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SUMMARY 

 

The research on Climate Change impacts on pelagic fish species was reviewed and organized 

into the theoretical linkages between climatological processes, oceanographic properties 

affecting habitat, mechanisms of impact and relevant operating model dynamics. The most cited 

impacts on species biology, ecology and behaviour related to spatial distribution, survival, range 

contraction and condition factor. Since few quantitative predictions of climate impacts have been 

made with regard to these aspects, expert judgement was used to specify proof-of-concept 

climate tests that included moderate and extreme cases of declining somatic growth, condition 

factor, adult survival and mean recruitment strength. A range of management procedure (MP) 

archetypes were tested for their robustness to the climate tests. MPs that specified input controls 

provided more robust conservation performance for climate tests than their equivalents 

providing catch advice. Stock assessment model MPs providing catch advice were substantially 

more robust to declining survival and recruitment when also incorporating a harvest control 

rule (HCR). In general, the most challenging climate tests involved declining survival and 

recruitment with these leading to larger impacts on yield outcomes than biomass outcomes.  

 

RÉSUMÉ 

 

La recherche sur les impacts du changement climatique sur les espèces de poissons pélagiques 

a été examinée et organisée en fonction des liens théoriques entre les processus climatologiques, 

les propriétés océanographiques affectant l'habitat, les mécanismes d'impact et la dynamique 

des modèles opérationnels pertinents. Les impacts les plus cités sur la biologie, l'écologie et le 

comportement des espèces sont liés à la distribution spatiale, à la survie, à la contraction de 

l'aire de répartition et au facteur de condition. Étant donné que peu de prévisions quantitatives 

des incidences du climat ont été faites en ce qui concerne ces aspects, le jugement des experts a 

été utilisé pour spécifier des tests climatiques de validation du concept qui comprenaient des cas 

modérés et extrêmes de déclin de la croissance somatique, du facteur de condition, de la survie 

des adultes et de la force de recrutement moyenne. Une série d'archétypes de procédures de 

gestion (MP) ont été testés pour évaluer leur robustesse aux tests climatiques. Les MP qui 

spécifiaient des contrôles d'entrée ont fourni des performances de conservation plus robustes 

pour les tests climatiques que leurs équivalents fournissant des avis sur les captures. Les MP des 

modèles d'évaluation des stocks fournissant des avis sur les captures étaient nettement plus 

robustes face à la baisse de la survie et du recrutement lorsqu'elles intégraient également une 

règle de contrôle de l’exploitation (HCR). En général, les tests climatiques les plus difficiles 

impliquaient une baisse de la survie et du recrutement, ce qui entraînait des incidences plus 

importantes sur les résultats en matière de production que sur les résultats en matière de 

biomasse. 

 

RESUMEN 

 

La investigación sobre los impactos del cambio climático sobre las especies de peces pelágicos 

se examinó y organizó en función de los vínculos teóricos entre los procesos climatológicos, las 

propiedades oceanográficas que afectan al hábitat, los mecanismos de impacto y la dinámica de 

los modelos operativos relevantes. Los impactos más citados sobre la biología, la ecología y el 

comportamiento de las especies están relacionados con la distribución espacial, la 

supervivencia, la contracción de la zona de distribución y el factor de condición. Dado que se 

han hecho pocas predicciones cuantitativas de los impactos del clima en relación con estos 

aspectos, se recurrió a la opinión de expertos para especificar pruebas climáticas de concepto 
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que incluían casos moderados y extremos de disminución del crecimiento somático, el factor de 

condición, la supervivencia de los adultos y la fuerza media de reclutamiento. Se probó una serie 

de arquetipos de procedimientos de ordenación (MP) para evaluar su robustez frente a las 

pruebas climáticas. Los MP que especificaban controles de entrada proporcionaron un 

desempeño de conservación más sólido para las pruebas climáticas que sus equivalentes que 

proporcionaron asesoramiento sobre capturas. Los MP de los modelos de evaluación de stock 

que proporcionan asesoramiento sobre capturas fueron sustancialmente más robustos frente a 

la disminución de la supervivencia y el reclutamiento cuando también incorporaron una norma 

de control de captura (HCR). En general, las pruebas climáticas más desafiantes implicaron 

una disminución de la supervivencia y del reclutamiento, lo que tuvo un mayor impacto en los 

resultados de rendimiento que en los de biomasa 
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Introduction 

 

Changing climatic conditions have the potential to substantially alter the abundance, productivity and species 

composition of pelagic marine ecosystems (Beaugrand and Kirby 2023, Bell et al. 2011). Climate processes (e.g., 

thermal regime, concentration of greenhouse gasses) are linked to oceanographic conditions (e.g., ocean 

temperature, ocean mixing, stratification, pH & salinity) which in turn, affect fundamental ecological processes 

such as primary productivity, community dynamics and species-specific dynamics such as the location and 

amount of suitable habitat, species distribution, survival of various life stages, condition factor, fecundity and 

somatic growth (Walther et al., 2002; Doney et al., 2012; Free et al., 2019). Due to increasing anthropogenic 

greenhouse gas emissions, climate processes affecting marine ecosystems are forecasted to intensify 

(Hoehy-Guldberg et al. 2018; Kwiatkowski et al., 2020).  

 

In their review of impacts on large pelagic fish in the Northwest Atlantic, Dell’Apa et al. (2023) provide a useful 

synthesis:  

 

“Additionally, the Northwest Atlantic Ocean has been characterized by several climate-driven changes in regional 

environmental conditions over recent decades, including warmer sea surface temperature (SST) (Karnauskas etal., 

2013; Loder and Wang, 2015) and bottom water temperature (Brickman et al., 2018), increased summertime 

stratification of shelf waters (Li et al., 2015), changes in dissolved oxygen concentration (DO) levels (Stendardo 

and Gruber, 2012) and acidification (Cai et al., 2011), and altered oceanographic processes (Karnauskas et al., 

2015)”. 

 

Establishing climate-ready management is a key priority for many regional fishery management organizations in 

light of persistent declines in various species (Pacoureau et al. 2021) and concern that fishing may increase the 

sensitivity of marine populations to climate change (Hsieh et al. 2008). 
 

Evaluating the climate-readiness of current and alternative management options requires models that can predict 

fishery and population dynamics. Unfortunately, forecasting the impacts of climate changes on managed pelagic 

species is highly uncertain. In theory, it is possible to combine models of emissions (e.g., Algieri et al. 2023, 

Wang et al. 2017), earth systems (Kawamiya et al. 2020), ecosystems (e.g., Beaugrand and Kirby 2018, Lehodey 

et al. 2010; 2011), behaviour (e.g., Bushnell and Brill 1991, Cayré and Marsac 1993) and physiology (e.g., 

Gooding et al. 1981, Graham et al. 1989, Essington 2003, Checkley et al. 2009). In doing so, forecasting combines 

a complex series of linked projections that include greenhouse gas emissions (least uncertain), response of climate 

processes (uncertain), linkages with oceanographic conditions (more uncertain) and the expected impact of those 

on pelagic communities and individual species (most uncertain). It follows that any climate change scenario for 

establishing climate-ready management advice for a given fish stock is firmly hypothetical, and the relative 

credibility of scenarios should be considered highly uncertain.   
 

While it may be extremely difficult to establish a scientifically defensible ‘base case’ or ‘most credible’ climate 

impact scenario for evaluating management advice for a given species and fishery, there are methodological 

frameworks that are designed expressly to account for uncertain hypothetical states of nature. Management 

strategy evaluation (MSE) is a participatory process to establish fishery management procedures (MPs, harvest 

strategies – algorithms for calculating management advice from data) that are robust to uncertainties in fishery 

and population dynamics (Punt et al. 2016).  
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MSE involves the specification of operating models that represent plausible states of nature that span uncertainties. 

These operating models are typically divided into a reference and robustness sets. Reference set operating models 

include primary uncertainties that may be supported by empirical evidence. Robustness operating models 

(robustness trial / robustness test) include secondary uncertainties that are often hypothetical or relatively 

uncertain. The reference set are the primary basis for the comparative evaluation of candidate MPs. The robustness 

set are used to further discriminate among candidate MPs that perform similarly for the reference set. Robustness 

operating models also provide a basis for evaluating whether hypothetical states of nature are consequential to 

management outcomes. For this reason, MSE provides a framework for developing and implementing tactical 

advice that is robust to hypothetical climate scenarios. If an MP performs similarly for the reference set of 

operating models, there is no coherent reason not to select the MP if its climate performance is superior (Figure 1). 

There has been increasing interest in MSE as a practical path forward for establishing MPs that are robust to 

potential climate impacts (e.g., Free et al. 2023, Collie et al. 2021) 

 

Establishing a standard set of climate change robustness tests would potentially allow for the design of climate-

ready candidate MPs and the adoption of an MP for which climate-change robustness has been demonstrated 

rigorously. In the paradigm of MSE the emphasis would not be on establishing ‘most credible’ climate impact 

forecasts for individual species, but rather on establishing MPs that are robust to a wide range of possible climate 

scenarios, acknowledging that there is a high degree of uncertainty in forecasting climate impacts. The motivation: 

a cost-effective and pragmatic approach to making progress in identifying climate-ready management practices.  

 

This paper reviews the research on climate change impacts on pelagic fish species and links these to operating 

model dynamics for multiple of species of highly migratory tunas, sharks and billfish to test the robustness of 

various MPs. This iteration of the climate test is intended to be a proof-of-concept, necessarily focusing on very 

broad, generic robustness tests for the purpose of gathering feedback to improve and refine the framework. A key 

aim in the development of the climate test is to include a larger quantity of information about possible climate 

impacts allowing for bespoke robustness testing specific to taxon and location.  

 

 

Methods  

 

Scoping climate scenarios 

 

The literature on climate change and its impacts on marine ecosystems, specific populations and fisheries is broad 

and extensive covering the various components that link projections of emissions to possible impacts on the 

ecology, behaviour and biology of highly migratory species (Figure 2) (see Poloczanska et al. 2016 for an 

overview). The current research on climate change impacts on pelagic fish species was reviewed and organized 

into the theoretical linkages between climatological processes, oceanographic properties affecting habitat, 

mechanisms of impact, and the relevant operating model dynamics (Tables 1-3). 

 

In general, a much larger number of mechanisms for impacts have been described relative to the number of ways 

in which these can impact operating model dynamics (Figure 2, Table 2). The most frequently cited categories 

of impact that are considered of highest priority relate to: spatial distribution, larval survival (recruitment 

strength), range contraction (carrying capacity, mean recruitment), adult survival (natural mortality rate) and 

condition factor (weight at length). Almost all papers that evaluate impacts on pelagic fishes, do so qualitatively 

(e.g., Dell’Apa et al. 2018, Lehodey et al. 2011, Poloczanska et al. 2016). A recent ICES technical working group 

‘WKecoMSE’ (May 2024) evaluating how environmental variables could be incorporated into MSE frameworks 

provided a valuable synthesis. The discussions and working papers of that group further confirmed that there is a 

general lack of empirical studies identifying mechanistic linkages that quantify climate impacts to pelagic fish 

species (Pörtner and Peck 2010). 

 

Through a mixture of empirical studies, theoretical linkages and expert judgement, Dell’Apa et al. (2023) 

determined a series of qualitative changes for the major groups of highly migratory species inhabiting the 

Northwest Atlantic Ocean. They provide a useful table of expected impacts in terms of the qualitative direction 

of impact, such as declines in somatic growth and survival of larval stages. Along with work conducted on tropical 

tunas in the Pacific (Lehodey et al. 2011), these studies were used to produce proof-of-concept climate tests that 

included four key operating model properties:  
 

(1) recruitment strength;  

(2) adult survival; 

(3) somatic growth rate;  

(4) condition factor.  
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Table 3 provides a summary of the mechanisms relating to each of operating model property. Recruitment strength 

is intended to simulate changes in survival of early life stages and shifts in carrying capacity (e.g. range 

contraction). Adult survival addresses changes in food availability, physiological stress, post-release mortality 

and costs of behavioural adaptations such as increased foraging time. Somatic growth rate and condition factor 

are intended to simulate reduced food availability, increased foraging time, competition for food and physiological 

stress due to, for example, reduced oxygen concentrations and warmer ocean temperatures. As a demonstration, 

both moderate and extreme values of each impact were simulated using quantities that were derived entirely from 

this author’s expert judgement (are not empirically derived or scientifically defensible).  

 

In their review of the Marine Climate Change Impacts Database (MCID) Poloczanska et al. (2013, 2016) found 

that changes in spatial distribution and phenology were the most frequently reported category of impact. Spatial 

distribution is however one of the hardest robustness tests to implement since it is highly context specific. For 

some species, overall distributional shifts to higher latitudes have been observed (Perry et al. 2005, Nye et al. 

2009, Last et al. 2011). However, for highly migratory species such as tunas, theoretical models predict both range 

expansion and contractions both towards and away from fishing pressures (e.g., tropical tunas of the Pacific 

Ocean, Lehodey et al. 2011). In this demonstration paper, spatial distribution was not considered but has 

implications for operating model properties such as carrying capacity, catchability, somatic growth, condition 

factor and natural survival.   

 

To understand the sensitivity of management procedures to climate scenarios, a reference run (‘Ref’) was 

conducted without any changes in the operating model dynamics.  

 

Reference operating models 

 

Operating models were developed for the six pelagic species of the EcoTest project (Huynh et al. 2022, Carruthers 

et al. 2024) that are based on documented stock assessments: Atlantic bigeye, swordfish, blue shark, shortfin mako 

shark, white marlin, blue marlin (Table 4, Figure 3). The operating models were developed in the openMSE 

framework (Hordyk et al. 2024). The climate tests were developed to be generic (i.e., are scale-free) and can be 

applied to any of the 100+ operating models already developed in the openMSE framework. For the purposes of 

clarity, only the results for bigeye tuna, blue shark and swordfish are presented here.  

 

Management Procedures 

 

The climate test scenarios were projected for a set of archetypal MPs that respond to various data (relative 

abundance indices, catch data, no data – are prescriptions), calculate advice in various ways (aim for a relative 

abundance index level, aim for a constant exploitation rate, use a stock assessment model and harvest control rule) 

and provide advice in terms of various management levers (e.g., total allowable catch, total allowable effort, size 

limits, spatial closures) (see Table 5 for the MPs that were tested). The focus of this MP evaluation is on the type 

of MP as it is intended to be used. To this end, where applicable, the MPs include observation error in catches and 

indices of abundance but are omniscient with regard to target levels of the index relative to SSBMSY and effort 

relative to UMSY, for example. While they are not tuned to performance outcomes, by aiming for MSY levels, 

the MPs share a common theoretical thread (this is not applicable to the size limit and spatial closure MPs that are 

not based on MSY quantities).  

 

Quantifying management performance 

 

The performance of the MPs was evaluated with respect to biomass and yield outcomes over the long-term in 

order to better reveal differences in MP properties. Long-term outcomes are less dependent on starting projection 

conditions and allow for a clearer understanding of asymptotic MP performance. Yield was quantified as catch in 

year 50 of the projection divided by the catch observed in the last historical year (before the MP was applied). 

Biomass was quantified as spawning stock biomass (SSB) in projection year 50 relative to equilibrium SSB at 

FMSY fishing levels (SSBMSY) where SSBMSY was time-invariant and calculated from the relevant parameters 

in the final historical year of the operating model (not a dynamic reference point accounting for changes in 

operating model parameters). 128 simulations were used to characterize performance. For each species, projected 

conditions (process and observation errors) were identical among MPs and climate tests with the exception of the 

modified aspects of the specific climate tests.  
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Results 

 

Survival and recruitment the most impactful robustness tests 

 

When comparing climate tests, the survival (e.g., M_ext) and recruitment scenarios (e.g., Rec_ext) were the most 

consequential, generally affecting yield outcomes more substantially than biomass outcomes (Figures 4-7).  

 

Robust biomass performance of responsive / compensatory MPs 

 

The large impact on yields relative to biomass outcomes is indicative of responsive MPs, for example TAC-based 

MPs such as SP_4010 for bigeye under the extreme survival example (‘M_Ext BET’, panels of Figures 4-7). 

Some MPs may not necessarily be responsive but rather compensate better for declining biomass levels. For 

example, the size limit at maturity is a constant management prescription that is relatively robust to the declining 

survival tests in terms of biological performance (Figures 5, 8 and 9).  

 

Failure of index-based MPs providing catch advice 

 

The index target and index ratio MPs providing TAC advice (ITC and IRC respectively) often performed the least 

well in terms of long-term yield and biomass outcomes (i.e., they chronically overfished). This was particularly 

evident in the bigeye tuna simulations (e.g., Figure 5). When providing effort control the same MPs could provide 

substantially better performance in terms of both long-term yield and biomass outcomes, for example, the 

moderate somatic growth (K_Mod), survival (M_Mod) and recruitment (Rec_Mod) tests (Figure 8).  

 

Climate tests less strongly impacted MP ranking 

 

While the demonstration climate tests could substantially affect the absolute performance of MPs, particularly in 

terms of yield, often the relative position of the MPs in the yield-biomass trade-off space was more consistent, 

(e.g., the MPs maintain relative performance differences for the moderate recruitment test – bottom row of 

Figure 8).  

 

The role of harvest control rules 

 

The stock assessment model that included throttling of exploitation rate when estimated stock declined below 

40% of unfished levels (SP_4010) was comparable to the constant FMSY assessment (SP_MSY) for some 

scenarios, but provided significantly superior biomass performance for the reduced survival tests and reduced 

recruitment tests (M_Ext and Rec_Ext panels of Figure 5, respectively). 

 

 

Discussion 

 

The distinction between scientific uncertainty and management uncertainty 

 

There is increasing recognition that fishery management practices should be robust to plausible changes in the 

ecology, behaviour and biology of exploited species in response to changing ocean conditions. Over the last 20 

years, an extensive body of research has discussed, described and modelled the drivers, mechanisms and possible 

climate change impacts on marine fish populations. A large number of ways in which climate change could 

dramatically impact the abundance, distribution and productivity of marine fish populations have been identified. 

As a backdrop to this research there have been persistent declines in some pelagic fish populations (Pacoureau 

et al. 2021) correlated with systematic changes in oceanic conditions. Coupled with research suggesting that 

fishing could increase the sensitivity of marine populations to climate change (Hsieh et al. 2008), there is 

increasing interest in developing management strategies that are robust to climate driven impacts (Free et al. 2023, 

Collie et al. 2021, Hollowed et al. 2020).  
 

A principal obstruction to progress has been developing scientifically defensible quantitative projections of 

impacts on marine populations that could be used for informing management strategies. Scientific uncertainty in 

quantitative projections is necessarily high and the product of uncertainty in models of emissions, climatology, 

oceanography, ecology, behaviour, physiology and fishery exploitation. The core question of this research remains 

open: if scientific uncertainty over climate impacts on fisheries is inevitably very high (may always be very high), 

should this necessarily obstruct progress in establishing robust fishery management practices? The value of MSE-

style simulation, and the reason why it may unlock progress in establishing climate-ready management practices, 

is that it reveals the important distinction between scientific uncertainty and management uncertainty.  
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The results of the generic, proof-of-concept climate tests of this paper suggest that it may be possible to identify 

fishery management archetypes that are likely to respond or innately compensate for some of the most important 

climate impacts on individual populations such as recruitment, survival and somatic growth. By accounting for 

feedbacks between the population, data and the management procedure, MSE may provide a more rigorous basis 

for selecting management options than descriptive tools for risk and vulnerability assessment (e.g., Chin et al. 

2010, Hare et al. 2016). The large number of upstream climate-oceanography-habitat mechanisms distil down to 

a relatively small number of processes within a conventional population dynamics model (a relatively terse set of 

conceivable tests), even fewer still may be consequential to the selection of MPs. Qualitatively, the direction of 

the robustness test is known in terms of its challenge for MPs, for example decreasing survival, decreasing somatic 

growth, increasing catchability, range contraction. It follows that what starts as an overwhelming number of 

hierarchical and interweaving climate-population mechanisms, may end in a much more concise set of climate 

tests.  

 

Management procedure performance 

 

The MPs that were tested exhibited varying degrees of responsiveness but in general showed a tendency to reduce 

fishery yields in the conservation of spawning biomass. The most stringent climate tests came in the form of 

reduction in survival and recruitment strength, which could be particularly problematic for index-based 

management procedures providing TAC advice. MPs linked to input controls, such size limits and TAE provided 

greater robustness since these controls provided consistency in exploitation rate; automatically reducing catches 

as vulnerable biomass declines. It should be noted that the success of the TAE MPs is dependent on the simulated 

variability and change in catchability which, if set unrealistically low could exaggerate their relative performance 

benefits. Simple state-space surplus production stock assessment models setting TAC advice (e.g., SP_MSY, 

SP_4010) provided greater responsiveness than index-based TAC MPs (ITC, IRC). Even though these 

assessments were essentially mis-specified, their estimation of population dynamics favoured climate-robustness 

(the scientific veracity of the assessment was not necessarily a determinant of its expected management 

performance). Incorporating a harvest control rule (SP_4010) provided appreciably superior biomass conservation 

performance in the declining survival and recruitment scenarios. Depending on which climate tests are considered 

important, implementation of harvest control rules and their refinement could provide substantial benefits in terms 

of expected robustness.   

 

Generic versus bespoke robustness testing 

 

The research of this paper has been deliberately presented as a proof-of-concept and there are important 

limitations, the largest of which is the magnitude of the quantitative specification of the moderate and extreme 

tests. These were derived from the expert judgement of the author based on observed historical changes in 

population dynamics determined by participation in various stock assessment processes. The extensive body of 

research into the various ways that climate change could ultimately affect marine organisms provides remarkably 

limited quantitative understanding of likely impacts. There remains a critical need for empirical verification of 

theoretical models to have confidence over their predictions (e.g. Poloczanska et al. 2008, Wethey and Woodin 

2008).  

 

It is arguable that since forecasting is highly uncertain, the most defensible approach would be a more careful 

synthesis of case studies where historical trends have occurred; using these as the basis for scoping the 

approximate magnitude of future impacts (i.e., Murawski 1993, Nye et al. 2014). While absolute changes in 

projected dynamics (e.g., a 50% decline in survival, a 25% decline in somatic growth) may be highly uncertain, 

the relative size of these changes may be better characterized and constrain the range of credible climate tests (i.e., 

survival changes are generally double those relating to somatic growth).    

 

A strong scientific argument can be made against generic simulation testing of the type applied in this paper in 

which the same relative impacts in the same direction were applied across multiple species. There is a clear 

scientific argument for location- and species-specific magnitude and direction of impacts. In their synthesis of 

physiological and behavioral dynamics of tropical tunas in the Pacific, Lehodey et al. (2011) provide an 

informative review: theoretical models suggest that primary productivity changes that could drive carrying 

capacity, growth and reproduction are region specific; on an individual species level, the degree to which pelagic 

fish species can acclimatize to climate impacts is likely to vary strongly depending on their physiology and 

behavior (e.g., most tuna species have a vascular heat exchanger that allows them to regulate core and muscle 

temperatures providing them with a broader thermal niche than other pelagic taxon); among tunas, some species 

appear to have varying degrees of tolerance to reductions in dissolved oxygen.  
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Although bespoke climate tests specific to taxon and region may be supported by the scientific view, it necessarily 

demands defensible quantitative specification of scenarios which would take significant resources and delay 

action in establishing robust management practices in many cases. A possible solution, as presented here, is to 

start with generic tests and refine these to more bespoke climate tests as informative data, hypotheses and models 

become available, focusing first on simpler, generic and more demanding tests of robustness (in doing so 

incentivizing further research to support more bespoke robustness tests).   

 

By incorporating climate tests in an established MSE framework, it is relatively straightforward to apply these to 

new and existing case studies (such operating models are already available for ICCAT stocks such as Western 

skipjack tuna, the eastern tropical tunas, North Atlantic swordfish and South Atlantic swordfish). For example, it 

is a single command to convert most stock assessment models to an OpenMSE operating model, another command 

to modify that operating model for a climate test projection, a third to do the projection and plot results. Since a 

range of documented management procedures are already available in OpenMSE including data rich and data 

poor stock assessments, empirical MPs, size limits and spatial controls, it is straightforward to identify 

management procedure archetypes that are likely to be climate ready.  

 

Systematic shifts and variability in dynamics 

 

Another important limitation of this demonstration analysis is the simulation of only persistent, systematic 

changes (e.g., shifts in the mean levels of quantities such as natural mortality rate and recruitment).  Much of the 

research on impacts suggests that there could be increasing variability, step changes or regimes shifts (i.e., Parsons 

and Lear 2001, Poloczanska et al. 2013, 2016). Similarly to the scoping of systematic changes, known historical 

variations from established cyclical environmental processes (e.g., Atlantic multidecadal oscillation, Pacific El-

Nino southern oscillation and decadal oscillation) could be used to scope the approximate magnitude and relative 

magnitude among impacts. For example, Lehodey et al. 2011 cite the example of apparent skipjack tuna 

recruitment pulse following the strong ENSO events of 1997–1998, thought to the product of an unusually large 

phytoplankton bloom:  

 

“Evidently, the bloom of phytoplankton and subsequent production of zooplankton led to an increase in survival 

rates of larval and juvenile skipjack tuna. These fish produced a strong cohort that recruited to the fishery 6–12 

months later”. 

 

Climate-appropriate reference points 

 

Biomass performance outcomes were evaluated according to equilibrium spawning stock biomass at MSY fishing 

levels. This is a constant theoretical value determined by fishery selectivity, natural mortality, maturity, growth 

and condition factor at start of the projection. By using a constant yardstick, it is hard to compare the performance 

of MPs across climate tests because some tests necessarily incur a declining unfished reference level. Additionally, 

any additional variance introduced by robustness tests can serve to obscure the expected difference in performance 

outcomes among MPs. An argument can be made for dynamic biomass reference points that automatically set a 

higher bar for management performance when stock levels naturally increase and a lower bar when stock levels 

naturally decline. On the one hand, it can be argued that changes in productivity and carrying capacity are among 

the most important characteristics that differ spatially among discrete fish stocks: it would be considered generally 

inappropriate to take the values from a stock in the Pacific and assume these for the same species in the Atlantic, 

for example. On the other hand, if the differences over time due to climate impacts within a stock are of 

comparable magnitude to that among stocks, then it stands to reason that management should be evaluated 

according to the new reality rather than an outdated and non-applicable equilibrium level (that could be higher 

and punitive, or lower and permissive). From a climate robustness testing perspective, dynamic reference points 

are attractive, however arguments against their use are important and based on problematic dynamical properties 

of populations that have been observed at low levels such as Allee effects that can drive chronic depensation. 

Rather than establishing climate ready MPs, there has been work that focuses on the evaluation of stock status 

and management performance using appropriate reference points; referred to as ‘climate aware’ by Punt et al. 

(2024).  

 

Climate test outcomes 

 

When testing an MP for climate robustness, three discrete outcomes can be envisaged that depend on the frequency 

with which the MP fails to meet management objectives given the climate test robustness scenarios (‘failure rate’): 
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(robust)             Failure rate of the MP is acceptably low; 

(conditional)     
Failure rate of the MP is higher than acceptable but conditions where the MP fails are  

detectable given available data; 

(not robust)    
Failure rate of the MP is higher than acceptable and conditions where the MP fails are not 

detectable given available data.   

 

Clearly the robust outcome is the most desirable and least problematic, allowing for the use of an MP with 

demonstrated robustness to the applicable climate tests. The conditional outcome allows for the use of the MP but 

requires the collection of data that provide a sufficiently informative indicator of conditions where the MP is 

vulnerable to climate test scenarios. This is analogous to the MSE concept of ‘exceptional circumstances’ where, 

if meaningful departures in operating model dynamics are detected this may lead to a review of the operating 

models and potentially the MP (Punt et al. 2016). Carruthers and Hordyk (2018) demonstrated that fishery data 

streams can provide relatively high statistical power to detect important shifts in parameters controlling 

productivity, carrying capacity, growth and catchability, indicating that the conditional outcome is potentially 

viable and could still allow for implementation of climate-ready management options. The not robust outcome is 

the most problematic: climate scenarios strongly affect MP performance and these scenarios are not detectable. 

This outcome places additional value of information on likely climate impacts in order to better refine projections 

and select a robust MP.  

 

Asymmetry in performance outcomes  

 

When comparing the performance of MPs it is not appropriate to report results for only the hypothetical climate 

test operating models. The design of MSE generally prevents this as reference case (no climate impacts) and 

robustness tests (e.g., climate tests) are generally considered across MPs. However, often ‘ecosystem-ready’ and 

‘climate-ready’ MPs are first presented in working groups only showing their benefits for the climate scenarios 

they were expressly designed for (i.e., the shaded cells of Table 6) sometimes circularly, modifying advice using 

indicators that are directly linked to the simulated climate impacts (a form of simulated omniscience).  

 

There may be a significant asymmetry in performance outcomes for the reference set operating models and those 

for the climate test operating models. Table 6 provides an illustrative example where the current management 

approach (‘Current MP’) is compared with a new MP designed for robustness to climate test conditions (‘Climate 

MP’). In example A the Climate MP performs comparably to the Current MP for the reference set operating 

models but provides a marked improvement in performance under climate conditions. However, in example B, 

the climate MP is substantially worse for the reference set operating models and only incrementally better 

performing than the current MP for the climate test scenarios. It is important that any such asymmetry is conveyed 

to managers when considering MPs designed to address particular operating model conditions.  

 

Other limitations 

 

The robustness tests of this paper only simulated negative impacts but some stocks may be climate ‘winners’ 

(Fulton 2011). It is important to recognize these cases since more conservative MPs for climate sensitive species 

could be perceived as acceptable when considered alongside more aggressive MPs designed for species whose 

productivity and abundance are positively impacted.  

 

A substantial body of research details changes in genotype in response to climate pressures (Chown et al. 2010, 

Chevin et al. 2013, O’Brien et al. 2013, Banks et al. 2010, Crozier and Hutchings 2014) and these factors were 

not simulated in these analyses but imply systematic changes and would support use of dynamic reference points 

in performance evaluation.  

 

Other improvements 

 

It may not be appropriate to simulate single one-factor departures in operating model dynamics. Most qualitative 

hypotheses for the mechanisms of impact on populations suggest that changes in growth, condition factor, 

survival, fecundity and recruitment can be expected to co-vary (Neuheimer et al. 2011), in doing so reducing the 

number of credible climate test scenarios.  

 

Future versions of the climate test should better simulate survival that varies between life stages (larval, juvenile, 

adult) given their varying exposure and tolerance to climate effects (Rijnsdorp et al. 2009, Lehodey et al. 2011).  
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Further development of the climate test should continue to build a supporting data base of quantified forecasted 

climate impacts for specific species and locations to provide increasingly bespoke robustness testing of climate 

scenarios for pelagic fish species.  

 

 

Code and data 

 

All code, models and data used in these analyses are available from the public Climate Test GitHub repository: 

https://github.com/Blue-Matter/ClimateTest  
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Table 1. Potential links between climatological process and oceanographic properties impacting habitats of marine 

pelagic fishes.  
Climatological process Oceanographic properties affecting habitat 

Thermal regime  Currents / mixing / stratification (Cai et al. 2005, Wu et al. 2012, Li et al. 2015) 

Dissolved oxygen concentration (Stendardo and Gruber 2012) 

Macronutrients (Dickson et al. 1996) 

Water temperature (Sarmiento et al. 2004, Brickman et al. 2018, Loder and Wang 2015)  

pH (Feely et al. 2009) 

Atmospheric CO2 Dissolved oxygen concentration 

pH (Ganachaud et al. 2011, Caldeira & Wickett 2003) 

Atmospheric circulation / aeolian 

inputs 

Micronutrients  

Currents / mixing / stratification (Sydeman et al. 2014) 

Riverine inputs pH (Cai et al. 2011) 

Ice melt  pH (Comiso et al. 2008) 

Currents / mixing / stratification 
 

Table 2. Theoretical linkages between oceanographic properties and ecological / biological / behavioral mechanisms 

that affect pelagic fish species population dynamics, and the operating model dynamics that may be affected.  
Oceanographic properties 

affecting habitat 
Mechanism Relevant operating model dynamics 

Currents / mixing / 

stratification 

Larval dispersal  Recruitment strength 

Prey availability (Beaugrand 

and Kirby 2010) 

Somatic growth (Perry et al. 2005) 

Vulnerability to fishing gear Catchability 

Water temperature Physiological stress - 

thermotaxis 

Spatial distribution & phenology (Edwards and Richardson 2004, 

Perry et al. 2005, Nye et al. 2009, Last et al. 2011,  

Bell et al. 2011, Erauskin-Extramiana et al. 2019,2020, Tanaka et al. 

2021) 

Depth distribution (Dulvy et al. 2008, Pinksy et al. 2013) 

Catchability (Lehodey et al. 2011, Podestá et al. 1993) 

Metabolism Somatic growth 

Condition factor  

Fecundity 

Larval survival (Zymaroieva 

et al. 2024, Lehodey et al. 

2011) 

Recruitment strength (Beaugrand et al. 2003, Beaugrand 2009, Ling 

et al. 2008) 

Variability in recruitment 

Carrying capacity (Thomas et al. 2004, Thomas 2010), 

Prey availability 

(Karnasuskas et al. 2015, 

Beaugrand and Kirby 2010) 

Somatic growth 

Natural mortality 

Condition factor 

Fecundity 

Thermal stress (acute, 

chronic) (Lehodey et al. 2011, 

immunosuppression 

Somatic growth  (O’Connor et al. 2014) 

Natural mortality (Pereira Campos et al. 2023) 

Condition factor  

Fecundity 

Range contraction / expansion (MacLeod 2009) 

Foraging (Karnasuskas et al. 

2015) 

Somatic growth (Pistevos et al. 2015) 

Natural mortality 

Condition factor 

Fecundity (Bell et al. 2011) 

Spawn timing (Fincham et al. 

2013) 

Recruitment strength 

Dissolved oxygen 

concentration 

Metabolism Spatial distribution (Stramma et al. 2012, Hazen et al. 2013) 

Somatic growth (Pollock et al. 2007, Pörtner and Knust 2007, 

Stramma et al. 2010, 2012, Gilly et al 2013) 

Condition factor  

Fecundity 

Post release mortality (Dell’Apa et al. 2023) 

Macronutrients Prey availability Somatic growth 

Condition factor 

Micronutrients Primary productivity Juvenile survival 

Salinity Physiological stress Larval survival 

pH Physiological stress Spatial distribution  

Behavior 

Larval survival 
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Table 3. Demonstration climate tests for single-species operating models. Percentages are cumulative linear 

changes over 50 projected years. Direction of changes follows the qualitative consensus of various papers 

(Table 2). 

 

Operating model dynamics Scenario Moderate Extreme 

Somatic growth  von Bertalanffy growth rate K   

Declines (Dell’Apa et al.  2023) 

 

-20% 

‘K_Mod’ 

-40% 

‘K_Ext’ 

Mean recruitment strength  

(juvenile survival, carrying 

capacity)  

Mean recruitment   

Declines 

 

-25% 

‘Rec_Mod’ 

-50% 

‘Rec_Ext’ 

Survival  

(juvenile and adult).  

Instantaneous natural mortality rate M  

Declines 

 

25% 

‘M_Mod’ 

50% 

‘M_Ext’ 

Condition factor Weight-at-length  

Declines 

 

-10% 

‘CF_Mod’ 

-20% 

‘CF_Ext’ 

Reference run No change in operating model dynamics.  ‘Ref’ 

 
 

Table 4. Documented stock assessments (Stock Synthesis 3)  used as the basis for constructing preliminary multi-

stock, multi-fleet operating models for the North Atlantic longline case study (Huynh et al. 2022, Carruthers et al. 

2024).   
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Table 5. Management procedures tested. 

 

Code Description 

SzMat Size Limit at Maturity: Perfectly-enforced size limit at the length that 50% of individuals 

mature 

ITC Index Target Catch: an MP that makes incremental (up to 10% changes) to total allowable 

catch (TAC) to reach an index level at BMSY. The index data are simulated with observation 

error (20% CV), but the true target index level at SSBMSY is known.  

ITE Index Target Effort: as ITC but makes incremental changes to the total allowable effort (TAE).  

IRC Index Ratio Catch: an MP that aims to fish at a constant (UMSY) rate of fishing. TAC changes 

are up to a 10%.  The index data are simulated with observation error (20% CV) but the true 

ratio of UMSY to the index level at SSBMSY is known.  

IRE Index Ratio Effort: as IRC but adjusting TAE. The index data are simulated with observation 

error (20% CV) but the true ratio of UMSY to effort E, is known. Catchability q, (F = qE) 

changes have an annual CV in the range of [10%, 20%] and an annual percentage change in 

the range of [-0.5%, 0.5%].  

SP_MSY Surplus production – MSY: A state-space surplus production stock assessment model is fitted 

to simulated catch and index data and provides TAC advice that is current estimated 

vulnerable biomass multiplied by estimated UMSY.   

SP_4010 Surplus production – 40:10 harvest control rule: As SP_MSY but includes a ‘40:10’ harvest 

control rule where zero exploitation rate is recommended when estimated SSB is below 10% 

SSB0, exploitation rate is linearly ramped to UMSY levels beween 10% and 40% SSB0, and 

UMSY exploitation rate is recommended for when current SSB is estimated to be above 40% 

SSB0.  

SpC Spatial closure: effort (but can be redistributed) is restricted for half of the available habitat. 

When index levels are above SSBMSY levels all habitat is open to fishing. As index levels 

decline below SSBMSY levels, there is a linear decline in access to half of the habitat. The 

index data are simulated with observation error (20% CV), but the true target index level at 

SSBMSY is known. Operating models have full spatial mixing.   

 

 

Table 6. An illustrative example of asymmetric performance outcomes for an evaluation of the current 

management approach (Current MP) and that of a newly designed ‘climate-ready’ MP (Climate MP).    

 

Relative management 

performance (larger 

is better) 

Example A   Example B 

Reference 

set 

Climate 

test 

  Reference 

set 

Climate 

test 

MP 
Current MP 100% 75%  Current MP 100% 90% 

 Climate MP 95% 100%  Climate MP 50% 100% 
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Figure 1. Example of the selection of a climate-ready management procedure using the Climate Test robustness 

operating models (right) from MPs that performed similarly under the status-quo reference set operating models 

(left). In this example, the ‘Assessment + MPA’ CMP performed similarly to ‘Advanced assessment’ and ‘Size 

limit’ CMPs given the reference set (left) but outperformed those given the climate test (right).  

 

 

 
 

Figure 2. The components linking climate and population dynamics as represented by the operating model 

(Tables 1-3). The size of boxes is indicator of the number of process / properties / impacts / types of dynamics 

identified in the literature review for each of the components.  

 

 
Figure 3. The maximum likelihood estimates of spawning biomass (kg) for the two primary and four secondary 

species caught in the North Atlantic longline case study (Huynh et al. 2022, Carruthers et al. 2024).   

Climatological 

processes 

Oceanographic 

properties 

affecting habitat 

Mechanisms of 

impact 
Operating 

model dynamics 
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Figure 4. Catch performance after projected years under the extreme climate test scenarios. Catch is measured as 

the catch in projection year 50 relative to the last historical year. Boxes are colour according to the probability 

that catch in projection year 50 is below 50% of the last historical year C50, where C50 = P(Crel < 0.5).  
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Figure 5. Biomass performance after projected years under the extreme climate test scenarios. Biomass is 

measured as the spawning stock biomass in projection year 50 relative to equilibrium spawning biomass at MSY 

(Brel). Boxes are coloured according to the probability that spawning biomass in projection year 50 is below 50% 

of SSBMSY (B50), where B50 = P(Brel < 0.5).  
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Figure 6. The same catch performance results data as Figure 4 but rearranged for comparison among climate 

tests (x axis).  
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Figure 7. The same biomass performance results data as Figure 5 but rearranged for comparison among climate 

tests (x axis).  

 

 



 

25 

 
Figure 8. The biomass – yield trade-off for each management procedure for the reference (no climate test, start 

of arrow) and moderate climate test scenarios. Yield (y axis) is expressed as expected catch (EC): the mean catch 

in projection year 50 relative to the catch in the last historical. Biomass (x axis) is expressed as expected spawning 

biomass (EB): the mean spawning biomass in projection year 50 relative to equilibrium spawning biomass at 

MSY.  
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Figure 9. As Figure 8 but for the extreme climate test scenarios. Note that the results for blue shark (BSH), 

M_Ext (extreme natural mortality rate scenario) should be disregarded: there were insufficient simulations with 

positive biomass to calculate biomass performance statistics reliably.  

 

 

 

 
 


