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The impacts of climate change are expected to have profound effects on the fisheries of the Pacific Ocean, including its tuna fisheries, the largest globally. This study examined the combined effects of climate change on the yellowfin tuna population using the ecosystem model SEAPODYM. Yellowfin tuna fisheries in the Pacific contribute significantly to the economies and food security of Pacific Island Countries and Territories and Oceania. We use an ensemble of earth climate models to project yellowfin populations under a high greenhouse gas emissions (IPCC RCP8.5) scenario, which includes, the combined effects of a warming ocean, increasing acidification and changing ocean chemistry. Our results suggest that the acidification impact will be smaller in comparison to the ocean warming impact, even in the most extreme ensemble member scenario explored, but will have additional influences on yellowfin tuna population dynamics. An eastward shift in the distribution of yellowfin tuna was observed in the projections in the model ensemble in the absence of explicitly accounting for changes in acidification. The extent of this shift did not substantially differ when the three-acidification induced larval mortality scenarios were included in the ensemble; however, acidification was projected to weaken the magnitude of the increase in abundance in the eastern Pacific. Together with intensive fishing, these potential changes are likely to challenge the global fishing industry as well as the economies and food systems of many small Pacific Island Countries and Territories. The modelling framework applied in this study provides a tool for evaluating such effects and informing policy development.
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INTRODUCTION

Ocean ecosystems are some of the largest wilderness areas remaining on Earth. The Pacific Ocean, for example, at approximately 168 million square kilometres, is the planet’s largest single feature, covering one third of the Earth’s surface. In addition to their conservation value, pelagic fishes from these ecosystems support fisheries that account for a substantial portion of all-ocean seafood harvests (FAO, 2020). The gradual warming and acidification of the Earth’s oceans (e.g., Caldeira and Wickett, 2003; Feely et al., 2004; Barnett et al., 2005; Iida et al., 2021) due to anthropogenic carbon dioxide (CO2) emissions has the potential to affect the distribution and population dynamics of many marine organisms (Fabry et al., 2008; Doney et al., 2009; Kroeker et al., 2013; Poloczanska et al., 2013) including pelagic species. Moreover, the speed of change in marine ecosystems due to CO2 emissions is projected to be rapid (Pörtner et al., 2014; Pecl et al., 2017), potentially outpacing our ability to understand the complex climatic processes at play. Our knowledge is particularly limited for the ocean pelagic ecosystem, which represents a significant challenge to fishery resource managers and policymakers, who need to account for climate change (including ocean acidification) in addition to the impacts of fishing pressure on fish stocks and marine ecosystems (Rice and Garcia, 2011; Hobday et al., 2013; Salinger, 2013; Salinger et al., 2013).

Increased atmospheric CO2 is expected to alter global atmospheric temperatures with follow-on effects resulting in changes to ocean water temperatures, currents, ocean productivity and dissolved oxygen (Pörtner et al., 2019). Each of these variables influences the population dynamics of pelagic species (Lehodey et al., 2010a; Lehodey et al., 2010b; Lehodey et al., 2011; Dragon et al., 2015; Lehodey et al., 2015a; Dragon et al., 2017; Senina et al., 2020a). Increased CO2 absorption in our oceans shifts the carbonate chemical equilibrium of seawater towards a lower pH and lower calcium carbonate saturation states (Doney et al., 2009). These chemical changes are expected to impact many calcifying species, e.g., shell-forming marine organisms (Orr et al., 2005; Fabry et al., 2008; Doney et al., 2009; Gattuso and Hansson, 2011; Doney et al., 2020) and can also affect fishes through effects on acid-base regulation, internal calcification processes and respiration (Heuer et al., 2016; Stiasny et al., 2016; Grosell et al., 2019; Laubenstein et al., 2019; McMahon et al., 2020).

Global catches from near-shore and oceanic pelagic fisheries reached 9.5 million tonnes in the 2000s (Juan-Jorda et al., 2011) and provide a multitude of food, health and economic benefits to coastal and fishing nations. In the western and central Pacific Ocean, fish are necessary to meet the food security needs of island populations, and its tuna fisheries provide substantial income for most island economies (Gillet, 2009; Gillet and Cartwright, 2010; Bell et al., 2015; Bell et al., 2021). Beyond traditional food security and economic perspectives, tuna fisheries are a key component of the entire food system of Oceania, with cultural, societal and public health values and benefits (Bell et al., 2015; Pauwels and Fache, 2016). While several studies have predicted how ocean warming will affect Pacific tuna populations (Lehodey et al., 2013; Lehodey et al., 2015a; Dueri et al., 2016), there are only two studies that have examined how ocean acidification may affect these species and associated fisheries (Bromhead et al., 2015; Frommel et al., 2016). Despite substantial knowledge gaps on the expected impacts on tunas, fishery resource managers and policymakers will be increasingly challenged by the need to develop responses that mitigate the negative effects of a changing climate within the context of considerable uncertainty about ecosystem processes. Here, we use the SEAPODYM framework to parameterise an ensemble of models to summarise the population dynamics of yellowfin tuna, and to simulate the combined effects of ocean warming and acidification on yellowfin tuna distribution and abundance. SEAPODYM is a spatially explicit ecosystem dynamics model that integrates environmental, biological and fisheries data (Lehodey et al., 2008) to estimate population dynamics parameters (Senina et al., 2008; Senina et al., 2020b), and offers a framework for evaluating the combined effects of ocean warming and acidification on tuna populations in the Pacific Ocean.



METHODS

The modelling approach of SEAPODYM (see Note 1: Supplementary Material) has been extensively described (e.g., Lehodey et al., 2003; Lehodey et al., 2008; Senina et al., 2008; Senina et al., 2020b; Senina et al., 2022). The SEAPODYM model equations describe population dynamic processes (spawning, recruitment, movement, mortality) based on functional relationships with temperature, dissolved oxygen concentration and distributions of prey (micronektonic tuna forage). The model simulates age-structured population dynamics distinguishing between four life stages: larval, small juveniles of few months of age, young immature, and mature adult stages. At larval and juvenile phases, the biomass of fish is advected by currents and dispersed both with water masses and their random motions. When they become more autonomous at older ages, in addition to passive transport, their movement has active advective and diffusive components linked to their size and the habitat quality. The model accounts for fishing and predicts total catch and size frequencies of catch by fishery, the observed quantities of which are used to condition the parameterization and evaluate model fit. The spatial dynamics, relying on advection-diffusion-reaction equations, are fully explicit, meaning that biomass density of fish population and catch are computed in each cell of a grid defined for the model domain. The Maximum Likelihood Estimation approach developed for SEAPODYM (Senina et al., 2008; Senina et al., 2020b) takes advantage of this spatially explicit representation by integrating the numerous catch/effort, length frequencies of catch, and tagging data available (see Supplementary Material Table S1). In this work, the available tagging data were used only for the estimation of habitat parameters.


Integrating Ocean Acidification

Natural mortality is computed in SEAPODYM as a sum of functions describing the rates of population decay due to processes associated with predation and senescence with an added effect of environmental variability expressed through a habitat index to allow mortality at age to be variable in space and time (Senina et al., 2020b). The habitat index describes suitability of habitat for spawning success and larval survival as a function of sea-surface temperatures, primary production (a proxy for prey of larvae) and epipelagic micronekton that are larval predators (Senina et al., 2020b). The impact of acidification was incorporated by introducing an additional variable term to the larval (0-1 month of age) mortality rate, computed from the functional relationship describing the increase of larval mortality with increasing acidity (Figure 1). The spatial resolution of SEAPODYM allows the spatial and temporal variability of acidification in the Pacific Ocean (e.g. McNeil and Sasse, 2016; Figure 2) to be explicitly included rather than simply an average effect.




Figure 1 | Change in additional monthly mortality rates of yellowfin larvae deduced from experimental results (Bromhead et al., 2015; Frommel et al., 2016) corresponding to 70%, 64% and 27% (red points) decrease in larvae survival during first 7 days of life at pH value of 6.9, 7.3, 7.6 respectively. The solid line shows the analytical function implemented in SEAPODYM to account the impact of acidification with these three mean values (scenario SOA1). Two other curves (dashed, SOA2 and dotted, SOA3) are high and low sensitivity scenarios to account uncertainty at higher levels of pH. The shaded area corresponds to the historical pH values estimated in the epipelagic layer of the ensemble models (see Figure 2).






Figure 2 | Boxplots on the distribution of pH in the epipelagic layer where yellowfin tuna larvae are predicted to occur (density threshold is set to 0.1). Data aggregated by decade (1981-1990; 1991-2000; etc). Historical values of pH (HISTORIC) are from the ERA40 INTERIM renanalysis forcings. Future values of pH are from the GFDL and IPSL CMIP6 earth climate models used in the ensemble (see Table 1).



The parameterization of the response to pH was based on the experimental study described in Bromhead et al. (2015) and Frommel et al. (2016). Lower pH was found to significantly reduce larval survival by 64% and 70% (pH 7.3 and 6.9 respectively) during the first 7 days compared with ambient controls (pH 8.1) (Frommel et al., 2016). For the less extreme pH reduction tested (pH=7.6) the mean reduction in survival was 27%, although this result was not statistically significant. A logistic function (Figure 1) was fitted to the estimates of Frommel et al. (2016) assuming maximum mortality (due to ocean acidification) at a pH of 6.9 and zero mortality (due to ocean acidification) at a pH =8.1. The other mean estimates from Frommel et al. (2016) at pH values of 7.3 and 7.6 were used to shape the analytical function. To test how sensitive results may be to this analytical function, the logistic curve was also shaped using the highest and lowest mortality values estimated for pH=7.6 in Frommel et al. (2016) (Figure 1).

The early life stages of fishes can be particularly vulnerable to ocean acidification, due to a small body size and high surface to volume ratio, as well as immature acid-base regulatory organs (Brauner et al., 2019). To convert our analytical function describing acidification induced mortality to a monthly mortality coefficient for application in SEAPODYM, we assumed that there was no additional mortality due to ocean acidification after 7 days (i.e. when the tuna have completed organogenesis and are able to effectively regulate acid-base balance). This was derived from the observed reduction in survival rate due to pH conditions. For instance, a 70% decrease in larvae survival at pH 6.9 results in an additional monthly mortality coefficient of 1.2 (Figure 1). The simulated acidification effect did not consider impacts on lower trophic orders within the SEAPODYM framework.



Simulating the Combined Effects of Ocean Warming and Acidification

A 2° regular grid at monthly time step was used to solve numerically the optimal solution of SEAPODYM. The age structure of yellowfin was discretized between 0 and agemax = 10 (yr) into monthly cohorts for the first five years and a last cohort aggregating oldest individuals. Age-length and age-weight relationships were derived from the estimates reported in Langley et al. (2011). The species was assumed to be an opportunistic spawner with a local spawning success proportional to the spawning habitat index and the larvae stock-recruitment (Beverton and Holt) function computed at the cell level. The initial conditions at the beginning of the simulation (1979) were obtained using the previous reference configuration for yellowfin tuna (Senina et al., 2015).



Parameter Optimization

The SEAPODYM model parameters were estimated for yellowfin tuna for the historical period 1979-2010. Environmental forcings (water temperature and currents, dissolved oxygen concentrations, total vertically-integrated primary production and euphotic depths) were provided by the ocean model NEMO (www.nemo-ocean.eu/) coupled to the biogeochemical model PISCES (Pelagic Interaction Scheme for Carbon and Ecosystem Studies; Aumont et al., 2015). Ocean Acidification (pH) was not included in the environmental forcings for the optimization. The ocean physical model was driven by the ERA40-INTERIM atmospheric reanalysis (atmospheric temperature, zonal and meridional wind speeds, radiative heat fluxes, relative humidity, and precipitation) which has been corrected using satellite data (Dee et al., 2011). All forcing variables are interpolated on the same regular grid and time (Aumont et al., 2015). The coupled NEMO-PISCES model outputs were first used to simulate the micronekton functional groups (Lehodey et al., 2010a; Lehodey et al., 2015b). SEAPODYM forcing fields were then complete and model parameters were estimated by fitting model predictions to fisheries catch, CPUE and length frequency data (Supplementary Material Table S1) using a maximum likelihood estimation approach (Senina et al., 2008; Senina et al., 2020b).

Once the optimal parameterization was achieved and validated by statistical fits to the data, one more simulation was produced without fisheries data. In this analysis without fishing mortality, the stocks rapidly increased and reached an equilibrium state in a time that is defined by the life span and the estimated stock-recruitment relationship. We assume that at the end of the 30-year reanalysis, the population was at its virgin (unfished) state and influenced by environmental variability only. The population state in December 2010, the last time step of the reanalysis, was saved to serve as the initial condition for the projections starting in 2011. The simulation ensembles were then produced without fishing and thus highlight the impact of climate change only.



Projections of Ocean Futures

Previous studies have shown that each earth climate model has its own biases and errors that can propagate in the projections of tuna populations (e.g., Lehodey et al., 2013). To overcome these biases a projection ensemble approach to simulations in model forcings was applied to account for the uncertainty (Bell et al., 2021; Receveur et al., 2021). The ensemble included four different earth climate models (Table 1) obtained from the Coupled Model Inter-comparison Project Phase 5 (CMIP5). The models selected were those that captured cycles similar to El Niño Southern Oscillation (ENSO) in their simulations (Bellenger et al., 2014). The scenario used was the RCP8.5 (business as usual) as defined by IPCC for the 5th assessment exercise.


Table 1 | Description of the ensemble of 18 simulations used in this study. The last column provides a descriptor of the model uncertainty considered in each scenario.



We applied the ensemble model described in Bell et al. (2021) and Receveur et al. (2021) to project ocean futures. Briefly, each earth climate model was coupled to NEMO-PISCES to generate SEAPODYM environmental forcings for the period 2011-2100. The low frequency trends from the climate model atmospheric variables were extracted and smoothed with a 31-year wide Hann filter. They were then added to three successive cycles of 30 years of the atmospheric INTERIM reanalysis variables prior to coupling with NEMO-PISCES. The results were 90-year atmospheric forcing sets that span the period 2011-2100 and mix the past observed variability with long-term trends due to climate change. A control simulation (three successive repetitions of the reanalysis) with the coupled physical-biogeochemical model was produced to verify that there was no long-term trend generated that was not associated with the climate change forcing. This approach has the advantage of applying one single and best optimal solution over the historical period with all future projections consistent with the historical period since they share the same mean state. A simulation of this ensemble with the effect of ocean warming alone defined our reference (REF4) for comparing scenarios that included either the additional effects of altered primary productivity or availability of dissolved oxygen.

Three scenarios were tested using the functional relationship between pH and larval mortality described in Figure 1: SOA1 was the intermediate scenario based on the three mean values of mortality observed in Frommel et al. (2016); SOA2 was a high mortality scenario; and SOA3 was a low mortality scenario as a function of pH as in Figure 1. A climatological distribution for pH was only available for both the MROC and MPI forcings and they were not included in the ensemble for these ocean acidification scenarios. As such, the ensemble for projected changes in ocean acidification only included the GFDL and IPSL environmental forcings. Both scenarios show median pH level of 8.13 for larval habitat during the model optimization period, with decreasing trends from 2010 (Figure 2). The pH values used were the mean values for the epipelagic layer (in time and space). As the ensemble was reduced to two environmental forcing for these scenarios examining the additional effects of ocean acidification the REF4 ensemble was also revised to only include the GFDL and IPSL forcings (REF2) for the purpose of comparing changes due to acidification. Note in the biogeochemical models used, pH was computed using a relationship to the CO2 concentration without any interaction with primary production. Hence any feedback between changing pH and primary production was not included in the projections.

Population dynamics of tropical tunas have been shown to be sensitive to the projected decrease in primary production in the western equatorial Pacific, and to declines in dissolved oxygen concentration in the eastern equatorial Pacific (Lehodey et al., 2013; Lehodey et al., 2015a). Long-term trends projected with coarse resolution, coupled physical-biogeochemical models are uncertain for these two variables. Warming induced increases in phytoplankton growth, intensification of the microbial loop, or stronger mixing that is not well represented in climate models using coarse resolution, can counter-balance classical expected nutrient limitation due to increased stratification at low latitude (Laufkötter et al., 2015; Matear et al., 2015). For example, Matear et al. (2015) showed that an enhanced-resolution model projected enhanced vertical shear mixing, increased vertical supply of nutrients to the photic zone, and increased sub-surface phytoplankton concentrations which resulted in an increase in sub-surface phytoplankton concentrations that offset the decline in surface phytoplankton concentrations and results in a projection of almost no change in the western tropical Pacific primary productivity. In contrast, the low-resolution model projected in Matear et al. (2015) showed a substantial reduction in phytoplankton concentrations and primary productivity. To account for this uncertainty, one additional member in the simulation ensemble (SPP1) includes a gradual increase in primary production in warm waters of the tropics, defined by SST > 27°C, to a level approximating the historical average level (i.e. pre-2010).

Decreasing trends in dissolved oxygen concentration have also been detected from historical datasets (Schmidtko et al., 2017), although their origin (observation errors, natural variability or climate change) is not yet clear. To evaluate uncertainty to dissolved oxygen, an additional member of the ensemble (SDO1) used climatological distribution of dissolved oxygen concentration instead of model projection.

Taken together, these different simulations produce an ensemble of 18 members (Table 1). Impact of these futures was analyzed by extracting the mean and standard errors of biomass of yellowfin tuna for the adults and recruits from each of the simulation ensembles. The yellowfin tuna population is simulated in the absence of fishing because (i) it is difficult to predict how the distribution of fishing effort would respond to distributional changes in the population; and (ii) estimated unexploited population trends would more clearly isolate the impacts of climate change, including ocean acidification effects. We examined the effect of these climate change impacts by comparing changes in biomass between those predicted in 2050 (calculated as the average between 2045-2055) and 2015 (calculated as the average between 2011-2020).

To quantify spatial changes in distribution of biomass, the Pacific was subdivided into five regions (North Pacific Ocean (NPO), Western Tropical Pacific Ocean (WTPO) and Central Tropical Pacific Ocean (CTPO), Eastern Tropical Pacific Ocean (ETPO) and South Pacific Ocean (SPO); see Figure S1 in Supplementary Material). When aggregating biomass to represent the Western and Central Pacific Ocean (WCPO) and Eastern Pacific Ocean (EPO) the Pacific was divided at the 150°W line of longitude.




RESULTS


Reference Simulation From Historical Hindcast (1980-2010)

The SEAPODYM solution for Pacific yellowfin tuna was achieved with the full catch-and-effort dataset being raised to the total nominal catch (see Table S2; Figures S2; S3; S4 in Supplementary Material). There was contrast in the final solution for larval distribution with areas of less dense concentrations in the central equatorial region, and higher densities in the eastern and western regions (Figure 3). The effect of fishing was predicted to have reduced the adult (spawning) biomass from unfished estimates in 2010 by 45% from 6.4 mt to 3.6 mt (Figure S5a in Supplementary Material). This fishing impact was highest in the WTPO and ETPO for both the immature (purse-seine caught) and mature (purse-seine and longline caught) components of the population and less prevalent in the CTPO (Figures S5b; S5c in Supplementary Material).




Figure 3 | Maps of average distribution from the ensemble simulation of (top-left) yellowfin larvae in Nb/sq. km and (top-right) total unexploited (without fishing) biomass (top-right) in mt/sq.km predicted by SEAPODYM in 2001-10. The color maps for 2050 (2044-53) show the average biomass change since 2015 (in respective density units) projected to occur under the high emissions scenario RCP8.5.





Projection of Climate Change Effects Under Scenario RCP8.5

The predicted impact of climate change on the yellowfin tuna population was mainly driven by the change in the spawning habitat and subsequent larval recruitment in the equatorial region of the Pacific Ocean (20°N to 20°S). The projections of the REF4 ensemble showed opposite anomalies forming between the ETPO and WTPO by 2050 (Table 2 and Figure 3). A mean decrease of 10% was predicted in larval biomass for the WTPO and 5% for the CTPO respectively, whereas a mean increase of 30% was predicted for the ETPO (Figure 3, 4). The total reference biomass of yellowfin tuna (immature and mature combined) was projected to be stable at the basin-scale, but there was a clear shift in population density from the WTPO (Figure 3, 4). A 6% mean decrease (range -2 to -12%) by 2050 was predicted in total biomass for the WTPO whereas mean increases of 26% (range 7 to 49%) was predicted for the ETPO, 7% (range 4 to 9%) for the NPO and 10% (range 1 to 24%) for the SPO respectively (Table 2). No mean change (0%) was estimated for total biomass in the CTPO however the range varied between -7 to 7% (Table 2).


Table 2 | The variability of projected changes (defined as the difference between the projected and reference biomass relative to the reference biomass) by large oceanic region and each model forcing for the yellowfin tuna stock in 2050 (average over January 2046 – December 2055) from the ensemble simulations for Pacific regions.






Figure 4 | Envelope of predictions of larvae and total biomass computed from simulation ensembles under IPCC RCP8.5 scenario for the western central (WCPO) and eastern (EPO) Pacific Ocean. The change in larvae and total biomass, from 2011 onwards, is presented with the average (dotted line) and its envelope bounded by the 5% and 95% quantile values of the simulation ensembles.



The initial increase in larval and total reference biomass observed in the ensemble envelope immediately at the start of the simulation period is principally in response to the forcings of the MIROC and MPI ensemble members (Figure 4 and Figure S6a in Supplementary Material). Both MIROC and MPI predict much higher primary productivity for the period 2010-2045 which corresponds to high estimates for all forage groups through this period in comparison to the IPSL and GFDL ensemble members (Figure S6b and Figure S6c in Supplementary Material; Bell et al., 2021). The four ensemble members show convergence after 2045 (Figures S6a in Supplementary Material).

The addition of ocean acidification scenarios resulted in detectable impacts on the total reference biomass (Table 2 and Figure 5). A small negative effect (~1% change in biomass) was evident under the intermediate SOA1 scenario on the trends projected due to ocean warming in REF2. The predicted increases in the ETPO were weakened and the predicted decreases in biomass in the CTPO and WTPO were strengthened (Table 2). A larger effect of acidification was predicted for the higher mortality SOA2 scenario. This scenario reduced the REF2 predicted ETPO increase in biomass by 11% and strengthened the decrease in biomass in the CTPO and WTPO by 7% and 6% respectively (Table 2). There was no discernable effect for the low mortality SOA3 effect (Table 2). The total reference biomass in 2050 was reduced by 6% and 10% in the WCPO (Figure 5A) and EPO (Figure 5B) respectively, under SOA2 from the biomasses estimated in the REF2 simulation. Negative effects on larval density were evident by 2050 in the EPO for the intermediate scenario SOA1 (Figure 6). The higher mortality scenario SOA2 showed a stronger negative impact on larval density in the CTPO and ETPO. The impact of the higher mortality scenario due to acidification was visible at the end of the historical period (Figure 6). The projected decreases in pH to 2050 increased the magnitude and spatial extent of the negative impact on larval density in the CTPO and ETPO (Figure 6).




Figure 5 | Top panels (A, B) projection mean of total yellowfin biomass for scenarios REF4 (reference), SPP1 (primary production), and SDO1 (no change in dissolved oxygen concentration). Bottom panels (C, D) projection mean of total yellowfin biomass for scenarios REF2 (reference), SOA1 (intermediate impact of ocean acidification on larval mortality) and SOA2 (high impact of ocean acidification on larval mortality). Note that SOA1 and REF2 are indistinguishable.






Figure 6 | Change in density of yellowfin tuna larval recruits due to ocean acidification effects included in SEAPODYM, in 2015 (average of 2011-2020) and 2050 (average 2044-2053) for intermediate scenario SOA1 and high sensitivity scenario SOA2. There is no change for scenario SOA3. The color maps show the average density (thous.Nb/sq.km) change, and isopleths give the relative percentage change in density with respect to the density in respective year projected to occur without ocean acidification effect under a high emission scenario (RCP8.5) with 2 atmospheric forcings derived from Earth Climate models.



Yellowfin tuna dynamics were also sensitive to the other potential changes in oceanography (Figure 6). Decreases in dissolved oxygen predicted by earth climate models resulted in lower total reference biomass for those models, when compared to the scenario with no decrease in dissolved oxygen (SDO1), with this effect particularly apparent in the NPO, SPO and ETPO where biomasses were respectively, 11%, 5% and 18% higher under the SDO1 scenario (Table 2 and Figure 5). The scenario correcting for a possible underestimation of primary production in the tropical ocean had a positive effect. Under this scenario (when primary production gradually increases up to 10% at the end of the simulation in waters above 27°C), the mean total reference biomass of yellowfin tuna increased up to 9%, 9%, 9%, 7% and 12% by 2050 in the NPO, WTPO, CTPO, SPO and ETPO respectively, when compared to the REF4 scenario (Table 2 and Figure 5).




DISCUSSION

While the ocean is warming, it is also absorbing about a quarter of the anthropogenic CO2 released into the atmosphere, changing the chemistry of the seawater to more acidic conditions. These changes are expected to have consequences for many marine organisms, leading to changes in population abundances and species distributions, trophic network organization, and patterns of biodiversity (Hoegh-Guldberg et al., 2014; Pörtner et al., 2014; Stiasny et al., 2016; Sunday et al., 2017). Understanding the effects of multiple climate drivers acting simultaneously is difficult, and yet better understanding of these effects is needed (Boyd et al., 2018). The approach developed in this study provides a general framework to investigate the future of tuna populations under the impact of changes from multiple oceanic variables. It integrated key relationships between fish population dynamics and the environmental conditions of their marine ecosystem in a spatially explicit representation, with a robust estimation approach of population dynamics and fisheries parameters. The modelling framework allowed for the combined effects of ocean warming, acidification and changing ecosystem function to be evaluated at the population level.

Our analyses represent a significant step forward for evaluating the impacts of climate change on tuna resources in the Pacific Ocean. In previous modelling studies, the IPCC climate change AR4-A2 scenario (“business as usual”) was used with this model to project the future of different Pacific tuna populations (Lehodey et al., 2010b; Bell et al., 2013; Lehodey et al., 2013; Lehodey et al., 2015a). The potential for ocean acidification impact was not included as little knowledge was available to model the effect on tuna biology and thus population dynamics. Recent experimental studies on yellowfin tuna (Bromhead et al., 2015; Frommel et al., 2016) provided the first information making the inclusion of ocean acidification tractable. This information has been used in this study to introduce potential impacts of ocean acidification on the most critical and environmentally sensitive stage (larvae) of the fish life cycle. The ensemble approach adopted with additional effects of ocean acidification and potential changes in ocean dynamics provides a more representative evaluation of the variation in response by yellowfin tuna that can be expected under future ocean conditions.

An eastward shift in the distribution of yellowfin biomass was observed in the projections of the model ensemble in the absence of explicitly accounting for changes in acidification, primary productivity and dissolved oxygen. A similar impact of ocean warming (by 2050) has been predicted for skipjack and bigeye tuna in the Pacific Ocean (Bell et al., 2021). The extent of this shift for yellowfin tuna did not substantially differ when the three acidification scenarios were included in the ensemble; however, acidification was projected to weaken the magnitude of the increase in abundance projected in the ETPO in the absence of fishing. While the acidification impacts were predicted to be small in comparison to the ocean warming impact in the ETPO for our low and intermediate mortality scenarios, they were substantially larger for the highest mortality scenario explored.

These simulations demonstrate that the differing disturbances climate change imposes on marine ecosystems is not an “either or” scenario: both warming and acidification are expected to impact tuna populations into the future, and therefore the finding that acidification can reduce tuna biomass over and above the effects due to warming, is an important consideration for fisheries management. The ensemble for the acidification scenarios was reduced to the IPSL and GFDL earth climate models as only climatology pH values were available for the other two ensemble members. Both predicted lower primary production to 2050 than the MIROC and MPI earth climate models. Consequently, our simulations represent the more pessimistic futures of our ensemble. We also only modelled the effects of a mean decrease in pH in the epipelagic layer at a coarse spatial and temporal resolution (2 degrees by month). However, both the magnitude and range of pH reductions due to ocean acidification are expected to increase in the future at local scales (McNeil and Matsumoto, 2019). For example, the pH in the EPO in the vicinity of the Achotines Laboratory in the northern Panama Bight, where the experiments of Bromhead et al. (2015) were undertaken, is often at levels between 7.7 and 7.8 (internal water monitoring records of the Inter-American Tropical Tuna Commission Achotines Laboratory). These values are lower than the range of values in our forcings ensemble. Exposure to (naturally) fluctuating low pH conditions can have very different effects to those in constant pH reductions (e.g. Onitsuka et al., 2018; Jiang et al., 2019). Thus, it is possible that the integrated effects of frequent peaks of low pH have a stronger impact than that computed with the mean at lower frequency. This possibility could be tested in future SEAPODYM simulation with environmental forcings configured for higher temporal and spatial resolution. Such forcings would need to modulate the local-scale chemical, biological and physical processes that generate acidification hotspots (McNeil and Matsumoto, 2019). Ideally these processes need to be integrated within the next generation of CMIP models to ensure coherence between local and basin scale processes.

The changes in biomass distribution observed in our analyses are driven largely by the projected weakening of equatorial upwelling and current systems, and the warming of waters and associated increase of water stratification in the western region leading to lower primary production (Steinacher et al., 2010; Bopp et al., 2013). The favorable effects of SST warming on recruitment in the EPO produced a strong effect on larvae to the extent that it compensated for the reduced primary production observed in the GFDL and IPSL models. This observation emphasizes the benefits of examining the impacts of climate on tuna population dynamics within the SEAPODYM framework where non-linear and complex interactions between variables can be integrated. In general, tuna populations are thought to be sensitive to changes in productivity of the food web that supports them, ranging from changes in primary productivity and associated zooplankton on which tuna larvae are feeding to the abundance of micronekton prey for juvenile and adult tuna (Lehodey et al., 2011). In particular, decreases in micronekton are likely to increase natural mortality of tuna and lower the overall production of tuna fisheries in the region (Lehodey et al., 2011). Therefore, improved prediction of changes in ocean productivity under climate change is particularly important. Recent analyses suggest that the failure to include the effects of natural temperature variations in the phytoplankton responses used in CMIP5 models could result in substantial overestimation of actual phytoplankton production rates (Zaiss et al., 2021; Tittensor et al., 2021).

The impacts of acidification on ocean productivity were not considered in our analyses. There is no consensus on the effect of ocean acidification on ocean productivity with various and opposite effects observed from increased resilience (Valenzuela et al., 2018) to growth increase (Monteiro et al., 2016; Tortell et al., 2008) or abundance decrease and loss of diversity (Nagelkerken and Connell, 2015). Many calcareous zooplankton species may be susceptible to dissolution in acidic waters (Flynn et al., 2012; Uthicke et al., 2013; Cripps et al., 2014). Potential changes in the abundance or diversity of zooplankton species may have far reaching consequences in pelagic ecosystems since the connection to zooplankton by higher trophic orders is often the primary trophic pathway (Choy et al., 2015; Hunt et al., 2015; Griffiths et al., 2019) and food limitation has been shown to exacerbate negative effects of climate change on larval fishes (Stiasny et al., 2019). The consequences of changes in zooplankton composition and abundance could result in a general decrease or increase in system productivity without cascading impacts on ecosystem structure (Caron and Hutchins, 2013; Sswat et al., 2018). Alternatively, it may result in large structural changes to ecosystems, such as recent examples of jellyfish eruptions (Richardson et al., 2009). SEAPODYM utilises a Holling-III function to describe the relationship between prey density (zooplankton or primary production as a proxy) and the favorability of the spawning/larvae habitat controlling recruitment. Incorporating the impacts of acidification on trophic processes into SEAPODYM is potentially feasible through increasing the density of prey before the Holling-III function asymptotes with increasing acidity (i.e. effectively adding a third dimension to the Holling-III function).

Ocean warming effects on tuna larvae were integrated into SEAPODYM through an index describing suitability of habitat for spawning success and larval survival as a function of sea-surface temperatures, primary production (a proxy for prey of larvae) and epipelagic micronekton that are larval predators (Senina et al., 2020b).The temperature effect on larvae (modeled by a Gaussian function) had estimated optimal and standard deviation values of 28.94°C and 1.85°C respectively (Table S2). We did not include any threshold value for lethal effects of warming itself on larvae as noted to occur in laboratory experiments (Watson et al., 2018) for yellowtail kingfish (Seriola lalandi) (a coastal pelagic species). Future ocean temperatures were observed in that laboratory study to have a greater effect than predicted future ocean acidification conditions (Watson et al., 2018). Interestingly, in contrast to the laboratory experiments on yellowfin tuna (Frommel et al., 2016), no statistically significant sub-lethal effects were detected through histological examination of organs from samples taken during the same yellowtail kingfish experiments (Frommel et al., 2019), indicating that sub-lethal effects may not be as prevalent in more realistic experiments, although behavioral effects were detected (Jarrold et al., 2020). Conversely, it may be that sub-lethal physiological responses of larvae to acidification may be species-specific. Our mortality functions were based on single factor experiments of pH without crossing the impacts of temperature or parental acclimation (Bromhead et al., 2015). As such we had no observational evidence to parameterize the effect of potential interactions between warming and acidification. Moreover, the habitat index we applied in SEAPODYM is restricted to the epipelagic layer (Senina et al., 2020b). If yellowfin larvae utilize deeper ocean habitat layers, then pH values of these layers would need to be considered. Yellowfin larvae are predominately reported to be found between 0-30 m in the water column (Boehlert and Mundy, 1994; Lauth and Olson, 1996).

We did not include additional larval mortality due to acidification after day 7 when the empirical evidence of Bromhead et al. (2015) and Frommel et al. (2016) ended. Under optimal rearing/experimental conditions, approximately 80-95% of mortality during feeding stages occurs in the first week, however an additional 5-20% of mortality also occurs through juvenile metamorphosis (Margulies et al., 2016). The sublethal effects on larvae detected by Frommel et al. (2016) may also give reason to consider that the mortality may occur beyond day 7. The histological analyses conducted by Frommel et al. (2016) identified clear tissue damage to the kidney, liver and pancreas. These damages are irreversible and additional cumulative mortality would therefore plausibly be extended beyond 7 days of larval feeding. We accounted for this potential for higher mortality by the SOA2 scenario where we fitted the logistic curve through the upper (but not statistically significant) bound of mortality reported at pH=7.6 in Frommel et al. (2016). That is, we accounted for potential mortality after day 7 by increasing the mortality within the first 7 days. If the experiments of Bromhead et al. (2015) and Frommel et al. (2016) were to be repeated, it would be sensible to not only implement a cross design between parental acclimation, temperature, and acidity but also to extend the study duration to 30 days.

Significant sublethal changes in otolith morphology in yellowfin tuna were also observed at pH 7.6 (Wexler et al., 2021) in the experiment undertaken by Bromhead et al. (2015), similar to the effects reported for Mahi-Mahi (Coryphaena hippurus) (Bignami et al., 2014), a species which occupies similar habitats to yellowfin tuna. Altered metabolism, growth and swimming behavior were also reported for this species (Bignami et al., 2014; Pimentel et al., 2014) as was observed for yellowtail kingfish (Jarrold et al., 2020). In a separate study, Heuer et al. (2021) also reported a reduction in metabolic rate of first-feeding yellowfin larvae under increased acidification conditions (1900 μatm CO2). The parameterization of SEAPODYM did not include any changed behavior or growth associated with differing acidification levels.

The projected changes in distribution of tuna are likely to have consequences for fishing operations in the Pacific Ocean, including industrial, artisanal and subsistence fisheries. Changes in the location of fishing grounds and the catchability of tuna by surface and longline fisheries are expected to affect the sector in a similar way to that observed during El Niño events. In particular, fishing grounds are likely to be displaced further eastward along the equator and at higher latitudes, increasing access to tuna resources in international waters (Lehodey et al., 2011; Bell et al., 2013; Bell et al., 2021). Climate driven redistribution of tuna is an ongoing concern for fisheries management in the WCPO with tuna fisheries providing government revenue and supporting food security for the numerous island nations and territories in the region (Bell et al., 2013; Gilman et al., 2016; Bell et al., 2018; Bell et al., 2021). Annual catches of tuna in the WCPO have varied between 2.5-2.9 million mt since 2012 (OFP et al., 2021) of which approximately 57% is harvested annually from the EEZ of these nations (Bell et al., 2021). Access fees paid by tuna-fishing fleets provide between 4 and 84% of all government revenue to these nations (Bell et al., 2021). Yellowfin tuna has also been identified as a priority species to meet future food security needs in the region given its accessibility for artisanal fisheries (Bell et al., 2018). Potential climate adaptation in fisheries policies and management that facilitate access to tuna resources for these nations will need to consider not only the distribution change but also the cumulative negative impacts of ocean acidification and changing productivity.

Our simulations suggest that losses of 15-25 kg/km2 of yellowfin tuna in the exclusive economic zones of Papua New Guinea, Solomon Islands, Nauru, Federated States of Micronesia and the Republic of the Marshall Islands can be expected by 2050 (i.e. a reduction of approximately 75,000-149,000 t across their combined EEZ area of 9.28 Million km2). While the effects of and on fishing were not included in our simulations it is likely that these losses will impact the industrial tuna fisheries operating in these exclusive economic zones and on the supporting food systems of each country. Yellowfin tuna comprises 25% of the 940,000 t of the recent average total annual tuna catch for these EEZs (WCPFC, 2020; Bell et al., 2021). This total tuna catch is expected to decrease to approximately 670,000 t by 2050 due to the effects of ocean warming (Bell et al., 2021) with yellowfin estimated to contribute approximately 177,000 t to this total in 2050. Catches of yellowfin however in near-shore and archipelagic sub-regions have recently contributed approximately 16% to the total yellowfin catch (SPC held catch data). The fisheries in these sub-regions include artisanal and subsistence fishers that supply local markets and value chains in addition to industrial fisheries. Yellowfin tuna catches in these sub-regions could be expected to decrease to approximately 29,000 t by 2050, assuming current fishery gears and effort patterns are maintained. Regionally, the leaders of the Pacific Islands have committed to increase the availability of fish from tuna fisheries for local consumption by 40,000 t per year to meet the food security needs of their populations (FFA and SPC, 2015). While developing opportunities to access fish from tuna fisheries through offloading of catch from the industrial fisheries is an important component to this supply chain (James et al., 2018) the development of robust systems through artisanal and subsistence fishers are also necessary for rural and urban areas away from ports used by industrial vessels (Gillett, 2016). Yellowfin tuna is a priority species for artisanal and subsistence fisheries in the western Pacific as their distribution includes both oceanic and near-coastal habitats (Bell et al., 2018). Industrial and artisanal fisheries already overlap in some regions of the western Pacific (e.g., Tremblay-Boyer, 2013; Leroy et al., 2016). Reduced access to yellowfin tuna either through scarcity of the resource or increased catch variability are likely to increase interactions between these fisheries. Moreover, reduced access is likely to disproportionally impact the value chains provided by artisanal and subsistence fishers as they do not use vessels with the capability to safely fish open ocean and distant habitats (Remola and Gudmundsson, 2018). Much of the focus on preparing the region for the impacts of climate change have centered on the industrial tuna fisheries including the urgent need to reduce green-house gas emissions (Bell et al., 2021). Our simulations suggest that attention is also warranted towards understanding the potential impact on the food systems provided by artisanal and subsistence fishers. Developing methods to reliably project the distribution and extent of future fishing effort will be important for quantifying the impacts on regional food security and artisanal/subsistence fisheries in addition to the impacts on industrial fisheries.

As in many other published studies on the impact of climate change on marine resources and biodiversity (e.g. Dueri et al., 2014; Lehodey et al., 2015a; Bianucci et al., 2016; Gailbraith et al., 2017), we have used projections of physical and biogeochemical forcings derived from earth climate models such as those associated with the World Climate Research Programme’s Coupled Model Intercomparison Project (Meehl, 1995; Meehl et al., 2000). However, the CMIP models have known biases when applied at local and regional scales (Li et al., 2019; Mckenna et al., 2020; Tian and Dong, 2020; Samuels et al., 2021; Tang et al., 2021; Zhu et al., 2021) and without corrections these biases can lead to spurious correlations when estimating habitat parameters over the historical period (Lehodey et al., 2013). Although we applied both bias-correction (as described in Bell et al., 2021) and ensemble simulations (Semenov and Stratonovitch, 2010; Tittensor et al., 2018; Eddy, 2019), there remains considerable uncertainty in our understanding of how the dynamics of the Western Pacific warm-pool will be altered due to climate change (Brown et al., 2014) and how dissolved oxygen availability within the Pacific will change (Ganachaud et al., 2013). This uncertainty may not have been fully captured by the ensemble of models used. Our inclusion of alternate scenarios for primary production and dissolved oxygen demonstrates this sensitivity. Since the Western Pacific warm pool is a key feature that influences the ecology of tuna in the Pacific (Lehodey et al., 2020), we chose four earth climate models that captured the historical dynamics of the Western Pacific warm pool, particularly its association with the El Nino Southern Oscillation phenomenon. Further comparative analyses by adding models, including biogeochemical ones, to this ensemble would aid with identifying and removing bias associated with Western Pacific warm pool dynamics and more fully capture plausible levels of variation. This will be an important next step for modelling the effects of climate on tuna, including longer-term forecast where both CMIP5 and CMIP6 models predict decreases in primary productivity after 2060 (Tittensor et al., 2021; Zaiss et al., 2021). Preliminary longer-term forecasts for Pacific tunas indicate that decreases in primary production are expected to be associated with potential decreases in tuna abundances at basin scales (Bell et al., 2013; Senina et al., 2018; Chang et al., 2021).

The model ensemble used in this study provided a representative evaluation of the variation in ocean conditions that can be expected under future ocean conditions. The models included were chosen on the basis that they captured cycles similar to ENSO in their simulations (Bellenger et al., 2014). However, their dynamics produce divergent regional trends for important ecosystem drivers such as primary productivity. The methods used to construct the ensemble are particularly beneficial for the evaluation of climate effects within SEAPODYM. The method applied projects the historical ocean conditions into the future with the addition of the climate trend from each of the included CMIP5 models. This has the distinct advantage of ensuring that the optimized parameters of SEAPODYM, generated from the historical time-series are consistent for the ensemble. The alternative approach of optimizing SEAPODYM to the historical time-series of each CMIP5 model would result in estimation of different population dynamics for the historical period. This would confound the ability to differentiate the impact of climate from the impacts of these different population dynamics. The ensemble members provide robust representations of the global atmospheric conditions (Bellenger et al., 2014), and although they were corrected for known regional biases in the Pacific Ocean, it is possible that other biases, albeit unknown, remain in the ensemble. Such biases may contribute to the higher and increasing variability of primary production observed in the EPO between the climate models for example. Identifying and correcting for regional and sub-regional biases will be an important task to appropriately migrate the model ensemble used in this study from CMIP5 to CMIP6 models.

Developing capacity to evaluate the combined effects of multiple drivers of climate change will be necessary for the development of robust policies that account for future ocean conditions. The potential for evolutionary adaptation to future ocean warming and acidification will also be an important consideration in policy development (Munday et al., 2013; Reusch, 2014; Sunday et al., 2014). Heritable genetic and epigenetic variation in thermal tolerance has been identified in some reef fishes (Munday et al., 2017; Ryu et al., 2018), however even fishes with short generation turnover see low potential for evolutionary rescue (Morgan et al., 2020). While the speed and spatial scale at which adaptation is likely to occur in yellowfin and other tuna species is not known, given their generation times it is unlikely that evolutionary adaptation will occur quickly enough to offset the effects observed in our simulations (Bell, 2013). Developing a better understanding of sub-regional and local oceanographic effects and the likely prevalence of refuge habitats remaining in the EEZ of the Pacific Island Nations is likely to be more fruitful for policy formation. The adaptive capacity however will be an important consideration for understanding the resilience of yellowfin tuna populations beyond 2050. Moreover, as we did not consider adaptive capacity in our simulations it is possible that inherent adaptive traits may mitigate against some of the impacts we observed in the period leading up to 2050. The preparation of CMIP6 earth climate models at 1 degree resolution or higher (Eyring et al., 2016) provides a first opportunity to examine how refuge habitats may offset the broader level impacts of climate change. Similarly, the simulations only considered one bio-geochemical model and coupling other models would allow the sensitivities to these processes to be evaluated. The modelling framework applied in this study provides a tool for evaluating such effects and informing policy development.
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