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ABSTRACT
Climate change is expected to have significant impacts on the biology, abundance and distribution of transboundary fish stocks, 
not only among neighbouring countries within the jurisdictions of regional fisheries management organisations (RFMOs) but 
also between adjacent RFMOs. Using South Pacific albacore tuna (Thunnus alalunga) as a case study, we highlight how RFMOs 
need to understand the impacts of climate change on transboundary stocks under their purview with greater certainty. We iden-
tify four areas of research that should assist RFMOs to adapt their scientific processes—strengthened understanding of changes 
in the biology of target stocks; enhanced collection of data to support modelling; improved modelling of catch-per-unit of effort 
(CPUE) to better reflect climate change impacts on stock abundance for assessments; and ensuring that scientific advice is adap-
tive and robust to climate change, including through implementation of tested harvest strategies. Investments in these research 
areas should enable RFMOs to improve the science underpinning management measures designed to sustain transboundary 
stocks and increase fishery performance during climate change.

1   |   Introduction

Fisheries based on transboundary stocks provide a substan-
tial portion of the world's fish supply (FAO  2024). For many 

developing countries, particularly small island developing 
states, these fisheries also provide one of the few opportunities 
to support livelihoods and fund basic public services (Gillett and 
Fong 2023).
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Regional fisheries management organisations (RFMOs) with 
responsibility for managing highly migratory species, such as 
tuna, have had mixed success in ensuring that stocks under 
their management are not overfished and that overfishing is not 
occurring (ISSF 2023).

Climate change poses an additional challenge for RFMOs—it is 
expected to have a significant impact on marine ecosystems and 
the biology, abundance and distribution of fish stocks (Barange 
et al. 2018; Blanchard and Novaglia 2024). In the case of trans-
boundary fisheries for highly migratory stocks, there is much 
potential for the effects of climate change to create ‘winners’ and 
‘losers’ as fish biomass is redistributed across maritime boundar-
ies (Pinsky et al. 2018; Oremus et al. 2020; Bell et al. 2021; Palacios-
Abrantes et  al.  2025). We argue that RFMOs need to ‘put their 
house in order’ by ensuring that the long-standing scientific pro-
cesses they use to inform sustainable management of transbound-
ary stocks are robust to climate change and related uncertainties.

Here, we focus on the scientific information needed to inform 
improved cooperative management between RFMOs identified 
during a workshop convened by the University of Wollongong, 
Shanghai Ocean University and the Pacific Community (SPC), 
using the anticipated effects of climate change on South Pacific al-
bacore tuna (Thunnus alalunga) (hereafter ‘SPA’) as a case study.

South Pacific albacore provides a useful example of the need 
for further targeted research because: (i) it spans the con-
vention areas of the Western and Central Pacific Fisheries 
Commission (WCPFC) and Inter-American Tropical Tuna 
Commission (IATTC); (ii) the spatial stock structure of SPA 
across the combined jurisdictions of these RFMOs is still not 
well defined (Moore et  al.  2020); (iii) a notable proportion 
of the catch from both convention areas is taken from the  
high seas; (iv) fishing effort needs to be reduced to improve the 
economic performance of the fishery (Pilling et al. 2016); and 
(v) climate change is projected to have impacts on the abun-
dance and distribution of the species (Lehodey et  al.  2025) 
(Figure 1).

The recommended areas of research identified during the work-
shop are expected to be relevant not only to adjacent RFMOs 
but also to neighbouring countries within an RFMO conven-
tion area.

2   |   Recommended Areas of Research

The four areas of research that will provide RFMOs with more 
robust climate-informed scientific advice identified during the 
workshop are summarised below.

FIGURE 1    |    Projected effects of climate change on the distribution of South Pacific albacore tuna (SPA). Average biomass distribution (kg.km−2) 
of SPA in the Southern Pacific Ocean basin for 2015 (2011–2020) (top), and mean anomalies (kg.km−2) from the average 2015 biomass distribution 
projected to occur by 2050 (2044–2053) under the RCP 8.5 emissions scenario (bottom). Shading indicates areas where projections from all four Earth 
Systems Models used to inform SEAPODYM agree in the sign of change, excluding near-zero changes (white zones). See Bell et al. (2021) and Senina, 
Lehodey, Sibert, and Hampton (2020) for a full description of the same methods applied to other tropical tuna species.
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2.1   |   Strengthen Understanding of Changes in 
the Biology of Target Stocks

A sound understanding of spatial stock structure, growth, 
fecundity and natural mortality is central to developing 
high-quality stock assessments to underpin the harvest strat-
egies increasingly used by RFMOs to manage transboundary 
stocks. The current generation of population dynamics models 
typically assumes that these biological factors do not vary over 
time (Zhang et al. 2021). This is unlikely to hold during cli-
mate change, given the sensitivity of fish biology to the direct 
and indirect effects of ocean warming (Wootton et  al.  2021; 
Nicol et  al.  2022; Lehodey et  al.  2025). To ensure that stock 
assessments remain fit for purpose, responses to projected 
changes in environmental conditions for key aspects of target 
species' life histories and ecological interactions need to be in-
tegrated into research frameworks.

Recent studies on North Pacific albacore tuna confirm the need 
for this approach—they indicate that changes in the marine 
environment and ecosystems may have unique impacts on dif-
ferent size-age classes due to their distinct habitat preferences, 
physiological tolerances, ecological niches and patterns of ver-
tical and horizontal movement (Muhling et  al.  2022; Frawley 
et al. 2024).

Other aspects of the biology of SPA also indicate that there is 
considerable scope for their life history to be altered by ocean 
warming. Tagging data show that individuals undertake long-
range migrations across the South Pacific region and that smaller 
individuals in southerly latitudes move north to subtropical 
and tropical waters as they grow (Williams et al. 2015). In addi-
tion, analyses of genetic markers (Anderson et al. 2019), otolith 
chemistry (Macdonald et al. 2013), growth variability (Williams 
et  al.  2012; Farley et  al.  2021), gonad development (Farley 
et al. 2013) and maturity schedules (Farley et al. 2014), as well as 
the latest stock assessment (Teears, Castillo-Jordán, et al. 2024) 
and SEAPODYM analyses (Senina, Lehodey, Hampton, and 
Sibert  2020), reveal variation in life history across the longitu-
dinal range of SPA. This variation indicates that the panmictic 
stock structure across the WCPO and Eastern Pacific Ocean 
(EPO) applied in the 2024 SPA stock assessment warrants fur-
ther analysis. Variation in otolith shape and genetic data between 
individuals caught in New Caledonia and French Polynesia 
(Macdonald et al. 2024) also lends weight to the need for further 
analysis of potential spatial structure in the SPA stock.

The studies summarised above point to the need to assess 
whether (i) separate management measures may be required 
for SPA in the WCPO and EPO, and (ii) the extent to which 
ecosystems in the WCPO and EPO are projected to change 
under continued high greenhouse gas (GHG) emissions (Bell 
et al. 2021).

Application of new and emerging techniques, such as Close-Kin 
Mark-Recapture (CKMR) (Bravington et  al.  2021; Macdonald 
et  al.  2024; SPC-OFP and CSIRO  2024), to SPA are expected 
to provide new estimates of connectivity across the South 
Pacific and other difficult-to-measure population variables, 
such as absolute abundance, adult mortality and fecundity at 
age (Bravington et  al.  2016). Long-term application of these 

techniques offers a novel way to detect population change not 
only for SPA but also for other transboundary target species 
in RFMOs.

2.2   |   Enhance Collection of Data to Support 
Modelling

Ignoring variation in the fundamental biological factors de-
scribed above may have implications for stock assessment 
performance and related management advice. Implementing 
appropriate long-term data collection programmes is therefore 
needed to detect when shifts in the mean and variability of val-
ues of fundamental biological factors occur.

In addition, improved understanding of the oceanographic, 
biological and human responses to climate change and their 
implications for fisheries management depends on developing 
spatially explicit models that can inform authorities about the 
impacts of climate change on fishing operations. It also de-
pends on reducing uncertainty in the relationships between 
environmental variables, fleet dynamics and stock status/
productivity that underpin the predictive models designed to 
test the performance of management actions in a changing 
environment.

Greater use of both fishery-dependent and fishery-independent 
data is required to meet this challenge. Both types of informa-
tion are needed to increase the breadth and resolution of the bi-
ological, ecological and oceanographic data traditionally relied 
upon for stock assessment and resource allocation. The reason 
for this is that fishery-dependent data typically reflect commer-
cial fishing activities and may not fully capture the true status 
and dynamics of fish populations in response to climate change; 
whereas fishery-independent data collection can be designed to 
address specific questions.

However, collecting fishery-independent data for transbound-
ary stocks such as tuna is not without its difficulties. These 
include the extensive movements and evasive behaviour 
of the fish, their occurrence in deep pelagic zones (Kolody 
et  al.  2019), and the advanced equipment, high operational 
costs and international coordination required for effective 
sampling programs across the broad geographical distributions 
of the species. A practical way to overcome these challenges 
is to maximise opportunities to collaborate with fishing fleets 
to obtain data not currently available from fishing operations.

SPC is undertaking trials using water temperature sensors fitted 
to longline gear deployed by vessels targeting SPA. Applications 
of this technology in New Zealand's exclusive economic zone 
have resulted in a 40% improvement in estimates of thermocline 
depth and ocean heat content (Kerry et  al.  2024). Initiatives 
are also underway to collect environmental data from stan-
dard equipment commonly used by most fishing vessels (e.g., 
acoustic systems) to produce high-resolution spatial and tempo-
ral information on tuna prey populations from these ‘ships of 
opportunity’.

Detecting shifts in the life history of target species requires 
ongoing collection of biological samples across the species' 
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range. Diversifying the roles of at-sea and port-based observ-
ers to regularise biological sampling (Nicol et al. 2013) for tar-
get fish species in the Pacific Ocean has established a network 
to provide training in coordinated and extensive biological 
sampling of large numbers of SPA in particular (SPC-OFP 
and CSIRO 2024). The network helps ensure that the quantity 
and quality of samples required for CKMR can be obtained; 
it demonstrates the important role that RFMOs and other re-
gional organisations can play in achieving improvements in 
large-scale sampling.

The need for additional fishery-dependent data, including 
more age samples to better characterise the distribution of 
age-at-length of the catch across different fishery regions, was 
recognised during the 2024 SPA stock assessment (Teears, 
Castillo-Jordán, et al. 2024). This assessment was based on in-
formation from measurements of size composition, catch and 
catch-per-unit effort analyses for different fleets/gears (Potts 
et al. 2024; Teears, Hampton, et al. 2024), including one fleet, 
the New Zealand troll fishery, that catches predominantly juve-
niles (Neubauer and Hill-Moana 2024).

To reduce the costs involved in coordinating the collection of 
the additional data needed for improved modelling, RFMOs 
could encourage member countries to (i) enhance their ca-
pacity to conduct coordinated scientific surveys and research 
by implementing various incentives for the provision of  
fisheries-dependent data, including increased at-sea observer 
coverage through human or electronic monitoring; and (ii) 
provide a supporting framework for the use of fishing vessels 
and ships of opportunity as environmental data collection 
platforms.

2.3   |   Improve Incorporation of Catch-Per-Unit 
of Effort (CPUE) to Better Reflect Climate Change 
in Stock Assessments

Standardised catch-per-unit effort (CPUE) data provide a key 
indicator of the relative abundance of a fish stock and are a 
key input to stock assessment models. However, given climate 
change's impact on fish abundance, distribution, migration 
patterns and biology, the implications for fleet dynamics and 
fishing success through time will need to be better understood 
and captured within the standardisation process to ensure that 
those CPUE indices provide an unbiased reflection of the trend 
in stock abundance.

Incorporating new information will require the evaluation of 
new modelling techniques for the development of abundance 
indices. Traditionally, CPUE analyses relied heavily on gen-
eralised linear models (GLMs) and similar statistical methods 
(Hinton and Maunder  2004). However, recent advancements 
in modelling techniques have significantly enhanced fisheries 
stock assessments. Generalised additive models (GAMs) and 
their extensions to generalised additive mixed-effects models 
(GAMMs) enable sophisticated spatial and temporal modelling 
of nonlinear relationships, effectively accounting for complex 
fishing operational, ecological and environmental influences on 
catch rates (Augustin et al. 2013).

Machine learning techniques, including tree-based methods, 
have enhanced predictive capabilities. For example, a random 
forest (RF) machine learning approach was used to predict 
missing hook-based fishing effort records, demonstrating the 
algorithm's computational efficiency and its ability to handle 
large datasets (Breiman 2001; Teears et al. 2023). These methods 
enable exploration of interactions among different operational 
variables, further improving CPUE standardisation (Maunder 
et al. 2020).

Spatiotemporal modelling approaches can yield more precise, 
biologically reasonable, and interpretable estimates of fish 
abundance compared to design-based or spatially stratified 
models (Shelton et al. 2014; Grüss et al. 2019). Incorporating 
spatiotemporal random effects can serve as proxies for dy-
namic environmental variables, particularly when inter-
actions between these effects are included to account for 
temporal variations in unmeasured environmental conditions 
at any given spatial location (Hoyle et al. 2024) and character-
ise distribution shifts, thereby enhancing the robustness and 
reliability of estimates.

Another significant development in modelling is the use 
of geostatistical models based on Gaussian Random Fields 
(GRFs), which reduce estimation errors compared to tra-
ditional methods that model spatial patterns as stratified 
regions (Zhou et  al.  2019). This approach, using sdmTMB1 
(Anderson et al. 2024), has been used in CPUE analyses for 
recent WCPO tuna assessments, including for SPA (Teears, 
Castillo-Jordán, et al. 2024). This geostatistical approach, in-
corporating advanced techniques, such as Integrated Nested 
Laplace Approximations (INLA), allowed for the inclusion 
of additional covariates and improved the representativeness 
and explanatory power of the CPUE models (Magnusson 
et al. 2023; Teears et al. 2023).

Within WCPFC's 2024 SPA stock assessment, the impact of 
habitat suitability on CPUE was incorporated pragmatically 
by excluding data from spatial cells where the mean surface 
temperature over the period was < 16°C (Teears, Hampton, 
et  al.  2024). With improved understanding of the impact of 
climate change in the Pacific, these approaches can be refined 
in future models. The application of this very simplistic tem-
perature threshold could be improved by building in habitat 
suitability variables from models such as SEAPODYM (Senina, 
Lehodey, Hampton, and Sibert  2020; Senina, Lehodey, Sibert, 
and Hampton 2020) as covariates in the spatiotemporal CPUE 
models.

Most current treatments of CPUE data and their environmen-
tal influences focus on the two-dimensional horizontal space. 
However, SPA and other tuna inhabit a three-dimensional eco-
system, with the vertical dimension being subject to consider-
able environmental variation on multiple time scales, including 
those relevant to climate change. Time series of longline CPUE 
data often form the basis of the abundance indices used within 
tuna assessments. The vulnerability, and hence fishing mor-
tality, of SPA and other tuna to longline gear is strongly im-
pacted by the depth distribution of the fish in relation to the 
depth of the fishing hooks. Both distributions are impacted by 
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environmental characteristics that vary in time and space. For 
example, SPA depth distribution is strongly influenced by am-
bient temperature, the level of dissolved oxygen and prey avail-
ability; and the fishing depth of longline hooks is determined 
both by the physical characteristics of the gear (hooks between 
floats, branch line length) and local environmental conditions, 
particularly currents. These variables will be influenced by cli-
mate change.

Early attempts to employ ‘habitat-based’ CPUE models (e.g., 
Bigelow et al. 2002) usefully demonstrated the importance of en-
vironmental variability on the interpretation of longline CPUE, 
but data on the depth distribution of the tuna were lacking. In 
recent years, more data on the environmental drivers of tuna 
depth distribution have become available through archival tag-
ging studies (Fuller et  al.  2015; Williams et  al.  2015; Abascal 
et al. 2018). The use of these data to characterise tuna depth dis-
tribution in time and space has the potential to inform inclusion 
of other physicochemical variables as covariates in CPUE anal-
ysis to improve the reliability of CPUE-based indices of relative 
abundance of SPA.

RFMOs need to ensure CPUE standardisation models continue 
to develop in ways consistent with global best practice, and a col-
laborative approach is recommended. These models need to be 
cognisant of the potential impacts of climate change to ensure 
that CPUE trends are representative of true abundance trends, 
rather than climate/oceanographic influences on spatiotempo-
ral dynamics. To inform these models, time series of fine-scale 
data on fishery operations are needed, integrating vessel-level 
catch and operational data sources (i.e., logbooks, VMS records, 
electronic monitoring and observer reports, transshipment logs) 
with oceanographic variables (Frawley et al. 2022).

2.4   |   Ensure Advice Is Adaptive and Robust to 
Climate Change, Including Through Harvest 
Strategies

Scientific advice and the associated management decision-
making process at national and regional scales have often taken 
many years to develop. Adapting fisheries management to the 
impacts of climate change can also be expected to take time, pro-
gressing from alterations to the benchmarks or reference points 
used to assess stock status, through to the frequency and mecha-
nisms with which advice is amended and delivered, and the way 
new fisheries regulations are implemented.

WCPFC has adopted depletion-based sustainability bench-
marks for assessing tuna stock status, including for SPA (Teears, 
Castillo-Jordán, et  al.  2024; Berger et  al.  2013). These bench-
marks use the estimated adult biomass as a proportion of that 
expected in the absence of fishing. Importantly, the depletion 
is estimated dynamically, which takes into account temporal 
changes in recruitment. Dynamic depletion metrics are consid-
ered to be more robust to uncertainties in our knowledge of tuna 
productivity parameters—in particular, the form and steepness 
of the stock–recruitment relationship—than the estimate of 
maximum sustainable yield used by many other RFMOs (Preece 
et al. 2011). Although the robustness of dynamic depletion met-
rics to the impacts of climate change is yet to be tested, they may 

be more robust where ocean warming affects the recruitment 
dynamics of a stock.

Benchmarks are applied within the harvest strategy being im-
plemented to manage a fishery, and the effectiveness of that 
strategy needs to be tested in the face of climate change uncer-
tainty. However, there is a subtle difference between adaptive 
and robust harvest strategies. Adaptive strategies emphasise 
the importance of using dynamic management measures that 
change over time through continuous learning about biological 
and ecological variations induced by ocean warming. Although 
adaptive strategies may be optimal, they are subject to higher 
risks, especially when the effects of increased GHG emissions 
are highly uncertain. They are also typically not based on prea-
greed tested rules (i.e., harvest control rules) for adjusting fish-
ing opportunities. Robust harvest strategies are better able to 
cope with greater uncertainty while still achieving management 
objectives reasonably successfully (Charles  1998). However, 
their performance must still be monitored to enable their mod-
ification if significant change within the system leads to condi-
tions in which the harvest strategy is no longer suitably robust.

The design of a management strategy will therefore be influ-
enced by the extent to which the effects of climate change on 
ecosystems and fish populations are understood and built into 
a testing phase using computer simulations. The redistribution 
of SPA provides an example. Higher certainty that ocean warm-
ing will lead to the redistribution of SPA would enable WCPFC 
and IATTC to consider implementing management strategies 
that explicitly account for the expected spatial variation in bio-
mass. Conversely, if the effects of ocean warming on recruit-
ment and productivity of SPA are quite uncertain, management 
strategies can be developed that are robust to those uncertain 
climate-induced changes in productivity and their performance 
monitored.

Management strategy evaluation (MSE) is a useful way to test 
different types of strategies and scenarios at various levels of un-
certainty, simulated via different sets of operating models. For 
example, uncertainties against which candidate WCPFC har-
vest strategies for SPA are to be tested include elements of the 
impact of future climate change (Scott et al. 2024).

We recommend that RFMOs use simulation analyses such as 
MSE to test proposed management strategies against desired 
benchmarks (objectives) and develop strategies that account for 
climate change uncertainty. Ensuring the climate robustness of 
the existing or proposed management framework in the near 
term will allow RFMOs to adapt their wider processes to ensure 
decision-makers are confident that they are receiving the best 
scientific advice.

3   |   Conclusion

There is a pressing need for RFMOs to collaboratively em-
brace the scientific advice required to co-ordinate sustainable 
harvests for transboundary stocks between and within their 
jurisdictions as climate change alters the distribution and abun-
dance of fish. Investments in the four areas of research iden-
tified through the SPA case study not only promise to inform 
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improved frameworks for cooperative management between 
WCPFC and IATTC called for by Goodman et al.  (2022); they 
should also provide examples for other RFMOs to sustain the 
production of other stocks impacted by climate change. To fulfil 
their important roles effectively in the face of climate change, 
RFMOs will need to ensure that the advice they receive on the 
impacts of ocean warming on the biology of target species, and 
the incorporation of this knowledge within the modelling pro-
cesses they depend on to inform harvest strategies, is relevant, 
timely and robust.
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Endnotes

	1	Species distribution model (sdm) Template Model Builder (TMB) is an 
R package described in Anderson et al. (2024).
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