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AlmultistressoriperspectivelofiOA:lkeylconcepts
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+AW= Climate Change Syndrome

OA, hypoxia, and warming combined often
have stronger negative effects on marine

organisms than OA alone.

@‘ " Single-stressor research underestimates
the true impact of marine climate change.

11E Stressor interactions are not understood.
I I I I Multi-stressor research is urgently needed.

A physical or biological variable altered by human activities
that makes negative physiological or ecological responses more likely.
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Humanjactivity/disturbs

Ocean acidification is = _- I 1. Freshwater use
accompanied by other stressors: 2. Reactive N & P

emissions

3. Ocean acidification

4. Chemical pollution
5. Climate change

6. Ozone depletion

8. Biodiversity loss

Two processes are
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particularly relevant in
combination with OA
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CO?3:lthelgloballdriverjofimarinelclimatelchange
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Ultimate cause Proximate cause Physical principle Effect / stressor

/1 Greenhouse effect ——> m

Fossil fuel

: Increasing CO, dissolution
combustion - p
+ m)p |atmospheric] — jnseawater —> EXSLLIlTlT
CO, levels

Deforestation

\ 0, decreases as
temperature and Deoxygenation
stratification of \

Global processes advance the ocean increase
at regionally different rates

a. Sea surface temperature change b. Sea surface pH change c. Owygen concentration change at 200-600m

— T T I

Bopp et al. Biogeosciences 2013
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Regionalldriversfofichangelinfcoastallwaters

Ultimate cause Proximate cause Phﬁfﬁ’ﬁ prin )
R

Effect / stressor

Industrial " & #

wysulingg, L e Deoxygenation/

use, population /7 dissolved O, —> Hyg S
growth - Increased in water yp

Eutrophication microbial
respiration \ Produces CO, — -
e e e e Acidification

Increased water

phytoplankton
growth

Eutrophication-
induced HYPOXIA has

long been recognized
as a global problem.

Coastal
ACIDIFICATION
is the other Eutrophic
I g ® Hypoxic
e trﬂphlca tion ® improved hypoxic R
prﬂb;em! WIAW AL Org
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Huge drainage basin,
Excessive | : runoff from highly
microbial |_ =~ 14 Industrialized agriculture

A e o

respiration

_ k Fuels excessive
result in a B phytoplankton
seasonal, large... T R growth in the
v Gulf of Mexico...

Dead zones are not only problem.
They are an acidification problem, too.
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Temperaturelandfoxygenlas|majoricosstressors'

- S d e - - - -
major co-stressors of ocean acidification

T -
e

« Warming + increasin:

« They can result from humans emitting
excessive amounts of CO, and reactive
nitrogen & phosphorus

- Rates of change, severity, and
consequences for marine life vary
regionally and over time

 Other factors contribute to local changes
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Afterldecadesfofiresearchiiwhatlgapsiremain?,

More than 60 years
—1 of hypoxia research

effacts

-

Decades to

centuries of
research

Almost 20 years
of acidification
research

What is not understood:

What are the combined effects of these
stressors on organisms and their fitness
relevant traits?
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Threelpossibleloutcomesiwhenlstressors|co-occur,

Do stressors interact?

Is the combined effect stronger
or weaker than the sum of each
individual effect?

Combined effect Combined effect
.~ is attenuated is amplified

|
Additive Antagonistic m

1+1=2 1+1<2 17+1>2

Interactions will vary between traits, species,
populations, ...individuals?
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Whenk1EHi#F2:Irealiworldlexamplesiforistressorlinteraction

380 ppm
1,000 ppm

Coolo-Camba ef al Frontiers of Madne Sciance 2014

Munday et al. MEPS 2009
- - -

Traits changed with temperature, but differently
under ambient vs. high CO, regimes.

Unpredictable from single-stressor experiments.
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Synergistic £3 effectslinjalcoral

* Calcification at 25°C [E}I[Eﬂ hlgh CO,
- At 28°C and ele\rated @Eh decrease by 50%

0.6 <«=--= Predicted’ if
— no interaction
©
S
Q2 04
e
S ‘Observed’
ﬁ +-- CO, x Temp
E 0.2 synerg Istic
S negative effect
©
u =
Stylophora 8
0 Listillata, _§* -
Low CO, Low CO, High CO, High CO,
(450 patm) (470 patm) (734 patm) (798 patm)
Low Temp High Temp Low Temp High Temp
(25°C) (28°C) (25°C) (28°C)
Reynaud af al.
Global Change Biology 2003
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‘AdditivelCOxitemperatureleffectslinitwolshellfishispecies

Additive negative effects of warmir 19 and acidifi
on survival in Quahog and Scallop larvae
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CO>leffectsionithermalitolerancelinlspidericrabllife[stages)

Thermal tolerance in
spider crabs lower at high
CO, levels, but...

Megalopae: narrowest
window, unaffected by -
high CO,. 2 RN

Iy

Zoeae: high (':l:)2 narra wed
'the wmdpw, dgus d ﬁ
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Acidification (ApH = 0.5) and mm g (+4°C; 2
significantly impaired juvemles :
condition and survival. Rrosaetal PrRSBE 2014

o

100
Additive
|1
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26°C 26°C 30°C 30°C 26°C 26°C 30°C  30°C
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COZixitemperature:lalmeta:analysis’

Acidification +

Acidification Warming Warming

=

Trait: Survival

Crustaceans
Mollusks

Mean effect size (In RR)
=
&n

[
=k
)

Harvay et al. Ecology & Evolution 2013

Mean effect size (In RR)

Acidification +
Warming

Warming

--------------------------------------------------

Trait: Growth ﬂ"y

Crustaceans \ 3

Mollusks
| Echinoderms &

- Biological responses vary across taxa, stages, and trophic levels

- Combined stressors generally cause stronger (positive or negative) effects
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COzixitemperature:[conclusionsifrom |

—

Calcifiers sensitive
to warming +

Larval

stages are
more
sensitive

acidification,
non-calcifiers more
sensitive to warming.

B

Fertilization

appears

Significant robust

combined effects
of warming +
acidification

(70% of species)

Calcification,
photosynthesis,
reproduction, survival:
synergistic interactions
between acidification

Additive negative

effects most
common

Reproduction
affected
positively in
autotrophs,
@—j’ Harvey at al. Ecology & Evelution 2013 ] negat i\FEIy' in
@-j Byrne & Przesiawski IC8 2013 | hEtEfﬂtl"ﬂphS

and warming can occur
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Now 'tke a
deep breath...

Respiration

.

Lt Eﬂi, Al 6CO, L 5:129'

" Photosynthesis 4

Two sides of the same coin:

In most ecgsystems, CO, and O, dynamics mirror each other
becausethey are connected by community metabolism
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Co-occurrenceloffacidificationfandjhypoxiajinfthelmid:ocean s

B -
"

e

0, minimum/C0, m

| ,___'ﬁﬁimum zones occur
beneath the most productive parts
of the world’s oceans

I —

Dﬁ

Concentration
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Co-occurrenceloflacidificationlandlhypoxialll:[coasts'

Summer situation in the
Northern Gulf of Mexico

29°N

28°N +
30°N p=

29°N

28°N cuin
94°W 2000
= 7 1500
- In coastal habitats, metabolism 20 =
dominates the O, and CO, dynamics
500
* Hence low pH and low O, conditions pCO, (natm} .,
co-occur in time and space ” West o
Cal al al. Nat Gaosclance 2071 Wallace of al Est Coast Shelf Sci 20714
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SeasonallcouplingfofipHlandfoxygenldynamics:[saltjmarsh

ST

- Seasonal pH and dissolved oxygen (DC
~in the Flax Pond salt marsh (Long Island:

g

Mnan CETNE e
Vgl maximum

PR(NBS|

Baumann el al.
Est & Coasts 20715

Month
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ilhelrelationshiplbetweenlOz{andipHARastIBresentiFuture?,

8.2
P
duﬁtﬂ“‘ (R®
8.0 |- pre-\"
ores® Will the relationship
= T between pH and O,
B l ' change with ongoing
‘ LiLb ocean acidification?
7.6 - o
o 2
-0.40 e - g
D 2
=L
74 v
v
L [ 1 ] | N
0 50 100 150 200
O, (umol kg) Cai at al. Nat Geoscience 2011

Yes. Low O, conditions will be associated with
disproportionally lower pH conditions.
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Control Low pH Low DO Low pH
(7.5) (35 uM) Low DO

Gobler et al. PLOS One 20714
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SynergisticlCONxI0Neffectslonljuvenilelbivalvelgrowth

Low DO - no effect
Low pH - no effect

Both stressors
combined

v

Synergistic
negative effect!

Only multi-stressor
experiments can |
detect this! aearir ol

Gobler ef al. PLOS One 2014
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DO and pH effects on Synergistic

Iinland silversides  Negative DO x pH No DO and no pH
(interaction non- effect on Atiantic effect on sheepshead
significant) silversides minnows
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COZ1x10%:lurgentineediforfempiricalldata

Only a handful of studies

on CO, x O, interactions t = Bivalves and fish:
available to date |

Both additive and
Meta-analyses not synergistically negative

possible yet effects observed

Fish less tolerant to
low DO than low pH

Sensitivities in bivalves
life-stage dependent

Robust conclusions or
predictions have yet to
emerge
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Coastallvariabilityivsflong:termjprojected

1 o ~4000 ppm
s sunrise

Do extreme short-term  ;c00
COE x oz fluctuations in PPI"I"I':'
some nearshore habitats 3 i

act as temporary relief
or added stressor to

i
-

coastal organisms?

50 hours
Temperate tidal salt marsh*
2000
450 years = s I W a ;
PP
Global average + A
max prediction
Industrial Tod Predicted under
Revolution ol business as usual 900 « ~250 ppm
"""""""""""""""""""""""" ppm 7 A S e
2015 2300 28 July 29 July 30 July
1850 (400 ppm) (max. 2000 ppm) :
{EBD PPI'I"I] Baumarnn et al. Esl & Coasls 2015
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SeasonallexposureltoliowlpHfandI|DOlinlalsaltimarsh

Hours per day

Average exposure of salt marsh organisms to
waters below pH/DO = 8.1/12, 7.8/8, and ;

Baumann af al.

. Exst & Coasts 20715
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Effects|of/fluctuating]CONxIONonloyster/spat

Experiment 1 (2013): - Experiment Il (2014):
~ Low salinity year
_rJ:J effect

Hiﬁh salinity year
o pH effect

L
o

(o]
(1=}

(]
(=]

Specific growth rate (SGR, % d-1)

B/a 7

Bl D-Dw-g

Keppel 2014

Cycling pH had no effect on growth (SGR) in 2013 (high salinity).
Cycling pH reduced SGR under control DO conditions in 2014 (low salinity).
Severe cycling hypoxia reduced juvenile oyster growth in both years.
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Differentiallgrowthleffectsloflvariable]pHlinimussels J

¥ Mytilus californianus
ﬂ Mytilus galloprovincialis 8.10

[O,] (umol kg~")

Positive
effect

200

E
3
—
<
L
o
c
L
o
<
N

[O,] (pmol kg~')

Variable pH redu:ed the negatwe effé‘;:'t ﬁ-n M‘gaﬂuprnwnmahs growth.

e
-

ASLO e-tectures |
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From data to
concepts

and
The way forward
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‘Alphysiologicallframeworkitolpredict{ONxICO%IxkTempleffects

ent] CErEEyAHIIEE
thermal

-0. Pértner | Temperature, hypoxia
and CO, all affect
energy turnover in

For every species and life-stage organisms.

there is a thermal window of
aerobic performance

Hypoxia decreases
blood oxygen content >
window shrinks

High CO, can reduce the
function of blood
pigments 2> window
shrinks

Effects strongest at
thermal extremes.

Aerobic performance

5\

Temperature

Poartnar at al. MEPS 2012
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Thelwaylforward|l:lbewareloficonfounding[CO3linteractions

-y

Increasing CO, sensitivity with
decreasing light levels

“...0A studies must better account for the
potential moderating role of light upon
growth/diversity if we are to move beyond

the current...” Suggett et al. Coral Reefs 2013

Ad libitum food may disguise CO,
effects on growth in survivors

“This could also explain the mostly neutral
or positive growth effects of increasing CO,
levels reported by other studies on fish early

life stages...” Murray et al. MEPS 2014
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Mhelwaylforward|ll:Imethods*approaches

Realistic simulationsiofthypoxia

include ACIDIFICATION

Move beyond ‘control-treatment’ designs,
include at least 3 levels of a particular factor

Take advantage of natural existing gradients
in CO,, O,, temperature conditions

Field manipulations add to laboratory experiments
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Takelhome]messages

climate change
syndrome

The addition of OA’s main
co-stressors (/.=
lemperamire) results, in
most cases, in stronger

negative effects on marine

organisms than OA alone.

Hence, single-stressor research
likely underestimates the true
impact of marine climate change.

3
@ 0 In combination, ©~ ",

lemperatures:- 1, - NO5
=ij==i5 are mostly

We currently don’t have
the ability to predict the
occurrence or the strength — additive (o lii=zi=dlads))
of stressor interaction on — or synerglstlcally :

negative (i:= OR)"

a given trait.
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