispecies system which supports a mixed fishery. The importance of these multispecies interactions has long been recognized (ICES, 1978). By the 1980s there was a recognition that catches on cod Gadus morhua would affect the catches of the burrowing crustacean Nephrops Nephrops norvegicus through changes in predation pressure by cod (Brander, 1980, 2018). Further, Brander and Bennett (1986) noted that the revenues from the two species were shared by the same fleet and that increased Nephrops catches would increase overall revenues. Therefore, a clear linkage between cod and Nephrops through the foodweb and via technical interactions within the fisheries has been demonstrated for some time. To address these issues, ecosystem considerations have been incorporated into the advised exploitation strategies for the Irish Sea. This was done by taking outputs of the single species process as given, and where these presented a Maximum Sustainable Yield (MSY) range, to choose a reference point within this range based on wider foodweb considerations (ICES, 2019b). In this way aspects of multispecies management could be incorporated into the advice framework, without invalidating the existing assessments (see Howell et al., 2021 for a detailed “Discussion”).

A key part of this initiative involved multispecies and ecosystem modelers and stock assessors taking part in the same advisory meetings so that the outputs of multispecies models could influence the advisory process directly even though only the single species models were used to set quotas (Howell et al., 2021). As part of this initiative, we used the LeMans model framework (Hall et al., 2006) as adapted for the North Sea (Rochet et al., 2011; Thorpe et al., 2015, 2016, 2017; Thorpe and De Oliveira, 2019) and recently implemented as an r-package (Spence et al., 2020) to undertake a multi-species assessment for key Irish Sea stocks and their associated fisheries. LeMans is a length-structured multispecies framework which partitions the fish community by species and length. It is similar in structure to a multispecies stock assessment, but structured by length rather than age as predation is length rather than age dependent. It is a suitable choice for the reasons provided in the Section “Materials and Methods.” Our aim was to address some key barriers to the use of multispecies models in direct stock assessment, namely (a) speed and adequacy of model fit, and (b) perceived complexity of model framework and opacity to stakeholders. These barriers are related because if the fitting is slow and has to be done in advance of an advisory meeting, it becomes invisible to stakeholders and reduces their confidence in the outputs.

The process of model fitting is such a hurdle to acceptance of multispecies models because (a) the model may be very sensitive to assumptions made about how much stocks can predate on each other [whether from stomach sampling data (Trijoulet et al., 2019) or expert judgment (Thorpe et al., 2015)], (b) the requirement of fitting multiple stocks to data simultaneously, and (c) the need to limit the number of parameters to a greater extent than with single species models just to make the model tractable. With each additional stock to fit, the average correspondence of any one stock with data is likely to deteriorate, potentially straining the credibility of stakeholders and resulting in the outputs not being used for advice.

In this study we have limited the number of important foodweb interactions and the number of parameters by focusing on a small number of key stocks (8 commercially important stocks), and further restricted the number of tuning parameters for each stock through the use of life history invariants and size-structuring within the foodweb (Spence et al., 2020). We also fitted the model in an efficient manner using novel methods including a form of history matching (Vernon et al., 2014; Spence et al., 2021) to cut down the plausible parameter space to a manageable level. By doing this we could respond to stakeholder feedback overnight, and hence build confidence in the model through two-way dialog. As a result of feedback received in the meeting we modified the length bins and representation of natural mortality to reflect concerns that the initial parameterizations were not generating reasonable estimates of mortality at age 1.



MATERIALS AND METHODS


LeMans Model

LeMans (Length-based Multispecies analysis by numerical simulation) is a length-structured fish community model, with the fish community being represented in terms of both species and length (Hall et al., 2006). By representing many processes, including fishing, natural mortality, and predation as functions of length, it is possible to reproduce many aspects of the community dynamics (including the tendency of diet to change with increasing predator size) with a relatively small number of parameters, and modest requirement for data in model set up. This makes the framework particularly suitable for use in data-limited fisheries, and reduces the time required to fit the model, so that it potentially becomes possible to deploy in an advisory setting.

LeMans is well suited for use whenever there is a need for multispecies or mixed-fisheries analysis but where the management questions are internal to the fish-community and do not require the use of more complicated models, such as Atlantis (Fulton et al., 2011). The model has been used to assess the impact of mixed-fisheries (Thorpe et al., 2016), multispecies reference points (Thorpe et al., 2017; Thorpe, 2019), evaluate the effect of harvest control rules (Thorpe and De Oliveira, 2019), and as part of a multi-model ensemble along with other multispecies models (Spence et al., 2018). LeMans models fish length because (a) it is generally easier to measure than weight in the field (Connor et al., 2017), and (b) fisheries selectivity is normally characterized in terms of length (Walker et al., 2017) and is thus more straightforward to relate to the parameterization of mixed-fisheries, although the mathematics of weight-structured models are more elegant (Andersen, 2020).

The LeMans model is based on a discrete time and length where there are ns stock and nl length classes with the lj being the lower length of the jth length class and lj++1 being the upper limit. The mid point of the jth length class is:
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for j = 1…nl.

We assume that length and weight are related by a simple power law, and the length-weight equation is defined for stock i in length class j as:
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The LeMans model assumes that fish grow continuously throughout their lives at a rate independent of the density of available food (food-independent growth), with the length of stock i at age t being:

[image: image]

where L∞,i is the asymptotic length (cm) of the ith stock, ki is the von Bertalanffy growth rate and t0,i is the theoretical age at which the ith stock would be at length 0.

The amount of time t that stock i spends in length class j is defined as:
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Assuming that individuals are evenly distributed across the length class, the proportion of individuals of stock i that leave length class j due to growth over time δt is:
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The amount that a fish in stock i in length class j will grow according to the von Bertalanffy growth curve in a time step, δt, is:
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This is then converted into weight increments (eq. 7) and then divided by the growth efficiency (eq. 8).
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where W∞,i is the weight of a fish in stock i of length L∞,i, π is the rate at which the growth efficiency decays and g0 is the growth efficiency of a fish of length zero. The amount of food required for the fish to grow according von Bertalanffy growth curve in a time step is then:
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For stock i in length class j, the proportion of individuals that are mature is defined as:
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where [image: image] is the length at which 50% of individuals are mature and κi is the rate of change from immaturity to maturity.

The number of recruits of stock i in is assumed to be deterministic (contrasting with Thorpe et al., 2017; Thorpe and De Oliveira, 2019 which have stochastic recruitment) and follow a Beverton-Holt relationship with SSB:

[image: image]

where the species-specific parameters αi and βi are the density-dependent and density-independent parameters, respectively (Ogle, 2016) and Si is the SSB in kilo-tons, i.e.
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where Nj,i is the number of individuals of stock i in length class j. This is different from the hockey stick relation assumed in Thorpe et al. (2015, 2016, 2017), Thorpe and De Oliveira (2019), and is adopted here because of the need for continuous functional form when using Template Model Builder (TMB) for fitting (Kristensen et al., 2016), although it may also be more realistic.

There are three types of mortality in the LeMans model: background mortality (M1), predation mortality (M2) and fishing mortality (F). In contrast with Hall et al. (2006); Thorpe et al. (2015), background mortality (M1) is a function of weight according to eq. 13, so that it initially declines sharply, reaches a minimum of just over 0.03 and then increases again as the weight tends to the maximum possible to reflect the impact of senescence on large (old) individuals (Eq. 13). This change was made because the initial model fit generated unrealistically high natural mortality at very small and very large sizes as determined by feedback within the advisory meeting.
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The stocks in the model interact with each other via predator-prey interactions. The prey weight preference wp for a predator of weight w is defined as:

[image: image]

where μp is the preferred predator-prey mass ratio and σp is the width of the weight preference function. In this model μp = −2.25 and σp=0.5 (c.f. Thorpe et al., 2015, Supplementary Material).

The suitability of prey of weight wp and stock j for a predator of weight w of stock i is defined as:

[image: image]

where τi,j is a value between 0 and 1 that represents the vulnerability of prey stock j to predator stock i (Hall et al., 2006).

In the LeMans model, fishing mortality is dependent on effort and gear catchability. The instantaneous fishing mortality for stock i of in length class j is:

[image: image]

where ek is the effort of the kth gear, for k = 1…H, and qi,k(Lj) is the catchability of a fish of length Lj and stock i by gear k. Effort is added to the model during initialisation (see the next section for more details), whilst catchability is added when setting up the model. The logistic catchability curve is defined as:

[image: image]

where η is the steepness of the slope of the catchability curve and L50 is the length at 50% of the maximum catchability. This function gives a catchability of zero for the smallest length classes, a catchability of 1 for the largest length classes, and a smooth increase in catchability from zero to one around l50.

The LeMans model works by projecting the number of individuals in each length class for each stock forward in time. We will refer to Nj,i,t as the number of individuals of stock i in length class j and time t.

The model is run for many time steps, with the length of each time step being equal to δt. At each time step three processes occur: recruitment, mortality and growth.

In Hall et al. (2006); Thorpe et al. (2015) recruitment only occurs in the first timestep of a new year. The number of individuals after the recruitment phase of the model [image: image] is thus defined as [image: image] for j = 2,…,nl and:
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where Ri,t is the number of recruits of stock i at time t.

The number of individuals after the mortality phase of the model [image: image] is defined as:
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where M1 is the background mortality, M2 is the predation mortality and F is the fishing mortality. The predation mortality of a fish of stock i in length class j is:
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[image: image]

where o is other food.

The catch of stock i in length class j is:
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where F(j,i,t) is the fishing mortality (years−1), on species i in length class j at time t, and Z(j,i,t) is the total mortality (years−1) on species i in length class j at the same time.

The number of individuals after the growth phase Nj,i,t is defined as:

[image: image]



Irish Sea Model Set Up

The Irish Sea LeMans model incorporates eight stocks in the Irish Sea representing the key stocks and fisheries. The eight stocks are cod, haddock, herring, Norway lobster functional unit 15, (Irish Sea, west), plaice, sole, whiting, and Norway lobster functional unit 14 (Irish Sea, east) as detailed in Table 1. Nephrops functional units represent discrete geographical groupings of Nephrops which are defined by ICES and managed separately.


TABLE 1. Irish Sea model stocks.

[image: Table 1]
To set up the model we used survey information, catches for the survey gears, individual abundances for the TV surveys, and SSB for the acoustic survey. Three trawl surveys were used: the Northern Irish Groundfish Survey (spring and autumn), which operates a rock-hopper otter trawl (ROT) gear (ICES, 2012a), a beam trawl survey (August/September) (ICES, 2012b) and the Irish Sea Celtic Ground Survey (spring and autumn) (ICES, 2012a). In addition, we used underwater television (UTV) surveys for Nephrops (see ICES, 2018b) and acoustic data for herring August/September) (ICES, 2019b). For the six finfish stocks, life history parameters were taken from Silva et al. (2013). Nephrops were assumed to grow like fish and their life-history parameters were provided by Ewen Bell (Cefas, Lowestoft personal communication).

The interaction matrix was split into two parts. Using the DAPSTOM database (Pinnegar, 2014), we developed a suitability matrix. If in any of the sample stomachs of species X contained species Y then species X was deemed to be capable of predating on species Y (suitability one), otherwise it was assumed not to eat species Y (suitability zero), giving the possibility of predation in Table 2.


TABLE 2. Irish Sea suitability matrix.

[image: Table 2]
Whether one stock predates on another depends both on their suitability, and whether they overlap in space and time and hence can interact. This overlap was determined from the survey data by considering the fraction of joint occurrence of each stock compared with the fraction of occurrence of the predator stock. When combined with the suitability index, this gives the model interaction index (diet matrix) shown in Table 3.


TABLE 3. Irish Sea LeMans interaction matrix.

[image: Table 3]
We used recruitment derived from a Beverton-Holt stock-recruitment model (Ogle, 2016) for all the stocks, with parameters ai and bi for the ith stock, which were calibrated for the model. All stocks were given logistic catchability curves with parameters as per Table 1 (see also Supplementary Figure 1). The effort, expressed as the maximum fishing mortality at length for each stock, was calibrated for each year. In addition, there are three surveys that are included in the model. Their catchability was taken from Walker et al. (2017) and is shown in Supplementary Figure 2 for beam trawl, Supplementary Figure 3 for the ICES standardized equipment (ICES, 2018a), General Overture (GOV) trawl, and Supplementary Figure 4 for otter trawl. The effort for each of the survey vessels was determined by the proportion of the Irish Sea that was surveyed each year. This was determined by swept area of each vessel and is shown in Supplementary Table 1.

The time-step of the model, δt, was 0.1 years. All other parameter values were as their defaults in the R-package which is based on the North Sea model of Thorpe et al. (2015).



Calibrating the Model

The use of life-history invariants reduces the number of parameters that need to be fitted and makes the problem more tractable. We fitted 25 model parameters, Beverton-Holt stock-recruitment parameters, αi and βi, other food, o, fishing mortality rates in the spin-up of the model, Fi,0, as in Spence et al. (2016) and maximum fishing mortality rates for each stock in each year, Fi,t. To fit to this we have commercial catches, s0,i,t of the ith stock in the tth year, as well as survey indexes for sj,i,t for the jth survey. We have 5 surveys, a beam trawl survey (j = 1), a GOV survey (j = 2), an otter trawl survey (j = 3), a TV survey (j = 4), and an acoustic survey (j = 5).

The likelihood of the model is [image: image], with:

[image: image]

where s(θ)i,j,t is the LeMans model simulating the si,j,t data with parameter set θ and Ii,j,t is an indicator function stating whether that data point is included in the parameter set or not, and NML() is a normal density with expectation ln(s(θ)i,j,t and variance [image: image] evaluated at ln(sj,i,t).

All species were fitted to commercial catch and discard data, which were taken from the single species assessments. There are a number of surveys available for determining trends in target stocks in the Irish Sea, namely cod, haddock, whiting, plaice, sole, herring and Nephrops, each using a different gear and survey plan (see above).

With the exception of herring, all of the fish were fitted to the three surveys, however, we added uncertainty in the beam trawl survey for round fish (cod, haddock, and whiting) by setting w1,1=w2,1=w7,1=0.1, and the otter trawl surveys for the flat fish (plaice and sole) by setting w5,2=w5,3=w6,2=w6,3=0.1. Commercial catches existed for all years for all species except haddock in 1980-1992, plaice in 1980 and Nephrops east in 1980-1999. Beam trawl survey information was available for 1993-2015, the GOV survey for 2003-2016 and the otter trawl survey for 1992-2016 (Supplementary Table 2). The Nephrops stocks were fitted to UTV surveys, 2003-2016 for Nephrops west and 2008-2016 for Nephrops east. The acoustic survey was used to fit herring and was from 1989 to 1990 and 1994 to 2016. In addition, cod was not fitted to the GOV survey.



Finding the Starting Point for Template Model Builder Optimization

We coded the LeMans model in TMB (Kristensen et al., 2016), so that we could take advantage of automatic differentiation enabling us to optimize faster and hence respond to feedback within the timescale of the working group. The uncertain parameter space is non-linear and there are many local maxima, so we had to be careful as to where we started the optimizer.

In order to find an appropriate initial point, we first performed a technique similar to history matching (Vernon et al., 2014; Spence et al., 2021). We first ran 50,000 random combinations of the uncertain model parameters, αi, βi, o and Fi,0 with fishing mortality values from single species stock-assessments. For the kth run of the model, we calculated the log-likelihood for each stock, li,k, by finding maximum variance parameters that maximized the likelihood, i.e.,

[image: image]

Using Wilks theorem (Wilks, 1938) and recognizing that a lower bound for the maximum likelihood is [image: image], then:

[image: image]

We excluded any points that had a deviance, Di,k, beyond the 99th pecentile of the [image: image] distribution as points that are not possible starting values as their overall likelihood would be insufficiently favorable.

We then investigated all 2-dimensional combinations of the parameters to find areas of space where there was no coverage and which could therefore be discounted. For example, Figure 1 shows the herring parameter sets, a3, b3 and F3,0, that were not rejected in the previous step for the herring likelihood.


[image: image]

FIGURE 1. Distribution of possible starting points for the stock-recruit parameters α and β, and the spin-up fishing rate F0 for herring. The spin-up fishing rate is a constant rate of fishing applied to the stock throughout the spin up period of 100 years before the commencement of the simulation proper.


We decide in which marginal direction the points are not likely to be random. For example, for herring (Figure 1), the correlation between log(a3) and log(a3/b3) are probably not random, however, the distribution of F3,0 could be random. From the space that remains we sampled another 1000 parameter sets. Then, from the best parameter set, in terms of total likelihood, we initialise the optimisation algorithm.

We coded the LeMans model in TMB (Kristensen et al., 2016) and optimized using the nlminb function in R.




RESULTS


Model Fitting

We plot the fits of the model (lines) with the data (points) for the commercial catches and surveys. We also compare the model-determined F and SSB (lines) with the values from the most recent single species assessment (dotted lines - ICES, 2018b, 2019b). For cod (Figure 2), which was fitted to the commercial catches, beam trawl and the otter trawl survey, the LeMans model fits well to the ROT survey and captures the pattern of the beam trawl survey, but fits less well to the catch and GOV survey. Whiting (Figure 3) was fitted to commercial catches and all the surveys. We fit the catches and the beam trawl survey well, however, we under-estimate the GOV and ROT surveys.


[image: image]

FIGURE 2. Fits to commercial catches (CV = 0.1) and the three surveys (CV = 0.5) in the top 4 panels, and comparison of estimates of F and SSB with single species assessments for cod. In each case the model is the solid line.



[image: image]

FIGURE 3. Fits to commercial catches and the three surveys (top 4 panels) and comparison of estimates of F and SSB with single species assessments for whiting. In each case the model is the solid line.


Fits to the other stocks Haddock (S5), Herring (S6), Nephrops West (S7), Plaice (S8), Sole(S9), and Nephrops (S10) are shown in Supplementary Material, but the general outline is summarized in Table 4. Overall catches fit well except for cod, which fits more closely to ROT, and whiting, which fits more closely to the beam trawl. ROT and the beam trawl fit well to plaice, and sole, and the underwater TV survey fits well to nephrops east.


TABLE 4. Summary of fits to catch and survey data and estimates of F and SSB for all eight stocks.

[image: Table 4]


Calculating Natural Mortality Values

Natural mortality in the model is the sum of predation mortality (M2) and non-predation mortality (M1). For each stock this is calculated as a function of length, but we can express this in terms of age given the assumption of food-independent growth (Figure 4). Common themes in the simulated natural mortality are (a) high levels of natural mortality on age 1, (b) decreasing levels of natural mortality with age (except for age 5 cod, where mortality higher for age 5 than age 3 or age 4), (c) generally similar levels of natural mortality across years, (d) the oft quoted approximation of M = 0.2 is not supported, with M always being above this level. Single species assessments in the Irish Sea have used natural mortality boundary conditions from Lorenzen (1996), where mortality is proportional to weight raised to the power -0.29. The estimates generated here are higher for the largest and smallest length classes but are otherwise similar.


[image: image]

FIGURE 4. Natural mortality through time for panels (A) cod, (B) haddock, (C) herring, (D) nephrops east, (E) plaice, (F) sole, (G) whiting, and (H) nephrops west. Black = age 1, red = age 2, blue = age 3, green = age 4, gray = age 5.





DISCUSSION

In this study, we conducted a multispecies assessment of key Irish Sea stocks by directly fitting a multispecies model to catch and survey data. Our aim was to address two key barriers to the use of multispecies models in direct assessment, namely (a) the speed and adequacy of the model fit to data, and (b) the perceived complexity of multispecies models and their opacity to stakeholders. These two barriers are of course related; a poorly fitted model will lack credibility, a slowly fitted model will have to be prepared offline, will be inflexible to stakeholder needs, and hence will probably seem opaque.

We used a mechanistic length-based framework (LeMans) in the form of a freely available r-package (Spence et al., 2020) which we adapted for eight key Irish Sea stocks, and produced a multispecies stock-assessment. By restricting the model to a subset of key commercial stocks, and using life-history invariants, we kept the number of parameters requiring fitting to 25, rendering the problem tractable by a combination of history matching and automatic differentiation via TMB. Importantly we were able to generate fits within about 12 h and hence fit the model overnight and present results the next day, indicating an ability to provide near-time strategic advice.

The model fitted the catches very well for all stocks except cod and whiting, but followed the ROT survey for cod, and the beam trawl for whiting. ROT also fit well to plaice and sole, as did the beam trawl data, whilst the TV data fitted nephrops east better than west. The model was unable to fit trends in the acoustic survey for herring. With the exception of nephrops east, no stock was well fitted to all sources of data, illustrating the challenges of simultaneously fitting several stocks, to multiple data targets. Given the uncertainties in catchability associated with survey and commercial gears, we need to explore sensitivity of the model to fleet catchability parameters both for survey and commercial fleets in future work. Currently the survey catchability parameters are from Walker et al. (2017), however, this does not provide catchability parameters for the ROT gear, and so we had to assume that it was the same as the GOV. Fits to these two gears often differed in quality, suggesting that this assumption may not be true. In addition, we currently fit only to the total catch of the survey, which means that the length-structure of the stocks might be unrealistic. In the future, we could fit to timeseries of catch in different length classes, however, it is not immediately obvious what the likelihood for this would be. We also assume that the fish are homogeneously spread out over Irish Sea when sampled by survey. More work needs to be done to determine whether this is reasonable, and what to do instead if it is not.

The overall fit to the cod catch was poor, with excessive inter-year variability, and a flat long-term trend, when in reality the catch has been declining. One option would be to reduce the CV for cod commercial catch and enforce a tighter fit (we used the same CV for catches for all stocks). Comparison with the single species assessment (ICES, 2017) suggests that the latter achieved a good fit to catches by assuming sharply changing selectivity of the cod fleet after 2000, assumed to be driven by fishing restrictions imposed in that year, whereas we assumed a constant selectivity with time. Clearly, parameters of the model are sensitive to catchability curves for the commercial fleets. In the future it might be possible to improve the fit by fitting to individual commercial fleet segments, taking advantage of mixed fishery effects to better constrain the stocks collectively and allow for time-varying selectivity as the mix of fleets changes. This process could inform the choice of selectivity blocks for single species assessments, and provide a coherent framework for incorporating data poor stocks (e.g., Punt et al., 2011), though that was beyond the scope of this study. It should also be noted that the quantitative Irish Sea cod assessment was subsequently rejected and the stock transitioned to a trends only basis for advice (ICES, 2019c).

Comparison with the single species assessments can facilitate the assessment process by addressing the following questions: (a) is estimated natural mortality sufficiently time-invariant to support the use of single species assessments, (b) are the overall results sufficiently similar to suggest that the assessments are internally consistent, and (c) does the pattern of any discrepancies offer any pointers to the future. We found that natural mortality was strongly age/size dependent, but only changed weakly in time, supporting the use of single species assessments with age-dependent mortality estimates. Overall the estimates of F and SSB were qualitatively similar to those of the individual assessments, with the exception of whiting and more moderate agreement with herring and sole, suggesting a reasonable degree of internal consistency.

Remaining discrepancies may be driven at least partly by differences in the treatment of recruitment, which is deterministic in LeMans and follows a Beverton-Holt recruitment curve. However, recruitment often does not appear to follow such a deterministic curve; nor do the single species assessments assume this (whiting and haddock have stochastic recruitment based on SSB, whereas plaice and sole assume no relationship with SSB). Some size-based models have previously included stochastic recruitment (e.g., Blanchard et al., 2014), and it is possible to include this with the LeMans model (Thorpe et al., 2017; Thorpe, 2019; Thorpe and De Oliveira, 2019). However, it may be more beneficial to link recruitment to environmental conditions, such as temperature, and include this in the model (e.g., Payne et al., 2017). Indeed Bentley et al. (2020) suggested that environmental forcing was a key driver of recruitment in the Irish Sea, and so the assumption of a constant environment in this study may need to be revisited in future work. If we are able to produce skilful environmental forecasts for the Irish Sea, we would expect that incorporating the key environmental impacts on recruitment would lead to the model having a much better forecasting ability and help with the framing of medium-term reference points (Bentley et al., 2020; Howell et al., 2021).

Recent research has shown an increase in top predators such as seals (Waggitt et al., 2019) and it is possible that these might significantly influence the dynamics of the fish community. Although the LeMans model as presented here does not currently have marine mammals in it, one of the advantages of the size-based approach is that model could readily be extended it to include seals as an additional species given information on their life-history traits and diet preferences.

Importantly, we showed that it is relatively easy to fit this model, taking only a few hours on a high-end laptop. This could be a real step forward in the working-group setting as alternations to model assumptions can be made rapidly (for example changing assumptions about M1), and revised results can be presented within the time frame of a day. In this way we were able to respond to concerns about initial unrealistic natural mortality and re-fit the model with the revised model producing reasonable estimates of M, However, it is more difficult to quantify the associated uncertainty. Robustly quantifying the uncertain parameters would require fitting the model in a Bayesian framework (Gelman et al., 2013). Other size-based models have been fitted using Markov Chain Monte Carlo (MCMC), but this is a slow process and cannot feasibly be done within a short framework such as a one-week meeting (Spence et al., 2016; Spence et al., 2021). One way of approximating this is to assume that the uncertainty of the parameters is Gaussian, with the co-variance being the inverse of the Hessian matrix, and the expectation being given by the maximum-likelihood, Although the Gaussian assumption is unlikely to hold strictly true, it could still be a reasonable approximation. If this is the case, the model could be fitted in a short time period, along with a quick approximation of the associated uncertainty, with a more robust uncertainty analysis being done later. However, more work needs to be done developing methods for quantifying uncertainty of these models in an advisory setting.

The LeMans model can accommodate multiple fishing fleets, which could be used when giving mixed fishery advice. In the Irish Sea there are broadly three fisheries (Otter trawl, beam trawl and pelagic trawl) (see ICES, 2018b). The otter trawl mixed fisheries tend to use selective gears, e.g., separator panel, square mesh netting and grids to reduce the bycatch. This fishery primarily targets Nephrops, however, there are other species caught, for example haddock amongst a number of other species, and there is evidence of discarding occurring as well. The beam trawl fishery is primarily targeting plaice, however, there are bycatches of sole, megrim and a number of rays. The pelagic fishery almost exclusively catches herring. The model would be able to describe the effect of these technical interactions, through fishing gear, as well as biological interactions, though predation. It would also allow exploration of different fleet scenarios in future, e.g., whitefish effort vs Nephrops directed effort and consideration of multispecies mixed fishery MSY objectives.

The model here, with its modest parameter set and rapid fit to survey and catch data has demonstrated that it is possible to use mechanistic size-based models to inform tactical management as inputs to and alongside single-species assessments. Although the model here is limited by structural uncertainty associated with only explicitly modeling the 8 key commercial stocks, this could be addressed by using it with the Irish Sea Ecopath model (Bentley et al., 2018, 2019) in a multi-model ensemble (Spence et al., 2018). In addition, using the information used to create the LeMans model, it would be relatively straightforward to develop a version of the multispecies size spectrum model, mizer (Scott et al., 2014), further increasing the reliability of the multispecies advice.
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Common name Scientific name

Cod Gadus morhua 112.0 0.0081 3.030 0.16 57.8 35.0 0.13
Haddock Melanogrammus aeglefinus 58.1 0.0062 3.115 0.29 32.1 24.0 0.21
Herring Clupea harengus 28.3 0.0062 3.019 0.41 16.8 17.0 0.20
Norway lobster/Nephrops West Nephrops norvegicus 20.0 0.0035 3.340 0.16 €5 12.0 0.55
Plaice Pleuronectes platessa 81.6 0.0089 3.053 0.06 43.5 19.0 0.20
Sole Solea solea 35.8 0.0076 3.068 0.41 20.8 24.0 0.12
Whiting Merlangius merlangus 42.7 0.0058 3.063 0.34 24.3 25.0 0.12
Norway lobster/Nephrops East Nephrops norvegicus 20.0 0.0035 3.340 0.16 7.5 12.0 0355

Is_L50 is the length at which the fishery catches 50% of the biomass and is_eta is the eta parameter (logistic catchability is assumed). Biological parameters [L
infinity = asymptotic length, W(a) and W(b) are the length/weight conversion factors for weight = W(a) *length **W(b), K = von Bertalanffy growth, L mat = length at which
50% of individuals are mature] come from survey (Silva et al., 2013), except for nephrops which were provided by Ewen Bell (Cefas, Lowestoft personal communication).
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Predator Prey
Cod Haddock Herring Nep W Plaice Sole Whiting Nep E

Cod 1 1 1 1 1 1 1 1
Haddock 1 1 1 1 0 0 1 1
Herring 1 0 1 0 1 0 1 0
Nep W 0 0 0 0 0 0 0 0
Plaice 0 0 1 1 1 0 1 1
Sole 0 0 0 0 0 0 0 0
Whiting 1 1 1 1 1 1 1 1
Nep E 0 0 0 0 0 0 0 0
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Predator Prey

Cod Haddock Herring Nep W Plaice Sole Whiting Nep E
Cod 1.000 0.605 0.608 0.352 0.661 0.941 0.883 0.080
Haddock 0.483 1.000 0.322 0.153 0.000 0.000 0.931 0.082
Herring 0.809 0.000 1.000 0.000 0.869 0.000 0.962 0.000
Nep W 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Plaice 0.000 0.000 0.735 0.452 1.000 0.000 0.916 0.075
Sole 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Whiting 0.530 0.700 0.434 0.244 0.489 0.911 1.000 0.094
Nep E 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Comments: Magnitude

SSB similar to assessment,
F often lower.

Haddock recovers earlier,
around 2010 than
assessment (2015).
Agreement with F good.

F and SSB similar
magnitude to assessment.

Good agreement before
2000 for F. More recently
abundance is lower and F
higher than assessment.
F and SSB agree with
assessment.

F is lower and SSB higher
than assessment.

F is lower and SSB higher
than assessment.
Agreement with
assessment.

Comment: Trend

Good agreement with survey for SSB
and F.

Good agreement for F, SSB trend
similar but recovers sooner,

SSB much less variable than
assessment and does not show recent
recovery. F trends also out of phase.
Reasonable agreement for abundance,
but not for F since 2005.

Good agreement with assessment for
SSB, and for longer-term trend with F.

Long term trend in F and SSB agrees
with assessment.

Agrees with flat long term trend but year
to year differences for both SSB and F.

Agreement with assessment.





