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Marine heatwaves exacerbate
climate change impacts for fisheries
in the northeast Pacific

William W. L. Cheung'* & Thomas L. Frélicher?3

Marine heatwaves (MHWs) have occurred in all ocean basins with severe negative impacts on coastal
and ocean ecosystems. The northeast Pacific 2013-2015 MHW in particular received major societal
concerns. Yet, our knowledge about how MHWs impact fish stocks is limited. Here, we combine outputs
from a large ensemble simulation of an Earth system model with a fish impact model to simulate
responses of major northeast Pacific fish stocks to MHWs. We show that MHWs cause biomass decrease
and shifts in biogeography of fish stocks that are at least four times faster and bigger in magnitude
than the effects of decadal-scale mean changes throughout the 21st century. With MHWs, we project

a doubling of impact levels by 2050 amongst the most important fisheries species over previous
assessments that focus only on long-term climate change. Our results underscore the additional
challenges from MHWs for fisheries and their management under climate change.

Marine heatwaves (MHWs) - persistent extremely warm ocean temperatures - are already impacting ecosystems
worldwide!'~>. Impacts from MHWs include range shifts of marine fishes and invertebrates®~, bleaching of coral
reefs?, mass mortality of kelp forest*!? and other coastal vegetation!! and reduction in reproductive success and
survivorship of marine animals'?. Long-term ocean warming since the early 20th century due to human-induced
increase in greenhouse emissions has led to widespread increases in MHW frequency, intensity and duration®®.
Globally, the frequency of MHW s has been doubled since 19824, and is projected to increase further under con-
tinued global warming>'*!5,

In 2013, a large MHW in the northeast Pacific appeared off the coast of Alaska and subsequently expanded
south to Baja California. This specific MHW, commonly known as the “Blob”'¢, persisted through to the end
of 2015 and was the largest MHW globally since 19827 with sea surface temperature (SST) anomalies of over
6°C. This warm Blob affected ecosystems from the California Current in the South to the Gulf of Alaska and the
Bering Sea in the North®!8-20. The anomalously high temperature enhanced the stratification of the upper ocean,
leading to a decrease in nutrient supply to the surface ocean and causing a decrease in net primary production
and community production®'?2. Observational studies have reported ecological changes in the Northeast Pacific
region, such as shifts in the horizontal and vertical distributions of marine species®"?, as well as changes in pelagic
micronekton and macrozooplankton communities and their species richness'®*. Such changes impacted also
human activities such as fisheries'®. Towards the end of 2019, a new MHW has emerged in the North Pacific*,
raising concerns that a similar MHW as the Blob in 2013-2015 may reappear in the near future. Due to the
already low numbers of Pacific cod (Gadus macrocephalus) and the potential reappearance of the Blob, the United
States’ federal cod fishery in the Gulf of Alaska closed for the 2020 season as a precautionary measure?. The fish-
eries closure underscores the potential high impacts of such MHWSs not only on marine ecosystems, but also on
social-economic systems such as fisheries.

Simulating ecological changes of fish stocks and fisheries using modelling approaches can help elucidate and
attribute the relative contribution of MHWSs to observed changes in ecosystems?® and assess future ecological
risks under alternative scenarios of climate change?”’. However, projections of ecological impacts of MHWSs have
focused mainly on sensitive biogenic habitats such as coral reefs and intertidal systems*>?. In contrast, previous
impact assessments on fish stocks and fisheries focused mainly on decadal-scale changes in mean conditions
under climate change while the additional impacts of MHW s are more uncertain. Improved understanding of
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Figure 1. Average annual fisheries catches of the 22 studied fish stocks from 1981 to 2015 in the northeast
Pacific Ocean and the three large marine ecosystems therein. Catches data were obtained from the Sea Around
Us fisheries database (www.seaaroundus.org)*®. The boundary of the northeast Pacific Ocean is based on the
United Nations’ Food and Agriculture Organization Statistical Area 67. The large marine ecosystems include:
EBS - Eastern Bering Sea, GoA - Gulf of Alaska, and CC - California Current.

the futures of living marine resources will help inform dependent human communities, sectors and governance
institutions to develop more effective climate-adaptation and risk-reduction measures.

Here, we aim to test the hypotheses that MHW s will add to the impacts of changes in mean ocean conditions
under climate change, leading to additional anomalous shifts in biomass, distribution and potential catches of fish
stocks in the northeast Pacific regions. Previous studies have applied species distribution models to project the
effects of changing long-term mean ocean conditions on spatial distribution, abundance, community structure
and the potential biomass production of fishes and invertebrates in this region?”-***!. In this study, we extend such
modelling approaches to examine the consequences of MHWS on fish stocks and fisheries. Our analysis focused
on the northeast Pacific Ocean and the Large Marine Ecosystems (LMEs) therein where most fishing took place
(Fig. 1). We used the United Nations’ Food and Agriculture Organization (FAO) Statistical Area (Area 67) to
delineate the northeast Pacific region. This region includes three LMEs*% (a) Eastern Bering Sea, (b) Gulf of
Alaska and (c) California Current. We examine the additional risk of MHW:s on fish distribution[biomass] and
and potential fisheries catches and explore whether and how the projected impacts of MHW: s add to the decadal
scale changes in mean ocean conditions. We also discuss the implications of the findings for ecosystem-based
fisheries management.

We analyzed projected changes in annual mean Sea Surface Temperature (SST) in the northeast Pacific Ocean
using a 10-member ensemble simulation of the Earth system model version 2 developed at the Geophysical
Fluid Dynamics Laboratory (GFDL ESM2M?3~%; see Materials and Methods). Each ensemble simulation was run
over the 1950-2100 period under the same external forcing of historical changes before 2005 and Representative
Concentration Pathway 8.5 (RCP8.5) thereafter. The RCP8.5 scenario represents a pathway of greenhouse gas
concentrations for which radiative forcing reaches approximately 8.5 Wm~2 by 2100. We simulated changes in
abundance and distributions of exploited fish stocks that are highly important to fisheries in the northeast Pacific
region (Fig. 1) We included a total of 22 fish species that were reported in the fisheries statistics in the northeast
Pacific region (www.seaaroundus.org). These species were important to fisheries in this region as they contributed
up to 80% of the total observed catches from 2006 to 2015 (www.seaaroundus.org). We used the dynamic biocli-
mate envelope model (DBEM)**%, which is a spatially-explicit species distribution-population dynamic model,
to simulate dynamical changes in biomass, and potential fisheries catch for each species on a 0.5° latitude x 0.5°
longitude grid of the world ocean (see Methods for details). To identify MHWS, we calculated anomalies between
the annual mean SST simulated by each of the individual 10 ensemble members and the ensemble-averaged SST
(Fig. 2). We calculated four impact indicators to examine the ecological responses of fish stocks and their impli-
cations for fisheries during a MHW. These indicators are: (1) total biomass, (2) latitudinal centroid (average of the
coordinates of grid cell weighted by the species’ biomass), (3) depth centroid (average of bathymetry of grid cell
weighted by the species’ biomass), and (4) maximum catch potential [catch at fish stock-specific fishing mortality
rate (F) that achieves maximum sustainable yield (MSY) i.e., F=Fysy].

Results

We identified amongst the ten ensemble member simulations in total 149 MHWs in any of the three LMEs from
1981 to 2100. During these MHWs, the SST anomalies (i.e. mean annual intensity) are on average 0.99 °C (5
to 95" percentile = 0.55-1.49 °C) higher than the ensemble-mean SST (Fig. 3A). In comparison, the simulated
average rate of SST change across the LMEs is 0.23 4 0.04 °C (standard deviation) per decade (Fig. 3B). Thus, the
average MHW SST anomalies, which are estimated annually, are about four times the mean warming per decade
in the northeast Pacific LMEs. The intensity of MHWs is higher in the high latitude LMEs, i.e., Eastern Bering Sea
and Gulf of Alaska, relative to that in California Current (Fig. 3A), because the SST variability is larger in Eastern
Bering Sea and Gulf of Alaska than in California Current. Since we focused on annual means in SST, the modeled
SST anomalies in all three LMEs are in general smaller than the observed peak SST anomalies during the Blob.
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Figure 2. Schematic diagram explaining the characterization of Marine Heatwaves (MHWSs) and their impacts
on fish stocks. (a) The characterization of MHWs based on outputs from the 10 ensemble member projections
of the GFDL ESM2M and (b) their impacts on biomass of the sockeye salmon (Oncorhynchus nerka) in the Gulf
of Alaska large marine ecosystem. The red vertical bars in both panels indicate MHW events. Biomass changes
are given as changes relative to 1986 to 2005.

The biomass of the 22 exploited fish stocks in the three northeast Pacific LMEs was projected to decrease
by a median of —2.8% (5" to 95™ percentile = —17.1 to 0.4%) during MHW events (Fig. 3C), with maximum
decreases of up to 20%. Changes in maximum catch potential levels were almost the same as changes in biomass
(Fig. S4-6). The biomass (and maximum catch potential levels; not shown) of almost all fishes in the California
Current fish stocks were lower during MHW: s for the majority of the fish stocks (median = —4.0%, 5th to 95th
percentile from —18.3 to 0.0%). The direction of impacts of MHW on fish stock biomass in the Eastern Bering
Sea (—0.8%, from —11.7 to 1.1%) and Gulf of Alaska (—3.0%, from —14.5 to 0.2%) were slightly more variable.
These general decreases in biomass during MHWSs added to the long-term climate change-induced changes in
biomass. The decadal mean changes in biomass were projected to be more variable in the direction of changes
than changes during the MHWSs years across the LMEs (Fig. 3D). For the species with negative responses during
MHWs, the decreases in biomass during MHW s were several factors higher than the rate of biomass decrease per
decade from 1981 to 2100 under RCP8.5.

We also projected signature of MHW s on the biogeography of exploited fish stocks in the northeast Pacific
(Figs. 3E,G). 70% of the fish stocks showed a poleward shift in the latitudinal distribution centroids during
MHWs (Fig. 3E). The direction of shifts in the Gulf of Alaska were projected to be more variable across spe-
cies (median = —0.76 km, 5th to 95th percentile from —7.6 to 19.9km) than those in Eastern Bering Sea and
California Current, with around half of the species shifting southward. On average, fish assemblages in Eastern
Bering Sea and California Current were projected to shift poleward at a rate of 9.5km (—4.0 to 23.9km) and
5.8km (—5.1 to 22.0km) per year, respectively, for each MHW event, with maximum shifts of over 30 km relative
to the mean distribution. The pattern and magnitude of the latitudinal shifts of the fish assemblages were similar
to the average decadal-scale shifts under climate change (Fig. 3F). Bathymetric shifts with MHW s were projected
to vary more substantially across the stock-ensemble members, particularly in Eastern Bering Sea (—0.8, —6.7 to
24.1 m) and California Current (—4.1, —14.4 to 26.1 m) compared to Gulf of Alaska (1.6, —16.1 to 8.1 m); note
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Figure 3. Projected changes in sea surface temperature (A,B) and the impact indicators (biomass, latitudinal
centroid and depth centroid; C-H) of the 22 studied fish stocks in the three large marine ecosystems (Eastern
Bering Sea - EBS, Gulf of Alaska - GoA, California Current - CC) of the northeast Pacific during MHWs

(left panels) and due to long-term climate change from 1981 to 2100 (right panels). Changes in sea surface
temperature and impact indicators during MHW s were expressed relative to the spline-smoothed ensemble-
mean of the same time period. In contrast, long-term climate changes were calculated from linear regressions
over the 1981-2100 period, with the rate of change (slope of the regression) expressed as change per decade.
Negative depth centroid shifts in G-H indicate species’ average distribution that were projected to be deeper.

negative values indicate shift to deeper waters). The pattern of shifts in depth centroids of fish assemblages were
generally consistent between MHWs and long-term decadal-scale mean changes (Fig. 3G,H).

Amongst the 22 fishes, pelagic fish were projected to be most negatively impacted by MHWs, followed by
Pacific salmon and groundfish (Fig. 4). Overall, almost all the studied pelagic fish showed significant decrease in
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Figure 4. Projected mean changes in biomass, latitudinal and depth centroid of the 22 exploited marine fish
stocks in the Eastern Bering Sea (EBS), Gulf of Alaska (GoA) and California Current (CC) during MHW

years. NA - not available in catch record between 2006 and 2015.The different colour scales represent the
projected changes in biomass, latitudinal centroid and depth centroid. Stripping of a cell represents changes at a
significant level of below 0.05.

biomass (more than 7%) under MHWS relative to the mean conditions, except Pacific sardine (Sardinops sagax)
and Japanese mackerel (Scomber japonicus) that did not show significant changes in Gulf of Alaska. Amongst the
five studied Pacific salmon species, biomass of sockeye salmon (Oncorhynchus nerka) decreased most substan-
tially and most consistently across LMEs under MHWs , followed by coho salmon (O. Kisutch). For groundfish,
biomass of Pacific cod (Gadus macrocephalus), sablefish (Anoplopoma fimbria) and Pacific ocean perch (Sebastes
alutus) were projected to decrease significantly under MHWs in all LMEs. Only Alaska pollock in the Eastern
Bering Sea increased significantly in biomass under MHWs amongst all the 22 species and LMEs.

For MHW impacts on species’ biogeography, the distribution centroids of Pacific hering (Clupea pallasii pal-
lasii) and sockeye salmon were projected to shift poleward in all three LMEs (Fig. 4). More fish stocks in Gulf of
Alaska than in Eastern Bering Sea or California Current shifted significantly equatorward, or in variable direc-
tions amongst ensemble members under MHW:s. Direction of shifts in depth centroid also often differed between
LME:s for the same species. For example, Pacific Dover sole (Microstomus pacificus) was projected to shift pole-
ward in Eastern Bering Sea and California Current, but equatorward in Gulf of Alaska and to deeper waters in
Eastern Bering Sea, while shifted shallower in Gulf of Alaska (Fig. 4).

We chose Pacific cod, sockeye salmon and Californian anchovy that were of particular interest to fisheries
and coastal communities in the northeast Pacific region to highlight how MHWSs will exacerbate impacts from
long-term climate change (Fig. 5). Firstly, these species will experience ocean warming as a result of both the
mean increase in SST under RCP8.5 as well MHW:s (Fig. 5A-C). This will greatly exacerbate the warming haz-
ards to these species. Secondly, biomass of these three fish stocks dropped approximately 5% for Pacific cod in
Eastern Bering Sea to 30% for sockeye salmon in Gulf of Alaska and California anchovy in California Current
during MHW:s in addition to the decrease due to long-term mean changes under RCP8.5 (5%, 25% and 10% by
2100 relative to 2000; Fig. 5D-F). Similarly, shifts in biogeography, as indicated by the latitudinal centroids of the
three selected species (Fig. 5G-I), added to the effects of the shifts due to changes in mean ocean conditions by
as much as 100 km poleward during MHWs (e.g., California anchovy in California Current). As such, biomass
decrease and biogeographic shifts during MHW:s early in the 21st century were projected to be at a similar level
as the decadal-scale average changes by around the 2050s. This also means that MWHs will exert large impact
‘shocks’ while fish stocks are already impacted by long-term mean climate change. For example, with both MHWSs
and changes in mean conditions, biomass of sockeye salmon was projected to drop by more than 40% by 2100
relative to 2000 under RCP8.5.

Discussion

Our findings provide theoretical support to the empirical observations from scientific surveys and anecdo-
tal accounts from fishers that fisheries important fish stocks such as Pacific cod and sockeye salmon had been
impacted by the 2013-2015 northeast Pacific MHW". In addition, we offer new insights into the combined
impacts of MHWs and long-term climate change on the species distribution in the northeast Pacific. Specifically,
we show that MHW s can more than double the magnitude of the impacts on fish stocks by 2050 due to long-term
climate change. Previous vulnerability and impact assessments have therefore greatly underestimated the risk to
future fish stocks and fisheries in the northeast Pacific under climate change.
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Figure 5. Projected time-series of changes in sea surface temperature (SST) (A-C), biomass (D-F) and
latitudinal centroid (G-I): Pacific cod (Gadus macrocephalus) (D,G), sockeye salmon (Oncorhynchus nerka)
(E,H) and Californian anchovy (Engraulis mordax) (F,I)) in the Eastern Bering Sea (EBS), Gulf of Alaska (GoA)
and California Current (CC). The solid lines represent the average values across the 10 ensemble member
simulations (smoothed with a cubic spline function); blue-colored triangles represent values during MHW
years; the different intensity of blue color represents different ensemble member simulations (see Figs. S1-12 for
results for all the large marine ecosystems and studied fish stocks).

Some fish stocks had already showed changes in biogeography during the recent Blob that are similar to the
MHW impacts projected in this study. In Gulf of Alaska, analysis using data collected from scientific surveys
showed that some groundfish species such as Pacific cod had shifted their distributions to deeper waters during
anomalous warm temperature®®. However, the directions of biogeographic shifts varied between species and
across their life stages. Such shifts also differed between sub-regions due to different oceanographic conditions
and bathymetric profiles®. These oceanographic and biological complexities could contribute to the large varia-
bility of our projected biogeographic shifts for groundfish between ensemble members.

Although shifts in biogeography associated with the Blob are more widely reported in literature', our results
show that biomass decreases are more consistent in response to MHW:s in the northeast Pacific relative to bioge-
ographic shifts. Therefore, biomass of fish stocks may be a better impact indicator in detecting and assessing the
impacts of MHWs as part of ecosystem-based management. However, as the magnitude of the projected biomass
decrease and biogeographic shifts varied between species in our study, different sets of impact indicators that are
species-specific can be used to more efficiently monitor and assess the impacts of MHWs.

The characteristic of the MHW impacts will result in a different set of challenges for management and conser-
vation of living marine resources than those associated with the long-term mean change in climate. The rate of
changes in biomass, potential catches and biogeography of fish stocks are much higher under MHW s than under
long-term climate change. For example, in the California Current, Pacific sardine and California anchovy pop-
ulation are observed to show alternations of their abundance that are partly driven by changes in oceanographic
regimes in the Pacific Ocean®®*. Particularly, warm regimes tend to favor sardin€’s recruitment and abundance
while cool regimes favor anchovy. Thus, under decade-scale mean ocean warming, sardine was projected to
increase in biomass while the opposite was projected for anchovy in the California Current. In contrast, pole-
ward range expansion of sardine and anchovy was projected to result in long-term increase in their abundance
in the Gulf of Alaska. However, the projected short-term rapid warming under MHW:s pushed environmental
temperature beyond those preferred by both sardine and anchovy, leading to a drop in their biomasses in both
the California Current and Gulf of Alaska. Moreover, satellite data and model simulations suggest that MHW's
are linked to and can be exacerbated by, multi-annual climate variability such as El Nifo Southern Oscillation
(ENSO), resulting in the particularly large and persistent biological impacts in the Northeast Pacific region from
the Blob!*!%4, In any case, these complex biological responses of sardine and anchovy that inter-mixed between
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the effects of MHWSs and decadal-scale warming therefore demand more rapid and short-term governance and
adaptation responses such as alteration of fishing quota, shifts in fishing ground and targeted species*'. The chal-
lenges from MHW s impact will thus put ‘double strains’ on sustainable management of living marine resources
under climate change, pointing to the need for future research into the development of more robust adapta-
tion and governance responses*>*. Previous studies have shown that global warming substantially increases the
risks of MHWs s to occur'. Our study additionally suggests that MHW3s can strongly exacerbate the impact of
decadal-scale mean ocean warming on fish stocks. A reduction of anthropogenic greenhouse gas emissions - the
fundamental driver of global warming** - is therefore needed to limit the impacts of MHWs on fish stocks and
fisheries®.

Even though we consider the projected pattern of MHW impacts on fish stocks and the implications for
understanding future risks on fisheries and their governance under climate change as robust, a number of caveats
needs to be discussed. The global Earth system model used in this study (i.e. GFDL ESM2M) is able to adequately
simulate mean states and trends in different marine heatwave metrics over the satellite 1982-2016 period!*.
However, the horizontal resolution (about 1°) of the ocean component of the Earth system model is too coarse to
accurately represent some of the oceanographic dynamics in coastal and shelf seas such as upwelling or mesoscale
eddy activity e.g.**. In addition, some of the biogeochemical processes in the high latitudes associated with sea
ice are also not well resolved. The simulated net primary productivity in GFDL ESM2M, in particular, is highly
uncertain®, especially in regions with sea ice?’, because nutrient inputs during sea ice melt* or through rivers*
are not included. The fish stock model assumes that historical species’ biogeography reflects their environmental
niches®. Variations in the projected pathways of changes in biomass and biogeography of species in this study
were partly caused by the differences in species’ temperature preferences calculated from different Earth system
model ensemble members e.g., the increase in biomass under MHW:  for Pacific cod in one of the ensemble mem-
bers (dark purple diamonds in Fig. 5G). The fish stock model also did not account for interspecific interactions or
evolutionary adaptation to epigenetic responses to environmental changes®'. For instance, we projected a positive
impact of MHWSs on Alaskan pollock (T. chalcogramma) in Eastern Bering Sea. However, previous studies have
suggested that anomalous warm temperature affects the availability of preferred nutritious prey that reduced the
survivorship and recruitment of pollock in the Bering Sea'®. Moreover, we only examined climate projections fol-
lowing the ‘no mitigation’ high greenhouse gas emissions scenario (RCP8.5) and including an ‘idealized’ fishing
scenario i.e., assuming all fishing is at level to achieve maximum sustainable yield of each fish stock. The effects of
scenario uncertainties associated with different greenhouse gas emission and pathways of fishing effort and their
management on the impacts of MHW s on marine ecosystems need to be explored further. Future research can
build on the foundation laid by this study to incrementally address these uncertainties®. For example, the number
of ensemble members, Earth system models and fish models may be increased to explore a wider range of model
uncertainties. The analysis can also be repeated using high resolution Earth system models, and fish models with
trophic interactions and/or eco-evolutionary dynamics.

Opverall, this study underscores the importance of considering MHW:3 in assessing climate risks and impacts.
Previous risk and impact assessment that focused on the effects of long-term changes in mean conditions under
climate change may have largely underestimated climate risks on fish stocks and fisheries. Moreover, the rapid rate
of change and the prevalence of impacts across fisheries important fish stocks in the northeast Pacific point to the
need to examine whether climate adaptation, designed mostly for dealing with long-term mean changes, would
be sufficient to reduce the additional climate risks from MHWSs. Without appropriate mitigation and adaptation
measures, MHWs may pose additional risks on the long-term viability of marine species and the sustainability
of their fisheries, and the associated benefits to dependent human communities such as food, economic benefits
and livelihoods'!. Our results also provide a foundation for further modelling efforts and analysis to build on and
systematically explore different dimensions of uncertainties.

Methods
Earth system model. We analyzed projected changes in annual mean SST in the northeast Pacific Ocean
using a 10-member ensemble simulation of the Earth system model version 2 developed at the Geophysical Fluid
Dynamics Laboratory (GFDL ESM2M?*-*). The GFDL ESM2M is a fully coupled carbon cycle-climate model
that consists of an ocean, atmosphere, sea ice, and land model, and includes land and ocean biogeochemistry. The
nominal horizontal resolution of the ocean component is about 1° latitude x 1° longitude with 50 vertical levels®.
Each ensemble simulation is run over the 1950-2100 period under the same external forcing of historical
changes before 2005 and Representative Concentration Pathway 8.5 (RCP8.5) afterwards. The RCP8.5 is a high
greenhouse gas emission scenario® that leads to a global atmospheric surface warming in ESM2M of 3.2°C by
2081-2100 relative to preindustrial. All 10 ensemble members are run under the same external radiative forcing
scenario, but are started from different initial conditions in January 1st of 1950. Spread in the ensemble mem-
bers is generated by slightly perturbing the initial state of the Earth system at the start of each simulation. These
initial perturbations cause each ensemble member to have a unique atmosphere and ocean state at each point in
time, i.e. a different state of internal variability. As a specific example, the real ocean experienced an El Nifio in
1997-1998. In the model, ensembles may have had a La Nina, El Nifio or been neutral at this time.

Dynamic bioclimate envelope model. We simulated changes in abundance and distributions of 22
exploited fish stocks that are highly important to fisheries in the northeast Pacific region using the dynamic
bioclimate envelope model (DBEM)***”. The DBEM is a spatially-explicit biomass dynamic model. It is driven
by changes in ocean conditions that are obtained from the Earth system model simulations described above.
Variables of ocean conditions include temperature, dissolved oxygen concentration, salinity, sea ice extent, sur-
face advection and net primary production. Variables for surface and bottom were applied to model pelagic and
demersal species, respectively. The DBEM model simulates changes in annual average biomass and catch potential
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of marine fishes and invertebrates on a 0.5° latitude x 0.5° longitude grid of the world ocean. Movement of adults
and pelagic larvae is calculated by sets of advection and diffusion equations with diffusion rates vary according
to gradients of environmental suitability for each modelled species and ocean currents®. Fishing mortality (F)
was set at the level to achieve maximum sustainable yield (MSY). The projected annual catch for each species is
hereafter termed maximum catch potential.

Identifying MHWs in the northeast Pacific. To identify MHWsS, we calculated anomalies between the
SST simulated by each of the individual 10 ensemble members and the ensemble-averaged SST (Fig. 2). First,
for each ensemble member simulation, we calculated the annual average SST in each of the three LMEs within
the northeast Pacific region (as defined in Fig. 1) from 1950 to 2100 (blue line in Fig. 2a). Second, for each
year, we calculated the average SST across the temperatures simulated from the 10 ensemble members; i.e. the
ensemble-averaged SST (black line in Fig. 2a). Third, we applied a cubic spline (using the R function “smooth.
spline” with smoothing parameter = 0.6) to the ensemble mean SST to further minimize the contribution of
changes in temperature due to internal variability (orange line in Fig. 2a). Thus, the resulting SST series show the
long-term changes in mean conditions only. For each LME in the northeast Pacific region, we identified MHW's
as the positive temperature anomalies that were above the 95th percentile of temperature anomalies from 1950 to
2100 (red line in Fig. 2a). For every MHW identified from each ensemble member, we characterized its magni-
tude (SST anomalies relative to the smoothed ensemble mean values) and occurrence year.

Modelling ecological responses to MHWSs.  We included a total of 22 fish species that were reported in
the fisheries statistics in the northeast Pacific region (www.seaaroundus.org). These species were important to
fisheries in this region as they contributed up to 80% of the total observed catches from 2006 to 2015 (www.seaar-
oundus.org). We calculated four impact indicators to examine the ecological responses of fish stocks and their
implications for fisheries during a MHW. These indicators are: (1) total biomass, (2) latitudinal centroid (average
of the coordinates of grid cell weighted by the species’ biomass), (3) depth centroid (average of bathymetry of grid
cell weighted by the species’ biomass), and (4) maximum catch potential (catch at F= Fysy). We used outputs
from DBEM to calculate these indicators for each LME. Since the projected relative changes in biomass and max-
imum catch potential are similar, we presented simulation outputs for changes in biomass only.

For each of the four impact indicators, we calculated the annual anomalies with procedures similar to those
applied to SST (Fig. 2). Firstly, we applied DBEM to simulate changes in spatial distribution of biomass and
catches from 1950 to 2100 under changes in ocean conditions projected from each of the 10 Earth system model
ensemble members (blue line in Fig. 2b). Secondly, for each year, we calculated the average values simulated
from the 10 ensemble members (black line in Fig. 2b) and smoothed the averaged series with a cubic spline
filter (orange line in Fig. 2b). We then calculated the annual anomalies of each impact indicator from the differ-
ence between each ensemble member simulation and the detrended series. Finally, we recorded the ensemble
member-specific annual indicator anomalies in the year when the temperature anomalies had been characterized
as MHW: s (red bars in Fig. 2b). We focused on analyzing the simulated impact indicators from 1981 to 2100 to
ensure that the detected signals are not due to model initialization during the early period of the simulation.

We tested the statistical significance of the effects of the occurrences of MHW: s on the ecological impact indi-
cators for exploited fish stocks in the northeast Pacific region using the glm function in R, with the occurrences
of MHWs or non-MHW year as factor. The datasets for the information for accessing the projected temperature
changes, MHWs and impacts on fish stocks are provided in the SI.

Received: 28 January 2020; Accepted: 4 April 2020;
Published online: 21 April 2020

References
1. Frolicher, T. L. & Laufkotter, C. Emerging risks from marine heat waves. Nat. Commun. 9, 650 (2018).
2. Hughes, T. P. et al. Global warming and recurrent mass bleaching of corals. Nature 543, 373 (2017).
3. Smale, D. A., Wernberg, T. & VanderKklift, M. A. Regional-scale variability in the response of benthic macroinvertebrate assemblages
to a marine heatwave. Mar. Ecol. Prog. Ser. 568, 17-30 (2017).
4. Wernberg, T. et al. An extreme climatic event alters marine ecosystem structure in a global biodiversity hotspot. Nat. Clim. Chang.
3,78(2013).
5. Collins, M. et al. Extremes, Abrupt Changes and Managing Risks. (2019).
6. Pershing, A. ], Mills, K. E., Dayton, A. M., Franklin, B. S. & Kennedy, B. T. Evidence for adaptation from the 2016 marine heatwave
in the Northwest Atlantic Ocean. Oceanography 31, 152-161 (2018).
7. Caputi, N. et al. Management adaptation of invertebrate fisheries to an extreme marine heat wave event at a global warming hot spot.
Ecol. Evol. 6, 3583-3593 (2016).
8. Li, L. et al. Subregional differences in groundfish distributional responses to anomalous ocean bottom temperatures in the northeast
Pacific. Glob. Chang. Biol. 25, 2560-2575 (2019).
9. Yang, Q. et al. How “The Blob” affected groundfish distributions in the Gulf of Alaska. Fish. Oceanogr. 28, 434-453 (2019).
10. Reed, D. et al. Extreme warming challenges sentinel status of kelp forests as indicators of climate change. Nat. Commun. 7, 13757
(2016).
11. Bindoff, N. L. et al. Changing Ocean, Marine Ecosystems, and Dependent Communities. (2019).
12. Jones, T. et al. Massive mortality of a planktivorous seabird in response to a marine heatwave. Geophys. Res. Lett. 45, 3193-3202
(2018).
13. Oliver, E. C. J. et al. Longer and more frequent marine heatwaves over the past century. Nat. Commun. 9, 1324 (2018).
14. Frolicher, T. L., Fischer, E. M. & Gruber, N. Marine heatwaves under global warming. Nature 560, 360-364 (2018).
15. Darmaraki, S. et al. Future evolution of Marine Heatwaves in the Mediterranean Sea. Clim. Dyn. 53, 1371-1392 (2019).
16. Bond, N. A., Cronin, M. E. & Freeland, H. & Mantua, N. Causes and impacts of the 2014 warm anomaly in the NE Pacific. Geophys.
Res. Lett. 42, 3414-3420 (2015).
17. Laufkétter, C., Frolicher, T. L. & Zscheischler, J. High-impact marine heatwaves attributable to human-induced global warming
(under review). Science (80-).

SCIENTIFIC REPORTS |

(2020) 10:6678 | https://doi.org/10.1038/s41598-020-63650-z


https://doi.org/10.1038/s41598-020-63650-z
http://www.seaaroundus.org
http://www.seaaroundus.org
http://www.seaaroundus.org

www.nature.com/scientificreports/

18.
19.
20.
21.
22.
23.
24.
25.
. O’Connor, M. I et al. Strengthening confidence in climate change impact science. Glob. Ecol. Biogeogr. 24, 64-76 (2015).
27.

28.

29.

30.
31.
32.
33.
34,
35.

36.

37.

38.
39.

40.

41.
42.

43.

44,

45.
46.
47.
48.

49.
50.

51.
52.

Brodeur, R. D., Auth, T. D. & Phillips, A. J. Major Shifts in Pelagic Micronekton and Macrozooplankton Community Structure in an
Upwelling Ecosystem Related to an Unprecedented Marine Heatwave. Front. Mar. Sci. 6,212 (2019).

Cavole, L. M. et al. Biological impacts of the 2013-2015 warm-water anomaly in the northeast Pacific: Winners, Losers, and the
Future. Oceanography 29, 273-285 (2016).

Leising, A. W. et al. State of the California Current 2014-15: Impacts of the Warm-Water “Blob”. Calif. Coop. Ocean. Fish. Investig.
Reports 56 (2015).

Whitney, E. A. Anomalous winter winds decrease 2014 transition zone productivity in the NE Pacific. Geophys. Res. Lett. 42, 428-431
(2015).

Yang, B., Emerson, S. R. & Pefia, M. A. The effect of the 2013-2016 high temperature anomaly in the subarctic Northeast Pacific (the
“Blob”) on net community production. Biogeosciences 15, 6747-6759 (2018).

Santora, J. A. et al. Impacts of ocean climate variability on biodiversity of pelagic forage species in an upwelling ecosystem. Mar. Ecol.
Prog. Ser. 580, 205-220 (2017).

NOAA. New Marine Heatwave Emerges off West Coast, Resembles ‘the Blob. Available at: https://www.fisheries.noaa.gov/feature-
story/new-marine-heatwave-emerges-west-coast-resembles-blob (2019).

Earl, E. Stock decline leads to historic shutdown for Gulf P-cod. Alaska Journal of Commerce (2019).

Cheung, W. W. L., Brodeur, R. D., Okey, T. A. & Pauly, D. Projecting future changes in distributions of pelagic fish species of
Northeast Pacific shelf seas. Prog. Oceanogr. 130, 19-31 (2015).

Gattuso, J.-P. et al. Contrasting futures for ocean and society from different anthropogenic CO2 emissions scenarios. Science (80-).
349, aac4722 (2015).

Portner, H. O. et al. Ocean systems. in Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. (eds.
Field, C. B. et al.) 1-138 (2014).

Weatherdon, L. V,, Ota, Y., Jones, M. C,, Close, D. A. & Cheung, W. W. L. Projected scenarios for coastal First Nations’ fisheries catch
potential under climate change: management challenges and opportunities. Plos One 11, 0145285 (2016).

Morley, J. W. et al. Projecting shifts in thermal habitat for 686 species on the North American continental shelf. Plos One 13,
0196127 (2018).

Pauly, D. et al. Fisheries in large marine ecosystems: descriptions and diagnoses. UNEP large Mar. Ecosyst. Rep. a Perspect. Chang.
Cond. LMEs World’s Reg. Seas. UNEP Reg. Seas Reports Stud. 23-40 (2008).

Dunne, J. P. et al. GFDLs ESM2 global coupled climate-carbon Earth System Models. Part I: Physical formulation and baseline
simulation characteristics. J. Clim. 25, 6646-6665 (2012).

Rodgers, K. B,, Lin, J. & Frolicher, T. L. Emergence of multiple ocean ecosystem drivers in a large ensemble suite with an earth system
model. Biogeosciences 11, 18189-18227 (2015).

Dunne, J. P. et al. GFDLs ESM2 Global Coupled Climate-Carbon Earth System Models. Part II: Carbon System Formulation and
Baseline Simulation Characteristics. J. Clim. 26, 2247-2267 (2013).

Cheung, W. W. L., Lam, V. W. Y. & Pauly, D. Dynamic bioclimate envelope model to predict climate-induced changes in distribution
of marine fishes and invertebrates. in Modelling Present and Climate-shifted Distributions of Marine Fishes and Invertebrates (eds.
Cheung, W. W. L., Lam, V. W. Y. & Pauly, D.) 16(3), 5-50 (University of British Columbia, 2008).

Cheung, W. W. L. et al. Structural uncertainty in projecting global fisheries catches under climate change. Ecol. Modell. 325, 57-66
(2016).

Checkley, D. M. Jr. & Barth, J. A. Patterns and processes in the California Current System. Prog. Oceanogr. 83, 49-64 (2009).
Lindegren, M., Checkley, D. M., Rouyer, T., MacCall, A. D. & Stenseth, N. C. Climate, fishing, and fluctuations of sardine and
anchovy in the California Current. Proc. Natl. Acad. Sci. 110, 13672-13677 (2013).

Tseng, Y.-H., Ding, R. & Huang, X. The warm Blob in the northeast Pacific—the bridge leading to the 2015/16 El Nifio. Environ. Res.
Lett. 12, 54019 (2017).

Barange, M. et al. Impacts of climate change on fisheries and aquaculture. (United Nations’ Food and Agriculture Organization, 2018).
Miller, D. D., Ota, Y., Sumaila, U. R., Cisneros-Montemayor, A. M. & Cheung, W. W. L. Adaptation strategies to climate change in
marine systems. Glob. Chang. Biol. 24, e1-e14 (2018).

Pershing, A. J. et al. Slow adaptation in the face of rapid warming leads to collapse of the Gulf of Maine cod fishery. Science (80-) 350,
809-812 (2015).

Bindoff, N. L. et al. Detection and attribution of climate change: from global to regional. in Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the INtergovernmental Panel on Climate Change
(Cambridge University Press, 2013).

Turi, G. et al. Response of O2 and pH to ENSO in the California Current System in a high-resolution global climate model. Ocean
Sci. 14, 69-86 (2018).

Laufkotter, C. et al. Drivers and uncertainties of future global marine primary production in marine ecosystem models.
Biogeosciences 12, 6955-6984 (2015).

Vancoppenolle, M. et al. Future Arctic Ocean primary productivity from CMIP5 simulations: Uncertain outcome, but consistent
mechanisms. Global Biogeochem. Cycles 27, 605-619 (2013).

Lancelot, C. et al. Spatial distribution of the iron supply to phytoplankton in the Southern Ocean: a model study. Biogeosciences 6,
2861-2878 (2009).

Le Fouest, V., Babin, M. & Tremblay, J. E. The fate of riverine nutrients on Arctic shelves. Biogeosciences 10, 3661-3677 (2013).
Luoto, M., Péyry, J., Heikkinen, R. K. & Saarinen, K. Uncertainty of bioclimate envelope models based on the geographical
distribution of species. Glob. Ecol. Biogeogr 14, 575-584 (2005).

Araujo, M. B. & Guisan, A. Five (or so) challenges for species distribution modelling. J. Biogeogr. 33, 1677-1688 (2006).

Cheung, W. W. L., Pauly, D. & Sarmiento, J. L. How to make progress in projecting climate change impacts. ICES J. Mar. Sci. J. du
Cons 70, 1069-1074 (2013).

. Griffies, S. M. et al. Problems and prospects in large-scale ocean circulation models. Proc. Ocean 9, 410-431 (2009).
. Riahi, K. et al. RCP 8.5-A scenario of comparatively high greenhouse gas emissions. Clim. Change 109, 33-57 (2011).
. Pauly, D., Zeller, D. & Palomares, M. D. Sea Around Us Concepts, Design and Data (www.seaaroundus.org). (2020).

Acknowledgements

WLC thanks the Hans Sigrist Foundation and the Oeschger Centre for Climate Change Research for financial
support for his residence at the University of Bern. WLC also acknowledges funding support from the Natural
Sciences and Engineering Research Council of Canada, Social Sciences (Discovery Grant), Humanity Research
Council of Canada through the Ocean Canada Partnership, and the Nippon Foundation-the University of British
Columbia Nereus Program. TLF thanks the Swiss National Science Foundation (PP0O0P2_170687) and the
European Union’s Horizon 2020 research and innovation programme under grant agreement No. 820989 (project
COMFORT, Our common future ocean in the Earth system - quantifying coupled cycles of carbon, oxygen,

SCIENTIFICREPORTS|  (2020) 10:6678 | https://doi.org/10.1038/s41598-020-63650-z


https://doi.org/10.1038/s41598-020-63650-z
https://www.fisheries.noaa.gov/feature-story/new-marine-heatwave-emerges-west-coast-resembles-blob
https://www.fisheries.noaa.gov/feature-story/new-marine-heatwave-emerges-west-coast-resembles-blob
http://www.seaaroundus.org

www.nature.com/scientificreports/

and nutrients for determining and achieving safe operating spaces with respect to tipping points) for financial
support, and the CSCS Swiss National Supercomputing Centre for computing resources. WLC thanks Compute
Canada for the provision of high performance computing resources. We also acknowledge the suggestions and
comments from the editor and two anonymous referees.

Author contributions

Both W.L.C. and T.L.E. contributed to the conception and design of the work, the acquisition, analysis and
interpretation of data, and the writing of the manuscript. W.L.C. conducted the study as a visiting scholar at
the Oeschger Centre for Climate Change Research and the Climate and Environmental Physics Division of the
Physics Institute of the University of Bern, Bern, Switzerland.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63650-z.

Correspondence and requests for materials should be addressed to WW.L.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

G | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:6678 | https://doi.org/10.1038/s41598-020-63650-z


https://doi.org/10.1038/s41598-020-63650-z
https://doi.org/10.1038/s41598-020-63650-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Marine heatwaves exacerbate climate change impacts for fisheries in the northeast Pacific

	Results

	Discussion

	Methods

	Earth system model. 
	Dynamic bioclimate envelope model. 
	Identifying MHWs in the northeast Pacific. 
	Modelling ecological responses to MHWs. 

	Acknowledgements

	Figure 1 Average annual fisheries catches of the 22 studied fish stocks from 1981 to 2015 in the northeast Pacific Ocean and the three large marine ecosystems therein.
	Figure 2 Schematic diagram explaining the characterization of Marine Heatwaves (MHWs) and their impacts on fish stocks.
	﻿Figure 3 Projected changes in sea surface temperature (A,B) and the impact indicators (biomass, latitudinal centroid and depth centroid C–H) of the 22 studied fish stocks in the three large marine ecosystems (Eastern Bering Sea - EBS, Gulf of Alaska - Go
	﻿Figure 4 Projected mean changes in biomass, latitudinal and depth centroid of the 22 exploited marine fish stocks in the Eastern Bering Sea (EBS), Gulf of Alaska (GoA) and California Current (CC) during MHW years.
	Figure 5 Projected time-series of changes in sea surface temperature (SST) (A–C), biomass (D–F) and latitudinal centroid (G–I): Pacific cod (Gadus macrocephalus) (D,G), sockeye salmon (Oncorhynchus nerka) (E,H) and Californian anchovy (Engraulis mordax) (




