Global change in the ocean
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Milankovitch cycle
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https://en.wikipedia.org/wiki/User:Mysid
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hockey stick
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® Original “hockey stick” — TS
temperature graph o (
. . == RECONSTRUCTED (50 YEAR LOWPASS)
in Nature, 1998. The Y ax ™ ‘ ,

shows the Northern
hemisphere mean
temperature, in degrees
Celsius; the zero line
corresponds to the 1902 _,
1980 mean.
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"Global-scale Temperature Patterns and Climate Forcing over the Past Six
enturies," by Michael E. Mann et al. in Nature, Vol. 392, April 23, 199

Historic temperature records
T e

1978 - PRESENT DAY satellite global

1880 - PRESENT DAY Thermometers global
Lake and ocean sediments, ice
cores, stalagmites

2,000 YEARS AGO - 1880 Sediment and Ice cores global
tree-rings series
20,000 - 2,000 YEARS AGO Ocean margin sediment cores Global

lake and ice cores on land.

800,000 - 20,000 YEARS AGO  proxy sea surface temperature Global
records



https://www.nature.com/articles/33859

Historic CO, concentrations
co; I

1958 - PRESENT DAY in situ air  Mauna Loa, Observatory, Hawaii
1000 YEARS AGO - 1958 Ice cores Law Dome, Wilkes Land Antarctica
800,000 YEARS AGO - Ice cores Antarctic Vostok and EPICA Dome C
1000 YEARS AGO ice

Carbon dioxide in the atmosphere is

Increasing
400 T T L E— T T .
| @ = Dome C (Monnin et al., 2004) The fa SteSt ¢ Of
A Law Dome (MacFarling Meure et al., 2006) -
360 ¢ Southpole ((siog'mhdgorunl.,:oos) ’ ' [COZ] atm eve r
_— v Kohnen Station (Siegenthaler et al, 2005)
Il =it e i —h observed (Zeebe
S 320 — s 2012)
3 L i
8 280 —p
E 380
5 7 360 4 D)
£ 240 i £ a0
o S a20
- S 300
200 Jda Ea0d vy R TTAmaTd
—— g 260 —— Mauna Loa
1 | 1 | I | I 1 - g 240 N :Zwlocimed
< v jelie Lan:
20000 15000 10000 5000 0 R T Spe
® South Pole
Time (before 2005) " 800 10:)0 12:)0 14‘00 IS:)O 181)0 2000

Year

13/12/2021



Carbon dioxide in the atmosphere is

INncreasing

2018 average
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* The fastest A of [COs]atm
ever observed (Zeebe 2012)
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IPCC

IPCC First Assessment Report, 1990
IPCC Second Assessment Report, 1996

e Special Report on Emissions Scenarios (SRES) , 2000
IPCC Third Assessment Report, 2001

IPCC Fourth Assessment Report, 2007

IPCC Fifth Assessment Report, 2014

o ggigial Report on the Ocean and Cryosphere in a Changing Climate (SROCC),

Sixth assessment report (2021/2022)

Consequences in the atmosphere:
Global warming

Observed change in surface temperature 1901-2012
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(IPCC 2013)

lobal warming of surface atmosphere: 0.65 - 1.06°
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Carbon dioxide in the atmosphere is

Increasing: future scenarios
Representative Concentration Pathways
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Shared Socieconomic
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Consequences in the ocean

Ice sheet mass
Glacier mass Water (Greenland & Antarctica)
Heat

Carbon dioxide

Sea ice
(Arctic)

Permafrost

temperature L mmmmEp
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Continental sloj
— Cryosphere Changes = Ocean heat content Ocean pH Ocean oxygen

O—O:ean Changes
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Continental shelf

Ocean circulation
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Figure T5.2 | Schematic illustration of key components and changes of the ocean and cryosphere, and their linkages in the Earth system through the global exchange of
heat, water, and carbon (Section 1.2). Climate change-related effects (increase/decrease indicated by arrows in pictograms) in the ocean include sea level rise, increasing
ocean heat content and marine heat waves, increasing ocean oxygen loss and ocean acidification (Section 1.4.1). Changes in the cryosphere include the decline of Arctic sea
ice extent, Antarctic and Greenland ice sheet mass loss, glacier mass loss, permafrost thaw, and decreasing snow cover extent (Section 1.4.2). For illustration purposes, a few
examples of where humans directly interact with ocean and cryosphere are shown (for more details see Box 1.1).
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Consequences in the ocean:
Ocean warming (OW)
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Consequences in the ocean:
Ocean warming future scenarios

(b) Global mean sea surface temperature
change relative to 1986-2005 -
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Scope for aerobic performance
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Temperature range

Cold Warm

threshold line
v

4+> acclimatization
and adaptation

P> loss of performance
and abundance

T,

C

P> anaerobiosis

Temperature range Warm

Performance curve under normal conditions.
--------- Performance curve options under

elevated CO, or in hypoxic water o both
T,,, Optimum temperature (performance maximum)
T, Pejus temperatures (limit to long-term tolerance)
7. Critical temperatures (transition to anaerobic metabolism)
T, Denaturation temperatures (the onset of cell damage)
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OW: why does it matter?

(A) Thermal windows for animals: limits and acclimatization

* Most marine organisms
do not control their
temperature

* Metabolism 1 with
temperature (energetic
cost) until a treshold

» Beyond treshold:
deleterious effects

— Vulnerability of most
marine organisms to
warming is set by their
physiology, which defines
their limited temperature
ranges and hence their
thermal sensitivi

Impact of OW
Extinctions and range shifts
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Fig. 1. Examples of North Sea fish distribu-
tions that have shifted north with climatic
warming. Relationships between mean lati-
tude and 5-year running mean winter bot-
tom temperature for (A) cod, (B) anglerfish,
and (C) snake blenny are shown. In (D), ranges
of shifts in mean latitude are shown for (A),
(B), and (C) within the North Sea. Bars on
the map illustrate only shift ranges of mean
latitudes, not longitudes. Arrows indicate
where shifts have been significant over time,
with the direction of movement. Regression
details are in Table 1.

7
Winter temperature (°C)

Perry et al 2005

Shifting temperature
means and extremes alter
habitat and cause changes
in species abundances
through local extinctions
and latitudinal distribution
expansions or shifts of up
to hundreds of kilometers
per decade (IPCC 2013)

13/12/2021
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Impact of OW
Extinctions and range shifts

Warm-temperate lemperate Cold mixed-water Subarctic
pseud ic speci pseud ic species species species
1958-1981 1958-1981 1958-1981 1958-1981

Shifting temperature
means and extremes alter
habitat and cause changes
in species abundances
through local extinctions
and latitudinal distribution
expansions or shifts of up
to hundreds of kilometers
per decade (IPCC 2013)
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Mean number of species Mean number of species Mean number of species Mean number of species
per CPR sample per CPR sample per CPR sample per CPR sample

anges in the mean number of calanoid copepod
58-1981, 1982-1999, 2
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demersal species

Poleward shift
(km per year)
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Projected changes, impacts and risks for ocean ecosystems
as a result of climate change

(a) Simulated net primary production

Value in mol C m?yr- (1986-2005)

0 10 20 >

(b) Simulated total animal biomass

Observed values in tonnes* (1986-2005)

0 015 55 >275000 R T o
* See figure caption for details Percent change

g
Average by 2081-2100, relative to 1986-2005 DY o dsagreement

<50 40 30 20 10 0 10 20 30 4 >0 L] "%
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Impact of OW
Extinctions and range shifts

CORALBLEACHING | CoRA:

BLEACHING?

HEALTHY CORAL STRESSED CORAL BLEACHED CORAL ﬂ

depend on If ves hed and :
v the ¢ Ulnerable bleaching.

Runoff and pollution
;w See lecture

on coral
reefs

contributes to bleaching in
shallow-water corals.

Corals have a symbiotic relationship with When the symbiotic relationship Without the algae, the coral loses its
microscopic algae called zooxanthellae becomes stressed due to increased major source of food, turns white or

that live n their tissues, These algaeare ocean temperature or pollution, the: very pale, and is more susceptible to
the coral's primary food source and give algae leave the coral's tissue. se. NOAA's Coral Reef Con:
them their color: hupZfcoralee
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Ocean acidification

Consequences in the ocean:

CO,and pH time series in the North Pacific Ocean

400

375

—+— Atmospheric CO, (ppmv)
—+— Seawater pCO, (patm)
- Seawater pH

8.38

8.33

8.28

350 8.23

CO,

o

325 8.18

8.13

300
Feely (2008) in Levinson and Lawrimore (eds), 8.08

Bull. Am. Meteorol. Soc, 89(7): S58.

275
2 8.03

& T T T T T T T
1940 1950 1960 1970 1980 1990 2000 2010
Year

crease since the Industrial

28

Ocean acidification (OA):
The carbonate system

The ocean has taken up between 20-30% of total anthropogenic CO,
emissions since the 1980s

pCO, (air)

Dissolution of CO; in seawater

CO, (aq)

CO, (aq) + Hzo?H2CO3 Formation of carbonic acid

Dissociation of carbonic acid

H2C03?HCO3' + N

-
HCO, © H* + w
+

¥ 0.1 pH uni

Decrease of CO32 availability

13/12/2021
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Ocean acidification (OA):
The carbonate system

1

0,1+

Recent

pH range
0,014

Ratios of concentrations

0,001
4 5 6 7 8 9 10 11

acidic pH basic .

03%7]sw + 2 pC

Ocean acidification (OA)
The carbonate system:
Saturation state of calcium carbonate (Q)

[Caz*]sw [COs2-Tsw For inorganic CaCOsg, in
Q= - sea water, if
K'sp . .
* Q< 1: dissolution
+ K'p: apparent solubility constant of « Q= 1: equilibrium

the considered CaCOs

* K'sp= [Ca?*]sat [CO3% ]sat « Q> 1: precipitation

« K'p calcite < K'sp aragonite

+ Aragonite is more soluble than
calcite: Qar < Qcal

13/12/2021
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Ocean acidification (OA)
The carbonate system:
Saturation state of calcium carbonate (Q)

[Caz*]sw [CO32 ]sw For inorganic CaCOs, in
Q= - sea water, if
K Sp . .
* Q< 1: dissolution
« OA: [CO3%]swl — Q| « Q= 1:equilibrium
N 3. " *+ Q> 1: precipitation

400 600 800 1000 400 600 800 1000
atmospheric CO, (patm)

Ocean acidification (OA)

The carbonate system:
Shoaling of the saturation horizon of calcium carbonate

2011-2030 PACIFIC
Nia - . o=t
‘ - . Saturation

horizon is the
depth at which
Q=1

80 160°€ 8o°N oo

LMZ':IDE . . LATITUL
J080-2000 SCale: % saturation aragonite
oo

—> 0=1

Saturation horizon is
predicted to reach
thg surface at hi

R EEEEE
eececognrsgsEee

16



Consequences in the ocean:
Ocean acidification

The fastest SW pH & ever
observed (Zeebe 2012)

8.6
8.4

8.2 1800
T g- 2000
L= Oceanic pH 2050
7.8 2100

7.6

74 T v s
-25 -20 -15 -10 -5 o 2
Time (million years before present) Turley et al 2005

A decrease in pH of 0.3-0.4 units by 2100 and 0.8 units by 2300

33

OA: Why does it matter?

Most water breathing marine organisms rely on the
gradient in pCO, between their extracellular inner fluids
and sea water to eliminate respiratory CO,

e = f SWpCO, M, pCO, of extracellular fluids A until the

gradient is reestablished (hypercapnia) and, consequently,
pH W (acidosis)

® > deleterious effects, e.g. lower enzyme activities

13/12/2021
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Impact of OA on marine organisms

Response [Mean Effect |
Survival

Acidosis ({pH) L
alcification

. : Growth
Hypercapnia (1CO2) Photosynthesis
Corals Abundance

c
Survival A
Calcification L
= 5 Growth -17% c
Development -25%
. Mollusks Abundance l
Metabolic rates Saival F
H Calcification
PhySIOI.Ogy Growth -10% |
Behavior Development 1% E
9 Echinoderms Abundance
Reproduction Sirviea] R
. Calcification
G rOWth % /@ Growth s
Calcification Development
Crustaceans Abmnce
Survival
[ Not tested or too few studies N Calcification
I Enhanced <25% @) |Growth
[ ] 95%Cloverlaps 0 ~  |Development
[ Reduced <25% Fish Abundance
Reduced >25% P K

Impact of OA: metabolism

8 77

pH Ophiura ophiura, temperate, Wood et al 2010
Fig. 1 Mean oxygen uptake rate (umol O, mg/h) standardised by No Signiﬁcant effect of pH

mass, as a proxy of metabolic rate. LT is low temperature (10.5°C),
and HT is the high temperature (15°C) exposure. Error bars are 95%
confidence intervals

—
h

© ambient temp.
@ high temp.

°

°

o Ophiocten sericeum, arctic, Wood et al 2011
e Significant effect of pH
Effect on res

oxygen uptake (umol Oz mg™ h) £ 95% C.l's

Fig. 1 Mean rates of oxygen uptake of Ophiocten sericeum at the
three pH and two temperature treatments 95% confidence intervals.
Amputation data pooled as ANOVA showed no significant difference
between treatments N = 30

36
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Impact of OA: reproduction
Larval stages are very sensitive to OA:

120 h control 120hCO;

Early development of
Mytilus galloprovincialis.
Morphology of larvae
incubated for 120h and
144h control (380ppm;
pH=8.13) or in CO,
seawater (2000ppm;
pH=7.42).

Early larvae of the brittlestar
Ophiothrix fragilis reared in
control seawater (pH 8.1, left),
and water acidified with CO2
(pH 7.7 right), with a reduced
Ribonterelizolt = skeleton as an effect.

37

Impact of OA: reproduction

Larvae cultured at different pH
(control 8.1, 7.9 and 7.7) show a
developmental delay with

YA decreasing pH (Dupont & Thorndyke

ﬂ?ﬁ 2008)

A) Late pluteus larvae - 21 days
B) Juveniles - 50 days parameter

Observed

[l |||‘,‘; — Control {e.g. pH 8.1)
P - Treatment (e.g. pH 7.7)

Relation between time and stage ¢ é \
of development e .

Observation
{time=t)

38
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Impact of OA: growth and calcification

107 mm l
S 80%
% 60%
Q@
2 40%
o
M Positive 0% 1
o © o o
Neutral Q@’bo (,0@ \\0%0 Q}@
\’b @O ) Ob
3 &
m Negative < e

Impact differs according to taxon,
with species able to compensate

- . Witt & Port 2013
their extracellular pH doing better A S

39

Impact of OA: growth and calcification

The main calcifiers in marine environments:

Coccolithophoridae* (calcite)

Foraminifera* (Mg-calcite: Mg,Ca;xCOs3; aragonite)
Corals (aragonite)

Calcareous algae (aragonite; calcite)

Pteropods* (aragonite)

Other molluscs (calcite; aragonite), echinoderms
(Mg-calcite), sponges (aragonite; calcite; Mg-
calcite), arthropods (calcite; aragonite)

Produce most of biogenic carbonate precipitated in the open
oceans

40
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Impact of OA: growth and calcification

0.75

0.50-

0.25

0 5%

(]

-0.25+

0.3

0.2

Comeau et al. 2009

0.14

Net calcification (umol CaCO5; g FW"' h'")

0lP=055P<00001 Decrease of calcification rates of Mytilus
300 800 1300 18002300 2800 edulis, Crassostrea gigas and arctic

pPCO2 (ppmv) pteropods under high pCO,
Gazeau et al. 2007

Most bivalves and gastropods show a decrease of their calcification rates
when exposed to lower pH seawaters (i.e. higher pCO; and lower Q)

41

Impact of OA: growth and calcification

Temperate corals

12 O 400 ppm W 700 ppm a)

R?=0.62; p<0.001

Calcification rates (mg cm d

The lack of sensitivity of temperate corals to high-pCO2 levels
might be due to their slow growth rates, which seem to be
more dependent on temperature than on the saturation state of
calcium carbonate (in the range predicted for the end of the century)
Rodolfo-Metalpa et al. 2009

42
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Coccolithophores

Impact of OA: growth and calcification

280 pp.m.v. 304 p.p.m.v. 489 p.p.m.v. 595 p.p.m.v. 750 p.p.m.v.

0000

4
v o

a I Aa/// /

o

Mean coccolith
volume (um3)
o o

O o

]
g |
S

T T T
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Iglesias-Rodriguez et al. 2008 PCO; (p-p.m.v.)

Average coccolith mass (x107'°g)

—e— pCO, (Siple)
—e— pCO, (Mauna Log)
o— Average Coccolith Mass

Calcification increment of Emiliania o w0 10 1o
huxleyi at higher CO, conditions fhoe catendar years A2)

Related with the fact that coccolitophores are autotrophic and
their calcification is intracellular?

pCO, (p.p.m.v.)
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Impact of OA

Calcifiers present different responses toward OA
because:

« the organisms are autotrophic or heterotrophic

« biocalcification mechanisms differ (extracellular,
intracellular, intercellular)

« metabolic strategies differ
« of acid base regulation abilities differ

44
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Impact of OA: fisheries

OA can also have social and economic consequences,
as, for example, fishery stocks might be affected

Impacts of OA and climate
change on fisheries can be
[ indirect as a species loss
— causes (great instability on

So
Scor
"
]
El

re
o
Megum 4

© i % the ecosystem.
Furthermore, some species
of seafood (shellfish) might
be at direct risk.

Impact of OA: Lessons from the past

The Paleocene-Eocene Thermal Maximum (PETM)

Site 1262A

Caco, (wi%) « Mass extinctions linked to
T O much slower than present

OA events

20
T

« It took millions of years to
recover

>

4 b3 < end of
45490 acidification

o

<_ Benthic foraminiferal

mass extinction

1 onset of
55.00 ~€&—— Lcidification

Zachos etal.,
Science 2005

Zachos etal.,

ODP IR, 2003 Change in the % of CaCOs in the sediment is |

45505

baseline
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Impact of OA: summary

e Reduced calcification rates, growth, production and life
span of adults, juveniles and larvae

e Reduced tolerance to other environmental fluctuations
e Combined impacts of OA and temperature increase
e Changes in fitness and survival

e Changes in species biodiversity, biogeography and food
webs

e Shifts in ecosystems: some species will “win” and some
will “loose”

47
Impact of global change in the ocean
Will organisms be able to acclimate
and/or adapt to these changes?
48
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Impact of OA

Acclimation - the progressive adjustments of an
organism to any change in the environment that
subjects it to physiological stress. It occurs in a
short period of time (days/weeks-months) and
within one organism lifetime

+

Adaptation - structural, physiological or behavioural
characteristics of a population that allows it to be
better suited for a certain environment. This process
takes place over many generations through
natural selection
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Impact of global change in the ocean:
Acclimation and adaptation

* Only preliminary evidence

« Past history of a population may have selected
resistant/resilient genotypes

+ Recent experimental work has shown that range-
limiting traits can evolve rapidly over decadal time-
scales (Diamond 2018)

» Surely not for all species (loosers and winners) —
community changes/shifts
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Impact of global change in the ocean:
Acclimation and adaptation

p—~—

Legacy effects of multiple disturbance.

a, Disproportionate loss of abundant,
susceptible tabular and branching
Acropora corals on northern reefs in
2016, compared with more resistant
mound-shaped Porites, increased
community resistance to recurrent
bleaching in 2017.

b, Corals in the southern Great Barrier
Reef remained unbleached and
dominated by Acropora in 2017, despite
higher levels of heat exposure than in
2016.

(Hughes et al 2019)
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Impact of global change in the ocean:
Further readings

» IPCC reports:
https://www.ipcc.ch/reports/

* In particular for the ocean
https://www.ipcc.ch/srocc/
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How do organisms cope
with OA?

Gadus morhua
Larsen et al. 1997
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Impact of OA: growth and calcification

Q is not the real
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How do organisms cope
with OA?

Mytilus edulis

Michaelidis et al 2005
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Impact of OA: growth and calcification

Coral reef ecosystems (warm waters) might be particularly
at risk
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Balance of deposition by calcifiers (principally scleractinians,
calcareous algae) minus dissolution (chemical and bioerosion) might
me negative when Q < 2, meaning that the coral reefs

Impact of OA: growth and calcification

Aragonite Saturation Levels in 1765 Aragonite Saturation Levels in 1995
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Impact of OA: growth and calcification

Temperate corals

12 O 400 ppm W 700 ppm a)

)

R?=0.62; p<0.001

Calcification rates (mg cm day”

12 14 16 18 20 22 24 26

Temperature (°C)

The lack of sensitivity of temperate corals to high-pCO2 levels
might be due to their slow growth rates, which seem to be
more dependent on temperature than on the saturation state of
calcium carbonate (in the range predicted for the end of the century)
Rodolfo-Metalpa et al. 2009
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