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Abstract
Some of the most important development goals for the countries and territories of the Western and Central Pacific Ocean (WCPO) involve the sustainable management of their fisheries in light of environmental, economic and social uncertainties. The responses of fish populations to variability in the marine environment have implications for decision making processes associated with resource management. There is still considerable uncertainty in estimating the responses of tuna populations to short-to-medium-term variability and longer-term change in the oceanic environment. A workshop was organised to examine how advances in oceanography, fisheries science and fisheries economics could be applied to the tuna fisheries of the WCPO and in doing so identify research priorities to improve understanding relevant to progressing management. Research priorities identified included: (i) improved parameterisation of end to end ecosystem model components, processes and feedbacks through expanded biological observations and incorporation of higher resolution climate models; (ii) development of seasonal and inter-annual forecasting tools enabling management responses to short-term variability in tuna distributions and abundances; (iii) improved understanding of the population dynamics of and the energy transfer efficiencies between food web components; (iv) assessment of the optimal value of access rights and overall fishery value under multiple scenarios of tuna distribution and abundance and influences on decision making by fisheries managers and fleets and (v) development of management strategy evaluation frameworks for utilisation in the implementing and testing of fishery management procedures and to help prioritise research directions and investment. Issues discussed and research priorities identified during the workshop have synergies with other internationally managed fisheries and therefore are applicable to many other fisheries.





Introduction
Many countries and territories in the Western and Central Pacific Ocean (WCPO) are reliant on fisheries resources for government revenue, food security and traditional culture [12], [50]. Consequently, some of the most important development goals for these countries involve managing their fisheries resources to optimise these benefits, while maintaining future options given environmental, economic and social uncertainties. Information that allows the fisheries managers and governments of these countries to identify fishing levels that result in the best trade-off between conserving stocks for future generations and maximising present-day catch and benefits is therefore highly important [51].
Because of the cross-boundary distributions of many of the fisheries resources of importance to WCPO countries and territories, Regional Fishery Management Organisations (RFMOs) seek to regulate international fishing activity across these cross-jurisdictional regions. These organisations are increasingly aware of the need to coordinate with the national plans and aspirations of countries and territories. Fisheries managers are also increasingly required to balance short term tactical decisions (e.g. foreign fleet access rights, effort trading) and longer term strategic decisions (industrial investment in post capture processing and stakeholder trade-offs) to achieve desired outcomes.
Short-term tactical and longer term strategic decisions are complicated by the fact that fish populations underpinning the development benefits associated with their harvesting respond dynamically to the marine environment (e.g. [70], [29], [120]). The responses of fish populations to variability in the marine environment have implications for decision making processes. For improved stock assessments and planning, tools that quantify the links between fish populations, their ecosystems and major oceanographic features are needed [55]. These tools must provide information across a number of spatial (local to regional) and temporal (seasonal to decadal) scales, and additionally provide information of relevance to extreme events.
Of particular importance to countries and territories in the WCPO are fisheries for tuna and tuna-like species. Changes in water temperature, circulation and primary production (and flow-on changes to food webs) throughout the equatorial Pacific Ocean associated with the phases of El Niño Southern Oscillation (ENSO), result in changes to the distributions (and potentially abundances) of tuna species and in particular, skipjack tuna (Katsuwonus pelamis), which are then observed in fisheries catches [70], [71], [69]. The influence of ENSO on tuna populations, has resulted in considerable effort being put into better understanding how tuna populations might respond to projected changes to the WCPO environment with ongoing long-term climate change (e.g. [40], [75]). A primary tool used to investigate these responses is a coupled dynamical ecosystem model, the Spatial Ecosystem and Population Dynamics Model (SEAPODYM; [74]). The framework for SEAPODYM allows the integration of tuna and tuna-like species biology and ecology within a description of the marine ecosystem and simulates the responses of focal species (e.g. skipjack tuna; [74]) to external forcing factors such as climate and fishing. This modelling framework has been useful for not only exploring the effects of climate variability, climate change and fishing on tuna population distributions and abundances, but also identifying key knowledge gaps and research priorities for improving understanding (e.g. [73]). Many of the key knowledge gaps identified via the use of SEAPODYM have also been highlighted elsewhere [52], [118] and are associated with (i) modelling and forecasting of the climate system, particularly at spatial and temporal scales of relevance to fisheries; (ii) understanding of the physiology of tunas, particularly in relation to thermal, oxygen and pH preferences and thresholds; (iii) understanding of food webs in the WCPO; (iv) impacts of fisheries on tunas and their ecosystems and; (v) responses of fisheries to climate variability and longer-term change. Improving understanding in these five science areas will greatly benefit the identification and development of robust management strategies capable of ensuring the sustainability of resources and associated revenues. Further, readily accessible tools which allow fisheries managers and governments to easily evaluate both short term tactical decisions and longer term strategic decisions are currently lacking.
Recent advances in oceanography, fisheries science and fisheries economics have the capacity to progress efforts to address these uncertainties, thereby providing the information required for supporting and developing best management practices over varying time scales. As part of a multidisciplinary, multi-agency collaboration developed to address uncertainties in current understanding of tuna populations, their ecosystems and responses to environmental variability over multiple time scales [27], an international workshop, held in November 2013 in Hobart Australia, was organised to examine how these recent advances could be applied to the tuna fisheries of the WCPO. Importantly, it was identified that scientists from these separate fields of research need to work in close collaboration to appreciate and address the needs and uncertainties across disciplines (e.g. [40], [30]). Here, we summarise emergent themes from the workshop, describe the status of current knowledge and identify major gaps and issues. We conclude with a list of research priorities, and potential areas for regional collaboration to advance understanding required for ensuring ongoing sustainability of tuna resources in the WCPO. Many of the issues discussed and priorities put forward are synergistic with the issues and research needs of regionally managed fisheries elsewhere and so are of broad application.



Section snippets
Current understanding
Participants spanned a range of disciplines, including physical, chemical and biological oceanography, ecology, economics, and fisheries assessments. Recent developments in each field were likely to provide new insights into important issues associated with uncertainties associated with tuna biology, fisheries and ecosystems of the WCPO. Thus, the workshop began with a series of talks outlining current understanding across the range of disciplines of relevance to the workshop.
Key uncertainties
Discussion of current understanding led to the identification of following key uncertainties towards which research should be directed:
Research opportunities and priorities
In identifying key uncertainties in understanding across the region, the following opportunities for targeted research were identified:
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Understanding how and why highly mobile species utilise and move between available habitats in time and space is vital to determining how successful stocks are managed (Evans et al., 2015).



Show abstract
A global dataset of carbon stable isotope (δ13C) values from yellowfin, bigeye, and albacore tuna muscle tissue (n = 4275) was used to develop a novel tool to infer broad-scale movement and residency patterns of these highly mobile marine predators. This tool was coupled with environmental models and lipid content (C:N ratio) of tuna muscle tissues to examine ocean warming impacts on tuna ecology and bioenergetic condition across Longhurst provinces. Over a 16-year study period (2000–2015), latitudinal gradients in tuna δ13C values were consistent, with values decreasing with increasing latitude. Tuna δ13C values, reflecting modelled global phytoplankton δ13C landscapes (“isoscapes”), were largely related to spatial changes in oxygen concentrations at depth and temporal changes in sea surface temperature. Observed tuna isoscapes (δ13CLScorr), corrected for lipid content and the Suess effect (oceanic changes in CO2 over time), were subtracted from model-predicted baseline isoscapes (Δ13Ctuna-phyto) to infer spatial movement and residency patterns of the different tuna species. Stable isotope niche width was calculated for each Longhurst province using Δ13Ctuna-phyto and baseline-corrected nitrogen isotope (δ15Ntuna-phyto) values to further quantify isotopic variability as evidence of movements across isoscapes. A high degree of movement—defined as the deviation from the expected range of Δ13Ctuna-phyto values— was evident in three Longhurst provinces: Guinea current coast, Pacific equatorial divergence, and the North Pacific equatorial counter current. The highest level of population dispersal (variability in Δ13Ctuna-phyto values) was observed in Longhurst provinces within the western and central Pacific Oceans and in the Guinea current coast. While lipid content was low in yellowfin and bigeye, high and variable lipid stores in albacore muscle were consistent with seasonal movements between productive foraging and oligotrophic spawning habitats. Our ability to characterize tuna movement patterns without ambiguity remains challenged by uncertainty in trophic discrimination factors and ecological (e.g. diet variability) processes. However, this study illustrates that model-corrected δ13C values are a valuable, relatively cost-effective tool for identifying potential areas of mixing across management zones, particularly when electronic tagging studies are limited or absent. Stable isotope analyses of tuna tissues can therefore be an additional tool for guiding spatial stock assessments on top predator movement, dispersal patterns, and how they may be altered under a changing climate.




	Bioenergetics, Trophic Ecology, and Niche Separation of Tunas
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Citation Excerpt :
The predicted increase in strength of the East Australian Current, the origins of which lie in tropical Coral Sea waters, is unlikely to be tolerated by these temperate euphausiids, and in turn their predators (Harris et al., 1992). Regarding the continued development of spatio-temporal models in the southwestern Pacific Ocean to investigate climate and fishing impacts on tuna species (Fulton et al., 2007), the lack of equivalent spatial and temporal food web data will be increasingly limiting (Evans et al., 2015; Young et al., 2015a). Although data for some species, eg, yellowfin tuna, exist for the 1990s in the region (Young et al., 2001), there are few long-term stomach contents data for the other tunas.



Show abstract
Tunas are highly specialized predators that have evolved numerous adaptations for a lifestyle that requires large amounts of energy consumption. Here we review our understanding of the bioenergetics and feeding dynamics of tunas on a global scale, with an emphasis on yellowfin, bigeye, skipjack, albacore, and Atlantic bluefin tunas. Food consumption balances bioenergetics expenditures for respiration, growth (including gonad production), specific dynamic action, egestion, and excretion. Tunas feed across the micronekton and some large zooplankton. Some tunas appear to time their life history to take advantage of ephemeral aggregations of crustacean, fish, and molluscan prey. Ontogenetic and spatial diet differences are substantial, and significant interdecadal changes in prey composition have been observed. Diet shifts from larger to smaller prey taxa highlight ecosystem-wide changes in prey availability and diversity and provide implications for changing bioenergetics requirements into the future. Where tunas overlap, we show evidence of niche separation between them; resources are divided largely by differences in diet percentages and size ranges of prey taxa. The lack of long-term data limits the ability to predict impacts of climate change on tuna feeding behaviour. We note the need for systematic collection of feeding data as part of routine monitoring of these species, and we highlight the advantages of using biochemical techniques for broad-scale analyses of trophic relations. We support the continued development of ecosystem models, which all too often lack the regional-specific trophic data needed to adequately investigate climate and fishing impacts.
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Citation Excerpt :
As regional transfer rates are estimated parameters in MULTIFAN-CL, the transition matrices describing assessment region connectivity, based on the movement assumptions formulated in SEAPODYM, may be best incorporated as prior values for the estimation of those parameters during optimisation of MULTIFAN-CL. The need for greater understanding of skipjack tuna movements in the WCPO, and potential for new assessment region definitions or protected areas, has been identified as a critical area of improvement for stock assessment in the WCPO (Evans et al., 2015; Kiyofuji and Ochi, 2016; PTTP, 2015), and other regions (Fonteneau, 2015; Kaplan et al., 2014). Given the expense in undertaking tagging studies, and the uncertainty present in the resulting data (Leroy et al., 2013a), use of simulation models to examine differing scenarios would appear to be a useful tool in the optimisation of such tagging experiments.



Show abstract
The distribution of marine species is often modeled using Eulerian approaches, in which changes to population density or abundance are calculated at fixed locations in space. Conversely, Lagrangian, or individual-based, models simulate the movement of individual particles moving in continuous space, with broader-scale patterns such as distribution being an emergent property of many, potentially adaptive, individuals. These models offer advantages in examining dynamics across spatiotemporal scales and making comparisons with observations from individual-scale data.
Here, we introduce and describe such a model, the Individual-based Kinesis, Advection and Movement of Ocean ANimAls model (Ikamoana), which we use to replicate the movement processes of an existing Eulerian model for marine predators (the Spatial Ecosystem and Population Dynamics Model, SEAPODYM). Ikamoana simulates the movement of either individual or groups of animals by physical ocean currents, habitat-dependent stochastic movements (kinesis), and taxis movements representing active searching behaviours.
Applying our model to Pacific skipjack tuna (Katsuwonus pelamis), we show that it accurately replicates the evolution of density distribution simulated by SEAPODYM with low time-mean error and a spatial correlation of density that exceeds 0.96 at all times. We demonstrate how the Lagrangian approach permits easy tracking of individuals’ trajectories for examining connectivity between different regions, and show how the model can provide independent estimates of transfer rates between commonly used assessment regions. In particular, we find that retention rates in most assessment regions are considerably smaller (up to a factor of 2) than those estimated by this population of skipjack’s primary assessment model. Moreover, these rates are sensitive to ocean state (e.g. El Nino vs La Nina) and so assuming fixed transfer rates between regions may lead to spurious stock estimates. A novel feature of the Lagrangian approach is that individual schools can be tracked through time, and we demonstrate that movement between two assessment regions at broad temporal scales includes extended transits through other regions at finer-scales.
Finally, we discuss the utility of this modeling framework for the management of marine reserves, designing effective monitoring programmes, and exploring hypotheses regarding the behaviour of hard-to-observe oceanic animals.
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