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Executive Summary 

This Working Paper updates SC22 on progress regarding the development of ecosystem 
and climate indicators for the western and central Pacific Ocean (WCPO). An 
ecosystem and climate indicators report for the WCPO was presented for the 22nd 
Regular Session of the WCPFC in November, 2025 (Hill et al. 2025). The key 
advancement of that report consisted of assigning a regional structure to the WCPO 
that better captures the oceanographic and climate drivers of the WCPO and the spatial 
and temporal scales they operate at. This facilitated better detection of where climate 
and climate change impacts in the WCPO are most evident. Several further updates 
have been made to this report for SC22 including: 

 Addition of data for 2025 for each of the indicators including El Niño Southern 
Oscillation Index, sea surface temperature, warm pool area, and ocean heat 
content. The marine heatwaves indicator was not updated. 

 Further update of the regional structure of the WCPO to include an additional 
three regions to represent the oceanographic dynamics of the West Pacific East 
Asia (WPEA) area as per a request from the 22nd Regular Session of the WCPFC 
(in progress). 

 Further development of the ocean heat content indicator. 
 Exploration of trend in median phytoplankton size as an indicator of ecosystem 

trophic change (as per the request of WCPFC-SC21). 

Recommendations 

SC22 is advised of the following: 

 The “Ecosystem and climate indicators” report to be prepared for the 23rd 
Regular Session of the WCPFC will be finalised using the indicators described in 
this Information Paper.  

 The regional structure has been expanded to include the WPEA. The SSP 
requires notification of any further revision to the reports area structure (by 
WCPFC members) by closure of the WCPFC-SC22 meeting. 

 After exploration of median phytoplankton size as a 6th indicator, it is suggested 
it should not be monitored at this stage and be revisited in future years once the 
data stream lengthens or other data streams become available. This is due to a 
significant discontinuity in satellite sensors in 2016. 
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Introduction 

Climate change is driving long-term shifts in ocean conditions such as warming sea 
surface temperatures, changes in ocean circulation, and increased stratification of the 
upper ocean (BindoƯ et al. 2019). This is impacting marine ecosystems and their 
associated fisheries in a range of ways such as shifts in the ranges of species and 
ecosystems (Pecl et al., 2017; Pinsky et al., 2020), changes in species physiology 
(Agarwal et al., 2024), and in community compositions (Johnson et al., 2011; 
Poloczanska et al., 2016, 2013). Superimposed on this long-term trend is natural 
climate variability patterns such as El Niño–Southern Oscillation (ENSO), which 
strongly influences regional ocean conditions on seasonal to interannual timescales. 
Tropical tuna biomass is currently projected to respond to climate change with an 
increase in biomass towards the central and eastern Pacific Ocean with concurrent 
declines in the western Pacific, having implications for species productivity and broader 
food security for the region (Bell et al. 2021). Monitoring ocean climate indicators 
therefore provides an essential tool to improve the adaptive capacity of fisheries 
decision-making and management (Brodie et al. 2026; GriƯiths and Fuller, 2019; Juan-
Jordá et al., 2018; SPC, 2025; Von Schuckmann et al. 2026). 

For this report, six climate indicators are presented for the Western and Central Pacific 
Ocean (WCPO) up to 2025 including:  

1. El Niño Southern Oscillation (ENSO) 
2. Sea Surface Temperature (SST) 
3. Warm pool area 
4. Ocean heat content 
5. Marine heatwaves (MHW) 
6. Trend in median phytoplankton size 

These indicators were selected to provide a summary of the state of oceanographic 
features of the WCPO. These indicators monitor ocean variability and trend, and could 
also provide a comparison against climate models used for management decisions 
going forward. Comprehensive summaries of the climate are provided elsewhere 
(Johnson and Lumpkin 2025; WMO 2025a; WMO 2025b). 

This report represents a 2025 update of Hill et al. (2025). Updates made to this report 
include: 

 Addition of 2025 data. 
 Addition of three more regions to the regional structure of the WCPO to capture 

the oceanographic dynamics of the West Pacific East Asia (WPEA) area as per a 
request from the 22nd Regular Session of the WCPFC (in progress). This is still 
ongoing. 
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 Improved analysis and exploration of the ocean heat content indicator. 
 Marine heatwaves (MHW) indicator is not updated in this report as other data 

sources and presentation formats are currently being explored from Copernicus 
Marine Services and Mercator International. 

 Exploration of median phytoplankton size as an indicator of ecosystem trophic 
change. 

The World Meteorological Organisation reported 2025 as the 2nd-3rd warmest year on 
record, slightly cooler than the record setting year 2024, with the transition from El Niño 
in 2024 to neutral/La Niña conditions in 2025 (WMO, 2025b). Despite this, the past 11 
years were considered the 11 warmest on record from a 176-year observational period 
(WMO, 2025b). For ocean heat content (0-2000 m), 2025 was the highest on record 
globally for a 9th consecutive year, illustrating the continued accumulation of heat in the 
earth’s system. El Niño Southern Oscillation (ENSO) varied between neutral and weak 
La Niña conditions for the year 2025 with recent sea surface temperatures and ocean 
heat content indicating movement to El Niño conditions as of May 2026 (WMO, 2026).  

Regional structure 

The circulation of the WCPO is driven by alternating eastward and westward zonal 
currents both at the surface and subsurface, and the shallow subtropical overturning 
circulation (Figure 1). These currents and their variability strongly influence the 
horizontal and vertical distribution of ocean properties such as temperature, salinity, 
oxygen and nutrients in the region. Further, the rate at which these features change 
varies in time across intra-annual, inter-annual and longer (i.e. decadal) timescales. 
Thus, there was a need to define distinct regions of the WCPO that characterize the 
regional ocean conditions and variability both at the surface and subsurface ocean. 
This area also reflects the main fishing grounds of WCPO tuna fisheries for both purse 
seine which is restricted to the equatorial region (10oS - 10oN), and longline which is 
distributed more uniformly throughout the WCPO and oƯ-equator (Hare et al., 2025). 

For this report, an additional three regions (regions 9, 10, 11) were added to this 
structure to capture the oceanographic dynamics of the far-western Pacific adjacent to 
Indonesia, the Philippines and Vietnam. The characteristics of each region are: 

 Regions 1 and 8 encapsulate the circulation of the north and south subtropical 
boundaries encompassing the north and south Equatorial Currents (NEC and 
SEC). The ocean variability of this region is driven by large basin changes of the 
north and south Pacific Ocean gyres. Climate variability in this region is 
dominated by longer timescales (multiyear, decadal and longer) than regions 
closer to the equator. 
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 Regions 2, 6 and 7 encapsulate the ocean circulation of the oƯ-equatorial 
WCPO, including the north and south equatorial counter current (NECC and 
SECC), the southern branch of the South Equatorial Current (SEC), and the 
meridional shallow subtropical overturning circulation. In these regions, the 
ocean is influenced by fast (intra-annual) equatorial processes and the ENSO 
climate mode (3-4 year cycle). ENSO influences oceanographic conditions and 
variability, particularly longitudinally across the south Pacific, and therefore we 
define two boxes south of the equator.  

 Regions 3, 4 and 5 encapsulate Pacific equatorial circulation and variability of 
the Lower Equatorial Intermediate Current (LLICs) and Equatorial Counter 
Current (EUC). Major oceanographic features of these regions include the 
western Pacific warm pool, the westward expansion of the cold tongue, and the 
dynamic boundary of those two features. Conditions in these regions are 
principally driven by ENSO-related variability and the position and extension of 
the warm pool and cold tongue. 

 Regions 9, 10, and 11 encapsulate the low latitude western boundary Mindanao 
Current and the western and eastern pathways of the Indonesian Throughflow 
within the Indonesian Seas.  The extraction of data for these additional three 
regions is underway and will not be presented in this report. 
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Figure 1: Schematics of the tropical Pacific Ocean circulation and dominant currents. 
The pink rectangles denote the eight western and central Pacific Ocean (WCPO) regions 
that capture the dominant oceanographic features of the WCPO. The arrows identify the 
major currents; light blue: surface currents, red: thermocline currents, deep blue: deep 
currents. EUC, Equatorial Undercurrent; HLCC, Hawaiian Lee Countercurrent; LEIC, 
Lower Equatorial Intermediate Current; LLICs, Low-Latitude Intermediate Currents; 
NEC, North Equatorial Current; NECC, North Equatorial Countercurrent; SEC, South 
Equatorial Current; SECC, South Equatorial Countercurrent; STCC, Subtropical 
Countercurrent; TIWs, tropical instability waves (source: Delpech et al. 2020; Hill et al. 
2025). Bottom panel: The updated Western and Central Pacific Ocean regional structure 
with 8 regions overlaid on country exclusive economic zones in red. Blue bold lines 
show the new regions 9,10 and 11 for the far-western Pacific adjacent to Indonesia, the 
Philippines and Vietnam.   

Indicators 

El Niño Southern Oscillation 

El Niño Southern Oscillation (ENSO) is the main driver of climate interannual variability 
in the tropical Pacific, influencing weather, ocean circulation, and ecosystems 
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(McPhaden et al. 2006; Timmerman et al. 2018). ENSO shifts at irregular intervals 
between El Niño and La Niña conditions every 2-7 years. Typically, La Niña events drive 
increased warm water in the western Pacific with a deepening of the warm surface 
layer, and relatively cooler sea surface temperature in the eastern and central Pacific. 
During El Niño events, the western Pacific warm pool moves eastward to the central and 
eastern Pacific, resulting in an anomalously cooler western Pacific and anomalously 
warmer central and eastern Pacific. These shifts in ocean conditions have been shown 
to be a major driver of the distribution of tunas and purse seine fishing eƯort and catch 
in the WCPO (Lehodey et al. 1997), making it an important indicator to monitor.  

The Oceanic Niño Index (ONI) tracks three-month averaged SST anomalies of the 
central tropical Pacific (i.e. between 120°-170°W) relative to a 30-year moving average 
temperature to identify El Niño or La Niña events (Figure 2) (NOAA Global climate 
dashboard, www.climate.gov/climatedashboard). From 2020-2023, the WCPO 
experienced near continuous La Niña conditions, an anomalously long-term ENSO 
event. A short, intense El Niño event occurred between May 2023 and April 2024. Since 
this time, ENSO has been neutral to weak La Niña like conditions with above average 
SST in the western Pacific and average to below average SST in the central and eastern 
Pacific. 

ENSO varied between neutral and weak La Niña conditions for the year 2025 (WMO 
2025b). As of May 2026, recent sea surface temperature and ocean heat content 
anomalies indicate movement towards El Niño conditions by the end of 2026 (WMO, 
2026). El Niño conditions could result in below average sea surface temperatures in the 
west with an eastward extension of the warm pool to the central and eastern Pacific, 
that could drive a shift in purse seine catch and eƯort to the same region of the central 
and eastern Pacific.  
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Figure 2: Oceanic Niño Index (ONI) from 1990-April 2026 showing a timeline of El Niño 
Southern Oscillation (ENSO) events (NOAA Global climate dashboard, 
www.climate.gov/climatedashboard).  

 

 

Sea surface temperature 

Sea surface temperature (SST) is a key index of the ocean climate and impacts a range 
of ecological processes such as species distribution and growth (BindoƯ et al. 2019). It 
is also one of the most observable measures of tracking the marine environment and a 
key indicator of anthropogenic climate change (Johnson and Lumpkin 2025; Von 
Schuckmann et al. 2026). Tracking both variability and long-term trends in SST 
throughout the WCPO helps identify ocean changes that may impact WCPFC fisheries.  

The WCPO is a large and complex region and how climate change and variability impact 
the region will be variable. For this reason, the WCPO was divided into eight regions 
which are each influenced by diƯerent underlying oceanographic dynamics and 
conditions (Figure 1). Monthly SSTs and their anomaly relative to the climatological 
mean (1982-2024) from the NOAA OISST (Huang et al., 2021) product are presented for 
eight regions from 1982-2025.  

There were two overarching SST patterns across the eight regions in the WCPO (Figure 3-
4). Firstly, those regions that intersect with the warm pool boundary (i.e. region 4, 5, 7) 
are largely driven by ENSO-related inter-annual variability (Figure 4). In these regions, 
the large SST variability is driven by periodic east-west ENSO movement of the warm 
pool and cold tongue, which drives an inter-annual variability of 1.5-4oC (Figure 4). This 
large inter-annual variability masks any evidence of a longer-term climate signal that 
may be present. For these regions, 2025 was close to the climatological mean.  

The second over-arching pattern was that those regions that do not intersect with the 
warm pool boundary (i.e. region’s 1, 2, 3, 6, 8) show a long-term climate signal (Figure 
4). The SST of the WCPO northern and southern regions (region1, 8) ranged from ~25-
29oC over the seasonal cycle and were ~0.5oC warmer than the climatological mean. 
There is evidence of an ocean warming trend overlain on this seasonal cycle with each 
decadal average warmer than the previous one. For regions 1, 2, 3, 6 and 8, the top 10 
hottest years have all occurred since 2010. 

Overall, 2025 was an anomalously warm year for the oƯ-equatorial regions of the WCPO 
relative to the climatological mean (1982-2025), but generally below the record setting 
year of 2024 (Figure 3-4). Linked to the 2025 neutral/La Niña conditions, equatorial 
waters in the western pacific (region 6) were approximately 0.5-1oC warmer than the 
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long-term mean and at or above ~30oC for significant periods, while the central 
equatorial Pacific (region 5) were at or below the climatological mean showing the 
western contraction of the warm pool and expansion of the equatorial cold tongue 
(Figure 4).  

 

 

 

Figure 3: Mean sea surface temperature of the western and central Pacific Ocean for 
1982-2025, and sea surface temperature anomaly for 10-yearly periods and 2025 
relative to the climatological mean (1982-2025). 
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Figure 4: Monthly sea surface temperature from 1982-2025 (left panels) and sea surface 
temperature anomaly (right panels) for the same time period relative to the 
climatological mean (1982-2025) for Regions 1- 8. Coloured lines represent decadal 
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averages, 2025 is the annual mean and grey lines represent individual years to show 
inter-annual variability. 

 

Figure 4 (continued): Monthly sea surface temperature from 1982-2025 (left panels) and 
sea surface temperature anomaly (right panels) for the same time period relative to the 
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climatological mean (1982-2025) for Regions 1- 8. Coloured lines represent decadal 
averages, 2025 is the annual mean and grey lines represent individual years to show 
inter-annual variability. 

Ocean heat content 

The world’s oceans have stored more than 90% of the excess heat trapped in the Earth's 
climate system from excess greenhouse gases (BindoƯ et al. 2019; Gulev et al. 2021). 
Ocean heat content (OHC) is a measure of the amount of heat (temperature) stored in 
the sub-surface ocean and provides a more consistent, reliable indicator of climate 
change and variability than SST alone which is more susceptible to short-term 
atmospheric forcing. Subsurface changes also often precede SST anomalies associated 
with ENSO and other large-scale climate fluctuations, providing an early indication of 
shifts in the ocean–climate system. Therefore, OHC provides an improved long-term 
indicator of change in marine ecosystems that is important for WCPO fisheries, as well 
as a potential early warning system relative to using SST alone. Here, we present OHC 
indices for 0-300m for the eight regions of the WCPO using the Roemmich and Gilson 
Argo gridded dataset from 2004-2025 (Figure 5, 6). Monthly 0-300 m mean layer ocean 
temperature and OHC anomalies and maps of key OHC trends in the WCPO are also 
presented. 

The spatial distribution of OHC in the WCPO diƯers markedly from that of SST, 
highlighting the importance of monitoring subsurface ocean processes (Figure 5, 6). 
OHC is highest oƯ-equator centred near 10-15o north and south, with lower OHC in 
equatorial regions. For regions 1 and 3, 2025 had the highest 0-300 m layer temperature 
and largest OHC anomaly across the observational time period of 2004-2025. Similar to 
SST, there was regional variability in OHC trends across the timeseries, highlighting the 
need for a regional structure to capture variability throughout the WCPO. Like SST, 
regions (regions 1, 2, 6,8) not directly influenced by the movement of the warm pool 
boundary generally showed a long-term warming trend and increased OHC, with each 
5-year period warmer than the previous. In 2025, OHC in the equatorial regions (Regions 
3, 4 and 5) shows the impact of the transition from neutral/weak La Niña to more La 
Niña like conditions during the year with subsurface heat slowly moving eastward 
(Figure 6). 
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Figure 5: Mean ocean heat content (0 – 300 m) of WCPO for 2004-2025 and sea surface 
temperature anomaly for 5-yearly periods, and 2025 relative to the climatological mean 
(2004-2025). 
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Figure 6: Monthly ocean mean layer temperature (0-300 m) from 2004-2025 (left panels) 
and ocean heat content anomaly (right panels) for the same time period relative to the 
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climatological mean (2004-2025) for Regions 1- 8. Coloured lines represent 5-year 
averages, 2025 is the annual mean and grey lines represent individual years to show 
inter-annual variability. 
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Figure 6 (continued): Monthly ocean mean layer temperature (0-300 m) from 2004-2025 
(left panels) and ocean heat content anomaly (right panels) for the same time period 
relative to the climatological mean (2004-2025) for Regions 1- 8. Coloured lines 
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represent 5-yearly averages, 2025 is the annual mean and grey lines represent individual 
years to show inter-annual variability.  

Warm pool area 

The Pacific warm pool is as an area of surface waters above 29oC centred in the WCPO. 
Warm pool size, extent, and in particular its longitudinal position varies with ENSO. With 
the impacts of climate change, the warm pool is predicted to increase in size and 
volume, contributing to a potential eastward shift in tuna biomass (Bell et al., 2021; 
Lehodey et al., 2013). The warm pool is also considered as an important spawning 
ground for tuna species, in particular skipjack tuna and so changes in its size, structure 
or position may also influence the productivity of tunas (Ashida 2020; Fujioka et al., 
2024). The area of the warm pool was calculated using mean surface temperature (0-10 
m) monthly between 2004-2025 using the Roemmich and Gilson Argo climatology 
product (Roemmich and Gilson, 2009). The area of water greater than 30oC was also 
calculated to explore changes in the temperature and structure of the warm pool.  

Changes in 29oC warm pool area over the timeseries are characterised by inter-annual 
variability driven by ENSO events, masking any long-term trends that may be present in 
longer timeseries (Figure 7, 9). During El Niño events, the warm pool extends eastwards 
as trade winds weaken, while during La Niña events it contracts to the west and 
deepens the thermocline in the region. As such, despite interannual variability there is 
no evidence of a persistent increase in warm pool area over the observational 
timeseries (2004-2025). In contrast, the area of the warm pool warmer than 30oC has 
increased in size from 2004-2025 (Figure 8, 9). From 2004-2014, the area of waters 
>30oC varied between approximately 0-5 million km2, representing on average 10% of 
the 29oC warm pool area. Since 2014, it has regularly been above 5 million km2 and has 
recently been above 10 million km2, representing on average 30% of the 29oC warm pool 
area and as high as 55% in August 2024. From 2020-2024, the area of the warm pool 
warmer than 30oC shifted westward when compared to the previous 5-year mean 
(Figure 8). This shows that the area and extent of the WCPO warm pool with waters > 
30oC has increased in the last decade. However, a longer timeseries is needed to 
monitor the impacts of decadal climate forcings such as Pacific Decadal Oscillation 
(PDO). 
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Figure 7: Area of the 29oC western pacific warm pool from 2004-2025 using mean 
surface temperature (0-10m). Solid black line indicates the climatological mean 29oC 
warm pool area for 2004-2025, grey lines represent individual years and coloured lines 
the mean 29oC area for each time period. 
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Figure 8: Area of the 30oC western pacific warm pool from 2004-2025 using mean 
surface temperature (0-10m). Solid black line indicates the climatological mean 29oC 
warm pool area for 2004-2025, grey lines represent individual years and coloured lines 
the mean 30oC area for each time period. 
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Figure 9: Western pacific warm pool area (million km2) of the 29oC (top panel) and 30oC 
isotherms (bottom panel) using mean surface temperature (0-10m) from 2004-2025 
relative to their mean across the same timeseries (dashed grey line). 2004-2025 mean 
for 29 oC = 16.8 million km2, 2004-2024 mean for 30oC = 3.65 million km2. Blue shading = 
La Niña, red shading = El Niño, white = neutral. 

 

Marine heatwaves 

The marine heatwaves indicator has not been updated for this report, with text below 
from the SC21 report (SPC, 2025). Exploration of this indicator and data products 
available elsewhere to update and improve the marine heatwaves indicator are 
currently underway (e.g. https://www.marineheatwaves.org/tracker.html). 

“Marine heatwaves (MHWs) are defined as an area that has anomalously warm 
temperatures relative to a threshold value for an extended period of time. MHWs can 
have detrimental impacts on marine ecosystems and with the impacts of climate 
change are increasing in frequency and duration (Lal et al. 2025). Shifts in populations of 
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marine species, mass mortality events of non-mobile species, exacerbation of harmful 
algal blooms, and likelihood of extreme weather events can be expected with an 
increase in MHWs. 

Here, analysis undertaken in Lal et al. 2025 is presented for the south equatorial Pacific 
Ocean (https://doi.org/10.5194/egusphere-2025-3281). MHWs were defined as daily 
SSTs above the 90th percentile from a 1993-2019 climatological mean using products 
including OISST, GLORYS12 and OSTIA. The number of MHW days, mean duration of 
MHWs, and their depth have all increased from 1982-2022, while their intensity has 
decreased (Figure 10). A significant 3.5% increasing trend in the percentage of the study 
region in a MHW state per decade was also observed (Figure 11). Over the past decade, 

there has not been a single day when at least part of the region was not exposed to a 
MHW.” 

Figure 10: Trends in number of MHW days (a), mean duration (b), mean max intensity (c), 
and depth (d) for macroscale events (25-700 square degrees). Detected using NOAA-
OISST from 1982-2022 (Lal et al. 2025). 
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Figure 11: Timeseries showing percent of study region in MHW state, with a statistically 
significant trend line (p-value < 0.05) in green calculated between 1982 to 2022 for 
NOAA-OISST and Pearson correlation coeƯicient calculated between 1993 and 2019 for 
NOAA-OISST and GLORYS12 (p-value < 0.05). Source Lal et al. 2025. 

 

Median Phytoplankton size 

WCPFC-SC21 requested that trends in median phytoplankton size be explored as an 
indicator of trophic change. Past analysis of this indicator has proposed that large-sized 
phytoplankton (microplankton) support higher biomass of fish and mesozooplankton, 
and it is currently monitored as an ecosystem indicator in some other fisheries 
(WPRFMC, 2025). A shift toward smaller phytoplankton, potentially triggered by climate 
change creates less eƯicient food chains and reduces the total energy available to fish 
(Polovina & Woodworth 2012). We explored this indicator using products in the 
Copernicus catalogue derived from Ocean Colour. These data products are generated 
from merged-sensor products (SeaWiFS, MODIS, MERIS, VIIRS) for the period July 2002–
April 2016, and from Ocean and Land Colour Instrument (OLCI, Sentinel 3) products 
from May 2016 onwards. This is a hard dataset boundary as the two products are 
trained separately on diƯerent algorithms. Additionally, OLCI has a diƯerent spectral 
configuration: the merged ocean colour products use 8 bands, while OLCI data use 10 
bands. Attempts have been undertaken to calibrate the two products to provide a 
consistent long-term observation of surface phytoplankton functional types (Barnes et 
al. 2011; Xi et al. 2025). While this has provided some success at the global scale it has 
been less successful at localised and regional scales (Figure 12). 
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Figure 12: Examples from the surface phytoplankton functional types product provided 
by Copernicus Marine Services. Note the discontinuity is not spatially consistently in 
the Pacific Ocean: in some areas the shift in values is pronounced, while in others it is 
less discernible. 

The satellite sensor change in 2016 and the discontinuity that remains in the time series 
at finer than global scales precludes treating the full record as a single, coherent 
dataset for long-term trend analysis. Apparent temporal patterns spanning the full time 
series should therefore be interpreted with caution, particularly where comparisons 
among regions are involved. We do not recommend using the full record for long-term 
trend analysis at this stage. Additionally, in the pre-2016 merged record, the sensor 
transitions have also introduced artifacts. Studies have found spatiotemporal patterns 
of discontinuities between SeaWiFS, MODIS, and MERIS remote sensing reflectance 
products (Barnes et al. 2021). Furthermore, VIIRS Sensor degradation has been 
detected. From 2016 onwards, the data product is consistent, though the resulting time 
series is comparatively short. This analysis could therefore be revisited in future years 
as the post-2016 record lengthens and as algorithms for fusing data from diƯerent 
sensors improve. Several research groups are currently working on this and progress 
could be achieved quickly (Xi et al. 2025). 
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process 

During the preparation of this work, authors used ChatGPT to edit sections of text in this 
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25 

 

Acknowledgements 

This work was funded by the Global Climate Fund Regional Tuna Programme and the 
New Zealand Ministry of Foreign AƯairs and Trade Climate Science for Ensuring Pacific 
Tuna Access Project.  

References 

Agarwal, D., Shanmugam, S.A., Kathirvelpandian, A., Eswaran, S., Rather, M.A., 
Rakkannan, G., 2024. Unraveling the impact of climate change on fish physiology: a 
focus on temperature and salinity dynamics. Journal of Applied Ichthyology, 2024(1), 
p.5782274. 

Antão, L.H., Bates, A.E., Blowes, S.A., Waldock, C., Supp, S.R., Magurran, A.E., 
Dornelas, M., Schipper, A.M., 2020. Temperature-related biodiversity change across 
temperate marine and terrestrial systems. Nat Ecol Evol. 
https://doi.org/10.1101/841833 

Ashida, H., 2020. Spatial and temporal diƯerences in the reproductive traits of skipjack 
tuna Katsuwonus pelamis between the subtropical and temperate western Pacific 
Ocean. Fish Res 221, 105352. https://doi.org/10.1016/j.fishres.2019.105352 

Barnes, B.B., Hu, C., Bailey, S.W., Pahlevan, N. and Franz, B.A., 2021. Cross-calibration 
of MODIS and VIIRS long near infrared bands for ocean color science and 
applications. Remote Sensing of Environment, 260, p.112439. 

Barnes, C., Irigoien, X., De Oliveira, J.A., Maxwell, D. and Jennings, S., 2011. Predicting 
marine phytoplankton community size structure from empirical relationships with 
remotely sensed variables. Journal of Plankton Research, 33(1), pp.13-24. 

Bell, J.D., Senina, I., Adams, T., Aumont, O., Calmettes, B., Clark, S., Dessert, M., 
Gehlen, M., Gorgues, T., Hampton, J., Hanich, Q., Harden-Davies, H., Hare, S.R., 
Holmes, G., Lehodey, P., Lengaigne, M., Mansfield, W., Menkes, C., Nicol, S., Ota, Y., 
Pasisi, C., Pilling, G., Reid, C., Ronneberg, E., Gupta, A. Sen, Seto, K.L., Smith, N., Taei, 
S., Tsamenyi, M., Williams, P., 2021. Pathways to sustaining tuna-dependent Pacific 
Island economies during climate change. Nat Sustain 4, 900–910. 
https://doi.org/10.1038/s41893-021-00745-z 

BindoƯ, N.L., Cheung, W.W.L., Kairo, J.G., Arístegui, J., Guinder, V.A., Hallberg, R., Hilmi, 
N., Jiao, N., Karim, M.S., Levin, L., O'Donoghue, S., Purca Cuicapusa, S.R., Rinkevich, B., 
Suga, T., Tagliabue, A. and Williamson, P. 2019. Changing ocean, marine ecosystems, 
and dependent communities, in The Ocean and Cryosphere in a Changing Climate: 
Special Report of the Intergovernmental Panel on Climate Change. Cambridge: 
Cambridge University Press. Available at: https://doi.org/10.1017/9781009157964.013 



26 

 

Brodie, S., Blamey, L.K., Hobday, A.J., Plagányi, É., Corrie, D., Couchman, N., McDonald, 
A., Davies, C., Downie, R.A., Eveson, J.P. and Fulton, E.A., 2026. Building climate-smart 
fisheries in Australia: insights from climate and ecosystem status reports. Reviews in 
Fish Biology and Fisheries, 36(1), p.20. https://doi.org/10.1007/s11160-025-10030-3 

Delpech, A., Cravatte, S., Marin, F., Ménesguen, C. and Morel, Y. 2020. Deep eddy 
kinetic energy in the tropical Pacific from Lagrangian floats, Journal of Geophysical 
Research: Oceans, 125, e2020JC016313. https://doi.org/10.1029/2020JC016313 

Fujioka, K., Aoki, Y., Tsuda, Y., Okamoto, K., Tsuchida, H., Sasaki, A., Kiyofuji, H., 2024. 
Influence of temperature on hatching success of skipjack tuna (Katsuwonus pelamis): 
Implications for spawning availability of warm habitats. J Fish Biol 105, 372–377. 
https://doi.org/10.1111/jfb.15767 

Garciá Molinos, J., Burrows, M.T., Poloczanska, E.S., 2017. Ocean currents modify the 
coupling between climate change and biogeographical shifts. Sci Rep 7. 
https://doi.org/10.1038/s41598-017-01309-y 

GriƯiths, S., Fuller, L., 2019. Ecosystem Considerations. Inter-American Tropical Tuna 
Commission, Scientific Advisory Committee Tenth Meeting, San Diego. 

Gulev, S.K., Thorne, P.W., Ahn, J., Dentener, F.J., Domingues, C.M., Gerland, S., Gong, D., 
Kaufman, D.S., Nnamchi, H.C., Quaas, J. and Rivera, J.A., 2021. Changing state of the 
climate system. Climate change 2021: The physical science basis. Contribution of 
working group I to the sixth assessment report of the intergovernmental panel on 
climate change, pp.287-422. 

Hare, S.R., Vidal, T., Castillo Jordán, C., Day, J., Hamer, P.A., Hill, N., Machful, P., 
Magnusson, A., Nicol, S., Odongo, V., Panizza, A., Peatman, T., Scott, R.D., Senina, I., 
Sloyan, B., Teears, T. and Pilling, G.M. 2025. The western and central Pacific tuna 
fishery: 2024 overview and status of stocks. Tuna Fisheries Assessment Report No. 25. 
Oceanic Fisheries Programme, The Pacific Community. Noumea, New Caledonia. 
https://www.spc.int/digitallibrary/get/e3vwh  

Hill, N., Nicol, S., Sloyan, B. and Gues, F., 2025. Ecosystem and climate indicators of the 
western and central Pacific Ocean. Oceanic Fisheries Programme, The Pacific 
Community, 22nd Regular Session of the Western and Central Pacific Fisheries 
Commission, Manila, Philippines, 1–5 December 2025. 

Hoegh-Guldberg, O., Bruno, J.F., 2010. The impact of climate change on the world’s 
marine ecosystems. Science (1979). https://doi.org/10.1126/science.1189930 

Huang, B., Liu, C., Banzon, V., Freeman, E., Graham, G., Hankins, B., Smith, T., Zhang, 
H., 2021. Improvements of the Daily Optimum Interpolation Sea Surface Temperature 



27 

 

(DOISST) Version 2.1. J. Climate, 34, 2923–2939, https://doi.org/10.1175/JCLI-D-20-
0166.1. 

Johnson, C.R., Banks, S.C., Barrett, N.S., Cazassus, F., Dunstan, P.K., Edgar, G.J., 
Frusher, S.D., Gardner, C., Haddon, M., Helidoniotis, F., Hill, K.L., Holbrook, N.J., Hosie, 
G.W., Last, P.R., Ling, S.D., Melbourne-Thomas, J., Miller, K., Pecl, G.T., Richardson, A.J., 
Ridgway, K.R., Rintoul, S.R., Ritz, D.A., Ross, D.J., Sanderson, J.C., Shepherd, S.A., 
Slotwinski, A., Swadling, K.M., Taw, N., 2011. Climate change cascades: Shifts in 
oceanography, species’ ranges and subtidal marine community dynamics in eastern 
Tasmania. J Exp Mar Biol Ecol. https://doi.org/10.1016/j.jembe.2011.02.032 

Johnson, G. C. and R. L. Lumpkin, Eds., 2025: Global Oceans [in “State of the Climate in 
2024“]. Bull. Amer. Meteor. Soc., 106 (8), S173–S232, https://doi.org/10.1175/BAMS-D-
25-0074.1. 

Juan-Jordá, M.J., Murua, H., Arrizabalaga, H., Hanke, A., 2018. A template for an 
indicator-based ecosystem report card for ICCAT. International Commission for the 
Conservation of Atlantic Tunas, SCRS/2017/140, Sci. Pap. ICCAT. 

Lal, S., Cravatte, S., Menkes, C., Macdonald, J., Legendre, R., Mangolte, I., Dutheil, C., 
Holbrook, N. and Nicol, S., 2025. Characterization of past marine heatwaves around 
south Pacific Island countries: What really matters? EGUsphere [preprint]. 

Lehodey, P., Bertignac, M., Hampton, J., Lewis, A. and Picaut, J., 1997. El Niño Southern 
Oscillation and tuna in the western Pacific. Nature, 389(6652), pp.715-718. 

Lehodey, P., Senina, I., Calmettes, B., Hampton, J., Nicol, S., 2013. Modelling the impact 
of climate change on Pacific skipjack tuna population and fisheries. Clim Change 119, 
95–109. https://doi.org/10.1007/s10584-012-0595-1 

McPhaden, M.J., Zebiak, S.E. and Glantz, M.H., 2006. ENSO as an integrating concept in 
earth science. Science, 314(5806), pp.1740-1745. 

Pecl, G.T., Araújo, M.B., Bell, J.D., Blanchard, J., Bonebrake, T.C., Chen, I.-C., Clark, T.D., 
Colwell, R.K., Danielsen, F., Evengård, B., Falconi, L., Ferrier, S., Frusher, S., Garcia, 
R.A., GriƯis, R.B., Hobday, A.J., Janion-Scheepers, C., Jarzyna, M.A., Jennings, S., Lenoir, 
J., Linnetved, H.I., Martin, V.Y., McCormack, P.C., McDonald, J., Mitchell, N.J., Mustonen, 
T., Pandolfi, J.M., Pettorelli, N., Popova, E., Robinson, S.A., ScheƯers, B.R., Shaw, J.D., 
Sorte, C.J.B., Strugnell, J.M., Sunday, J.M., Tuanmu, M.N., Vergés, A., Villanueva, C., 
Wernberg, T., Wapstra, E., Williams, S.E., 2017. Biodiversity redistribution under climate 
change: Impacts on ecosystems and human well-being. Science (1979). 
https://doi.org/10.1126/science.aai9214 



28 

 

Pinsky, M.L., Selden, R.L., Kitchel, Z.J., 2020. Climate-Driven Shifts in Marine Species 
Ranges: Scaling from Organisms to Communities. Ann Rev Mar Sci 12, 153–179. 
https://doi.org/10.1146/annurev-marine-010419 

Poloczanska, E.S., Brown, C.J., Sydeman, W.J., Kiessling, W., Schoeman, D.S., Moore, 
P.J., Brander, K., Bruno, J.F., Buckley, L.B., Burrows, M.T., Duarte, C.M., Halpern, B.S., 
Holding, J., Kappel, C. V., O’Connor, M.I., Pandolfi, J.M., Parmesan, C., Schwing, F., 
Thompson, S.A., Richardson, A.J., 2013. Global imprint of climate change on marine 
life. Nat Clim Chang 3, 919–925. https://doi.org/10.1038/nclimate1958 

Poloczanska, E.S., Burrows, M.T., Brown, C.J., Molinos, J.G., Halpern, B.S., Hoegh-
Guldberg, O., Kappel, C. V., Moore, P.J., Richardson, A.J., Schoeman, D.S., Sydeman, 
W.J., 2016. Responses of marine organisms to climate change across oceans. Front Mar 
Sci. https://doi.org/10.3389/fmars.2016.00062 

Polovina, J.J. and Woodworth, P.A., 2012. Declines in phytoplankton cell size in the 
subtropical oceans estimated from satellite remotely-sensed temperature and 
chlorophyll, 1998–2007. Deep Sea Research Part II: Topical Studies in 
Oceanography, 77, pp.82-88. 

Roemmich, D., Gilson, J., 2009. The 2004–2008 mean and annual cycle of temperature, 
salinity, and steric height in the global ocean from the Argo Program. Progress in 
oceanography, 82(2), pp.81-100.  

SPC, 2025. Ecosystem and climate indicators of the western and central Pacific Ocean. 
Oceanic Fisheries Programme, Pacific Community, WCPFC Scientific Committee 
Twenty-First Regular Session, WCPFC-SC21-2025/EB-IP-01, Nuku’alofa. 

Timmermann, A., An, S.I., Kug, J.S., Jin, F.F., Cai, W., Capotondi, A., Cobb, K.M., 
Lengaigne, M., McPhaden, M.J., Stuecker, M.F. and Stein, K., 2018. El Niño–southern 
oscillation complexity. Nature, 559(7715), pp.535-545.  

Von Schuckmann, K., Godoy-Faundez, A., Garçon, V., Muller-Karger, F.E., Evans, K., 
Appeltans, W., Bax, N., Cecchi, L.B., Bernard, A., Bernard, K. and Byrnes, J., 2026. 
Global ocean indicators: Marking pathways at the science-policy nexus. Marine Policy, 
184, p.106922. 

WMO, 2025a. State of the Climate in the South-West Pacific 2024. World Meteorological 
Organization, WMO-No1374, Geneva. 

WMO, 2025b. State of the Global Climate 2025. World Meteorological Organization, 
WMO-No 1391, Geneva. 



29 

 

WMO, 2026. El Niño/La Niña Update – May 2026. Geneva: World Meteorological 
Organization. https://wmo.int/resources/publication-series/el-ninola-nina-updates/el-
ninola-nina-update-may-2026. 

WPRFMC, 2025. Annual SAFE Report for the Pacific Pelagic Fisheries Fishery Ecosystem 
Plan 2024. T Remington, C Pardee, M Fitchett, A Ishizaki (Eds.). Western Pacific Regional 
Fishery Management Council, Honolulu. 509p. 

Xi, H., Bretagnon, M., Mehdipour, E., Demaria, J., Mangin, A. and Bracher, A., 2025. 
Consistent long-term observations of surface phytoplankton functional types from 
space. State of the Planet, 6, pp.1-15. 


	WCPFC-SC22-2026-EB-IP01_Project 121 Update_cover.pdf (p.1)
	EB-IP-01_xp1.pdf (p.2-29)

