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Editor: Martin Drews Tropical oceans are among the first places to exhibit climate change signals, affecting the habitat distribution and
abundance of marine fish. These changes to stocks, and subsequent impacts on fisheries production, may have
Keywords: considerable implications for coastal communities dependent on fisheries for food security and livelihoods.
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Understanding the impacts of climate change on tropical marine fisheries is therefore an important step towards
developing sustainable, climate-ready fisheries management measures. We apply an established method of
spatial meta-analysis to assess species distribution modelling datasets for key species targeted by the Philippines
capture fisheries. We analysed datasets under two global emissions scenarios (RCP4.5 and RCP8.5) and varying
degrees of fishing pressure to quantify potential climate vulnerability of the target community. We found
widespread responses to climate change in pelagic species in particular, with abundances projected to decline
across much of the case study area, highlighting the challenges of maintaining food security in the face of a
rapidly changing climate. We argue that sustainable fisheries management in the Philippines in the face of
climate change can only be achieved through management strategies that allow for the mitigation of, and
adaptation to, pressures already locked into the climate system for the near term. Our analysis may support this,
providing fisheries managers with the means to identify potential climate change hotspots, bright spots and
refugia, thereby supporting the development of climate-ready management plans.
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1. Introduction

Marine fisheries substantially contribute to societal well-being,
particularly in coastal communities dependent on fisheries for food se-
curity, livelihoods, economic development and culture (Dyck and
Sumaila, 2010; Golden et al., 2016; Teh and Pauly, 2018). Globally, fish
account for ~17 % of total animal protein, and 7 % of all proteins
consumed (FAO, 2020). Communities in the tropics however, rely on
fish for at least 20 % of their mean daily animal protein intake, and in
some regions of the Indo-Pacific and West Africa this figure is upwards of
50 % (FAO, 2020). Additionally, fish provide essential amino acids, vi-
tamins and minerals, all of which can prevent the risks of perinatal and
maternal mortality, growth retardation, child mortality, cognitive defi-
cits and reduced immune function associated with micronutrient
malnutrition (Black et al., 2013; Golden et al., 2016).

Capture fisheries in the tropics are increasingly vulnerable to a
number of direct and indirect climate change impacts, including ocean
warming, acidification and deoxygenation (Bell et al., 2018; Fernandes,
2018; Lam et al., 2020). As ectotherms, fish growth, reproduction and
survival is dependent on specific temperature ranges, as determined by
their physiology and ecology (Portner et al., 2001). Thermal tolerances
in tropical marine species are more limited than in temperate species
(Portner and Farrell, 2008), and as such, they are particularly sensitive
to ocean warming (Pauly and Cheung, 2018). Consequently, species
distributions have shifted polewards, to deeper waters or to follow ocean
isotherms (Lenoir et al., 2020; Pinsky et al., 2013; Poloczanska et al.,
2013) where environmental conditions (particularly temperature) are
more favourable (Pinsky et al., 2013; Poloczanska et al., 2013). Ocean
deoxygenation can limit the growth and reproduction of fishes via an
impairment of metabolic function (Roman et al., 2019), and in
conjunction with warming it can reduce body size (Cheung et al., 2013;
Pauly and Cheung, 2018). Deoxygenation can also reduce species tem-
perature tolerances and so geographic ranges (Portner et al., 2017).
Direct effects of ocean acidification on fishes can be variable (Cattano
et al., 2018; Esbaugh, 2018), but coral reefs, which provide feeding
grounds and habitat for some or all of fish lifespans are known to be
vulnerable to acidification (Hill and Hoogenboom, 2022). The effects of
climate change on the ocean environment will likely continue to in-
crease until mid-century even if greenhouse gas emissions are curbed
(Barange et al., 2018; IPCC, 2021; Santos et al., 2020), affecting natural
population dynamics (Queirds et al., 2018), and the habitat distribution
and abundance of tropical marine fish (Oremus et al., 2020). These
changes to fish stocks, and subsequent impacts on capture fisheries
production, may have considerable implications for the UN Sustainable
Development Goals concerning the elimination of poverty (SDG1), food
security (SDG2) and sustainable economic development (SDG8).

In addition to climate change pressures, overexploitation of re-
sources is a key challenge facing tropical fisheries (Krueck et al., 2017;
Link and Watson, 2019). While distant-water industrial fishing fleets are
often singled out for unsustainable practices, (Swartz et al., 2010;
Tickler et al., 2018), small scale and artisanal fisheries can also reduce
the richness and abundance of target species (Exton et al., 2019; Lavides
et al., 2016; Lavides et al., 2009; Muallil et al., 2014; Purcell et al., 2016;
Verba et al., 2020). Further exacerbating this problem is the issue of
illegal, unreported and unregulated (IUU) fishing. By definition, the
scale of IUU fishing is difficult to estimate, but a recent study suggested
that globally, between 8 and 14 million metric tonnes of unreported
catches could be traded illicitly each year, amounting to gross revenues
of US$9 to US$17 billion (Sumaila et al., 2020). The effects of overf-
ishing can be devastating, as populations, habitats and trophic structures
are disrupted through intensive and selective fishing, thereby weaking
the overall health of marine ecosystems and fish stocks (Halpern et al.,
2015; Sumaila and Tai, 2020). In combination, climate and fisheries
impacts can produce changes in physical and biological properties of the
oceans, which in turn may have significant consequences for marine
species, food webs, and, ultimately, provisioning services and human
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wellbeing (du Pontavice et al., 2020; McClanahan et al., 2015; Ramirez
et al., 2022).

Clearly, the goal of fisheries sustainability in the face of a changing
climate is likely to be impeded without the timely implementation of
effective, adaptive and proactive management frameworks (Lomonico
et al., 2021). Reducing fishing pressure in areas where climate forcing is
especially high may allow for greater resilience to climate change by
supporting maintenance of genetic diversity and potentially maximising
adaptation potential (Chevin et al., 2013; Kovach-Orr and Fussmann,
2013; Morgan et al., 2020). However, despite the existence of a number
of tools to do so (e.g. climate risk assessments, ecosystem models) most
management strategies do not routinely assess the possible future per-
formance of fisheries resources under climate change scenarios (Hols-
man et al., 2020), perhaps due in part to the fact that individual
management policies and climate research studies are often mismatched
in terms of their spatial and temporal scales (Holsman et al., 2019). We
therefore suggest that, in order to enhance the climate-readiness of
fisheries management plans and build sustainability into the sector in
response to changing ocean conditions, assessing fisheries resources
vulnerability to climate change on a spatial scale and within a time
frame of relevance to managers is critical. To help address this chal-
lenge, we present here a climate change assessment of fisheries re-
sources from a case study site in in Palawan, Philippines (Fig. 1), which
can be used to inform climate-smart fisheries management policies. We
used a recently published method of spatial meta-analysis (Queiros
et al., 2021), explicitly designed to support the spatial management of
maritime activities and conservation efforts, and employed here to
identify where potential changes in the abundances of species under-
pinning fishing activity in Palawan may be driven by climate change. We
hoped to inform the development of climate-smart management stra-
tegies that could be prioritized within the new fisheries management
plan for Palawan, in order to deliver on the stated goal of sustainable
fisheries and food security (BFAR, 2019), even in the face of climate
change driven pressures.

2. Methods
2.1. Case study site and local fisheries management

In 2021, total production from capture fisheries in the Philippines
was approximately 2 million metric tonnes, with a value of US$2.3
million, and more than 1 million people were directly employed by the
sector (BFAR, 2022). Palawan, the westernmost province of the
Philippines, is an archipelago composed of more than 1700 islands
(Fig. 1). It is a marine biodiversity hotspot (Fabinyi, 2010; Fabinyi and
Dalabajan, 2011; Tolentino-Zondervan and Zondervan, 2022), a desig-
nated UNESCO “Man and Biosphere Reserve” and is home to two
UNESCO World Heritage sites - the Tubbataha Reefs Natural Park
(TRNP) and the Puerto Princesa Subterranean River National Park - and
155 Marine Protected Areas (MPAs) (PCSDS, 2015). Palawan harbours
at least 89 % of the total number of the Philippines reef fish species, and
around 1158 fish species have been recorded there. As an island com-
munity, Palawan's economy is dependent on this rich natural capital,
with fisheries as one of the main sectors. As much as 93 % of the fisheries
production in this region of the Philippines comes from Palawan (PSA,
2020), making it one of the most productive fisheries areas in the
country (BFAR, 2022).

Capture fisheries in the Philippines are legally categorized as either
municipal or commercial. Municipal fisheries (including subsistence
fishers) operate within 15 km of the coast with or without fishing ves-
sels, while commercial fisheries use fishing vessels of more than three
gross tonnes and operate legally in fishing areas outside of the 15 km
municipal boundary (Balisco et al., 2019; Pomeroy et al., 2010). Fish-
eries management in the Philippines has historically been divided be-
tween local governments, which manage municipal fisheries, and the
Bureau of Fisheries and Aquatic Resources (BFAR), which is responsible
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for all waters outside the 15 km municipal boundary (Pomeroy et al.,
2015). However, in 2019, in an effort to improve fisheries sustainability,
halt the decline of overexploited stocks and curb IUU, the Philippine
Government established 12 Fisheries Management Areas (FMAs). The
aim of these FMAs is to allow for better cooperation between BFAR and
local governments sharing the same stocks, for a more participatory and
transparent management of fisheries among stakeholders, and to follow
an ecosystem based approach to fisheries management (BFAR, 2019).

2.2. Biogeochemical model summary

Changes in key physical and biogeochemical properties (bottom and
surface temperature, salinity, oxygen, pH, currents, primary production
and mixed layer depth) were taken from the Proudman Oceanographic
Laboratory Coastal Ocean Modelling System (POLCOMS) (Holt and
James, 2001) coupled to the European Regional Seas Ecosystem Model
(ERSEM) (Butenschon et al., 2016) for Southeast Asian seas (Kay, 2021).
The model was driven by outputs from a global climate model drawn
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from the Coupled Model Intercomparison Project Phase 5 (CMIP5)
(Taylor et al., 2012). Together, these models simulate the movement of
water, energy, and dissolved and suspended matter through the sea,
along with the cycling of carbon and nutrients through the marine
ecosystem. Full details of this regional POLCOMS-ERSEM model can be
found in Kay et al. (2023).

2.3. Fish species distribution model

We used outputs from a size-spectrum dynamic bioclimate envelope
model (SS-DBEM). This model, driven by the above selected outputs
from POLCOMS-ERSEM, projects changes in fish species distribution
and abundances while explicitly considering known mechanisms of
population dynamics, dispersal, eco-physiological changes caused by
shifting ocean conditions, habitat suitability and species interactions (e.
g. predation, competition - following the size-spectrum approach)
(Cheung et al., 2011; Fernandes et al., 2013). The SS-DBEM is a com-
bined mechanistic-statistical approach that has been applied to a large
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Fig. 1. Map of the Palawan case study area and its location within the Philippines.
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number of marine species globally (Cheung et al., 2008; Fernandes et al.,
2013) and regionally (Fernandes et al., 2015; Fernandes et al., 2017;
Jones et al., 2013), and is one of the models contributing to the Fisheries
and Marine Ecosystem Model Intercomparison Project (Fish-MIP) (Lotze
et al., 2019; Tittensor et al., 2018).

Present distributions of species in the model were estimated using an
algorithm developed by the “Sea Around Us” (www.seaaroundus.org).
The relative abundance of each species on a 0.5° latitude x 0.5° longi-
tude grid were predicted based on the species known occurrence re-
gions, latitudinal range and depth range. Distributions were further
refined using data derived from FishBase (www.fishbase.org) and
SeaLifeBase (www.sealifebase.org) to assign habitat preferences to each
species (e.g. affinity to inner/outer shelf, coral reefs etc.). Taken
together with the projections from POLCOMS-ERSEM, the tolerance of
each species to different environmental conditions was determined
(Cheung et al., 2009), thereby creating seed populations. The model was
initialized with these seed populations using the estimated present dis-
tribution and then driven by ocean model outputs to evaluate the
possible impacts of future changes in environmental conditions on
population distributions (Fernandes et al., 2015). The model projected
future distributions of species abundance and biomass by combining
ocean dynamics such as advection with mortality, growth and dispersal
processes. The carrying capacity of each species was dependent on the
environmental conditions and limited by primary production (Cheung
et al., 2009; Wilson et al., 2021). The size-spectra component of SS-
DBEM compared the biomass that can be supported in a given area
(based on primary production and the derived size spectrum) to the
energy demand of the species that were projected to be present in the
area. Energy was distributed to species in proportion to their energy
demand and growth rate (Fernandes et al., 2013). By accounting for
both environmental preference and population dynamics in the SS-
DBEM, any changes in environmental conditions resulted in changes
in life history, carrying capacity and ultimately, on the abundance and
distribution of fish species. In order to overcome any boundary condi-
tion issues, the model was run on a global configuration in which all of
the world's oceans were represented. It should be noted that the model is
capable of running several hundred species globally (Cheung et al.,
2019) and as such does not need specific parameterization for regional
applications.

2.4. Climate change and fishing scenarios

All modelling projections were produced using global greenhouse
gas concentration pathways described by Representative Concentration
Pathways (“RCPs”, Van Vuuren et al., 2011) as forcing. Global green-
house gas concentrations described by the RCPs used in this analysis
diverge by 2050, declining sharply under RCP4.5, and continuing to rise
steadily through the 21st century under RCP8.5 (Van Vuuren et al.,
2011). It is worth noting that the RCPs have been superseded by Shared
Socio-economic Pathways (SSPs) since the advent of the more advanced
CMIP6 global climate models. However, at the time the modelling was
produced for this study, there were no regionally-downscaled versions of
the CMIP6 models available, so climate change was applied to the
biogeochemical model (and consequently the SS-DBEM) using a CMIP5
model and the RCPs.

In addition to the two climate change scenarios, two fishing sce-
narios were also applied in order to provide a means of comparing the
relative importance of climate change and fisheries management in
determining future species abundances. This model considers fishing
pressure in relation to maximum sustainable yield (MSY), defined as the
highest average theoretical equilibrium catch that can be taken
continuously from a stock under average environmental conditions
(Hilborn and Walters, 1992). The two fishing scenarios used here were
MSYO0, which represents a situation in which no fishing mortality occurs,
and which therefore allows the effects of climate change to be assessed
alone; and MSY1, which represents a situation in which fishing effort is
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maintained at the theoretical MSY, and so is assumed to be sustainable.
Fishing mortality in the model was calculated on a global basis and does
not represent present fishing levels in the region, but rather is indicative
of the broader impacts of fishing in addition to any climate change ef-
fects on species abundances. There were two reasons for this choice:
first, fishing levels vary year on year; and second, the purpose of this
study was to look at mid-century species abundances, so projections
made using current fishing pressures would only provide so much in-
formation compared to using multiple scenarios. The resulting dataset
gives annual projections of fish abundance/biomass under each climate
change and fishing scenario (Sailley, 2021).

The modelling datasets selected for analysis are detailed in Supple-
mentary Material Table S1. Species used in the analysis were identified
as key species targeted by both commercial and municipal vessels by
project partners in the Philippines, based on their expert opinions of
capture fisheries in Palawan. The combined climate and fishing sce-
narios are termed throughout using the acronym of the RCP and either
MSYO or MSY1 to denote no or sustainable fishing effort. For instance,
RCP4.5/MSY1 denotes projections of species abundances under the
climate forcing of the RCP4.5 emissions scenario and moderate fishing
effort at MSY. Separate analyses of fishing projections were undertaken
for pelagic (17 species, Table S1) and demersal species (15 species,
Table S1). The projected distributions of pelagic and demersal species
for the reference decade (2011-2020) under RCP4.5/MSY0 are shown in
Fig. 2.

2.5. Model validation

Spatial model validation was not possible in this study, as stock
assessment in the Philippines is measured from landings data (NFRDI,
2022), and consequently spatially explicit distribution data for fished
species was not available. However, in order to assess whether the model
captured temporal changes in species abundances, we examined capture
fisheries production data for administrative region IV-B, of which Pal-
awan is a part, between 2004 and 2020 (annual fisheries profiles
available from www.bfar.da.gov.ph), and visually compared it to model
hindcasts (under RCP4.5/MSY1) aggregated across the whole model
domain for the same period in order to see if trends in fisheries pro-
duction were reflected in projected changes in abundance. Both times-
eries were smoothed by calculating 10 year moving averages, and both
were scaled between 0 and 1 to make visual comparison easier. Scaled
changes in abundance/production biomass for each dataset are shown in
Supplementary Material Fig. S1.

2.6. Spatial meta-analysis of modelling datasets

The spatial meta-analysis technique applied here estimates the
overall change in the mean of a family of individual distributions
composed of all the SS-DBEM datasets in the future, compared to the
present reference period, considering their within and across dataset
variability (Queiros et al., 2021). In short, the algorithm compares
current (projected) abundances with those at a specified point in the
future. For each grid cell in the SS-DBEM domain we constructed a
random-effects meta-analysis model which tested the null hypothesis
that change in species abundances (described by all the model pro-
jections for the species included in the analysis) was zero. The change in
abundance of each species over the period of analysis (the individual
effects size) was estimated by calculating the unbiased standardized
mean difference estimator Hedges' g (Hedges, 1982) in each grid cell of
the model domain. The variance of the individual effect sizes was
calculated as the sum of (i) the variance of Hedges' g for each dataset;
and (ii) the variance between datasets, for each grid cell, employing the
Der Simonian Laird method (Borenstein et al., 2011; DerSimonian and
Laird, 1986). The test statistic resulting from the meta-analysis model in
each grid cell is the summary effect (M). Three outcomes were possible
for each analysis, in each grid cell. 1) the cell was identified as a climate
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Fig. 2. Projected distributions of pelagic (a) and demersal (b) species in the reference decade (2011-2020) under RCP4.5/MSYO0.

change refuge — i.e. species abundances may be resilient to climate
change — where change around the mean was small and/or variability
was high, suggesting that species abundances had a high probability of
remaining within the range of variability projected at present. 2) The
grid cell was identified as a climate change hotspot — i.e. species abun-
dances are climate vulnerable - expressing large change beyond the
present time variability that was consistent with climate change trends
for many of the datasets considered; or 3) the cell was identified as a
climate change bright spot, indicating an increase in species abundances
(outside of present day variability) in opposition to predicted climate
change trends. The mathematical definition of each category is based on
calculation of the 95 % confidence interval for the summary effect M,
which quantifies change between the two time periods considered in
each analysis (present and future) (Borenstein et al., 2011). We assume
that M has a normal distribution: when M is less than zero and its con-
fidence interval does not contain zero, we have a hotspot; when M's
confidence interval contains zero we have a climate refuge; when M is
greater than zero and its confidence interval does not contain zero we
have a bright spot. All analyses and plotting was carried out using
author-led R core scripts (R Core Team, 2020).

3. Results

Visual comparison between changes in capture fisheries production
(originally measured in metric tonnes biomass) and projected changes in
species abundances between 2004 and 2020 showed that abundances
projected by the SS-DBEM model used in this analysis broadly reflect
trends in catch in the region (SM Fig. S1). Both production and abun-
dances increased in the first half of the 21st century, with total catches
peaking in 2009 (SM Fig. S1). Projected abundances peaked a little later
in 2012, and remained steady for several years before decreasing from
2015 onwards (SM Fig. S1). This pattern is not reflected in total catches,
which start to decrease immediately after the 2009 peak. The general
shape of the data (i.e. increases in the first decade of the century fol-
lowed by decreases to the present day) are similar enough for us to argue
that abundance projections made by the model for future time periods
are robust enough to support our conclusions. It is worth noting that
while the biogeochemical model (originally run on a 0.1° lat * 0.1° lon
grid) driving the SS-DBEM has been regionally validated for the Palawan
area (Kay et al., 2023), spatial validation of the SS-DBEM itself was not
possible, and the resolution of this model is coarser (0.5° lat * 0.5° lon

grid). With this in mind, we suggest that some processes in nearshore
waters, where land-based influences and structured coastal habitats can
shape conditions, may not be fully captured. This in turn could affect
input conditions for the SS-DBEM and subsequent responses of modelled
species in coastal areas.

When considering only climate forcing, our analysis showed that a
climate signal emerges in the distribution of pelagic species by the 2040s
under both RCP4.5/MSY0 and RCP8.5/MSY0, with hotspots evident
across the majority of the case study area. These included the Tubbataha
Reefs Natural Park in the Sulu Sea (see Fig. 1 for location), which is the
largest marine reserve in the Philippines (Fig. 3). Demersal species
appeared to be less severely affected under the lower emissions scenario
RCP4.5/MSY0, with abundances remaining comparable to those seen in
the present day around much of Palawan. In this case, some bright spots
were apparent in the Sulu Sea to the south and east of Taytay and
Dumaran, and around the southern islands of the Cuyo Archipelago
(Fig. 3). Bright spots for demersal species were also projected in Honda
Bay and Puerto Princesa Bay, south of Aborlan and Narra, and further
offshore to the south and east of Balabac (Fig. 3). The Mindoro Straight,
which is a major fishing ground, may also remain climate resilient under
this scenario (Fig. 3). Without fishing pressure, it may therefore be
possible that all of these areas could support climate resilient demersal
populations in the medium term. Under the higher emissions scenario
RCP8.5/MSYO0 however, the bright spots for demersal species distribu-
tions disappeared, resulting in the potential loss of abundances of
demersal species around the whole island. In the same analysis, the
Mindoro Straight and areas around the Reed Tablemount and Sabina
Shoal (see Fig. 1 for locations) also became climate change hotspots
(Fig. 3). Losses from municipal waters could be particularly pronounced
under RCP8.5/MSYO0, with the only climate resilient areas remaining
located in Honda and Puerto Princesa Bays (pelagic and demersal spe-
cies, Fig. 3). Interestingly, with the addition of moderate fishing pres-
sure, climate resilient areas for both pelagic and demersal species were
evident along much of the southern coast of Palawan Island under
RCP4.5/MSY1 (Fig. 3). However, the bright spots for demersal species
that were apparent under the RCP4.5/MSY0 scenario (Fig. 3) dis-
appeared. As before, climate change hotspots for pelagic species could
occur across much of the case study area outside of the 15 km municipal
boundary (Fig. 3). Under RCP8.5/MSY1 however, the climate signal
could emerge for both pelagic and demersal species: climate change
hotspots for pelagic species could potentially be located within all
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Fig. 3. The projected effect of climate change on the abundances of fish species targeted by the Philippines fleet by the 2040s, under RCP4.5/MSY0, RCP4.5/MSY1,
RCP8.5/MSY0 and RCP8.5/MSY1. The colour of triangles denotes climate change hotspots (blue) or bright spots (orange) in the time-period and scenario analysed,
with no triangles denoting climate change refugia. Upward triangles represent pelagic species, and downward triangles represent benthic/demersal species. Over-
lapping triangles indicate where hotspots or bright spots occur in both pelagic and benthic/demersal analyses.

municipal waters along the south coast of Palawan; for demersal species,
hotspots could occur around the northern and southern ends of the is-
land (Fig. 3). Outside of municipal waters, while the Mindoro Straight
appeared to remain climate resilient for pelagic species under RCP4.5/
MSY1, it seemed to become a climate change hotspot for both pelagic
and demersal species under RCP8.5/MSY1 (Fig. 3).

Looking further ahead to the 2060s, under RCP4.5/MSYO, bright
spots for demersal species abundances around the southern Cuyo Ar-
chipelago and in Honda and Puerto Princesa Bays which were present in
the 2040s were no longer apparent, although the areas remained climate
resilient (Fig. 4). Those areas around Aborlan, Narra and south east of
Balabac which were previously either climate resilient or bright spots for
demersal species could become hotspots by the 2060s (Fig. 4). The
pattern for pelagic species under RCP4.5/MSY0 was similar to that seen
in the earlier time frame, with widespread declines in abundances pro-
jected (Fig. 4). The addition of sustainable fishing (RCP4.5/MSY1),

however, seemed to result in the disappearance of previously identified
inshore climate resilient areas for both pelagic and demersal species, and
climate change hotspots for demersal abundances could instead occur
outside of the 15 km municipal boundary to the south east of Balabac
(Fig. 4). Under the higher emissions scenario, projections for demersal
species abundances under RCP8.5/MSYO0 were comparable to those for
the 2040s, but climate resilient areas for pelagic species abundances
could potentially disappear (Fig. 4). When fishing was also considered in
the analysis (RCP8.5/MSY1), areas previously identified as climate
resilient for demersal species in the southern Cuyo Archipelago became,
in turn, climate change hotspots, along with an expansion of hotspots
around the Reed Tablemount area (Fig. 4).

4. Discussion

Our results suggest that climate change presents a significant
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Fig. 4. The projected effect of climate change on the abundances of fish species targeted by the Philippines fleet by the 2060s, under RCP4.5/MSY0, RCP4.5/MSY1,
RCP8.5/MSY0 and RCP8.5/MSY1. The colour of triangles denotes climate change hotspots (blue) or bright spots (orange) in the time-period and scenario analysed,
with no triangles denoting climate change refugia. Upward triangles represent pelagic species, and downward triangles represent benthic/demersal species. Over-
lapping triangles indicate where hotspots or bright spots occur in both pelagic and benthic/demersal analyses.

challenge to Palawan fisheries. Key pelagic species such as scads (Selar
crumenophthalmus, Megalaspis cordyla, Selaroides leptolepis) and tunas
(Auxis rochei, Thunnus spp.) targeted by both the municipal and com-
mercial fleets are likely to exhibit significant, widespread reductions in
abundance by the 2040s (SM Fig. S2), even under the lower emissions
scenario (RCP4.5) considered here. By the 2060s, similar reductions
were also seen in demersal species such as threadfin bream (Nemipterus
spp.) and some snappers (Lutjanus malbricus) (SM Fig. S11), both of
which are targeted by municipal fishers in particular. This is in keeping
with previous studies of the effects of climate change on fisheries in the
area, which suggested that catch potential in the Philippines could
decrease on average by between ~8 % (under the IPCC's strong emis-
sions reduction scenario RCP2.6) and 24 % (under RCP8.5) by 2050
(Cheung et al., 2018). This could have implications for the Philippines
economy as a whole (e.g. tuna exports were worth ~US$379 million in
2021) (BFAR, 2022) and it is possible that abundance reductions in

those smaller pelagic and demersal species targeted by the municipal
fleet and traded within the Philippines could affect local nutrition (~12
% of Filipinos daily food intake is comprised of fish and fishery products)
and incomes (BFAR, 2022; Fabinyi et al., 2019). It is also important to
note that our results may be conservative, as: 1) potential impacts of
climate change on coral habitats (key habitats for many of the species
targeted by fishers in Palawan (Fabinyi and Dalabajan, 2011), and
which are themselves under threat from climate change (Eddy et al.,
2021; Hoey et al., 2016; Hughes et al., 2017)) are not quantified directly
by the model that generated the species distribution projections ana-
lysed here (Sailley, 2021), so any decreases in coral associated species
caused by loss of habitat may not be captured and 2) the fishing level
simulated is an underestimate (Anticamara and Go, 2016; Coastal Re-
sources Center, 2021; Muallil et al., 2014). For all these reasons, we
suggest that a full climate risk assessment (Payne et al., 2021) of Pala-
wan fisheries would be beneficial.



E. Talbot et al.

Philippines fisheries are widely thought to be overfished (Lavides
etal., 2016; Muallil et al., 2019; Nanola et al., 2011) and we suggest that
addressing overexploitation in the near term could be key in promoting
the future sustainability of the sector in the face of climate change.
Overfishing often has major ecosystem effects and is considered to be
one of the greatest threats to ocean health (Sumaila and Tai, 2020).
Direct impacts of overexploitation can reduce commercially important
fish biomass to vulnerable levels, which affects the biodiversity and
sustainability of capture fisheries (Sumaila and Tai, 2020). Less valuable
species are negatively impacted due to bycatch or habitat degradation as
a result of destructive fishing practices (Faruque and Matsuda, 2021;
Kaiser et al., 2003). Reducing exploitation to end overfishing has
therefore been widely discussed as a climate change mitigation strategy.
Encouragingly, ambitious actions to address overexploitation are
already planned in the Philippines, with the establishment of twelve
Fisheries Management Areas (FMAs), and the proposed development of
an ecosystem based approach to fisheries management (BFAR, 2019).
Management strategies such as the establishment of biological reference
points based on national stock assessments, and the implementation of
harvest control measures are proposed as part of these reforms (BFAR,
2019). Furthermore, the rollout of the FMAs aims to encourage more
cooperative management of those stocks that move between the juris-
dictions of different municipalities (BFAR, 2019). Historically, measures
such as these, which are set by data-intensive assessments and moni-
toring that require consistent funding and institutional support, would
have been challenging to implement in Philippines fisheries (Anti-
camara and Go, 2016). Conducting these assessments is imperative to
improving management however, and a recent new initiative, funded by
the World Bank and aiming to finance improved fisheries management,
enforcement, capacity building and other necessary investments in the
sector (World Bank, 2023), may be beneficial in securing better out-
comes in the future. Recent research suggests that the implementation of
measures such as these, which aim to address both productivity and
range shifts within Philippines capture fisheries, may help to mitigate
some of the effects of climate change, particularly under lower emissions
scenarios (Free et al., 2020). However, even with better management, it
is likely that catches in the Philippines, as in other tropical areas, will
decrease in the future as a result of climate change driven changes in
biological productivity. Indeed, our analysis suggests that species
abundances will decline by mid-century under both RCP4.5 and RCP8.5
even without added fishing pressure, which is in line with other studies
projecting declining catches for the Philippines under a range of climate
change scenarios (Cheung et al., 2018; Free et al., 2020). While imple-
menting climate-adaptive management reforms now will undoubtedly
prove to be more beneficial than any “business-as-usual” management
strategy, it is likely that the Philippines will need to look to other food
production sectors to offset the losses in capture fishery production (Free
et al., 2020). Further development of aquaculture technology and pro-
duction could help minimize fishing pressures while sustaining fishing
supply and market demands (Malayang III et al., 2020), although it also
poses a number of threats to biodiversity, such as eutrophication caused
by aquaculture effluents, conversion of ecologically sensitive habitats,
disease and parasite transmission, escape leading to species invasions
and an increased demand for fishmeal (Diana, 2009). The further
expansion of large-scale aquaculture for increased food production in
the Philippines will therefore require a better understanding of these
environmental trade-offs and the best practices for managing them
(Klinger and Naylor, 2012).

In addition to aquaculture expansion, the introduction of policies to
promote catch diversification (e.g. targeting multiple species, use of
different gear types) may also help to buffer fishers from environmental
variability and changing fisheries resources (Free et al., 2020). This
might be particularly beneficial in Palawan as our analysis suggested
some inter-specific variability in the spatial patterns of responses of
different populations to climate change (SM Figs. $2-S17). In this case,
providing fishers with a portfolio of fishing opportunities may help to
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decrease reliance on those species whose abundances are projected to be
more sensitive to climate change. For example, some species of sardine,
mackerel, snapper and grouper are projected to increase in some areas
around Palawan under RCP4.5/MSY1. All these groups are targeted by
both municipal and commercial fishers already, and although the
particularly high value species such as Indian mackerel (Rastrelliger
kanagurta) and big-eye scad (Selar crumenophthalmus) are not among
those with projected increases, other species with commercial value
such as yellowtail scad (Atule mate) and short mackerel (Rastrelliger
brachysoma) may increase, and could be preferentially targeted instead
(Balisco et al., 2019). Furthermore, because many gears operated in the
Philippines target multiple species, some existing gears can be modified
to target underexploited species, which may aid in catch diversification
(Balisco et al., 2019). However, it is important note that not all fishers
will be able to target new species with gear they are already operating
(modified or otherwise), and the high incidence of poverty recorded
among Filipino fishers (BFAR, 2022) may limit investment in boats or
diverse gears, which in turn serves as a barrier to catch diversification
(Taylor et al., 2021). These limitations need to be acknowledged in any
management strategies promoting catch diversification in the
Philippines. Nevertheless, recent research of East African fisheries sug-
gests that higher levels of species diversification can substantially
reduce variability in fishers' incomes (Robinson et al., 2020) and that
fishers with more diverse portfolio strategies generally had higher levels
of adaptive capacity (e.g. the conditions that enable people to anticipate
and respond to change, minimize the consequences, enable recovery,
and take advantage of new opportunities) than those with less diverse
fishing portfolios (Taylor et al., 2021).

We would also recommend spatial management strategies that pre-
serve population resilience, age structure, and genetic diversity. For
instance, MPAs are a well-established fisheries management and con-
servation tool in the Philippines (Espenilla, 2020), primarily used to
enhance fish biomass, improve fish catch for adjacent fisheries, protect
fish populations from decline, and restore and preserve natural ecosys-
tems (Alcala and Russ, 2006; Cabral et al., 2019; Caselle et al., 2015;
Halpern et al., 2010). They may also be particularly useful for protecting
the big, old, fecund females that disproportionately contribute to stock
productivity (Hixon et al., 2013). By identifying areas where species
abundances may remain climate resilient in the future, such as those
areas along the Sulu Sea coast in RCP4.5/MSY1, our analysis could help
managers select sites for MPA designation. Bringing some of these areas
into an MPA network may present important opportunities to improve
fisheries sustainability while helping to support the fishing sector in the
face of changing ocean conditions. It is important to note that in order
for MPAs to be truly effective in maintaining healthy habitats and fish
populations, they need to be large (2-10 km wide for at least partial
protection of commercially important reef fishes (Krueck et al., 2018))
and ideally, scaled up into networks (Horigue et al., 2015). Historically,
this has not been the case in the Philippines, where many existing MPAs
are small (Bayley et al., 2020) and fragmented, with individual sites
bearing little or no relationship to other protected areas (Espenilla,
2020). While these small MPAs can have benefits in terms of increasing
fish biomass and abundance when compared to unprotected sites in the
Philippines (Bayley et al., 2020), new designations should consider size
(e.g. 10s km?) and connectivity (e.g. covering home range habitats,
migratory corridors and spawning aggregation sites) of sites to ensure
maximum fishery benefits (Krueck et al., 2018). In these cases, the re-
covery of spawning stock biomass could potentially be promoted for
commercially valuable climate-resilient species such as the squaretail
coral grouper (Plectropomus areolatus) (Hutchinson and Rhodes, 2010)
and the mangrove red snapper (Lutjanus argentimaculatus) (Honda et al.,
2016; Honda et al., 2017) within the boundaries of the MPA itself
(McClure et al., 2020; Russ and Alcala, 2004). Catches in the wider area
could further benefit due to the potential positive impacts of spill-over, a
process by which biomass is exported to adjacent fishing grounds (Di
Lorenzo et al., 2016). Evidence of spill-over effects after long-term
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protection have been documented in several tropical fisheries in East
Africa (da Silva et al., 2015; Kaunda-Arara and Rose, 2004; McClanahan,
2021), South America (Francini-Filho and Moura, 2008) and SE Asia
(Dygico et al., 2013; Russ et al., 2003; Russ et al., 2004).

Despite these possible benefits however, given the projected climate
change driven declines in species abundances and catches suggested by
this work and others (Cheung et al., 2018; Free et al., 2020), it may be
necessary to remove overcapacity from Philippines capture fisheries
permanently. In this case, the provision of alternative livelihood ca-
pacity building programs to diversify and secure incomes could be
beneficial in encouraging fishers to exit the sector (Cusack et al., 2021;
Jalotjot and Cervantes, 2016). For example, elsewhere in the Philippines
(Moalboal, Central Visayas region), ecotourism has emerged as an
alternative to fishing due to a combination of nearshore fringing reefs,
the establishment of coastal MPAs and the occurrence of a consistently
large and charismatic herring aggregation which provides a tourism
draw to the area (Cusack et al., 2021). This case serves to show that
where there is strong community engagement in governance and man-
agement strategies, and where the economic benefits are retained and
distributed within the local community, the economic reliance of fishers
on the fishery is reduced, and long-term livelihood options beyond
fishing may be facilitated (Cusack et al., 2021). Similarly, there is some
evidence to suggest that in the Philippines, fishers who are involved in
alternative employment have lower fishing effort compared to those that
are not (Muallil et al., 2013). Nonetheless, while some instances of
alternative income generation are successful, the ability of livelihood
diversification projects more generally to reduce vulnerability and
alleviate pressure on overexploited fishery resources remains inconsis-
tent (Roscher et al., 2022), perhaps because of the non-material benefits
that fisheries provide, such as contributions to cultural or personal
identity (Cinner, 2014). Evidently, these issues need to be considered by
managers and policymakers when alternative livelihood polices are
developed if they are to effectively foster transitions away from fisheries.

4.1. Conclusions

Evidently, there are several challenges to overcome before the goal
of climate-ready sustainable fisheries in the Philippines can be achieved.
As is the case in many tropical reef fisheries, the stocks are overexploited
(Ablan et al., 2004; Gonzales et al., 2019), stock assessment data is seen
as insufficient or under-utilized, and fisheries managers have difficulty
setting sustainable harvesting targets (Campos and Bagarinao-Regalado,
2021). Furthermore, interaction and co-operation between stakeholders
is seen to be low at present (Fabinyi, 2008; Tupper et al., 2015), and
governance and enforcement remain challenging due to limited capac-
ity, resources, and sustainable financing mechanisms at the local level
(Maypa et al., 2012; Tupper et al., 2015). This background challenges
the development of strategies and the implementation of management
measures for future climate conditions, although the designation of the
new FMAs and a focus on the implementation of an ecosystem based
approach to fisheries management, supported by new investment from
the World Bank, may be beneficial in addressing these issues and pro-
moting sustainability and resilience to climate change in managed
stocks. We argue the method presented here represents an important
addition to the decision support toolkit of fisheries managers and
practitioners in the Philippines, as our work, specifically designed to
support the spatial management of maritime sectors (Queiros et al.,
2021), provides a simple and easily interpretable means to answer
important questions: where are species abundances likely to remain
resilient to climate change within a given time frame, where are they
vulnerable to climate change, and do any new opportunities for the
sector emerge? This in turn allows managers to consider spatial man-
agement policies that will remain effective under future climate change
scenarios, highlighting what can be done to support sustainability,
rather than focussing only on what will be lost.
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