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The UW Tacoma community acknowledges that
we learn, teach, work and live on the ancestral
land of the Coast Salish people. In particular,
our campus is situated on traditional lands of
the Puyallup Tribe of Indians. We recognize that
this is a difficult and painful history, and we
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B— — remembering, not just what happened to
Indigenous communities; post settlement, but
~ also the rich history that existed long before
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Assessing Effects of Multiple Climate Change
Stressors on Marine Invertebrates and Developing
Mitigation Techniques to Minimize Impacts

Chris Pearce

Fisheries and Oceans Canada, Pacific Biological Station, Nanaimo, BC
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Climate Change Cause

The Greenhouse Effect

Some UR rays are
reflected

Greenhouse gases
preventing heat from
reflecting out
of the atmosphere

UV rays observed by
Earth's Surface to warm it

Source: Planet Pulse



Climate Change in the Ocean

Climate Change A

A triple threat for the ocean

Burning fossil fuels, deforestation
and industrial agriculture release
carbon dioxide (CO,) and other
heat-trapping gases into our
atmosphere, causing our planet to
warm. The ocean has buffered us
from the worst impacts of climate
change by absorbing more than 90
percent of this excess heat and
about 25 percent of the CO,, but at
the cost of causing significant harm
to marine ecosystems.

ACIDIC

BLEACHING

TOXIC ALGAE HABITATS

ACIDIFICATION FISHERIES

SEA LEVEL

Sea level rise is Warm-water coral reefs Larger and more frequent Lower oxygen levels More acidic water Disruptions in fisheries
accelerating, flooding (marine biodiversity blooms are making fish, are suffocating some harms animals that build affect the marine food
coastal communities hotspots) could be lost if birds, marine mammals marine animals and shells, such as corals, web, local livelihoods, and

and drowning and people sick. shrinking their habitats. clams, and oysters. global food security.

the planet warms by
wetland habitats. 2°C (3.6°F,

Monterey Bay Aquarium @ Monte‘%ﬁay

Research Institute Aquari

SourcesIPCC, 2019: Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC)

Source: MBARI



Ocean Acidification

Ocean acidification late 1800s 2100 (projected)
reduced acidi increased acidi
seawater pH i seawater pH ity
lower concentration higher concentration
of atmospheric CO of atmospheric CO ) .
o . - a P & - Two forms of calcium carbonite in
‘ . shellfish: aragonite versus calcite.
7 CO, 7 ‘ . . . : :
carbon dioxide - Aragonite/calcite saturation <1 is
problematic.

abundant healthy corals,
mollusks, and other fewer, smaller
marine calcifiers marine calcifiers

© Encyclopaedia Britannica, Inc.

Source: Britannica, Inc.



AO, (%)

Long-term Climate Change

| = historical
| = RCP25
40 — repes 39

Seawater temperature change by 2100:

- RCP2.6: increase of 0.3-1.7°C
- RCP8.5: increase of 2.6-4.8°C
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Acute Stressor Events
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Source: Evans et al. (2019)

The Salish Sea water column has low pH events at

surface (aragonite saturation <1) during winter months.

50 ‘ ®
In recent years, high-CO, events 100 E
have also been observed during
summer months (e.g. July 2016

event) = upwelling events.

E :o';[
£150f ©¢
Q.
[
Q ¥

200

2501 ©

(e)
300
1 2 3

1Y)
arag

Note: Upwellings have
resulted in high larval mortality
in shellfish hatcheries.
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Source: Emerton et al. (2022)

Heatwave events
(June 2021)

Source: Limburg et al. (2020)

Hypoxic events

Anthropogenic nutrients have exacerbated or caused O, declines to <2 mg liter™ (<63
pumol liter™1) (red dots), as well as ocean oxygen-minimum zones at 300 m of depth
(blue shaded regions).



What We Work On

Importance:

- Support regional and Indigenous economies
- Support wild fisheries and aquaculture

- Traditional food resource

- Provide ecosystem services

Climate change threat:

- Non-motile

- Intertidal species

- Thermo-conforming
- Calcareous shells

Multi-stressor impacts:

Pacific oyster - Growth
(Crassostrea gigas) - Survival
- Respiration

- Gene function



Where We Work: Field
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Where We Work: Laboratory




What Determines a Species’ Vulnerability
versus Resilience?

-

Sensitivity



What Determines a Species’ Vulnerability
versus Resilience?

Alter/alleviate exposure

Exposure conditions
Reduce coinciding stressor conditions
. . Adaptive Decrease sensitivit
Manipulate adaptive : itivi y
Capacity Sensitivity to stressor conditions

capacity

Improve ability to respond and

Use of breeding programs
g prog recover
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Selective Breeding

Produce multiple genetic families (N=25) by crossing broodstock from commercial and wild source populations.

MALES
ML |M2 |M3 (M4 (M5 (M6 |M7 | M8 | M9

FL]

F2
F3
F4
F5
F6
F7
F8
F9

FEMALES

Larval rearing at Deep Bay Marine Field Station. Breeding design (pair-mated families).



Selective Breeding
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Oyster larval development (24 hr) across N = 25 genetic families under (A) ambient and (B) OA (aragonite undersaturated)
conditions.

Source: Wright-La Greca et al. (2022)



Selective Breeding
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Oyster survival (%) of various families after 1-year grow-out at Deep Bay.



Selective Breeding
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Survival at T-120 (%)
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Juvenile oyster survival (%) of various families following a 120-hour
challenge with Vibrio aestuarianus. Source: Khtikian (2021).



Selective Breeding
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Juvenile oyster survival (%) (black bars) and wet weight (red bars) of various families following a 96-hour challenge
with Vibrio aestuarianus. Source: Khtikian (2021).



Selective Breeding

Absolute Growth Rate per Day by Family and Treatment

Treatment Group . Cantrol High pC02

OFR{-24 4 [ |

OFR08-22 1 — —
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OFRDS-01 4 — [E—

0.02 0.01 0 001 0.02

Absolute Growth Rate per Day (g/day)

Juvenile oyster growth rate across N = 19 genetic families under ambient (blue) and OA (aragonite undersaturated) (yellow)
conditions.
Source: Orr (2024)



What Determines a Species’ Vulnerability
versus Resilience?

Alter/alleviate exposure

Exposure conditions

Reduce coinciding stressor conditions

Decrease sensitivity
to stressor conditions

Adaptive

Manipulate adaptive Capacity

capacity

Sensitivity

Improve ability to respond and

Use of breeding programs
g prog recover




Decrease Sensitivity/Priming

Year 1|

Years 1 (2021) and 2 (2022): Field - Tracked survival, growth, and condition index at three farms.
Year 1: Laboratory challenge - Compared survival during acute warming.

Year 2: Laboratory challenge - Compared survival during acute warming and Vibrio challenge.

W Noe

Year 2: Field - Compared microbiome and gene expression response in relation to a natural heatwave event.



Decrease Sensitivity/Priming
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Source: Mackenzie et al. (2024)



Decrease Sensitivity/Priming

Year 1: Survival, Growth, Condition Index

- No significant differences in survival (290%) between intertidal and subtidal treatments at
all farms between March and September 2021.

- No significant differences in shell length or condition index in intertidal and subtidal
treatments at all farms by end of the first growing season (Summer 2021).

— Intertidal

Source: Mackenzie et al. (2024)



Decrease Sensitivity/Priming

20°C
Year 1. Laboratory Acute Warming Experiment 2 == :
'_‘_"r_'—|_\_|ln mersion
I :

- Carried out after one summer under intertidal or subtidal g I
conditions. S
- Ran at 16, 20, 24°C for 10 days under constant Immersion (IM) A I :
and constant Emersion (EM) conditions. = -

-_‘-' I ]

B =] I :
- Under IM at 20°C: Intertidal oysters had significantly greater 5° I - _
survival than subtidal oysters (100 vs 90% at day 10). ' i

| - -
= F R _ -—- : Emersion
- Under EM at 20°C: Intertidal oysters had greater time at 100% 1= 'S:,i':,"ﬁﬂf:ﬁf'"} : """
survival than subtidal oysters (4 vs 2 days). - = Intertidal (Emersion) e L ey
2 4 --- Deep (Emersion)
- Results generally similar for 16 and 24°C. 0 2 i 6 8 10
Survival Tune (Days)
<  Intertidal

Source: Mackenzie et al. (2024)




Decrease Sensitivity/Priming

Year 2: Survival, Growth, Condition Index
(post-transplant) A

W Decp O Deep-=Intertidal B Intertidal O Intertidal-=Deep

120
- : : : : ki B B
- Significant differences in survival at end of the field = Hﬁ' .@ !3 . E]
trial at one of three site (Deep Bay). = o Ij qj £
- Higher survival (~20% increase) in intertidal than g @
subtidal oysters. 20
- No significant differences in shell length or condition !
index between the two treatments.
< Intertidal

Source: Mackenzie et al. (2024)



Decrease Sensitivity/Priming

Year 2: Laboratory Temperature and Vibrio 3 - —
Stressors Experiment ik S

o0 S

= ] .
- Carried out after one summer under transplant s ;
conditions. £ oy

57 -———
- Ran at 16 and 24°C with Vibrio and without (control) for ij .
13 days. 3 :
- At 24°C, no significant differences in survival between o
intertidal and subtidal oysters either with or without Vibrio. B it
- Deep (Vibrip} _

- At 16°C + Vibrio, intertidal oysters had increased survival S 777 Intertidal (Vibrio)

I I T T [

time and greater overall survival after 13 days. 0 ’ 4 6 i 10 12
Survival Time (Days)

Intertidal

Source: Mackenzie et al. (2024)



Decrease Sensitivity/Priming

Year 2: Heatwave Comparison - Gene Expression and Microbiome

Does culture environment alter microbiome (MB) and gene expression (GE) in relation to a heatwave
event?

- Compared oyster GE and MB of intertidal and subtidal treatments at Deep Bay farm.
- Compared oyster MB at three timepoints: pre-transfer, pre-HW, post-HW.
- Compared oyster GE at three timepoints: pre-HW, HW, post-HW.
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Source: Mackenzie et al. (2025)



Decrease Sensitivity/Priming

Year 2: Heatwave Comparison - Gene Expression

- All time points/culture treatments: Significant
effect of time on GE (higher expression post-
heatwave), but no difference between intertidal and
subtidal treatments.

- Post-HW timepoint: Significant effect of culture
treatment on GE; significant differences in
expression of genes related to the oxidative stress
response (Superoxide Dismutase (SOD) and
Alternative Oxidase (AOX)).

20

PC2 (9.8%)

.20

40

+

sSOD

Intertidal

PC1 (85.5%)

Treatment Group
A Pre-HW, Subtidal
A Pre-HW, Intertidal to Subtidal
o HW, Subtidal
B HW, Intertidal to Subtidal
0O Post-HW, Subtidal
@ Post-HW, Intertidal to Subtidal

Source: Mackenzie et al. (2025)



Decrease Sensitivity/Priming

Year 2. Heatwave Comparison - Microbiome

- Treatment: MB richness was significantly higher in the gills of intertidal oysters than subtidal oysters.

- Timepoints: MB richness significantly changed over time.

A

Observed ASV Richness
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MDS2 [12.8%)]
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24

i

5 Timing
Pre-transfe
® re-transfer
@ 0 ° ® Pre-HW
P @® Post-HW
0o (@) é oo Q Treatment
ene O 3
0 ] A PreT,1>S
Om & !]-D
o =m 0 A PreTS
- ® O 5 ®
o ", L ® O Pre-HW, 1>S
o 0N g M Pre-HW,S
1.0 05 0.0 05 10 O PostHW,>S
MDS1 [32.8%] e Poaibing
87 samples & 194 taxa (Genus). :
PCoA tax_transform=hellinger dist=bray
# Intertidal

Source: Mackenzie et al. (2025)



Decrease Sensitivity/Priming

FIELD TRIALS
-------- FLOAT BAGS (n=12)
LABORATORY PRIMING LABORATORY EXPERIMENTS
EMERSION STRESS LONG-TERM CLIMATE CHANGE EXTREME EVENT RECOVERY
WEEKLY INTENSE ' > HEATWAVE/HYPOXIA ;L
m- m —) m | [ controL J
DAILY MODERATE FUTURE WARMING (20°C) ‘/[
) mnmm | HEATWAVE/HYPOXIA >
NONE
' i o
PRESENT-DAY TEMPERATURE (16°C)
TIME-LINE
G 2-month 2 2-month . 2-week 2-week
7% = SAMPLING EVENT 7?"\[

OYSTERS TAGGED




What Determines a Species’ Vulnerability
versus Resilience?

Alter/alleviate exposure
conditions

Exposure

Reduce coinciding stressor conditions

Decrease sensitivity
to stressor conditions

Adaptive

Manipulate adaptive Capacity

capacity

Sensitivity

Improve ability to respond and

Use of breeding programs
g prog recover



Alter/Alleviate Exposure Conditions

tud

A typical Poseidon aeration system i four p s
©Flowpressor, @Distribution Piping, ®0n-pen controls (the Panel or Remote Control Flow Meter), @ Diffusion (Pods, Bubble Tubes etc

Diffusion can be Internal, External, or a combination: Flowpressor Features:
* Provides protection against harmful algae/plankton bicoms + Remote control and monitoring
+ Cools surface water temperature by moving colder water from depth + Adaptive awoutput
* Reduce fuel consumption by up to 56%
* Less footprint than a mobile air compressor

1€

_ Distribution
Piping
Flowpressor

Remote Control Flow Meter: ) 1
Manages air flow to the diffuser system ¥

Algae / Plankton
Protective Barrier

Intermnal Diffusion:
. ’ ) ’ Creates flow to move water through the pens
External Diffusion: . v and controls water quality

Creates Barriers (4

Source: Poseidon Ocean Systems (2025)

Source: PSP Video (2025)



Alter/Alleviate Exposure Conditions

Bull. Jpo. Soc. Fish. Oceancer 78(1) 13-27, 2014 A ERT I

Effects of artificial upwelling on the environment and reared oyster
Crassostrea gigas in Omura Bay, Japan

Darien Danielle MizuTa!?, Akihide Kasar’, Ken-Ichiro IsHn’,
Hitoshi YamacucHr and Hideaki Nagata®

Artificial vpwelling was tested at Seihi, Ommura Bay, Nagasali Prefecture, as a way to improve environmental condi-
tions for Pactfic oyster farming. Aeration was performed from the sea bottom during two summer seasons m 2011 and
2012. Oceanographic parameters (temperature, salintty, dissolved oxygen concentration, chlorophyll a concentration,
and suspended solids) and oyster performance (growth, survival, condition index and glycogen levels) were monitored
monthly. Aeration was shown to be efficient in improving water conditions for oyster farming, especially in the begin-
ning of summer, by locally lowering water temperature by approximately 1°C, redistributing nutrients, and increasing
diatom biomass. Disselved oxvgen concentration increased from October, at the beginning of autumn. The condition
u:lﬂex of a:r_lrfsters was negatively related to dasraﬂ:e from the asration p-:-mt meermore a repmd'ucm'e SEASOI OCCoNE-

health (condﬂmn md&x aﬂd gl}'cogeu levels dec-rea&ed in 'September} E}ur resulis mdlcate that aeration can improve

bivalve cultures if it is performed at a rate that overcomes hypoxia formation and high water temperatures thronghout
the summer period.

Key words: hypoxia, enclosed bay, artificial vpwelling, Pactfic oyster culture, condition index




Alter/Alleviate Exposure Conditions

. Control (16°C)
c B Heatwave (16-26°C)
T 0.31 . Heatwa i :
b ve and hypoxia (16-26°C) ab
8
=]
Q
N
T
£
’5 0.2 1 bc . .
c be Over the 10-d experimental period, mean DO
5 be be be was: 7.6 +0.4,6.6 £+ 0.7, and 3.9 + 1.4 mg O,
§ be L-'for the control, heatwave, and heatwave +
§ hypoxia treatments, respectively.
o 0.1 [
[
& c
w
I
0.0
0 2 4 6 8 10

Day
Mean relative expression (22¢9) and standard error (n = 6) for heat shock protein 90 (HSP90) on day 0 (TO, 16°C), day 2 (T1,
18°C), day 4 (T2, 20°C), day 6 (T3, 22°C), day 8 (T4, 24°C), and day 10 (T5, 26°C) of the simulated heatwave compared to the
control (16°C). Relative expression normalized to actin where ACq = (Cq ..in - Cd pspeo)- Letters show significant (p < 0.05)

differences identified via post-hoc Student-Newman-Keuls (SNK) test.
Source: Bickell (2025)



Alter/Alleviate Exposure Conditions

Relative Quantification
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Source: Gray (2025)



Alter/Alleviate Exposure Conditions

Larval Rearing
(Soda-ash buffered vs ambient pH)



Alter/Alleviate Exposure Conditions
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FIG 4 Kaplan-Meier survival curves of juvenile oysters reared as larvae under ambient (blue solid line)
or buffered (red solid line) seawater conditions under a 7-day simulated heatwawe and Vibro

gestuarianus exposure. Dashed lines indicate control groups not exposed to V. gestuaranus though
are somewhat masked by the ambient treatment line

Source: Mackenzie et al. (2022)



Alter/Alleviate Exposure Conditions
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FIG 6 Kaplan-Meler survival curves of adult oysters reaned as lanvae under ambient (blue solid line) or
buffered (red solid lime) seawater conditions under a 4-day simulated heatwave and Vibric gestuarignus
exposure, Dashed lines indicate control groups not exposed to V. gestudrianus.

Source: Mackenzie et al. (2022)



Alter/Alleviate Exposure Conditions

100%
- - B Other
D0 CGiammaproteobacteria
Alteromonadales

B0% ® Oceanospirillales Larvae: Average dissimilarity between treatments across
ot :g:;':‘;z:;gﬂm all time points was 29.71% with top contributions from

Rhodobacterales (5.24%), Flavobacteriales (3.36%), and
o : giff‘_:'_'ﬂ“,“mm}“ Oceanospirillales (3.32%).

‘ellvibrionales

]

=

3

= ® Oligoflexales iles: A dissimilaritv b

5 so% A Juveniles: Average dissimilarity between treatments

= = Rhodobacterales across all time points was 34.89% with top contributions
2 40% m Rhizobiales from Vibrionales (4.03%), Mycoplasmatales (3.18%), and

® IGT 0000069-P22 Flavobacteriales (2.59%).

%
30 ® Planctomycetales
Pirellulales
1}
20%% m Flavobacteriales
m Chitinophagal
- C .! mophagales
B Micrococcales
0% - - '

Larval, Ambient Larval, Buffered Juvenile, Ambient  Juvenils, Buffered
Life stage, Seawater Treatment

FIG 3 Proportional abundance (%) of the top 10 microbial groups contibuting to dissimilanty in oyster larvae
following 24 h of development under ambient or buffered seawater conditons and baseline (TO, prior to Vibrio
aestuarianus challenge) juvenile oysters reared as larvae under amblent or buffered seawater treatment groups prior
o ¥ aestuarianu s challenge. All emalining microbial groups present at either life stage are shown as “Other.”

Source: Mackenzie et al. (2022)



Conclusions

Manipulate Adaptive Capacity

- Selective breeding can produce families that are more resistant to OA
and exposure to pathogenic bacteria, and which can grow better in the
field, than other families.

Decrease Sensitivity to Stressor Conditions

- Growing oysters in the intertidal prior to deployment in deepwater may
increase their resiliency to environmental stressor conditions (not
consistent among sites though).

- Can this be replicated in the laboratory?

Alter/Alleviate Exposure Conditions

- Artificial aeration may have benefits in reducing stress response to high
temperatures and/or low DO.

- More work required, especially in field (upwelling of colder, more
oxygenated waters).
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