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1  |  INTRODUC TION

The impacts of commercial fishing on marine fish populations are 
expected to be numerous and sometimes catastrophic (Halpern 
et al., 2008; Jennings & Kaiser, 1998). The effect of fishing extends 

well beyond direct and indirect mortality, with fishing activities being 
linked to reductions in fish body size (Darimont et al., 2009; Swain 
et al., 2007), earlier maturation times (Law, 2000; Olsen et al., 2004), 
altered sex- ratios (Shepherd et al., 2010), as well as the degrada-
tion of habitats and ecosystems (Rijnsdorp et al., 2020; Turner 
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Abstract
Larger and older fish contribute disproportionately to spawning and play an important 
role in the replenishment of exploited stocks. Fishing often removes specific size-  
and age- classes, with direct impacts on stock productivity and population resilience. 
Despite this, fisheries advice is commonly based on estimates of spawning stock bio-
mass (SSB) and fishing mortality (F) and makes little reference to the importance of 
size and/or age structure. Consequently, there is a need for indicators of size and/
or age structure to better inform fisheries management and help assess global sus-
tainability goals. Here, we introduce a new age- based indicator ABIMSY that monitors 
age structure relative to the equilibrium age structure at FMSY. We apply this new 
indicator to 72 commercially important stocks in the Northeast Atlantic, covering 26 
species, which collectively contributed 86% of all commercial catches in the region in 
2019. We estimate that 62% (45 stocks) currently have proportionally fewer older fish 
relative to FMSY conditions, whereas 38% (27 stocks) have proportionally more older 
fish; we also note patterns with respect to geographic area and taxonomic family. 
Simulation testing demonstrated that ABIMSY is responsive to overfishing and gener-
ally tracks (with high sensitivity and specificity) a common measure of stock depletion, 
SSB relative to BMSY. Throughout, we show that ABIMSY provides information on the 
age structure of exploited stocks that is complementary to conventional reference 
points for SSB and F. Further, the framework used to estimate ABIMSY make it well 
placed for integration into current advisory frameworks on fisheries management.
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et al., 1999). Fisher behaviour and gear selectivity further impact fish 
populations, with the tendency to target larger, older and more eco-
nomically profitable fish (Pauly et al., 1998), causing truncations in 
the size and age structure of commercially important stocks (Barnett 
et al., 2017; Blanchard et al., 2005; Hsieh et al., 2010).

The management of commercial fisheries typically aims to 
ensure that fishing occurs at sustainable levels, whereby total al-
lowable catch (TAC) is set at values that both maximise yield and 
minimise the likelihood of long- term stock collapse (i.e. the theo-
retical Maximum Sustainable Yield; MSY; Dichmont et al., 2010; 
Mace, 2001; Rindorf et al., 2017). Key to this process is the ap-
plication of analytical stock assessment models (e.g. Methot & 
Wetzel, 2013; Nielsen & Berg, 2014) that provide an informed 
description of stock status, and forecast how the biomass (B) or 
spawning stock biomass (SSB) of a stock may respond to a given 
exploitation level, i.e. fishing mortality (F). Also key to this process 
are reference points, which provide important thresholds for stock 
status classification. For instance, FMSY (the F that yields MSY) and 
BMSY (the biomass at MSY), are used in most of the world's major 
fisheries to evaluate F and B respectively. Put simply, if a stock is 
estimated to be both below FMSY and above BMSY, it is deemed to 
be in a good and healthy state, and is expected to be capable of 
producing MSY in the long term. Consequently, these reference 
points translate into aims and objectives for managers and deci-
sion makers (ICES, 2022a), and are implemented in policies like 
the EU Common Fisheries Policy (CFP; EU., 2013), the EU Ma-
rine Strategy Framework Directive (MSFD; EU- COM, 2008), the 
Magnuson- Stevens Fishery Conservation and Management Act 
(MSFMCA, 2007), the Fisheries and Oceans Canada's (DFO) Fish-
ery Decision- Making Framework Incorporating the Precautionary 
Approach (PA Policy; DFO, 2009) and the Harvest Strategy Stan-
dard for New Zealand Fisheries (Ministry of Fisheries, 2008).

To further direct fisheries management, policies like the CFP and 
MSFD, as well as regional sea conventions like OSPAR (the Oslo- Paris 
Convention; OSPAR, 2017) and HELCOM (the Helsinki- Commission; 
HELCOM, 2018), often implement a pressure- state indicator frame-
work in order to gain a more holistic assessment of the marine envi-
ronment (Probst et al., 2016). In this framework, a pressure indicator 
will directly affect a state indicator in some mechanistic way (Jen-
nings, 2005). For instance, SSB and F are widely considered as state 
and pressure indicators, respectively, as a change in F is expected to 
cause a predictable change in SSB.

Recently, the MSFD, via its descriptor 3 criteria 3 (D3C3) of good 
environmental status (GES), have extended this F- SSB indicator 
framework and requested that exploited fish stocks exhibit ‘a popula-
tion age and size distribution that is indicative of a healthy stock’ (EU- 
COM, 2008, 2017). This is because not all fish contribute equally to 
the productivity and resilience of fish stocks. In a number of species 
and taxa (especially longer lived species), Big Old Fat Fecund Female 
fish (the BOFFF hypothesis) are expected to produce larger and bet-
ter quality eggs (i.e. greater lipid composition of the yolk) than first or 
second- time spawners (Hixon et al., 2014; Rideout et al., 2005; Trip-
pel, 1998). These larger and better quality eggs result in faster growth 

at early life stages, larger sizes at hatching, and ultimately higher 
survival rates. Relative fecundity (i.e. number of eggs produced per 
unit body mass) also increases with female body weight (Cooper 
et al., 2013), and larger individuals have been shown to have higher 
spawning frequencies than smaller individuals (Marshall et al., 2022), 
thus allowing older and larger fish to contribute disproportionately 
to stock productivity (Barneche et al., 2018). In addition, older fish 
have been shown to spawn over longer spawning windows, provid-
ing a population with greater resilience to environmental variation via 
potential shifts in phenology (Brander, 2005; Fitzhugh et al., 2012; 
Lowerre- Barbieri et al., 2011; Wright & Trippel, 2009).

Age and size structure also have implications for the spatial 
distribution of fish stocks (Planque et al., 2011). Older and larger 
fish have broader ecological niches, greater energetic reserves and 
can make use of marginal habitats. They are also thought to pass 
on information on migratory routes and habitat use to younger 
fish via mechanisms of stock collective memory (Corten, 2002; 
Petitgas et al., 2006). This phenomenon might be particularly rele-
vant for schooling species, as proposed for Atlantic herring (Clupea 
harengus, Clupeidae), whereby wintering site selection has been 
linked to local- scale environmental factors as well as population 
size and age structure (Corten, 1999; Macdonald et al., 2017). 
Such findings call into question the common assumption of stock 
assessment and fisheries management that the biomass of mature 
fish of different ages contributes equally (proportional to their 
mass) to stock replenishment. Moreover, as larger and older fish 
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20  |    GRIFFITHS et al.

are expected to play a pivotal role in the productivity, persistence 
and resilience of wild fish populations to stressor effects, there 
is emerging concern that management of fisheries based purely 
on F and SSB might overlook key aspects of stock status, namely 
their age and size structure. This is highlighted in the recent work 
of Marshall et al. (2021) who showed that stock assessment ap-
proaches that use proportional to mass assumptions for spawning 
potential without considering age and/or size structure may result 
in recommended catch levels that are higher than those that sus-
tain target levels of replenishment (but see also He et al., 2015). 
Further, attempts to use proxies of fecundity and spawning output 
(e.g. numbers of mature females) as opposed to SSB (to capture 
aspects such as changes in fertility, egg viability and sex- ratio) 
have been shown to impact the estimation of stock status and ref-
erence points (Minte- Vera et al., 2019). Albeit, Kell et al. (2015) 
found that using total egg production (which incorporates greater 
realism on reproductive biology) did not improve spawner- recruit 
analysis relative to SSB. Thus, a single best approach is yet to be 
agreed upon and such proxies have not been applied operationally 
in stock assessment and advice.

The age and size structure of a fish stock can be assessed 
using age- based indicators (ABIs) or length- based indicators (LBIs) 
(Probst et al., 2013a, 2013b; Shin et al., 2005; Trenkel et al., 2007). 
As a direct response to D3C3, the scientific community has pro-
posed several indicators that aim to inform on the abundance and/
or proportion of larger and older fish (Brunel & Piet, 2013; Fro-
ese, 2004; ICES, 2016, 2017a; Vasilakopoulos et al., 2020). Two 
such LBIs that have gained support are the 95th percentile of the 
fish- length distribution (L95) and the proportion of fish larger than 
the mean size at maturation (Pmat) (EU- COM, 2017). However, both 
these indicators share some common limitations. They have been 
shown to be sensitive to recent recruitment with large incom-
ing year classes causing uninformative skews in indicator values 
(Probst et al., 2013a). Importantly, the also lack established ref-
erence points that are critical for managerial applications (Probst 
et al., 2021). These limitations impair the use of L95 and Pmat be-
yond academic endeavours and have fuelled calls for further work 
by the scientific and managerial community. Thus, there is a clear 
need for ABIs and LBIs that provide direct information on larger 
and older fish, are insensitive to recent recruitment, and have ref-
erence points that fit within the policy objectives.

Here, we address the need for ABIs for exploited fish stocks 
and propose a new ABI: age structure relative to the estimated age 
structure at FMSY. We call our ABI ‘age structure relative to FMSY’ and 
give it the acronym ABIMSY, and use them interchangeably through-
out the text. Moreover, to provide an additional reference metric 
for the assessment of GES, we also calculate age structure relative 
to a no fishing scenario, F0. We apply the proposed ABIMSY to 72 
commercially important fish stocks throughout the Northeast Atlan-
tic. These stocks include 26 species (representative of 10 taxonomic 
orders) and provided 86% (~7 million tonnes) of all reported com-
mercial catch in the region in 2019 (ICES, 2021a). Throughout, we 
show that ABIMSY provides novel information on the age structure 

of exploited stocks that is complementary to estimates of SSB and 
F. Further, using simulation testing, we evaluate the ability of ABIMSY 
to correctly classify ‘true’ stock status with respect to a biomass 
threshold at 80% of BMSY (a target commonly used to infer a healthy 
stock; MSFMCA, 2007; DFO, 2009; Sharma et al., 2021), thus pro-
viding a clearly defined link between the age structure of exploited 
stocks and current policy objectives.

2  |  MATERIAL S AND METHODS

2.1  |  Assessment data

A unique dataset of stock assessment inputs and outputs for 81 
stocks covering the entire Northeast Atlantic was collated and 
used in this study (Table S1). The dataset is formed of stock ob-
jects of the ‘FLStock’ class as defined in the FLR framework 
(ICES, 2022a; Kell et al., 2007). All 81 stocks are classified and 
assessed by ICES (International Council for the Exploration of the 
Sea) as Category 1 stocks (i.e. age- based analytical stock assess-
ments) and have a final assessment year of 2019 (n = 12), 2020 
(n = 63) or 2021 (n = 6). In the following text, stocks are referred 
to by their ICES stock IDs (https://sid.ices.dk), with details on the 
assessment inputs and outputs of all stocks provided in the form 
of an external open access Shiny application (https://maxca rdina 
le.shiny apps.io/Indic ators/). The Shiny App also contains a range 
of plots that visualise various aspects of each stock's population 
dynamics and demographic characteristics. The dataset also con-
tains ICES reference point values for each stock (e.g. FMSY, Flim, 
BMSY, MSY Btrigger and Blim; Table S2), whereby MSY Btrigger (here-
after referred to as Btrigger) is the biomass reference point used by 
ICES and is commonly the biomass above which F is set at FMSY as 
part of stock's harvest control rule (ICES, 2023a).

A graphical summary of our dataset is provided in Figure 1. Briefly, 
the dataset contains 25 bony fish species (representative of 12 tax-
onomic families and 9 taxonomic orders) as well as one crustacean, 
northern shrimp (Pandalus borealis, Pandalidae; pra.27.3a4a). It also 
contains harmonised assessment of inputs and outputs from 12 dif-
ferent age- structure stock assessment frameworks (see Table S1 and 
S3 for more details) of which SAM (n = 35; Nielsen & Berg, 2014) and 
Stock Synthesis (SS3; n = 14; Methot & Wetzel, 2013) are the most 
frequent. The majority of the stocks occur in the North Sea (n = 19) 
and surrounding areas (e.g. Celtic Seas (n = 8) and Irish Sea (n = 7)), 
however, some stocks have a wide spatial distribution that spans mul-
tiple ecoregions (e.g. Blue whiting, Micromesistius poutassou, Gadidae, 
in the Northeast Atlantic and adjacent waters; whb.27.1– 91, 214).

2.2  |  Equilibrium age structure at FMSY and F0

The rationale behind ABIMSY builds on the methods used in stock 
assessment and the estimation of reference points (e.g. FMSY and BMSY). 
Reference points are commonly calculated using either equilibrium 
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assumptions (e.g. Punt et al., 2014) or stochastic forecasting (e.g. 
EQsim; ICES, 2017a), whereby forecasts are made (typically many 
years into the future) to achieve equilibrium conditions under a fixed 
F. These forecasts are typically conditional on the current state of 
the stock, that is, they consider recent selectivity, an underlying 
stock- recruit (SR) function and other assumptions about the stock's 
biology. Multiple Fs are evaluated in the forecasts and, subject to 
some underlying long- term criteria (e.g. probability of SSB failing 
below Blim should not exceed 5% in any given year; ICES, 2021b), 
reference points are calculated.

When stocks are assessed using age- structured models (as is the 
case here), this approach can be tailored to approximate a stock's 
age structure at equilibrium under a fixed F, and this forms the basis 
for ABIMSY. For each stock, we ran deterministic long- term forecasts 
(~200 years) with a constant F that is equal to ICES official FMSY ref-
erence points (Table S2) or is equal to 0 (the F0 case). In the F0 case, 
the stock cannot be considered ‘unfished’ but is instead forecasted 
forward conditional on its current biological characteristics and an 
absence of fishing. Once equilibrium is attained (when SSB achieves 
steady- state dynamics), we then extract the corresponding age 
structure at FMSY and F0.

Several assumptions are made about the biology and fishing se-
lectivity of a stock when forecasting. Here, we set weight- at- age, 

maturity- at- age, mortality- at- age and selectivity to be the average 
of the last 3 years to reflect the recent biology and exploitation pat-
tern of each stock. To implement the projection in FLR, we have also 
chosen to use a stock recruitment relationship (SRR) in the form of 
a segmented regression with the breakpoint fixed at ICES Blim. We 
note, however, that because the age structure at equilibrium is based 
on the relative age- composition, it is not, in principle, affected by the 
choice of the SRR, and could also be derived from per- recruit analy-
sis. That said, the code provided alongside this study is designed to 
be both general and flexible (see Data Availability Statement) and al-
lows users to implement any chosen SRR or demographic/selectivity 
assumptions for any given stock.

As not all stocks have formally accepted FMSY reference points 
for advice (Table S2), age structure at equilibrium under FMSY could 
only be derived for 72 stocks. Thus, nine stocks were removed from 
our analysis.

2.3  |  ABI calculation

Once the age structure of a stock at FMSY has been approximated 
at equilibrium, we can use the resultant numbers- at- age distribution 
to calculate the reference proportion of older fish that is expected 

F I G U R E  1  Graphical summary of the dataset used in this study. The dataset contains 26 species (a) from 14 different areas (b), whereby 
area is a broad characterisation based on ICES areas and ecoregions. All 81 stocks are assessed using age- structured analytical assessment 
frameworks (c), the details of which can be found in Tables S1 and S3. A summary of current stock status (i.e. in the final assessment year) in 
relation to SSB/Btrigger and F/FMSY is presented (d), as is the final assessment year of each stock (e). Panels D and E are aggregated across all 81 
stocks; each stock's SSB and F values are presented in Table S1. Reference points (e.g. Btrigger and FMSY) for each stock are detailed in Table S2.
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to be in a population under constant FMSY exploitation levels. This 
reference proportion can then be directly compared, in relative 
terms, to the realised proportion of older fish in the population (in 
any given year) and therefore provides us with an ABI of the age 
structure relative to FMSY. Thus, ABIMSY represents a relative metric 
of how the age structure of a stock compares to what should be 
expected under FMSY management targets in the long term, subject 
to assumptions outlined in the previous section.

For any given stock (e.g. hke.27.3a46- 8abd; Figure 2), we calcu-
lated ABIMSY in the following way. First, we removed the first age 
class to limit the potential impact of incoming recruitment (R) on 
ABIMSY. We then calculated the 90th percentile of the fish numbers- 
at- age distribution at FMSY, rounding to the nearest integer age which 
we term AMSY (e.g. age 3 in Figure 2; see Table S5 for AMSY values for 
each stock). We then calculated PMSY, which is the realised percent-
age of the numbers- at- age distribution above AMSY. In our graphical 
example, PMSY = 11.9%.

For any given year t (e.g. 2020 in Figure 2), we then identified 
AMSY in the estimated numbers- at- age distribution and calculated 

the proportion of fish above (>AMSY) this age, Pt. ABIMSY is then cal-
culated such that:

This process was then repeated for all years (e.g. 1978– 2020 for 
hke.27.3a46- 8abd) and all stocks, producing a stock- specific time 
series of ABIMSY.

The same steps were taken for age structure relative to F0 (ABI0). 
In this case, the reference age, A0, increases under F = 0 (e.g. age 5 
in Figure 2), as the absence of fishing permits older (and larger) fish 
to be retained at higher rates in the population (see Table S5 for A0 
values for each stock).

The choice of the percentile threshold for computing the pro-
portion of older fish generally determines the responsiveness (in-
ertia) of ABIs, with higher thresholds generally leading to improved 
responsiveness. The initial choice of using the 90th percentile is in 
line with levels commonly used for LBIs (e.g. the 95th percentile of 
the fish- length distribution; EU- COM, 2017). Moreover, simulation 

(1)ABIMSYt
=

Pt

PMSY

F I G U R E  2  Graphical example of the methods used to calculate ABIMSY and age structure relative to F0 (ABI0) Shown is the theoretical 
age structure at equilibrium under FMSY (a) and F0 (b) conditions, as well as the estimated age structure in the final year of the assessment (c). 
All three age structures (a– c) relate to the hake (Merluccius merluccius, Gadidae) stock (hke.27.3a46- 8abd) in the Greater North Sea, Celtic 
Seas, and the northern Bay of Biscay. Dashed vertical lines illustrate the reference age under FMSY (black; AMSY) and F0 (grey; A0) conditions, 
whereby the reference age is the closest age to the 90th percentile of the fish numbers- at- age distribution. Age 0 (the first age class for this 
stock) is shown in all three panels with greater transparency but is removed prior to the calculation of ABIMSY and ABI0.
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    |  23GRIFFITHS et al.

testing (see Section 2 below) indicated that the 90th percentile per-
formed best across a range of simulated stocks with respect to pro-
portional changes in the ‘true’ simulated SSB (Figure S1), whereas 
lower thresholds tended to underestimate the magnitude of changes 
in ‘true’ SSB (meaning the ABI is hyperstable). In addition, a sensitiv-
ity analysis revealed that small changes (85%– 95%) in the percentile 
value used to calculate AMSY yielded comparable ABIMSY values, both 
in terms of trends through time and any inference gained, albeit the 
absolute values in the final assessment year do differ (Table S6 and 
Figure S2).

2.4  |  Correlation analysis and visualisation

To investigate the relationship between ABIMSY and other metrics 
of stock status (F, SSB and R) we used correlation analysis. Correla-
tion analysis was used because it allows us to explicitly measure 
(via estimated correlation coefficients (r )) both the strength (value) 
and the direction (positive or negative) of any relationship. Our 
prior expectation is that F will have a strongly negative relationship 
with age structure, as increases in F are expected to reduce the 
likelihood of survival to older ages. We also expect to observe a 
positive relationship between ABIMSY and SSB, as larger stock sizes 
are predicted to have a larger proportion of older fish. A directional 
relationship between ABIMSY and R is not expected; however, the 
strength and direction of this relationship could depend on the 
strength of incoming year classes and may vary through time.

Specifically, we applied Spearman's rank correlation method 
using the cor() function in R (R Core Team, 2021). We tested for sta-
tistical significance using the cor.test() function and opted for a non- 
parametric analysis (i.e. the Spearman method as opposed to the 
more common Pearson's correlation method) due to the presence 
of non- linearity.

Metrics of stock status were considered as relative values 
throughout: SSB/MSY Btrigger (hereafter SSB/Btrigger), F/FMSY and 
R/R0. This is to remove the need for standardisation across stocks. R0 
is the recruitment produced by the stock under no- fishing conditions. 
Here R0 was computed by fitting a segmented regression (Hockey– 
Stick function) to stock recruitment data with the breakpoint fixed 
at Blim (see Table S2). In practice, this means that R0 represents the 
maximum recruitment for stock sizes above the breakpoint.

In all cases, we tested the relationship between ABIMSY in the 
final assessment year (the terminal year) and the average value of 
SSB/Btrigger, F/FMSY and R/R0 taken from a recent temporal window. 
The correlation was evaluated for temporal windows from the ter-
minal year (y) sequentially across y, y − 1, …, y − 8, thus a total of 9 
correlation analyses were conducted for each metric. A maximum of 
9 years was used as it equals the average generation time of all spe-
cies in our analysis (average = 9.3 years; see Table S1). For ease, in the 
rest of the text, we report the relationship between ABIMSY and met-
rics of stock status averaged over the period y to y − 5 (i.e. the last six 
assessment years). The choice to concentrate on a 6- year window is 
based on the inflection point between ABIMSY and SSB/Btrigger, and 

ABIMSY and F/FMSY, after which estimated correlation coefficients 
show little or no deviation (see Figure S3).

In addition to the above- mentioned metrics of stock status, we 
also considered the percentage of years that a stock has been ex-
ploited at F < FMSY during the last 15 years. This metric was used to 
test for a mechanistic relationship between F and ABIMSY.

All data manipulation, visualisation and analyses were conducted 
in R (R Core Team, 2021). Data extraction from our FLR dataset used 
the FLCore package (Kell et al., 2007; flr- proje ct.org).

2.5  |  Simulation testing

A biomass target often used by managers and policy makers when 
assessing stock status is BMSY, or some proxy of BMSY. For instance, 
the FAO (Food and Agriculture Organization of the United Nations) 
and Canada both use 80% of BMSY as a threshold to classify stock sta-
tus as ‘sustainably fished’ (Sharma et al., 2021) and within a ‘Healthy 
Zone (Green)’ (DFO, 2009) respectively. This is based on the under-
lying principle that if fishing occurs at FMSY, it is expected that stock 
biomass will naturally fluctuate around BMSY. Consequently, 80% of 
BMSY is used because it reflects the lower precautionary threshold 
of this fluctuation.

Consistent with recent performance evaluations of LBIs (Kell 
et al., 2022a), we used simulation testing to evaluate the skill of 
ABIMSY to correctly classify if a stock has an age structure capable 
of producing BMSY. Simulations were conducted on a selected num-
ber of case study stocks representing a wide range of fisheries and 
life histories. Specifically, the following six stocks were used: sar-
dine (Sardina pilchardus, Clupeidae) in the Cantabrian Sea and Iberian 
waters (pil.27.8c9a), northern shrimp in the Skagerrak, Kattegat and 
northern North Sea (pra.27.3a4a), Atlantic herring in the North Sea, 
Skagerrak and Kattegat, and eastern English Channel (her.27.3a47d), 
European plaice (Pleuronectes platessa, Pleuronectidae) in the North 
Sea and Skagerrak (ple.27.420), Atlantic cod (Gadus morhua, Gadi-
dae) on the Icelandic grounds (cod.27.5a) and white anglerfish (Lo-
phius piscatorius, Lophiidae) in the Cantabrian Sea and Iberian waters 
(mon.27.8c9a). The life span of these stocks ranges from 6 years for 
sardine to 30 years for white anglerfish.

Age- structured simulation models were developed for each 
stock using FLR (Kell et al., 2007), specifically the FLR packages: 
FLCore, FLRef, FLBRP and FLSRTMB (flr- proje ct.org). Each simulation 
model was conditioned based on stock- specific parameters: natural 
mortality, weight- at- age, maturity- at- age, and selectivity. All stock- 
specific parameters were set as the average of the last 3 years. 
For generality and in line with comparable simulation studies (e.g. 
Fischer et al., 2021a; Kell et al., 2022a; Mildenberger et al., 2021), 
we assumed a Beverton and Holt SRR (Beverton & Holt, 1993) to 
govern the underlying stock dynamics. The Beverton and Holt SRR 
was conditioned on the stock recruitment time- series of each stock 
and was based on the procedures described in ICES's Workshop 
on ICES reference points (WKREF1; ICES, 2021a), which involved 
the use of priors for steepness parameters that were sourced from 
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FishLife (Thorson, 2020). In the case of pra.27.3a4a, estimates of 
steepness were instead taken directly from the most recent as-
sessment of the stock (ICES, 2022b). The steepness parameter es-
timates for the Beverton and Holt SRR represented a fairly broad 
coverage ranging from 0.5 for pil.27.8c9a to 0.94 for mon.27.8c9a.

Similar to Kell, Minto, and Gerritsen (2022), historical exploitation 
was simulated such that each stock was initially exploited for 100 years 
at FMSY, therefore ensuring that each simulation started from the same 
point (i.e. with biomass oscillating around BMSY). These initial 100 years 
were subsequently removed as ‘burn- in’. For the first 25 years of the 
following 100- year evaluation horizon, exploitation was maintained at 
FMSY and then was gradually increased to three times FMSY (over a 25- 
year period). At this point, each stock can be considered overfished; 
during the following 25 years F was gradually brought back down to 
80% of FMSY and kept at that level for the last 25 years of each simula-
tion. This time- varying pattern of exploitation provides contrasting pe-
riods of maximum sustainable, over-  and under- exploitation, and allows 
us to investigate the sensitivity of ABIMSY to changes in F. Moreover, to 
test for the effect of variability in recruitment (σR) on the classification 
skill of ABIMSY, simulations were run across two levels of σR, 0.4 and 0.7, 
which are intended to mirror a relatively low and a relatively high rate 
respectively (Kolody et al., 2019). For clarity, these σR values refer to 
variability in log recruitment deviations (around the SRR relationship) 
and not just a measure of variability around estimated recruitment. All 
simulations were run using 1000 iterations over the 100- year evalua-
tion horizon (i.e. 25 years at FMSY and 50 years under a changing F and 
25 years at 80% of FMSY). In total, the simulations yielded 100,000 ob-
servations per stock for which we calculated 100,000 ABIMSY values 
(using the methods described above) and extracted corresponding SSB 
values relative to the ‘true’ SSB at MSY, denoted as B/BMSY.

2.6  |  Receiver operating characteristics and 
evaluation of skill

To have good classification skill, ABIMSY must have two properties: 
(1) high sensitivity that is equal to a high true- positive rate (TPR) for 
correctly identifying a stock as healthy (B > 0.8 BMSY) and (2) high 
specificity that is equal to a high true- negative rate (TNR) for cor-
rectly classifying a stock is overfished (B < 0.8 BMSY). The indicator's 
sensitivity and specificity emerge due to nature of binary classifica-
tion, whereby the detection that a stock is above (a positive out-
come; P) or below (a negative outcome; N) a given reference point 
(here 80% of BMSY) leads to four possible outcomes:

1. True Positive (TP): ABIMSY & B/BMSY > 0.8
2. False Positive (FP): ABIMSY > 0.8, but B/BMSY < 0.8
3. True Negative (TN): ABIMSY and B/BMSY < 0.8
4. False Negative (FN): ABIMSY < 0.8, but B/BMSY > 0.8

 where TPR = TP∕(TP + FN) and TNR = TN∕(TN + FP).

To visualise how the classification skill of ABIMSY differs by 
stock and σR, we used Receiver Operating Characteristic (ROC; 
Green & Swets, 1966) curves. ROC curves are useful when eval-
uating classifiers and visualising their performance, and are being 
increasingly used in medical- decision making, machine learning and 
pattern recognition (Fawcett, 2006), as well as fisheries science 
(Kell et al., 2022a, 2022b). To generate ROC curves, we first sorted 
the estimated values of ABIMSY from high to low for each simulated 
scenario and then computed the associated TPRs and TNRs with re-
spect to the ‘true’ binary outcome for B > 0.8 BMSY. The ROC curves 
were then generated by plotting a cumulative probability curve of 
the false- positive rate (FPR = 1- TNR) on the x- axis against the cor-
responding cumulative TPRs on the y- axis. The top left- hand corner 
of the plot at TPR = 1 and FPR = 0 represents perfect classification, 
while the 1:1 line between FPR and TPR represents the randomisa-
tion line that would be theoretically generated by randomly tossing 
a coin.

Quantifying sensitivity and specificity allows us to determine the 
true skill statistic (TSS; Allouche et al., 2006) of using ABIMSY > 0.8 as 
indicator for B > 0.8 BMSY, such that TSS = Sensitivity + Specificity − 1 . 
An indicator is said to have good classification skill if the TSS > 0 and 
thus better than random coin toss, whereas perfect classification 
would attain a TSS of 1. ROC curves and TSS values were computed 
for all simulated stocks and at both levels of σR. For the purpose of 
this simulation evaluation, we made the choice of using a thresh-
old of 80% of BMSY (DFO, 2009; Sharma et al., 2021), but any other 
threshold could be used in principle.

3  |  RESULTS

Examples of ABIMSY plotted through time alongside other metrics of 
stock status for two stocks, her.27.5a (Atlantic herring on the Ice-
landic grounds) and ple.27.21– 23 (European plaice in the Kattegat, 
Belt Seas and the Sound), are shown in Figures 3 and 4 respectively. 
These examples illustrate how ABIMSY is complementary to existing 
indicators, namely SSB, F and R, and how it could help provide ad-
ditional information on stock status and advice.

For her.27.5a (Figure 3), ABIMSY was historically low but has 
since recovered and has exceeded 1.0 since 2009. This demon-
strates that the proportion of older fish is currently higher than 
under FMSY conditions. ABI0 shows a similar temporal trend, how-
ever, it remains low. F has declined through time and has been 
below or close to FMSY since 2016. R is variable with a large in-
coming year class in 2020. SSB peaked in 2006 but has since then 
declined steadily through time. In 2020, SSB was between Blim and 
Btrigger. These trends illustrate that the stock is in a relatively poor 
state compared to ICES reference points or to historical levels of 
SSB. However, the stock's age structure has a high proportion of 
older fish, and it is estimated to be above the level capable of pro-
ducing MSY (i.e. BMSY).
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    |  25GRIFFITHS et al.

In ple.27.21– 23 (Figure 4), both ABIMSY and ABI0 are low and 
have remained so through time. In comparison, SSB and R are high, 
with 2020 being the highest on record for both metrics. F was histor-
ically high but has declined through time and is currently estimated 
to be below FMSY. These trends illustrate that the stock is in a good 
state in relation to SSB reference points, however, the proportion of 
older fish remains low.

3.1  |  Age structure relative to FMSY

Across the 72 stocks, 45 stocks (62%) have ABIMSY values below 1.0 
in the final year of their assessment, with 22 stocks (31%) below 0.5, 
meaning they currently have proportionally fewer older fish than 
under FMSY conditions (Figure 5). Amongst these stocks, cod in the 
English Channel (cod.27.7e- k), haddock (Melanogrammus aeglefinus, 

F I G U R E  3  Summary of age structure and stock status for summer spawning Atlantic herring (Clupea harengus, Clupeidae) on the Icelandic 
grounds (her.27.5a). Time series of age structure relative to FMSY and age structure relative to F0 are shown in panels A and B respectively. 
A loess smoother with a default smoothing span has been fitted to provide a visualisation of any underlying trend. This smoother is used 
for visualisation and is not used in the calculation or evaluation of age structure. The black dotted line in panels A and B demonstrates the 
point at which the 90th percentile of the numbers- at- age distribution of the stock is equivalent to the 90th percentile of the numbers- at- 
age at equilibrium under FMSY and F0 conditions respectively. ABIMSY and ABI0 have been plotted on the log scale to ensure consistency 
with Figures 5 and 6. The estimated SSB, F and recruitment are shown in panels C, D and E respectively. Recruitment is assumed to be the 
number of individuals in the youngest age class of the assessment. The coloured lines in panels C and D represent the following reference 
points: Blim (red dashed) and Btrigger (blue dashed), Flim (red dotted), Fpa (black dotted) and FMSY (blue dotted). Reference points for each stock 
are detailed in Table S2. Data and plots for all 72 stocks are available upon request or can be generated using the code provided (see Data 
availability statement for more details).
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26  |    GRIFFITHS et al.

Gadidae) around Rockall (had.27.6b) and sole (Solea solea, Soleidae) 
in the North Sea (sol.27.4) have the lowest ABIMSY values. These 
are closely followed by haddock in the North Sea, West of Scotland 
and in the Skagerrak (had.27.46a20), haddock in the Faroes grounds 
(had.27.5b) and cod in the western Baltic Sea (cod.27.22– 24). In 
terms of stocks status, the two cod stocks have low (<1) SSB/Btrigger 
values and high (>1) F/FMSY values. All three haddock stocks have 
estimated SSB that are above or close to their respective Btrigger 
reference points, with SSB seemingly increasing in all three stocks 
(current SSB/Btrigger estimate represents the maximum observed in 
the last 5 years). Sol.27.4 is estimated to have low SSB and an F that 
is close to FMSY.

In comparison, 27 stocks (38%) have ABIMSY values above 1.0 in 
the final year of their assessment, meaning they have proportionally 

more older fish than under FMSY conditions. Notable examples in-
clude Atlantic herring autumn spawners in the North Sea, Skager-
rak and Kattegat and eastern English Channel (her.27.3a47d), 
white anglerfish in the Cantabrian Sea and Atlantic Iberian waters 
(mon.27.8c9a) and mackerel (Scomber scombrus, Scombridae) in the 
Northeast Atlantic and adjacent waters (mac.27.nea). Another note-
worthy stock is cod in the Irish Sea (cod.27.7a) which despite having 
very low estimates of SSB/Btrigger and R/R0 (0.59 and 0.27 in 2021 
respectively), seems to have an age structure that is skewed towards 
older fish (Figure S4).

When split by area and taxonomic family, several patterns emerge 
(Figure 6; Tables S7 and S8). In the North Sea, 11 out of 14 stocks (79%) 
have current ABIMSY values below 1.0, with an average of 0.80. Sim-
ilarly low values exist in the Celtic Seas (0.68), in the Faroes grounds 

F I G U R E  4  Summary of age structure and stock status for European plaice (Pleuronectes platessa, Pleuronectidae) in the Kattegat, Belt 
Seas and the Sound (ple.27.21– 23). See Figure 3 for further details.
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    |  27GRIFFITHS et al.

(0.51) and in the Baltic Sea (0.89). In fact, the number of stocks with 
ABIMSY values that exceed 1.0 is less than 50% in 9 out of 13 areas.

Amongst the taxonomic families investigated, Pleuronectidae 
(80%), Gadidae (75%) and Scophthalmidae (75%) have the largest 
percentage of stocks with current ABIMSY values below 1.0. In com-
parison, Lophiidae has an average ABIMSY value of 2.34.

3.2  |  Age structure relative to F0

Only one stock currently has an age structure relative to F0 that 
exceeds 1.0— cod in the Irish Sea (cod.27.7a; Figure S5). Amongst the 
other 72 stocks, the majority of stocks have ABI0 values between 0 

and 0.40 (67 stocks; 93%). Other notable stocks are plaice (ple.27.7a) 
and haddock (had.27.7a) in the Irish Sea, and whiting (Merlangius 
merlangus, Gadidae) in the waters west of Scotland (whg.27.6a), 
which have current ABI0 values of 0.48, 0.84 and 0.44 respectively.

3.3  |  Correlations

ABIMSY is found to be strongly negatively correlated with F/FMSY 
(r  = −0.71; p- value < .001; Figure 7; Table S9). ABIMSY is also found 
to be positively correlated with SSB/Btrigger (r  = 0.36; p- value = .002) 
and Years at F < FMSY (r  = 0.57; p- value < .001). No clear correlation 
exists between ABIMSY and R/R0 (r  = −0.03; p- value = .83).

F I G U R E  5  ABIMSY, F/FMSY and SSB/Btrigger for all 72 stocks. Points represent the value in the final year of the assessment, with error bars 
the minimum and maximum values observed over the last 5 years of the assessment. The choice to use minimum and maximum as opposed 
to a measure of deviation was to provide a graphical representation of where each stock is now, based on where it has recently been. In 
most stocks, this 5- year period spans 2016– 2020 (n = 63), whereas in others it spans 2017– 2021 (n = 6) or 2015– 2019 (n = 12). Black dashed 
line in each panel signifies equivalence between the reference point and the value of interest (e.g. SSB = Btrigger). FMSY and Btrigger values for 
each stock are detailed in Table S2. Values are presented on the log scale to aid visualisation.
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28  |    GRIFFITHS et al.

We also note positive correlations between SSB/Btrigger and 
R/R0 (r  = 0.56; p- value < .001), and between SSB/Btrigger and Years at 
F < FMSY (r  = 0.37; p- value = .001). SSB/Btrigger is also negatively cor-
related with F/FMSY (r  = −0.41; p- value < .001).

3.4  |  Simulations and ROCs

The simulated trajectories of SSB, R, yield and ABIMSY for the six 
selected stocks across two levels of recruitment variability are 
provided in Figure 8. These simulations show that ABIMSY follows 

the inverse of F in all six stocks, independent of life history and 
recruitment variability. The simulations also show that differences 
in life history and σR do influence the uncertainty around ABIMSY but 
not the temporal trend of ABIMSY.

The ROC curves demonstrate that for most stocks and levels of 
σR, ABIMSY is capable of correctly identifying a high number of cases 
when B/BMSY > 0.8 (TSS values between 0.3 and 0.77; Figure 9). 
The only exceptions to this occur in sardine (pil.27.8c9a) and her-
ring (her.27.3a47d) at relatively high levels of recruitment variability 
(σR = 0.7), for which the classification skill of ABIMSY deteriorates to 
TSS values below 0.25.

F I G U R E  6  ABIMSY plotted by area (a) and taxonomic family (b). As in Figure 5, points represent the value in the final year of the 
assessment, with error bars the minimum and maximum values observed over the last 5 years. The black dashed line in each panel signifies 
equivalence between the 90th percentile of the numbers- at- age distribution of the stock and the 90th percentile of the numbers- at- age 
distribution at equilibrium under FMSY conditions. Areas are broadly characterised based on ICES divisions and ecoregions. Taxonomic 
information for each species was sourced from FishBase (Froese & Pauly, 2022). Details of area and taxonomic family by stock are provided 
in Table S1. Values are presented on the log scale to aid visualisation.
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    |  29GRIFFITHS et al.

4  |  DISCUSSION

Larger and older fish (BOFFF fish) are expected to play an impor-
tant role in stock productivity and population resilience (Barneche 
et al., 2018; Hixon et al., 2014; Macdonald et al., 2017; Marshall 
et al., 2022; Rideout et al., 2005; Wright & Trippel, 2009). Despite 
this, the importance of larger and older fish is often overlooked in 
fisheries management whereby TACs are advised based on the re-
lation between SSB and F, and their respective reference points, 
with little or no consideration of age and/or size structure (Marshall 
et al., 2021). To help address this, we have introduced a novel age- 
based indicator (ABIMSY) that aims to quantify departures from the 
expected age structure when fishing at FMSY, with specific focus on 
the proportion of older fish. In this study, we applied ABIMSY to 72 
stocks in the Northeast Atlantic region. In doing so, we have shown 
that 45 stocks currently have proportionally fewer older fish rela-
tive to FMSY conditions, whereas 27 stocks have proportionally more 
older fish.

ABIMSY values vary by area and taxonomic family, with stocks 
in the North Sea, Celtic Seas and Baltic Sea, as well as stocks from 
the Gadidae, Soleidae and Pleuronectidae families found to have 
relatively low ABIMSY values. Such findings match historic patterns 
of exploitation, whereby high levels of F and the targeting of larger 
and older fish in certain species and areas, has resulted in deteriora-
tions in age structure (Barnett et al., 2017; Froese et al., 2016; Pauly 
et al., 1998). They also highlight that the achievement of EU MSFD 
D3 objectives, namely ‘a population age and size distribution that is 
indicative of a healthy stock’ (EU- COM, 2008, 2017) might require 
management action that varies not only by species and stock but 
also by area.

Based on previous work and guidelines on D3C3, three criteria 
have emerged for the development of operational ABIs and LBIs 
(EU- COM, 2017): (1) inform on the age and/or size structure of ex-
ploited fish stocks; (2) be insensitive to recent recruitment; and (3) 
have established reference levels that meet policy objectives. We 
have shown that ABIMSY provides inference on the age structure of 

F I G U R E  7  Correlation between ABIMSY and several estimates of stock status. Correlation coefficients reported in panel A are non- 
parametric and were estimated using Spearman's rank correlation method. The estimated significance value of each correlation is reported 
as **highly significant (p < .001) or *significant (p < .05). Non- significance (p > .05) is illustrated by an absence of a symbol. In all cases, ABIMSY 
refers to the indicator value in the final year of the assessment, whereas estimates of stock status (R/R0, F/FMSY and SSB/Btrigger) are averages 
taken from the last 6 years of the assessment (see Table S9 and Figure S3). Values for R0, FMSY and Btrigger are provided for all stocks in 
Tables S2 and S4. Years at F < FMSY details the percentage number of years at which a stock has been exploited at levels lower than FMSY over 
the last 15 years (Table S2). A 15- year period was used to ensure consistency across all 72 stocks.
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30  |    GRIFFITHS et al.

F I G U R E  8  Simulated trajectories for the six selected stocks showing fishing mortality (F), yield, recruitment, SSB and ABIMSY. SSB is 
presented as SSB relative to stock- specific BMSY reference points (black line); the 80% BMSY reference threshold used in the construction of 
the ROC curves (see Figure 9) is also shown (dashed line). F was initially fixed at FMSY and then increased to three times FMSY, after which F 
was reduced to bring F down to 80% of FMSY. The simulations consider two different levels of recruitment variability (σR), 0.4 in blue and 0.7 
in red, which represent a relatively low and a relatively high rate of recruitment variability respectively. The blue and red solid lines represent 
the medians across 1000 iterations for each recruitment scenario and the shaded areas show the corresponding 5th and 95th percentiles. 
The thin red and blue lines illustrate the first simulation iteration for each recruitment variability scenario respectively. The stocks are 
ordered by life span, which ranges from 6 years for the Iberian sardine (top) to 30 years for white anglerfish (bottom). BMSY and FMSY values 
are listed in Table S2.
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    |  31GRIFFITHS et al.

F I G U R E  9  Receiver operating characteristics (ROC) curves detailing the classification skill of ABIMSY for the 80% reference threshold of 
B/BMSY. The true- positive rate (TPR) is the proportion of positive cases correctly identified and false- positive rate (FPR) is the proportion 
of negative cases incorrectly identified as being positive. The blue (0.4) and the red (0.7) lines correspond to the two different levels of 
recruitment variability (σR). The numeric value detailed in each plot corresponds to the true skill statistic (TSS) estimate for each stock and 
σR. The black 1:1 line is the randomisation line equivalent to a coin toss and the star in the left top corner signifies perfect classification skill 
of TSS = 1 (TPR = 1, FPR = 0).
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32  |    GRIFFITHS et al.

commercially important stocks and thus provides information that 
is complementary to the current F- SSB pressure- state indicator 
framework. This is highlighted by the examples of European plaice 
in the Baltic Sea (ple.27.21– 23) and Atlantic herring on the Icelandic 
grounds (her.27.5a). In both of these cases, an assessment of stock 
status based on SSB and F would leads to conclusions and advice 
that might not necessarily fit with each stock's estimated age struc-
ture. For instance, in ple.27.21– 23 a high SSB and R, and a low F, 
would likely lead to a conclusion that the stock is in a good state 
and an advised increase in TAC. In fact, the 2021 assessment of this 
stock recommended a 70% increase in TAC (ICES, 2021c). However, 
ABIMSY suggests that the stock currently has an abundance of young 
fish and that there is, proportionally, fewer older fish than under 
constant FMSY conditions. Increases in catch could therefore lead to 
growth overfishing, whereby fish are removed before they have had 
a chance to reach their full growth potential (Jennings et al., 2001). 
Moreover, in trawl fisheries for plaice that target larger and older 
fish, and have an elevated discard survival rates (~15%– 60% across 
studies; Morfin et al., 2017; van der Reijden et al., 2017), any large 
increase in TAC could result in a skewed removal of older fish and 
a greater truncation of the stock's age structure. In comparison, in 
her.27.5a we observe a low SSB and a high F compared to their re-
spective reference points and this might suggest a poor stock status 
(ICES, 2021b). Conversely to this assessment, ABIMSY suggests that 
the stock has an age structure that is above FMSY reference levels 
and therefore has a high proportion of older fish. This is most likely 
linked to recent F values that have been around FMSY for several 
years and have allowed the age structure of the stock to rebuild 
over time. In fact, the absolute number of older fish above AMSY is 
slightly larger than at equilibrium under FMSY. Thus, the stock retains 
the potential to be productive (it has a large amount of older fish) 
in the coming years and has an age structure that could enhance 
recovery towards MSY levels, subject to the retention of those older 
fish in the population and the survival of recruits. Albeit, it is import-
ant to note that her.27.5a has experienced a consistent decline in 
recruitment over recent years, and we cannot exclude this may have 
had marginal effects on ABIMSY. Such marginal effects highlight that 
ABIMSY should not be used in isolation but alongside other estimates 
of stock status as suggested for other similar indicators (e.g. Fischer 
et al., 2020, 2021b).

The utility of ABIMSY is also shown in the unique case of Atlantic 
cod in the Irish Sea (cod.27.7a). In fact, this stock is the only stock 
that currently has an age structure relative to FMSY and F0 value that 
exceeds 1.0 (Figure S5). This is somewhat of a surprising finding, es-
pecially considering the historic levels of exploitation for this stock 
(Figure S4) and the expectation that the age structure of an unfished 
population at equilibrium would have (on average) the largest quan-
tity of older fish. The reasons why an ABI0 value above 1.0 might arise 
are manifold and link directly to the stock assessment model used to 
assess the stock. Cod in the Irish Sea is widely considered to have 
collapsed (Christensen et al., 2003; ICES, 2022c; Kelly et al., 2006) 
and there are concerns that the current assessment model does 
not account for time- varied changes in natural mortality (assumed 

constant for the Irish Sea cod), the immigration/emigration of fish 
(thought to be substantial between Irish Sea, Celtic Sea and West 
of Scotland; Neat et al., 2014), and time- varying changes in carrying 
capacity (ICES, 2023b). All of these factors can contribute to change 
the age structure of stock and might cause estimated age structures 
to differ from those expected from simulations based on assessment 
outputs. Thus, this finding highlights two important points: (1) that 
research on Irish Sea cod might need to broaden and possibly redi-
rect research efforts towards other drivers of low stock biomass and 
recruitment failures, such as Allee effects (Allee, 1938; Gascoigne & 
Lipcius, 2004) as the stock does not appear to be lacking older fish; 
and (2) that the quality of any indicator (including ABIMSY) derived 
from stock assessment data will always be tied to the quality of the 
stock assessment model used to assess the stock.

Using correlation analysis we have also shown that ABIMSY dis-
plays no clear trend with R/R0, and exhibits a weak positive rela-
tionship with SSB/Btrigger and a strong negative relationship with 
F/FMSY (Figure 7). We have also shown that these relationships are 
consistent across a range of recent temporal windows (Figure S3). 
In reality, more work will be needed on the relationships between 
ABIMSY and these metrics of stock status (especially recruitment) 
prior to implementation. For instance, it would be interesting to ex-
plore biologically motivated temporal lags linked to species- specific 
generation times or years to maturation. That withstanding, the ob-
served findings already give us an indication on how ABIMSY might 
inform management decisions. The observed relationship between 
ABIMSY and F illustrates that exploitation levels that exceed FMSY 
reference points result in the loss of older fish and cause a trunca-
tion in age structure. This is further reinforced by a strong positive 
relationship between ABIMSY and years at F < FMSY. These findings 
reflect established theory in fisheries science that small reductions 
in F below FMSY will increase the number of larger and older fish 
in the population and facilitate greater stock productivity and re-
silience to environmental perturbations (Froese et al., 2008; Hixon 
et al., 2014; Wright & Trippel, 2009), at a cost of small reductions in 
long- term yield (Mace, 1994). Such links between positive stock sta-
tus and exploitation slightly below FMSY also mirror recent calls for 
MSY to be used as a limit, and not as a target, by fisheries managers 
(ICES, 2022a). In fact, this relationship is foundational to the con-
cept of ‘Pretty Good Yield’ as proposed by Hilborn (2010) and others 
(Earle, 2021; Rindorf et al., 2017), and has even been extended in a 
multispecies context by Rindorf et al. (2017) to account for stock 
effects on ecosystems, sustainability and socio- economic benefits 
(Bastardie et al., 2022).

ABIMSY also has an established reference point, namely age 
structure at equilibrium under FMSY. When it comes to fisheries man-
agement, FMSY reference levels provide a common currency, and 
therefore should allow the concept of ABIMSY (i.e. an age structure 
that is close to that expected at equilibrium under FMSY) to be incor-
porated within that same framework in the future. For example, ad-
vice on TACs in the Northeast Atlantic is regularly provided by ICES 
in the context of FMSY, and we expect that ABIs with FMSY reference 
levels are likely to be translational from scientists to managers, as well 
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as from managers to policy makers. In addition to this, we have shown 
via simulation testing that ABIMSY has generally a high classification 
skill (assessed using TSS) with respect to B/BMSY. In particular, the 
simulation experiments showed that its classification skill only dete-
riorates under an assumption of relatively high recruitment variability 
for certain species. These findings suggest that in most cases having 
an ABIMSY value that exceeds 0.8 means that a stock has an age struc-
ture that corresponds to biomass levels above a lower threshold of 
80% of BMSY, a threshold that is globally used to indicate a healthy 
stock status (DFO, 2009; Sharma et al., 2021). This potentially paves 
the way for age structure to be included among the stock character-
istics contributing to long- term sustainability. For example, currently 
the main sustainable biomass threshold used by ICES is Btrigger, which 
for most stocks is set at Bpa (ICES, 2022a) that is a precautionary bio-
mass reference point that provides a buffer to Blim. Consequently, 
Btrigger provides no direct means to assess whether a stock has a suf-
ficiently healthy age structure comparable to BMSY that is capable of 
producing average MSY in the long- term. For instance, a stock might 
have an SSB that exceeds Btrigger but may still be recovering from past 
exploitation and, if exploited too soon, might not yet be capable of 
producing the expected long- term yield (i.e. it has not had time to 
rebuild its age structure). This temporal lag between SSB and F, and 
ABIMSY, will require further investigation on a stock- by- stock basis 
prior to implementation. Moreover, it is noteworthy that our main 
fisheries management tool is to reduce F to increase the probability 
that strong recruitment occurs, but if this action is taken in response 
to a low ABIMSY value, then we would expect a lag to occur between 
management action and a response in ABIMSY.

When it comes to the assessment of GES, national government 
organisations might favour a more precautionary approach and, in 
this respect, comparisons to F0 might provide additional insights for 
setting adequate thresholds. In this case, however, it is likely to be 
challenging to define tangible reference levels based on F0. Thus, 
future development of our framework could move towards a per-
centage of F0 as a suitable reference level for the assessment of GES 
(Ministry of Fisheries, 2011) such as using more precautionary MSY 
proxies, for example, the age structure at FB40, which corresponds 
to the F that produces 40% of B0 (Punt et al., 2014). This percentage 
is likely to vary on a stock- by- stock basis based on biological traits 
such as generation time, age- at- maturity, and productivity as pro-
posed during WKREF1 (ICES, 2022a). Moreover, a prerequisite to 
this work might be to answer a fundamental question in this area, 
namely, what age and/or size structure is indicative of a healthy 
stock? Addressing this question holistically is beyond the scope of 
this study, and therefore we have chosen to use BMSY or some per-
centage threshold of BMSY to provide first evidence that ABIMSY has 
good classification skill with respect to B/BMSY.

In addition to FMSY and F0, our approach could consider any level 
of F when estimating a stock's age structure at equilibrium. This 
coupled with flexibility on the assumptions around a stock's demo-
graphic and selectivity parameters, would allow scientists and man-
agers to conduct stock- specific management strategy evaluations 
(MSEs) that use age structure as an additional performance criterion 

alongside conventional targets for SSB and F. For instance, one 
might use such MSEs to test the responsiveness and recovery rate 
of a stock's age structure to future decisions on F and selectivity. 
Conceptually, this could mean that future harvest control rules could 
include an additional age structure dimension whereby a target F is 
reduced if a stock's age structure is below an established target. This 
is already used in harvest control rules where F is multiplied by the 
ratio between current the SSB and the value of MSY Btrigger. Such an 
approach might allow for the inclusion of age structure in the explo-
ration of management options by fisheries managers, national gov-
ernment organisations and policy makers.

When forecasting the age structure of a stock forward to equilib-
rium under a given F, we have made several assumptions about how 
fundamental biological processes will occur in the future. For in-
stance, for recruitment, we have assumed deterministic recruitment 
derived from a SRR. This assumption means that our reference levels 
are fixed and lack measures of uncertainty. In reality, natural vari-
ability in recruitment can be large, especially in short-  and medium- 
lived species (Shephard et al., 2014), and is likely to be impacted 
by future environmental change (Kjesbu et al., 2022). Future work 
could consider running simulations with uncertainty in recruitment 
(e.g. stochastic variations around the SR function as used in Brunel 
& Piet, 2013) and should explore particular recruitment patterns like 
those observed in stocks like North Sea haddock (had.27.46a20) and 
Norwegian spring- spawning herring (her.27.1- 24a514a), whereby 
recruitment is often characterised by the rare appearance of very 
large year classes (i.e. pulse recruitment events). Future simulations 
could also test higher levels of recruitment variability than those 
considered here (e.g. σR > 0.7) or the incorporation of stochasticity 
in other key biological parameters (e.g. weight, maturity and natu-
ral mortality) when estimating a stock's age structure under a given 
F. Any such stochastic simulations would result in an age structure 
that could be described by a median and a distribution, and allow 
reference levels (i.e. PMSY) to be approximated as a distribution as 
opposed to a point estimate, an approach not dissimilar to that used 
in the stock assessment of northern shrimp in ICES Divisions 3a and 
4a east (ICES, 2022b).

Past studies have also shown that fisheries selectivity is an 
important driver of age structure in fish populations (Brunel & 
Piet, 2013; Vasilakopoulos et al., 2011, 2020). Here, we have as-
sumed that recent selectivity (as estimated from the last 3 years of 
assessment) will continue into the future. Selectivity will undoubt-
edly vary through time as fishers change their behaviour and fishing 
patterns (Jennings et al., 2001), as well as their gear in response to 
technological advancements and/or management actions (e.g. re-
strictions on mesh size; Wienbeck et al., 2011). Nevertheless, our 
assumptions on selectivity, biology and recruitment match those 
made routinely in stock assessments when running MSEs and es-
timating reference points (e.g. FMSY, Flim, Btrigger and Blim), thus our 
approach aligns well with current stock assessment methods within 
ICES and other scientific councils (e.g. ICCAT [International Commis-
sion for the Conservation of Atlantic Tunas] and PICES [North Pa-
cific Marine Science Organization]). That said, to ensure consistency 
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we advise that ABIMSY should be calculated using the same stock- 
specific assumptions on biology and selectivity that are used for the 
calculation of other reference points. The use of recent selectivity 
assumptions is also part of the reason why we have chosen to focus 
on the current state of a stock (in the terminal year of the assess-
ment) in most cases as opposed to discussing how ABIMSY values 
have changed through time. That said, it remains unknown whether 
current selectivity can be considered representative of future se-
lectivity, and therefore further work on the use of alternative selec-
tivity assumptions would be highly informative. For example, such 
studies could build on the simulation work of ICES (2017b) and other 
authors (Kell et al., 2022a; Vasilakopoulos et al., 2020) and test the 
robustness of ABIMSY to different selectivity assumptions and evalu-
ate how future selectivity could be modified to achieve management 
objectives on age structure (EU- COM, 2008; STECF, 2021).

5  |  CONCLUSIONS

Here, we have introduced a new ABI and framework for commercial 
fish stocks (ABIMSY), aligned with MSY reference levels, and applied 
it to 72 stocks in the Northeast Atlantic region. In doing so, we have 
shown that some stocks currently have proportionally less older fish 
than under FMSY levels, whereas others have more. We have also 
shown that ABIMSY values vary by area and taxonomic family. Build-
ing on these findings, we have used examples to demonstrate how 
ABIMSY can provide information on age structure that is both com-
plementary to, and informative to current advisory frameworks on 
fisheries management. Moreover, using simulation testing, we have 
shown that ABIMSY has high classification skill for a healthy stock sta-
tus threshold of 80% of B/BMSY, thus providing a clearly defined link 
between the age structure of exploited stocks and biomass at MSY.

Additionally, we suggest that ABIMSY meets the required specifi-
cations for D3C3, that is, it provides information on older fish, initial 
investigations suggest it is not overly sensitive to recent recruitment, 
and it has reference levels that are in line with the MSY approach and 
the overarching objectives of policies like the CFP and the MSFD. In 
doing so, we have demonstrated that ABIMSY responds effectively to 
changes in fishing intensity and temporal extent of past exploitation. 
This is a desirable characteristic for managers and policy makers, as 
it highlights a cause- and- effect relationship that could support deci-
sion making and aligns well with the current state- pressure indicator 
framework. In particular, it demonstrates that by controlling for fish-
ing mortality (the pressure), proportions of older fish (the state) that 
are comparable to those under FMSY conditions (the reference level) 
can be achieved. This will therefore pave the way for age structures 
that are more in line with management objectives and are able to 
produce MSY (i.e. BMSY).
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