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Key focus of this talk

» Present selected studies of empirical and simulation
modelling to understand large-scale pattern and
magnitude of climate change impacts on fisheries;

Detecting and attributing climate change effects on
global fisheries;

Projecting changes In distribution of exploited
Specles;

Effects of climate change on body size of fishes;

Projecting changes In fisheries catch potential.




Human impacts on marine ecosystems

THE GREAT TOKYO 4
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Determine by environmental and
other human drivers.

(e.g., Cheung et al. 2008; Chassot et
al. 2000; Friedland et al. 2012)
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Effort (GW or watts x 10°)

Effective effort*

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
Year

Data source: Watson, Cheung et al. (2012) Fish and Fisheries




Climate change effects in the ocean

Human population growth,
migration, development, global food
supplyand energy price

Changes in fisheries catch,
economics of fishing,
fisheries management

Changes in community
structu hi
interaction, bi
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B speciesdistribution
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reproduction, « »
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habitats

Community/ Fisheries Global
Organisms Populatlon ecosystems economics issues

Biological Social/Economics
From: Sumaila, Cheung, Lam, Pauly, Herrick (2011) Nature Climate Change

Ocean-atmos




Thermal biology of marine fishes and invertebrates

Thermal windows for animals Competition, food web interactions, phenologies
(may include time dependent shifts through acclimatization)
Coexistence ranges
Onset of loss of performance and abundance S

Onset of anaenobiosis

Onzet of denaturation

and productivity

Aerobic performance

Spring warming cue
L I I B ]
T{°C) I ranges in climate zones,
Crtical lemperature Oplimurm temperatune I ranges throughout seasons
= Pgjus temperature — Denaturaton temperature

From: Portner & Farrell (2008) Science
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* Theory predicts that aquatic ectotherms distribute
themselves to maximize their growth performance.




Latitude
A
Invasion

Warming

Acidification

Hypoxia
Country B .
Salinity

Protected Area

™ Original
distribution
Depth




Rate of change in SST from 1970 to 2010




Examples of evidence of climate change effects on
fisheries In specific areas
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From: Poloczanska et al. (2013) Nature Climate Change



Hypothesis

« Ocean warming has led to changes in species
composition of fisheries catches.




Mean Temperature of Catch (MTC)

MTC =
Median preferred . Average preferred
temperature = 8 °C TSR ; temperature weighted
A : by the catch

Median preferred

Median preferred
temperature = 6 °C

temperature = 10 °C

Cheung, Watson & Pauly (2013) Nature 497: 365-368




Mean Temperature of Catch

Rate of change in SST (°C year™)

0 0.02 0.04




Mean Temperature of Catch




Attributing climate change effects with
generalized additive mixed model

Mean Temperature
of Catch

Fishing effort Large scale oceanographic Warming
Indices (e.g., NAO, PDO)




Changes in catch composition are attributed partly to warming

All Large Marine Ecosystems

(LMEs)

Mean Temperature of Catch
Increased at a rate of 0.19 °C
decade;

the Catch (°C year?)

Significantly related to
changes in SST;
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0.01 0.03 - Robust to alternative species
Rate of change in SST (°C year1) . . . .
distribution modelling
method, indicator of species
temperature preference,
mis-reporting of catch data.

From: Cheung, Watson & Pauly (2013) Nature.




Changes in catch composition in the tropics
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Tropical LMES only

Mean Temperature of
the Catch
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SST anomalies (°C)

- Increased initially at 0.6
°C decade?;

o
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Sea Surface
Temperature (SST)

Stabilized afterward:

o
N

O
o

Hypothesis: initial
reduction in
representation of sub-
tropical species.



Hypothesis of changes in catch composition

apecies fram warmer waters are replacing those that are traditional ¥ cawght in fisheries worldwide.
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fisheries to climate change:

How will distribution of marine fish stocks
be affected by climate change by 20507




Dynamic bioclimate envelope model

Global climate

change projections

*Probability of occurrence
Ecophysiology and 7

: e Temperature
Population «Depth limits

dynamics *Habitats
eDistance from sea-ice

Predicted future

species o Lam, Pauly (2008)
: ! : eung, Lam, Pauly ,
distribution Cheung et al. (2011)




Physiology

Anabolism

Catabolism

Life history (body size:
maximum, maturity; growth)

Productivity, mortality

Population dynamics
Species distribution

Temperature

Advection

Habitat
suitability




Biogeochemical forcing from Earth System Models
NOAA's GFDL ESM2.1

e

Small phyto

Phytoplankton ecology

FD

feeder

Protist

Recycled
nutrients

\4

New
nutrient

Detritus

Oxygen 1| pH

() v 1=

Dunne et al (2005, 2007)




Example: Small yellow croaker
arimic

Original (static) distribution Distribution after 50 years
(Climate projection from NOAA/GFDL CM 2.1)




Predicting climate change impacts on
marine biodiversity

« Combining projected
distributional ranges of
1,070 marine species.
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Temperature preference ranges of exploited fishes
and Invertebrates
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Polar spp. Tropical spp.

Mean inter-quartile range (°C)

9
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Median temperature preference (°C)

Source: Cheung, Watson & Pauly (2013)




Comparing temperature preference from distribution

Lower
25 Jtolerance

tolerance
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In vitro determined temperature tolerance range (°C)




Species invasion rate (N=1,070 spp.)
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Species local extinction

(2050 relative to 2000 with RCP8.5: +4°C warming)

Local extinction rate
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Shift in latitudinal centroid of 1077 spp. of fishes and
Invertebrates in the world ocean from 1970 - 2060
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Examples of evidence of climate change effects on
fisheries In specific areas
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From: Poloczanska et al. (2013) Nature Climate Change



Comparing with observed range shifts

Bering Sea and around the UK and Ireland

Physical Map of the World, June 2003

Rate of range shift from 1975 - 2001
(data from Meuter and Litzow 2007) &

5

Abundance change with
temperature from 1975 - 2007
(data from Simpson et al. 2011) |

o supan




Projected range shifts and abundance changes from

Driven by reanalysis-forced simulation from GFDL ESM2.1

__ Bering Sea: Rates of range shift UK and Ireland: Abundance changes
)

T 40 o o2 ° y = 1.2068x - 0.315
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Observed change in abundance over temp.

Source: Cheung, Sarmiento, Froelicher, Lam, Palomares, Watson, Pauly (2012)




Comparing observed and predicted Mean
Temperature of Catch in NE Pacific
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How will climate change affect maximum
body size of fishes by 20507




Maximum body size and temperature:

Atlantic cod (Taylor 1959)

CTaylor (1959)

3 A 10
sea surface temperature (°C)




Changes in von Bertalanffy growth parameters (L‘,o and K)

1975 | QEl] | QRS [ SRS | S5

1 1
1980 | UHS 1S4 | 995
Cothiort

Source: Baudron et al. (2011)




Oxygen and capacity limited thermal tolerance

Warmer, more acidic or
less oxygenated ocean

| 4

Current condition

Hypoxia

v

Maintenance
metabolism

Mass-specific
O, supply

Oxygen supply/demand
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Body weight VT\I Body weight

2

 Linking aerobic scope and growth function;

« Effects on natural mortality, maturity, fecundity and recruitment.

Source: Pauly (2010); Cheung, Dunne, Sarmiento, Pauly (2011)




Growth rate Anabolism Catabolism

dW/dt = H-W - k-W 2




Projected decreases in maximum body size of fishes

The combined effects of these changes may cause average fish size in habitats around the globe
to decline by 14 - 24%.

Credit: Pew Environmental Trust; Based on Cheung et al. (2013) Nature Climate Change




_ <. o change in max body weight
% W (2050 relative to 2000)

" I 100

8 w Bl o
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70 B -0
South %0

40 -0 0 20 a0
Change in body weight (%)

» Average individual-level decrease in maximum body size (W, )
IS about 8-12%o;

o Assemblage-averaged W__ Is projected to decrease by 14 — 24%
from 2001 to 2050.

Source: Cheung et al. (2013) Nature Climate Change




Comparing model results with data

® Model prediction OTaylor (1959)

« Consistent trends between
model projection and data
e.g. cod and haddock;

 However, model results are
10 more conservative.

Sea surface temperature (*C)

® \odel prediction
OBaudron et al. (2011)

63 65 67 69 74 713 Cheung et al. NCC (2013)

Sea bottom temperature (°C)




Comparing model results with data

Likely range for commercial fishe:
_ (from sandeel to sharks)
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Mainly zooplanktons, aquatic
invertebrates with a few
amphibian and very small finish

-2 0 2 4 6
Body mass (log,,dry weight; mg)

Source: Cheung, Pauly, Sarmiento (2013) ICES J. Mar. Sci.; Forster et al. (2012) PNAS




How will climate change affect global
fisheries catch potential by 20507?




Factors affecting maximum catch potential

Species
_ distribution
production Growth & body

s|ze

Catch potential




Empirical model predicting maximum catch potential

N = 1,000, P < 0.001, R2 = 0.70  Fit the model to observed

/ maximum catch potential of
1,000 spp of marine fishes
and invertebrates;

e Include species from krill to
tuna and sharks;

e The model has high
explanatory power and

. agrees with expectations
Observed catch (tonnes, log) from theory_

log,, MSY' = -2.881 + 0.826 x log,, P’ -
0.505 x log,,(A) - 0.152 x A + 1.887 x log,,CT +
0.112 x log, HTC' + ¢

Cheung et al. (2008) Mar. Ecol. Prog. Ser. 365: 187-197.
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Projected change in catch potential by 2055

Change in catch potential
(% relative to 2005)

< -s0
B -50 - -30
Bl -31--15
[ ]-16--5
[ 1]-8-5
[ ]6-15
[16-30
[ 31-50
5 -100
B - 100

» Tropical regions are projected to suffer from losses while high
latitude regions are projected to gain in catch potential.

Source: Cheung, Lam, Kearney, Sarmiento, Watson and Pauly (2010) Global Change Biology




Projected decadal mean changes in marine

APP [%]
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By 2050, warming and de-oxygenation combined are

predicted to decrease catch potential

15 1
10 A
5 -
0 -
5
=10 1

Baseline

% change in catch potential

2000 2020 2040 2060

 This analysis considered 778 exploited species.

Source: Cheung, Sarmiento, Frolicher, et al. (in prep.)



By 2050, warming and de-oxygenation combined are

predicted to decrease catch potential

15 1

10 -
5

i : _ Baseline
W F=2M
-5 =

-10 -
-15 1
-20 1
-25

% change in catch potential

2000 2020 2040 2060

 This analysis considered 778 exploited species.

Source: Cheung, Sarmiento, Frolicher, et al. (in prep.)



By 2050, warming and de-oxygenation combined are

predicted to decrease catch potential
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2000 2020 2040 2060

 This analysis considered 778 exploited species.

Source: Cheung, Sarmiento, Frolicher, et al. (in prep.)




By 2050, warming and de-oxygenation combined are

predicted to decrease catch potential
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 This analysis considered 778 exploited species.

Source: Cheung, Sarmiento, Frolicher, et al. (in prep.)




By 2050, warming and de-oxygenation combined are

predicted to decrease catch potential

15 -
S 10
3
g 5° |
g— 0t Baseline
[z LA N F=2M
]
o -5
= ' |
w-10 - Temp. only
= ' Temp. + O,
@m-15 1
S Temp./O,/F=M
E‘E- -20 -

'25 ¥ 1 1

2000 2020 2040 2060

 This analysis considered 778 exploited species.

Source: Cheung, Sarmiento, Frolicher, et al. (in prep.)



By 2050, warming and de-oxygenation combined are

predicted to decrease catch potential

15 -
S 10
c
g 5
g— 0 det Baseline
S AL F=2M
1] .
o -5 -
= ' |
w-10 - Temp. only
= ' Temp. + O,
@m-15 1
S Temp./O,/F=M
s 20 1 Temp./O,/F=2M
'25 ¥ 1 1
2000 2020 2040 2060

 This analysis considered 778 exploited species.

Source: Cheung, Sarmiento, Frolicher, et al. (in prep.)



Incorporating trophic interactions into Dynamic
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Abundance (log)

/ Size class (loQ)
Energy demand from
fishes

From: Fernandes, Cheung, Jennings, Grant (2013) Global Change Biology



Comparing projections with data in N. Atlantic
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What are the socio-economic implications?




Linking to economic and social impacts

Global climate change
projections

distribution

Species composition in Catch potential &

each EEZ landings (t) .y

of each species
R O Y

($/tonne) Eee

PN

variable il

cost Total variable Landed ek -
($/tonne) fishing cost ($) Values ($)
Economic rents in
each EEZ

Gear type

composition




Percentage change in landed values in each
EEZ in the 2050s

% change in landed values
B <0
[ >10to-5
| >-5 to -1
~ |>1to0
[ ]>0to1
T >1t010

P >10t0 25
— B

Source: Lam et al. (submitted)




Change in undernourishment
due to climate change

-27 thousand 60 thousand

Source: Sumaila et al. (in prep.)




Implications on local economies

Vulnerability Index

Mauritania

Caper Verde

y
P B 4

Senegal |

{Gampia L
Gaard : 2
GuipeaBissau {J"\,“H—J’ 1
T ) >
gk uinea ]
. L
No Data
Low
| Moderate
B i

Nigeria

Vulnerability
Country Index Rank

Cote d'lvoire 0.66 1
Ghana 0.66 2
Sierra Leone 0.61 3
Nigeria 0.54 4
Togo 0.51 5
Liberia 0.51 6
Senegal 0.47 7
Guinea 0.45 8
Mauritania 0.40 9
Guinea-

Bissau 0.37 10
Benin 0.36 11
Gambia 0.30 12
Cape Verde 0.28 13

Vulnerability of national economies to the impact of climate change on fisheries in WA countries under

high range GHG emission scenario (SRES A1B)

From: Lam, Cheung, Swartz and Sumaila (2012) African J. of Marine Sci.



Uncertainties

* Physical and lower-trophic level models;

« Species’ adaptation to environmental changes (on-going
PhD project);

« Multi-model comparisons and ensembles (regionally:
North Sea - Jones et al. 2013a, b, NE Pacific - Cheung et
al. submitted; globally: on-going project).




Summary

 Long-term changes in ocean temperature has led to
changes in species composition of catch since the 1970s;

* In higher latitude regions, increasing dominance of
warmer water species Iin catch;

e In tropical regions, further warming may impact the
production of tropical species which have now become
the dominant species in catch;

 Shrinking of fishes may further exacerbate the impact;

* On-going and future works to further address
uncertainties and model skills testing.
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Questions for discussion

 What are the major challenges in developing models to
assess climate change impacts on living marine
resources?

 What are the possible ways to address these challenges?




Predicting species distributions

e Current (1970-2000) distributional ranges of over 1,000
species of marine fishes and invertebrates are predicted from:

Attributes:
e Depth limits;
e Latitudinal limits;

e Assoclated habitats:

, \( éﬂ Ryukyu Islands

d)laoyutal Islands

* Known range
boundary.
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- Small yellow croaker

Close, Cheung, Hodgson, Lam, Watson, Pauly (2006) Fisheries Centre Research Report 14(4)




Projected changes in net primary productivity

APP [mgC/m?/day]

-400-200-100-50 -25-12 6 0 6 12 25 50 100 200400

Source: Redrawn using data presented in Steinacher et al. (2010) Biogeosciences.




- E.g., In North Sea;

1.0 From catch
-

0.5

- No significant
difference in the rate
=1.0 ». From survey data Of Change Of MTC
~. From survey data (AN COVA)
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Calculating median preferred temperature

(Larimichthys polyactis)

Original (static) distribution Probability of occurrence
(1971-2000) by water temperature
Relative : ‘ ' 0.12
abgundance [ § 0.10}
BN Low ‘;“' 'l': L§- 0.08 -
% "H- % 0.06 -
- . S oo
] _... % 0.02 A
] ¥ ey W o
1 = 0.00 T T T T T T e e
[ ] v " 0 5 10 15 20 25
E High Temperature (°C)

Source: Cheung, Lam & Pauly (2008)




