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Large benefits to marine fisheries of
meeting the 1.5°C global warming target
William W. L. Cheung,1* Gabriel Reygondeau,1 Thomas L. Frölicher2

Translating theParisAgreement to limit globalwarming to 1.5°Cabovepreindustrial level into impact-
related targets facilitates communication of the benefits of mitigating climate change to policy-
makers and stakeholders. Developing ecologically relevant impact-related targets for marine
ecosystem services, such as fisheries, is an important step. Here, we usemaximum catch potential
and species turnover as climate-risk indicators for fisheries.We project that potential catches will
decreasebymore than3millionmetric tonsperdegreeCelsius ofwarming. Species turnover ismore
than halved when warming is lowered from 3.5° to 1.5°C above the preindustrial level. Regionally,
changes inmaximumcatch potential and species turnover vary across ecosystems,with the biggest
risk reduction in the Indo-Pacific and Arctic regions when the Paris Agreement target is achieved.

T
he effort required to achieve the Paris Agree-
ment target of limiting global warming
to 1.5°C relative to the preindustrial level
appears to be substantial (1). Demonstrat-
ing the benefits of moving toward the Paris

Agreement’s target may encourage countries to
commit more ambitious plans for reduction of
greenhouse gas emissions and promote volun-
tary actions from private sectors (1, 2). Climate
change is affecting marine biodiversity and eco-
system services such as food provision, posing
substantial risk to the well-being of coastal com-
munities (3–5). Quantifying the relationship be-
tween fisheries impacts and global surface warming
(and thus cumulative carbon emissions) enables
us to estimate the benefits of meeting the Paris
Agreement target (Fig. 1).
We analyze the outputs from 19 Earth system

models used in the Fifth Assessment of the Inter-
governmental Panel on Climate Change that par-
ticipated in the Coupled Models Intercomparison
Project Phase 5 (CMIP5) under the Represent-
ative Concentration Pathway (RCP) 2.6 (strong
mitigation) and 8.5 (high emission) scenarios
(see supplementary materials). We evaluate the
relationship between the projected global mean
atmospheric surface warming between 1950 and
2100 and changes in oceanographic variables
that drive changes in marine ecosystems (6, 7).
The focus of our analysis is on the system of
large marine ecosystems (fig. S2), which host
more than 90% of the global catches and most
of the diversity of exploited species. We find
that global warming scales nearly linearly with
ecosystem drivers at the sea surface averaged
over all large marine ecosystems in all individual
models under both RCP 2.6 and RCP 8.5 (6, 8)
(Fig. 2; see supplementary materials). These
drivers, including global mean sea surface tem-
perature (SST), surface oxygen (O2), and net pri-
mary production (NPP) integrated over the top

100-m depths of the ocean, are projected to
change by 0.75 ± 0.00°C (coefficient of determi-
nation R2 = 0.99, Fig. 2A), –3.41 ± 0.02 mmol·m−3

(R2 = 0.97, Fig. 2C), and –0.19 ± 0.01 Pg C·year−1

(R2 = 0.26, Fig. 2E), respectively, for every degree
Celsius increase in global mean atmospheric sur-
face temperature. Temperature and O2 at sea
bottom (Fig. 2, B and D), however, continue to
change even when sea surface conditions are
stabilized because of the relatively slow surface-
to-deep ocean transport of heat and carbon.
We quantify the reduction in the impacts on

marine fisheries from achieving the Paris Agree-

ment target globally, and regionally, using a Dy-
namic Bioclimate Envelope Model (DBEM; see
supplementary materials). DBEM is a marine
species distribution model that simulates the
interactions between changes in ocean condi-
tions, ecophysiology, population dynamics, dis-
persal, habitat productivity, and suitability, as
well as fishing, in determining abundance and
catches. With ocean warming, populations are pro-
jected to shift their distributions following gra-
dients of habitat suitability (9), while changes in
energy available from NPP for species’ biomass
production will also affect their potential catches
(10, 11). DBEM is applied to 892 species of exploited
marine fishes and invertebrates that are shown to
be representative of total catches (see supplemen-
tary materials). Outputs from the DBEM include
changes in abundance and catches driven by
scenarios of ecosystem drivers obtained from the
Earth system models. We use outputs from 3 of
the 19 Earth system models that have the full set
of ecosystem drivers under both RCP 2.6 and 8.5
scenarios, and that do not share the same ocean
biogeochemical submodel (see table S1).
We express impacts to fisheries by changes

in maximum catch potential (DMCP) (10) and
turnover of exploited species (DSppTurn) (12)
(number of species newly occurring plus locally
extinct relative to species richness in years 1950
to 1969) (see supplementary materials). MCP is
a proxy for maximum sustainable yield, which is
a commonly used reference point for fisheries
management (see supplementary materials).

SCIENCE sciencemag.org 23 DECEMBER 2016 • VOL 354 ISSUE 6319 1591

1Nippon Foundation Nereus Program and Changing Ocean
Research Unit, Institute for the Oceans and Fisheries, The
University of British Columbia, Vancouver, BC, Canada.
2Environmental Physics, Institute of Biogeochemistry and
Pollutant Dynamics, ETH Zürich, Switzerland.
*Corresponding author. Email: w.cheung@oceans.ubc.ca

Fig. 1. Conceptual
diagram explaining
the framework of
this study to estab-
lish ecologically rele-
vant impact-related
targets and the
implications of such
targets for under-
standing the benefits
of meeting the Paris
Agreement global
warming target.
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Fig. 2. (A to E) Scaling between global changes in marine ecosystem drivers and simulated surface air temperature relative to 1950 to 1969 (see
supplementary materials). The thinner lines represent individual model projections, while the thicker lines represent multimodel averages. The time series
are smoothed by a 10-year running mean.

Fig. 3. Projected global and regional DMCP (A,
C, and E) and DSppTurn (B, D, and F) versus
atmospheric surface warming relative to 1950
to1969.The thinner lines represent individual model
projections, while the thicker lines represent multi-
model averages. The black lines and gray bands
represent the selected regression model and their
95% confidence limits. The time series are
smoothed by a 10-year running mean.
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Projected DMCP integrated over all the large
marine ecosystems scales negatively and nearly
linearly with average atmospheric warming (Fig. 3A;
see supplementary materials). The loss of catch
potential is projected to be 2.8 ± 0.15% °C−1

warming or 3.4 × 106 ± 0.37 × 106 metric tons °C−1,
assuming a baseline global maximum catch po-
tential of 1.23 × 108 metric tons (i.e., average of
the top 10-year global annual catches since 1950,
which is slightly higher than the average catches
from 2001 to 2010; www.seaaroundus.org). Under
1.5°C global atmospheric warming relative to the
preindustrial level, DMCP is projected to be –2.5
± 0.2% relative to the MCP at 0.27°C warming
from preindustrial level (i.e., level of warming
in the 1950s; see supplementary materials). In
contrast, under 3.5°C global atmospheric warm-
ing relative to the preindustrial level (estimated
the end of 21st-century warming level according
to the published greenhouse gas emission reduc-
tion commitment by countries; see supplementary
materials), we project a tripling of impacts from
the 1.5°C target, with DMCP of –8.0 ± 0.34%.
The average species turnover (DSppTurn)

across all the large marine ecosystems is proj-
ected to increase with global atmospheric warm-
ing (Fig. 3B). With average atmospheric warming
of 3.5°C relative to the preindustrial level, species
turnover is projected to be 21.6 ± 0.33% of the

average species richness between 1950 and 1969.
However, if warming is restricted to 1.5°C, aver-
age species turnover is reduced to 8.3 ± 0.05%.
Regional scaling between fisheries impacts

and atmospheric warming is generally nonlinear
in the tropics and Arctic, suggesting that the 1.5°
to 2.0°C global warming target represents a
threshold above which substantial fisheries im-
pacts are projected to occur. In the Indo-Pacific
region (including the Bay of Bengal, Gulf of
Thailand, South China Sea, and Sulu-Celebes
Sea; see supplementary materials), DMCP is
projected to be –46.8 ± 1.2% under 3.5°C warm-
ing. However, DMCP is reduced to –11.5 ± 0.6%
and 20.2 ± 0.6% under 1.5° and 2.0°C warming,
respectively (Fig. 3C). Similarly, DSppTurn is proj-
ected to be 36.4 ± 2.1% under 3.5°C warming but
decreases to 9.2 ± 0.8% and 12.1 ± 0.8% under
1.5° and 2.0°C warming (Fig. 3D). In contrast,
in the Pacific-Arctic (including the Bering Sea,
Chukchi Sea, and Sea of Okhotsk), DMCP in-
creases from 29.1 ± 1.6% to 55.0 ± 3.9% when
global atmospheric temperature increases from
1.5° to 3.5°C (Fig. 3E), whereas DSppTurn in-
creases from 13.1 ± 0.4% to 30.5 ± 1.0% (Fig. 3F).
Alternative patterns of scaling of fisheries impacts
and average warming appear in some large ma-
rine ecosystems because of specific interactions
between changes in ocean conditions and the

biological responses (see figs. S3 and S4 and
tables S2 and S3). In the Norwegian Sea (figs. S3
and S4), for example, MCP increases initially
with atmospheric warming through species gains
and increasing abundance of exploited species,
but then decreases at a high level of warming;
the latter is driven by the decrease in projected
NPP due to enhanced stratification and the onset
of nutrient limitations in the Arctic (13). In the
Antarctic region, the decrease and then increase
in MCP under global warming are driven by
the decrease in abundance of existing species,
followed by the gain of lower-latitude species.
Climate-risk reduction for fisheries is proj-

ected to be the largest in tropical oceans under
1.5°C warming, partly because of the avoided
local extinction (Fig. 4). Countries such as Ecuador,
Costa Rica, Ghana, Thailand, the Philippines,
and Indonesia, with their exclusive economic
zones and fisheries in these large marine eco-
systems, will benefit substantially from meeting
the Paris Agreement. In contrast, the increase in
habitat suitability and productivity in the Arctic
Ocean corresponds to an increase in DMCP and
DSppTurn. Particularly, the low baseline MCP in
the high Arctic under current climate results in
a large projected increase in MCP under warm-
ing. For mid-latitude regions, projected DMCP
and DSppTurn are lower than in polar and trop-
ical regions.
The nonlinear scaling of DMCP and DSppTurn

is due to changes in environmental conditions
beyond the species’ physiological tolerance limits
or when new suitable habitats become available
(14, 15). Specifically, in the model, each species
has its characteristic temperature preferences
and limits, and other ocean conditions such as
oxygen content and primary production would
indirectly modify that. Species will become local-
ly extinct if temperature goes beyond those limits
(see supplementary materials). In the tropics,
temperature and ocean conditions are projected
to exceed what the species have experienced in
the last century (16, 17). As the tropics generally
represent one end of the environmental limits
(17), a large proportion of these species are proj-
ected to become locally extinct if they cannot
physiologically adapt to changes beyond these
limits (17, 18). In contrast, warming and the rapid
retreat of sea ice in theArctic Ocean open up new
habitats formarine species for sub-Arctic and tem-
perate species to expand into (19, 20). Polar
species, however, have evolved narrower temper-
ature tolerance limits because of the historically
stable climatic conditions relative to the temper-
ate environment, rendering themmore sensitive
to ocean warming (9, 21). In addition, species
turnover is suggested to cause indirect impacts
through alteration of ecosystem structure and
food web interactions (18, 22). These impacts pose
social and economic challenges to fisheries—for
instance, throughdecrease in revenues, livelihood,
and food availability (3, 4).
The patterns of our projections generally agree

with observations and model simulation studies
on climate change impacts on marine species
(18, 21, 23). For example, the decrease in potential
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Fig. 4. Projected differences in DMCP (A) and DSppTurn (B) if global surface temperature were to
be effectively limited from 3.5° to 1.5°C relative to the preindustrial level.Gridded outputs are averaged
by large ecosystem systems. The right panels are latitudinal zonal averages over the large marine
ecosystems under the 3.5°C (red) and 1.5°C (blue) scenarios. Solid lines represent averages, while the
bands represent maximum and minimum values across projections from the three Earth system models.
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catches of Atlantic cod in theGulf ofMaine driven
partly by rapid ocean warming has contributed
to the collapse of the cod fisheries (24). In the
Gulf of Mexico, turnover of fish species in sea-
grass assemblages as a result of species gains
and losses between the 1970s and 2000s have
been reported (25). In the Barent Sea, recent
warming since the early 2000s has resulted in
northward retraction of Arctic fish commun-
ities (e.g., bigeye sculpin and Greenland halibut)
but expansion of the sub-Arctic and temperate
communities (e.g., Atlantic cod and haddock)
(26). The projected changes to fisheries esti-
mated from our study under the 3.5°C warming
scenario are very likely more severe than these
observations.
Assumptions in four aspects of the models

may affect our results: linearity between cumu-
lative carbon emissions and ocean changes, un-
certainty in projections of ecosystem drivers,
evolutionary adaptation of marine species, and
effects of ocean acidification. We show that the
first assumption is generally valid for sea sur-
face variables, but sea-bottom variables exhibit
a lag to surface warming. Thus, our projected
fisheries impacts may be more conservative (fig.
S5). Second, accuracy of the projections is con-
tingent on the outputs from the Earth system
models (6, 11). Sensitivity analyses show that proj-
ected DMCP is most sensitive to temperature
in all biomes, followed by NPP (fig. S7). At the
same time, regional comparison of present-day
ecosystem drivers with model projections shows
that global and regional-scale patterns are rel-
atively well represented for SST and surface O2,
but not well simulated for bottom O2 and NPP
(fig. S8). Specifically, NPP is largely under-
estimated in all models in the large marine
ecosystems (see supplementary materials). The
uncertainties of projections of ecosystem drivers
are particularly relevant to interpretation of our
findings for small-scale and recreational fish-
eries that operate in inshore areas where these
uncertainties are higher (7). Third, in DBEM,
species’ environmental preferences are based on
the assumption that their current distributions
are in equilibrium with the environment and
species’ traits do not evolve as environmental
conditions change. Experimental studies suggest
that there may be standing genetic variability
that would allow species to adapt evolutionarily
to warming, while transgenerational adaptations
may also be possible for a few studied species
(27). Species distribution models that assume
adaptation potential for species’ thermal toler-
ance project lower species local extinction, par-
ticularly in the tropics (18). However, the extent
of such adaptation responses is unclear, as em-
pirical analysis of species turnover in the tropics
is currently understudied. Moreover, climate im-
pacts on habitats such as coral reefs and estuaries
may further increase the impacts on the associ-
ated species. Last, this study does not consider
the effects of ocean acidification and potential
interactions with other human drivers such as
pollution or socioeconomic development on ma-
rine fisheries. Empirical evidence suggests that

exploited mollusks and echinoderms are sensitive
to ocean acidification. Although the direct effects
of ocean acidification on finfishes in general are
inconclusive (28), indirect impacts on primary
and secondary production, behavior, and trophic
interactions may negatively affect finfish produc-
tivity (29). Thus, the addition of ocean acidification
effects would further strengthen the conclusion
that reduction in CO2 emissions, which also re-
duces ocean acidification directly, reduces im-
pacts on fisheries (5).
This study highlights the clear benefits for

fisheries from achieving the Paris Agreement’s
target and fills in an important gap for the
oceans on the implications of limiting global
average temperatures to 1.5°C.

REFERENCES AND NOTES

1. J. Rogeij et al., Nature 534, 631–639 (2016).
2. S. I. Seneviratne, M. G. Donat, A. J. Pitman, R. Knutti,

R. L. Wilby, Nature 529, 477–483 (2016).
3. C. D. Golden et al., Nature 534, 317–320 (2016).
4. E. H. Allison, H. R. Bassett, Science 350, 778–782 (2015).
5. J. P. Gattuso et al., Science 349, aac4722 (2015).
6. L. Bopp et al., Biogeosciences 10, 6225–6245 (2013).
7. T. L. Frölicher, K. B. Rodgers, C. A. Stock, W. W. L. Cheung,

Global Biogeochem. Cycles 30, 1224–1243 (2016).
8. M. Steinacher, F. Joos, Biogeosciences 13, 1071–1103 (2016).
9. M. C. Jones, W. W. L. Cheung, ICES J. Mar. Sci. 72, 741–752 (2014).
10. W. Cheung, C. Close, V. Lam, R. Watson, D. Pauly, Mar. Ecol.

Prog. Ser. 365, 187–197 (2008).
11. W. W. L. Cheung et al., Ecol. Modell. 325, 57–66 (2016).
12. G. Beaugrand et al., Nat. Clim. Chang. 5, 695–701 (2015).
13. M. Vancoppenolle et al., Global Biogeochem. Cycles 27,

605–619 (2013).
14. H. O. Pörtner, A. P. Farrell, Science 322, 690–692 (2008).

15. A. E. Bates et al., Glob. Environ. Chang. 26, 27–38 (2014).
16. K. B. Rodgers, J. Lin, T. L. Frölicher, Biogeosciences 12,

3301–3320 (2015).
17. K. D. T. Nguyen et al., PLOS ONE 6, e29340 (2011).
18. J. García Molinos et al., Nat. Clim. Chang. 6, 83–88 (2015).
19. J. S. Christiansen, C. W. Mecklenburg, O. V. Karamushko, Glob.

Chang. Biol. 20, 352–359 (2014).
20. J. M. Grebmeier, Annu. Rev. Mar. Sci. 4, 63–78 (2012).
21. W. W. L. Cheung, R. Watson, D. Pauly,Nature 497, 365–368 (2013).
22. S. Lefort et al., Glob. Chang. Biol. 21, 154–164 (2015).
23. E. S. Poloczanska et al., Nat. Clim. Chang. 3, 919–925 (2013).
24. A. J. Pershing et al., Science 350, 809–812 (2015).
25. F. J. Fodrie, K. L. Heck Jr., S. P. Powers, W. M. Graham,

K. L. Robinson, Glob. Chang. Biol. 16, 48–59 (2010).
26. M. Fossheim et al., Nat. Clim. Chang. 5, 673–677 (2015).
27. N. J. Muñoz, A. P. Farrell, J. W. Heath, B. D. Neff, Nat. Clim.

Chang. 5, 163–166 (2014).
28. K. J. Kroeker et al., Glob. Chang. Biol. 19, 1884–1896 (2013).
29. W. J. F. Le Quesne, J. K. Pinnegar, Fish Fish. 13, 333–344 (2011).

ACKNOWLEDGMENTS

This is a contribution of the Nippon Foundation-Nereus Program.
W.W.L.C. also acknowledges funding support from the Natural Sciences
and Engineering Research Council of Canada. Data presented in the
manuscript are available from the Dryad Digital Repository (DOI:
10.5061/dryad.pq6p2).We acknowledge the courtesy of the Integration
and Application Network, University of Maryland Center for
Environmental Science, for some images in Fig. 1.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/354/6319/1591/suppl/DC1
Materials and Methods
Author Contributions
Figs. S1 to S9
Tables S1 to S3
References (30–53)

27 May 2016; accepted 16 November 2016
10.1126/science.aag2331

PLANT SCIENCE

Precursor processing for plant peptide
hormone maturation by subtilisin-like
serine proteinases
Katharina Schardon,1* Mathias Hohl,1* Lucile Graff,1 Jens Pfannstiel,2

Waltraud Schulze,3 Annick Stintzi,1 Andreas Schaller1†

Peptide hormones that regulate plant growth and development are derived from larger
precursor proteins by proteolytic processing. Our study addressed the role of subtilisin-like
proteinases (SBTs) in this process. Using tissue-specific expression of proteinase
inhibitors as a tool to overcome functional redundancy, we found that SBT activity was
required for the maturation of IDA (INFLORESCENCE DEFICIENT IN ABSCISSION), a
peptide signal for the abscission of floral organs in Arabidopsis. We identified three SBTs
that process the IDA precursor in vitro, and this processing was shown to be required for
the formation of mIDA (the mature and bioactive form of IDA) as the endogenous signaling
peptide in vivo. Hence, SBTs act as prohormone convertases in plants, and several
functionally redundant SBTs contribute to signal biogenesis.

S
mall posttranslationally modified peptides
function as extracellular signaling molecules
in plants (1). Such peptides control plant
growth and development, as well as inter-
actions between plants and their environ-

ment (1, 2). Addressing the biogenesis of plant
peptide hormones, we focused on a peptide that

serves as a signal for the abscission of floral organs
(petals, sepals, and stamens).
Abscission is on full display during autumn,

when deciduous trees shed their leaves. The ab-
scission process is also agriculturally important,
as it facilitates the dispersal of fruits and seeds.
In most flowering plants, including Arabidopsis
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These results provide further support for meeting this important goal.
increases to 1.5°C substantially improved catch potential and decreased turnover of harvested species.
sustainability, catch and species turnover (see the Perspective by Fulton). Limiting temperature 

 modeled the influence of temperature increases on two key measures of fisheryet al.Cheung 
preindustrial levels will have benefits across terrestrial ecosystems. But what about marine ecosystems? 

Keeping recent global agreements to limit temperature increases to 1.5° to 2°C above
Marine benefits of the Paris Agreement
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