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Climate-driven oceanic 
deoxygenation, vertical 
habitat compression 
and overfishing of top 
predators

Rui	Rosa
MARE-FCUL

Semelparidade
(“live fast die young”; ~12-18 meses)
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Big oceanic (deep-sea) squids

Big oceanic (deep-sea) squids

Melides
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Big oceanic (deep sea) squids

“Destroying a myth”

“Kraken lovers”
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Geographic distribution

stomach contents
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Big oceanic squids

Moving from the Southern Ocean 
to the Eastern Pacific – jumbo (Humboldt) squids

Red devils (US)
Calamares gigantes (Latin America)
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Besides the size, why is Dosidicus gigas
interesting?

1. Expanding geographical
range

2. Commercially important

3. Ecologically important

4. Physiologically perplexing
(with unexpected vertical
ecology)

1. Expanding range

• Over the last years it greatly extended the
geographical range far north, where they are exerting
a significant top-down forcing on commercial
groundfish stocks

(Hochberg unpublished data)
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2. Commercial importance

FAO 2015: ~ 800.000 m tons

World´s largest cephalopod
fishery

3. Ecological importance

. As predator:

Rapid growth
(0.01 g to 50 kg in 12-18 months)

demands high rate of food 
intake 

First egg mass (July 2006)
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3. Ecological importance

Squid growth
(0.01 g to 50 kg in 12-18 months)

squid growth

3. Ecological importance

. As predator:

It is thought to follow the
acoustic deep scattering
layer to the surface at
night for foraging.

Mostly small mesopelagic
organisms, but larger
fishes are also taken.
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3. Ecological importance

. As prey:

It provides direct
trophic link from small
mesopelagics to apex
vertebrate predators
(large fishes and
marine mammals)

4. Physiologically perplexing

Squids as extreme animal models: “The edge of oxygen
limitation”

1) High Oxygen Demand

2) Low carrying capacity of 
haemocyanin-containing  blood

3) Blood-oxygen binding is highly pH
sensitive (facilitates oxygen release to tissues)

4) No venous reserve 
(use all oxygen carried in the blood)
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Research locations

. Sea of Cortez
(R/V New Horizon,
June 2006 and 2007)

. East Tropical Pacific - ETP
(R/V Seward Johnson,
Oct and Nov 2007)

Does Dosidicus have a high oxygen consump=on rate? 

Rosa & Seibel 2008 PNAS

YES.

MO2 rates unmatched by most aquatic ectotherms (at
comparable ºC and size). Due to the less efficient mode of
swimming (jet propulsion).
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4. Physiologically perplexing

.  High Oxygen Demand

Ommastrephid squids require stable high oxygen!

But,
Is Dosidicus a typical ommastrephid squid?
Is Dosidicus intolerant to hypoxia?

ETP has a pronounced O2 Minimum Zone

(from Stramma et al, 2008)

Low oxygen layer located at 
intermediate depths in the 

water column,

associated with the large 
primary production at the 

surface ocean and enhanced 
mesopelagic decomposition
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(from Stramma et al, 2008)

ETP has a pronounced O2 Minimum Zone

Is D. gigas migrating into the OMZ?

-Submersible 
Observations

-Archival Tagging
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Daytime Depth Distribution of D. gigas
Observations using an ROV

N = 102
13 dives

MBARI
ROV

. Daytime in deep, cold
and oxygen-depleted
water

(OML; ~10 °C at 250 m)

. Night in shallow, warm
(up to 25 ºC) and
aerated waters.

Day and Night Depth Distribution 
as indicated by acoustic tagging
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Here we’ve shown conclusively that Dosidicus 
gigas does live where it can’t.

What determines hypoxia tolerance in Dosidicus?

Swimming tunnel
(> 2000g)
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Flow-through chambers 
(juveniles, up to 50g)



9/24/19

16

0.1

1

10

100

1 10 100

Mass (g)

St
an

da
rd

 m
et

ab
ol

ic
 ra

te
s 

(
µ

m
ol

 O
2 g

-1
 h

-1
)

10 0C, 21% O2

25 0C, 21 % O2

20 0C, 21% O2

10 0C, 1% O2

Squid 
decreases 
standard 
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up to 75%

Temperature dependence and hypoxia-
induced hipometabolism

Temperature dependence and hypoxia-
induced hipometabolism
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Critical oxygen partial pressure (Pc) and anaerobic potential 
(octopine dehydrogenase activity, ODH)

Vampire squid
(OMZ resident)

Ocean warming and expanding hypoxia in 
ETP

Ø If the OML continues to expand 
vertically in the ETP, it will drives the 

hypoxic threshold to shallower 
depths causing a more 

compressed epipelagic habitat

Rosa & Seibel 2008 PNAS

. Expanding hypoxia  - -0.13 mmol kg-1 year-1, from 1960 to 
2003 (Stramma et al. 2008)

Ø D. gigas will have to retreat to 
even shallower waters at night to 

hunt and to repay any 
accumulated oxygen debt.
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What determines hypoxia tolerance 
in D. gigas?

Ability to suppress metabolism and high capacity for 
anaerobic metabolism 

Seawater was acidified, at 10 ̊C, 20 ̊C and 25 ̊C by bubbling 
an air certified mix with 0.1% CO2 (conc. within OMZ and also 

expected to be attained in 2100)

OMZ as natural lab for Ocean Acidification studies
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Normocapnia vs. Hypercapnia in D. gigas

Experiments at:

10 °C 

20 °C 

25 °C 

(n=28)

Control pH = 
7.93 ± 0.05

Treatment pH = 
7.62 ± 0.08

Combined effects

Hypoxia

High CO2 Warming
The combined effect may be to
vertically-compress the habitable
night-time depth range of the
species.

Habitat compression may alter
squid’s behavioral, and feeding
ecology with cascading effects on
growth and reproduction
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Combined effects

Hypoxia

High CO2 Warming
The combined effect may be to
vertically-compress the habitable
night-time depth range of the
species.

Habitat compression may alter
squid’s behavioral, and feeding
ecology with cascading effects on
growth and reproduction

. Habitat compression may alter squid’s behavioral and feeding
ecology with cascading effects on growth and reproduction.

. Cascading impacts to the top of the food-web will be expected
(ranging from sharks and bony fishes to marine mammals)

Repercussions
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Final remarks

So, in the absence of adaptation…

Horizontal migration - squids may eventually migrate to more
northern climes where lower temperatures would reduce oxygen
demand and relieve them from CO2 and oxygen stress

Final remarks
1. Expanding range

Yet, they are already doing it for poorly understood reasons!



9/24/19

22

Final remarks
1. Expanding range

Yet, they are already doing it for poorly understood reasons!

Mandatory reading – cephalopods “as winners”
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Moving from the Pacific to the Atlantic Ocean 
(and from oceanic squids to oceanic sharks)

But still in OMZ 
environments

Sharks

Sharks are known to
fundamentally shape the
structure and function of
marine communities
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Sharks

. Low fecundity
. Low growth rates

. High life span

Limited capability to rapidly 
evolve to human-induced 

changes in their 
environments.

Sharks’ major threats
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Distribution of longline 
deployment locations by 186 

Spanish and Portuguese vessels, 
2003–2011.

80% overlap!

Queiroz et al PNAS (2016)

Sharks’ major threats
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Vertically-expanding hypoxia and sharks

Models predict climate-driven ocean warming and
reduced ventilation of the deep ocean

(Stramma et al. Science 2008)

Oxygen minimum zones and Mako sharks
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Oxygen minimum zones and Blue sharks

Sharks like the blue shark (Prionace glauca) are
ectothermic and lack some of Mako’s adaptations

Their responses to low DO may be different

Oxygen minimum zones and Blue sharks
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Oxygen minimum zones and Blue Sharks
Of the 23 tagged sharks
with pop- off satellite-linked 
archival transmitter tags (PSATs)

- three individuals (S1, S8 and 
S16) entered the eastern 
tropical Atlantic OMZ 

Shark 1 spent 19 days inside 
the OMZ (8.6% of tracking 
time), 
while shark 8 and shark 16 
spent eight (8.9% of tracking 
time) and 24 (25.5% of tracking 
time) days in the OMZ, 
respectively. 

Oxygen minimum zones and Blue Sharks

Daily maximum dive depth for blue shark #16 overlaid on DO concentration
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Oxygen minimum zones and Blue Sharks

Depth use ratio and vertical oxygen profiles for S8 (B) and S16 (C) when
inside the OMZ (red) and outside (blue).

Nuno QueirozLongline Fisheries

OMZ shoaling will further 
concentrate blue sharks 
in near-surface waters 

where greater gear 
presence may increase 
capture risks. 
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Nuno Queiroz

Avoidance of those areas in the near future? Not likely.

Sharks will benefit first from increased habitat “compression” acting
on prey species (small fish, cephalopods) that will become also
more aggregated in surface water by shoaling hypoxic waters

Habitat trap hypothesis
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Mandatory Reading - sharks

Mandatory reading – Sharks


