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economic and ecological value, as well as their taxonomic differences. Respirometry was used
as a proxy for metabolic activity at four different scenarios mimicking preindustrial, upwelling,
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stressors, it was found that Dungeness crab response was more strongly driven by

concentration of dissolved oxygen, while red abalone data suggested a strong interactive effect



between OA and hypoxia. Not only did these two different taxa exhibit different responses to a
multiple stressors, but the fact that the Dungeness crab were secondarily impacted by
acidification could suggest that current management concerns may need to be focus more

strongly on deoxygenation.
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1 General Introduction

1.1 Ocean Acidification and Carbonate Chemistry Dynamics

Since the industrial revolution, the atmospheric concentration of carbon dioxide has
increased by more than 43% from 280 ppm to today’s value of approximately 408 ppm (IPCC
2014). Currently, carbon dioxide and other greenhouse gasses are at levels that have not been
reached in over 800,000 years (IPCC 2014). While some of these gasses are necessary to
maintain the habitability of Earth, the rapid concentration increase is being shown to have a
myriad of negative effects on the planet (IPCC 2014). Current global conditions would be much
worse, however, without the oceans’ function as a net carbon sink (Sabine et al. 2004, Orr et al.
2005). Thus far, the ocean has absorbed approximately 30-48% of post-industrial anthropogenic
carbon dioxide emissions due to a sequence of carbonate chemistry chain reactions (Sabine et

al. 2004, Devries et al. 2017) (Equation 1).

COz(g) = COz(gq) + Hzo = H2C03<Z> HCO3' +H"'< CO32' + 2H* [Eq. 1]

Once dissolved into seawater, CO; undergoes hydrolysis to form carbonic acid (H2COs).
Carbonic acid dissociates first into hydrogen (H*) and bicarbonate (HCO3"). The free hydrogen
ion is then available to bond with carbonate (CO3%’) to become more bicarbonate (Zeebe and
Wolf-Gladrow 2001). The favorability for aqueous carbon dioxide to move down this reaction
causes a reduction in the concentration of carbon dioxide in surface waters, allowing further
diffusion across the air-sea boundary (Zeebe and Wolf-Gladrow 2001, Sabine et al. 2004). As
atmospheric carbon dioxide increases, so too does the amount of carbon absorbed by the
ocean due to thermodynamic equilibration.

While essential to partial remediation of anthropogenic carbon dioxide emission,
continuous uptake is not without consequence. Increased concentration of hydrogen ions from
the above reaction directly results in a decrease in pH of the currently mildly basic (pH ~8.1)
ocean (Orr et al. 2005, Doney et al. 2009). This phenomenon has become known as ocean

acidification (OA), and widespread evidence already exists to document these changes in global



ocean chemistry. Surface waters are especially effected due to the air-sea interface, with an
average drop closer to 0.1 units (Brewer 1997). By the end of the 21° century it has been
estimated that surface ocean pH may drop by 0.3-0.4 units (100-150% increase in hydrogen
ions), with a maximum, potential distant future drop of 0.7 units (Brewer 1997, Caldeira and
Wickett 2005, Orr et al. 2005).

Changes in pH are not the only chemical repercussions of this process. Shifts in
carbonate chemistry also include changes in concentrations of carbonate (CO3%) and
bicarbonate (HCOs) ions. Due to the affinity of free hydrogen ions for carbonate, the overall net
effects of Equation 1 result in an increase in bicarbonate and decrease in carbonate ions (Zeebe
and Wolf-Gladrow 2001, Feely et al. 2004a). Carbonate is of special interest from a biological
point of view as it is a necessary building block for calcium carbonate (CaCOs), a material used
widely in marine organisms for both structure and function (Feely et al. 2004a, Orr et al. 2005,
Fabry et al. 2008, Hofmann et al. 2010). Calcium carbonate occurs in several crystal morphs,
most commonly either calcite or aragonite. Its chemical stability is influenced by temperature,
pressure, and concentrations of reactants (Ca?* and COs?). It is common for surface waters to
be at over saturation () with calcite and/or aragonite, but the decreased concentration of
carbonate from ocean acidification processes can contribute to undersaturation (Zeebe and
Wolf-Gladrow 2001). As a consequence of the above predicted pH drop of approximately 0.4
units, it has been calculated there would be a 50% decrease in ocean carbonate ion
concentration (Orr et al. 2005, Feely et al. 2008). The significance of this point will be discussed

further in the physiology section.

1.2 Regional Drivers of Ocean Acidification and Hypoxia

The California Current Large Marine Ecosystem (CCLME) is of particular interest due to
the natural incursion of acidified and hypoxic water (Snyder et al. 2003, Chan et al. 2008, Feely
et al. 2008). The CCLME stretches from the Northern end of Vancouver Island in Canada down
to Punta Eugenia in Mexico. The spatial focus of this project is the Northern section of the

CCLME extending from Southern Washington to Northern California (Feely et al. 2008). The



Northern CCLME is characterized by seasonal cycles of upwelling and downwelling (Feely et al.
2008). Coastal upwelling and downwelling are wind driven processes, in this case resulting from
the seasonal migration of the Pacific High. Changes in wind direction combined with the Coriolis
Effect cause upwelling of intermediate depth (100-300m) water during the summer, and strong
downwelling in winter months that act with storm-driven mixing to ventilate the shelf waters
(Huyer 1983, Bakun and Nelson 1991). Of most concern are the chemical properties of water
being upwelled onto the shelf which has high dissolved inorganic carbon (DIC) (>2190 umol kg,
pH = 7.75), low oxygen, and low calcium carbonate saturation (Qaragonite < 1.0) (Chan et al. 2008,
Feely et al. 2008, Harris et al. 2013, Somero et al. 2015). This water last interacted with the
atmosphere approximately 50 years ago in the western Pacific, and is observed to hold an
anthropogenic carbon dioxide load of approximately 37-63 umol kg depending on the
location, depth, and upwelling phase (Feely et al. 2008, 2016). Further DIC elevation occurs as a
result of remineralization processes both at depth and, of greater consequence, on the
continental shelf (Feely et al. 2016).

Upwelled water brings nutrients to the surface, supporting highly productive food webs
(Snyder et al. 2003). While this is highly beneficial to biota in the region, increased productivity
also results in increased rates of remineralization of organic carbon into DIC (Feely et al. 2016).
The breakdown of organic matter results in a further decrease in oxygen level, creating local
zones of hypoxia or even anoxia well up on the continental shelf (Chan et al. 2008). It is for this
reason that in this area ocean acidification and hypoxia (OAH) are inherently linked.

Strong evidence already exists to document of both ocean acidification and hypoxia
within the CCLME. Since 1750, surface pH in the CCLME has on average fallen, with some
spatial variability, from 8.12 + 0.03 to 8.04 + 0.03 (Gruber et al. 2012, Hauri et al. 2013, Chan et
al. 2017). While highly seasonally dependent, the range of aragonite saturation state has fallen
from Q=(1.0+£0.1,4.7 £0.1) to Q = (0.66 = 0.04, 3.9 + 0.04) since the preindustrial era
(Gruber et al. 2012, Harris et al. 2013). Global ocean acidification acts synergistically with the
natural incursion of acidified, hypoxic water. Models project that due to the combination of
these factors, the bottom shelf area of the CCLME will be almost permanently undersaturated

with aragonite by the year 2050, making it a corrosive, metabolically stressful environment for



calcifying organisms (Gruber et al 2012). Evidence also exists identifying areas of hypoxia and
anoxia, with one studying finding up to 80% of mid- to inner- shelf waters of central Oregon
remaining hypoxic for approximately five months of the year, and some even becoming anoxic
(Chan et al. 2008).

Because of these conditions, the CCLME has become known as an early impact system.
While it may be challenging for many types of marine life to persist, it is also acting as a natural

laboratory to study the future effects and outcomes of increasing incidence of OAH.

1.3 Economic Impacts of Ocean Acidification and Hypoxia

One of the effects of primary concern in the Pacific Northwest is the combined impact of
ocean acidification and hypoxia on commercially valuable species. The molluscan shellfish
mariculture industry is an important sector of the marine economy, bring in over $270 million a
year and supporting over 3,000 jobs (Barton et al. 2015). Between 2007 and 2009 a dramatic
failure occurred in multiple shellfish hatcheries which acted as a wake-up call on the potential
adverse consequences of ocean acidification. Through study of the phenomena at Whiskey
Creek Oyster Hatchery (Netarts Bay, Oregon), it was determined that the intrusion of acidified,
low saturation state water was killing oyster spat. Remediation measures were eventually put
in place, but economic damage was already done; one of the largest hatcheries- Taylor Shellfish
Inc.- moved part of their operation to Hawaii in an attempt to avoid future challenges present
in the region (Boehm et al. 2015).

Future expansion of the impacts of OAH is uncertain, especially with regard to other
commercially and ecologically valuable species. For this reason, two such species were selected
for this study: Dungeness crab (Cancer magister) and red abalone (Haliotis rufescens).
Dungeness crab is a large fishery in the CCLME, bringing in over $214 million dollars in ex-vessel
value in California, Oregon, and Washington during the 2016-2017 season (ODFW, CDFW,
WDFW, 2017). Additionally, this fishery provides employment for thousands of fishermen,

processors, and supply chain workers throughout the region.



While Dungeness crabs are potentially less susceptible to ocean acidification than
molluscan shellfish due to the chemical components of their shells, they are still impacted by
the low oxygen conditions accompanying acidified water, as has become apparent in recent
years, with large die-offs impacting landings (Grantham et al. 2004, Barth et al. 2018). Oxygen
concentration appears to have a large effect size on both biomass and species diversity within
this region (Keller et al. 2010). This can have immediate effects on landings; Under severe
hypoxic conditions, Dungeness crabs in crab pots exhibited a mortality rate of over 75% as
opposed to the usual 0% mortality (Grantham et al. 2004). Additionally, Dungeness crab have
been observed moving into shallower, more heavily fished areas during bottom low oxygen
events which could add another source of stress to the population (Froehlich et al. 2015).
Interactive effects of OAH on Dungeness crab, especially at their vulnerable juvenile stage, are
not fully known, thus it is difficult to predict the full impacts to the commercial fishery.

Red abalone (Haliotis rufescens) is the last remaining abalone species with commercial
viability on the U.S. West Coast. The United States currently produces approximately 220 metric
tons of red abalone per year (Farmed Abalone Report 2017). There are six major abalone farms
in California, all of which produce large amounts of abalone (Farmed Abalone Report 2017).
These farms brought in an estimated average of $7.16 million dollars a year between 2000 and
2008, although it should be noted that the farm production was at times more than double
what it is today (Moore and Moore 2008). Until the closure in 2018, there was quite a large
recreational fishery in California for red abalone as well. In 2013, it was calculated that
approximately 31,000 individuals participated in harvesting abalone recreationally, spending
between $24 million and $44 million on the activity (Reid et al. 2016). Unfortunately, in late
2017 the 2018 season was declared canceled by California Fish and Game due to poor abalone
counts (‘California rec...’, 2017).

A smaller recreational fishery for red abalone exists in Oregon. As a precautionary
measure, the red abalone fishery in Oregon was closed as well due to low densities and
unfavorable ocean conditions (Temp. Admin. Order, ODFW 156-2017). Due to fishing pressures
in California along with the potential for climate migration, southern Oregon may become an

important refugia for red abalone (Hobday and Tenger 2002). In addition to these challenges,



little is known about the effects of OAH stress on red abalone populations. As the regulatory
bodies work to resuscitate the fishery, it will be necessary to consider resiliency of the species

to multiple stressors.

1.4 Ocean Acidification and Hypoxia in Policy

As is apparent both from oceanographic data and industry experience, the CCLME will
experience stronger repercussions from OAH sooner than many other places. Because it is an
early impact region, the governing bodies of the US West Coast are entering unknown territory
when it comes to policy and management. Part of the goal of this research project has been to
examine how information resulting from this research can fit into current legislative and
managerial action. This effort stems from one of the core concepts in the field of ecosystem
based management, which states that best management practices require accurate, up to date
science and efficient communication between specialists, managers, and decision makers
(McLeod and Leslie 2009, Boehm et al. 2015).

Sharing of knowledge is important especially in this case as OAH provides multiple
challenges to decision makers. First is the issue of scale; although global ocean acidification
trends are in large led by atmospheric changes in CO;, local scale processes, such as upwelling
and various types of runoff, can also contribute and must be accounted for (Kelly et al. 2011). It
is also important to note that acidification conditions are spatially heterogeneous, and vary
over multiple scales (Chan et al. 2017). OAH is also a difficult issue to communicate to policy-
makers and the public, as it is complex and intangible to many people (Busch et al. 2015).
Lastly, there are also still many unknowns with regards to what degree ecosystems will react to
these chemical changes, leading to difficulty in evaluating risk and incentivizing action (Strong
et al. 2014, Busch et al. 2015).

Additionally, there is currently no effective national OAH policy, leaving action up to the
states. The only codified federal legislation concerning ocean acidification was created 2009:
The Federal Ocean Acidification Research and Monitoring Act (FOARM) (33 U.S.C. 50 § 3701-

3708) was passed by congress in order to coordinate an interagency response to ocean



acidification. In §3705, the National Oceanic and Atmospheric Administration (NOAA) was
tasked with creating an Ocean Acidification Program to help guide research on impacts and
adaptive strategies (Strong et al. 2014). Management of different aspects are spread across
different departments, and there is not currently a specific mechanism to organize cross-
department communication with regards to OAH.

On a regional level, the U.S. West Coast has put forth several efforts to coordinate and
collaborate with regard to ocean health, but none yet binding. In 2006, the West Coast
Governor’s Alliance on Ocean Health was created in order to foster collaborative knowledge
gathering and distribution. Two years later in 2008, a binational partnership was formed in the
Pacific Coast Collaborative (PCC) which also included the Canadian province of British Columbia.
Together, the group drafted the Pacific Coast Action Plan on Climate and Energy (2013), but
nothing binding was created. In accordance with the National Ocean Policy, in 2015,
Washington, Oregon, and California chartered the West Coast Regional Planning Body (WCRPB),
a partnership between tribal, state, and federal representatives. The WCRPB, “is not a
regulatory body and has no independent legal authority to regulate” any involved entities
(Charter, 2015).

Other networking and communication attempts have been initiated as well. To assist
with information gathering and distribution in the region, the California Current Acidification
Network (C-CAN) was established in 2010. C-CAN is an industry, scientist, and manager
collaborative that works in collaboration with the Integrated Ocean Observing System (I00S),
especially the Northwest Association of Networked Ocean Observing Systems (NANOQS), in
order to host and make accessible data on ocean acidification and hypoxia. Additionally, the
California Ocean Science Trust, at the request of the California Ocean Protection Council
convened the West Coast Ocean Acidification and Hypoxia Science Panel in 2012 which
incorporated a wide range of expert opinion from the West Coast states and British Columbia.
As opposed to other collaboration efforts, the panel focused more closely on how to advise and
engage regional policy makers (Cooley et al. 2015). A report was produced that has been used

to help inform state governments.



Because there has not yet been binding policy creation at the federal level, movement
towards addressing OAH has been occurring primarily at the state level. Although the three
states that make up the U.S. Western seaboard have all begun to address OAH in their own
ways but for the sake of this project, focus will be turned to the state of Oregon. Just as at the
federal level, state level managerial and regulatory responsibility for OAH impacts are split
between multiple entities.

The Oregon Department of Fish and Wildlife (ODFW) and the Department of
Environmental Quality (DEQ) are highly involved in implementing policy regarding OAH. ODFW,
under the Developmental Fisheries Act (§ 506.450—.465) holds, “exclusive jurisdiction over all
fish, shellfish, and all other animals living intertidally on the bottom, within the waters of this
state”, as well as the right to manage both threatened and unlisted species (§ 496). The DEQ
deals with analysis of water quality and runs the Oregon Nonpoint Source Pollution Program
which was established in 2014.

It is also important to understand the existing legislative framework. There are three key
pieces of legislation that have the potential to become the legal backbone for either policy
action. The first is the Coastal Zone Management Act of 1972 which granted states the ability to
create management plans for their shorelines. It contains an important provision known as
Federal Consistency, which gives states the ability to examine and rule on federal actions in
regards to compliancy with their own Coastal Zone Management Plans.

Another essential component of Oregon’s environmental and marine legal structure is
the Public Trust Doctrine (PTD) and Oregon Beach Bill. The PTD is codified in Oregon State
Constitution in Chapter VIII, Section 5 which mandates that state lands should be managed,
“with the object of obtaining the greatest benefit for the people of this state, consistent with
the conservation of this resource under sound techniques of land management”. In alignment
with Oregon Supreme Court rulings, the PTD in OR includes submerged lands beneath navigable
waters (habitat), wildlife (shellfish), and water quality (potentially OAH); therefore, the Oregon
State Government holds all of these items in trust for the public (Blumm and Doot 2012). This
means that the government should be responsible for maintaining the current quality and

functionality of the coastal ocean and many of its resources. Interestingly, this mission does not



always seem to line up with the public’s perception of their own rights to utilize natural
resources. The Beach Bill (1967 HB 1601) guarantees public access to the coast, and due to the
intertidal nature of some shellfish, public access and the goals of the PTD may come into
conflict.

Third, and perhaps the most underutilized, is the Clean Water Act (CWA) (33
U.S.C. § 1251 et seq). Language in the CWA allows for regulation of the quality of water of “use
and value for... propagation of fish and wildlife” (33 U.S.C. § 1313(c)), which would arguably
include pH, carbonate chemistry, and oxygen levels. Carbon dioxide is currently not included as
a waterborne pollutant as it is emitted as an airborne pollutant and disperses in water as a
waterborne pollutant, blurring the lines between Clean Water and Clean Air Act (42 U.S.C. §
7401 et seq.) jurisdiction. Carbon dioxide has, however, been classified as an airborne pollutant
via Massachusetts v. EPA (549 U.S. 497, 2007); it has been suggested that language in the CWA
could be modified or interpreted to include carbon dioxide, allowing it to be regulated as a non-
point source pollutant via section 303(d) which deals with the Total Daily Maximum Loads
(TDMLs) of pollutants entering bodies of water (Craig 2015, Weisberg et al. 2016).

Along with existing, larger scale legislation, Oregon’s state government has already
made several steps towards creating a state policy framework for OAH. In 2015, the Shellfish
Policy Bill (HB2209) was passed, codifying state policy of shellfish both wild and cultivated. One
of the explicit goals of the bill was to improve water quality in order to support the propagation
of shellfish, which could be interpreted as including aspects of OAH.

In 2017, the Oregon State Senate passed Bill 1039 (OR SB1039A) which established the
state policy with regards to ocean acidification and hypoxia. This bill recognizes the fact that the
effects of OAH are being felt within, “nearshore and estuaries, causing marine waters within
this state’s jurisdiction to be especially vulnerable to ocean acidification” (SB1039). It formally
codifies the state policy as working in close collaboration with local and regional research
groups to and sets the structure of the Oregon Coordinating Council on Ocean Acidification and
Hypoxia. The council is comprised of representatives for state agencies, local academic

institutions, stakeholder groups, and tribal interests. Together, they have been tasked with



laying out strategies to monitor the environment, remediate, and evaluate economic
repercussions, with the goal of producing an OAH Action Plan by 2019.

Although the agencies and jurisdictional boundaries are important, it is also incredibly
important to consider heterogeneity and distribution of stakeholders throughout Oregon when
crafting legislation or regulations. The bulk of the concern and action so far has been with
regards to shellfish hatcheries in Oregon and Washington as hatchery failure severely impacted
the shellfish industry (Cooley et al. 2015). Other groups often have not yet been directly
impacted by OAH, and may not even know what it is or what it means (Busch et al. 2015). As
conditions continue to change, the pool of direct stakeholders will likely continue to grow,
including workers on commercial shellfish plats, fishermen, recreational harvesters, processors,
and other supply chain jobs. Additionally, cultural ecosystem services provided by impacted
species must be considered. Many tribes along the West Coast traditionally used and ate
shellfish, and despite the government trust, they are at risk of further losing important

traditions and cultural identity (Lynn et al. 2013, Bertelsen 2016).

1.5 Physiological Effects of Ocean Acidification and Hypoxia

In this section, physiological coping mechanisms for dealing with OAH in the two species
of focus - Dungeness crab (Cancer magister) and red abalone (Haliotis rufescens)- will be
discussed to provide a base for interpretation of results.

From a general, physiological perspective, ocean acidification is a serious challenge to
organisms via multiple pathways (Kelly and Hofmann 2013, Breitburg et al. 2015, Somero et al.
2015). The two most commonly studied impacted processes are maintaining internal acid-base
balance homeostasis and preserving/creating new calcified material (Orr et al. 2005, Kroeker et
al. 2013a). Acidification alters the concentrations of various ions in seawater, and since many
marine invertebrates respire using gas exchange over thin membranes, constant internal
adjustment may be necessary to counteract ambient concentrations of ions (Fabry et al. 2008,
for review). Correcting this imbalance can be an energetically expensive process, potentially

diverting metabolic capacity from other processes (Burnett 1997, Pértner 2008).
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Calcification is the synthesis of calcium carbonate minerals. A wide range of marine
organisms use calcification to create material for either structure or function, including the
shells and skeletal structures of many marine invertebrates, calcareous algae, and even some
balance and orientation structures in fish (Orr et al. 2005, Hofmann et al. 2010). The process of
calcification is most favorable when water is over saturated with regards to the calcium
carbonate mineral of interest (s, = 1.0), although the exact range of required values varies
both by mineral type, taxa, and developmental stage of individuals (Feely et al. 2004a, Orr et al.
2005, Fabry et al. 2008, Waldbusser et al. 2015a). Undersaturation of calcium carbonate can
lead to degradation or even dissolution of these structures (Orr et al. 2005, Fabry et al. 2008,
Hofmann et al. 2010). The stability of calcium carbonate in seawater is defined by the
temperature and pressure-sensitive solubility constant K's, (Equation 2).

Q =[Ca%*] [COs%] / K'xp Eq. 2.
As depth increases, conditions of alkalinity, DIC concentration, temperature, and pressure
become unfavorable for the stability of calcium carbonate. This is commonly known as the
carbonate compensation depth, or the saturation horizon (Zeebe and Wolf-Gladrow 2001).
Depletion of carbonate ions by anthropogenic processes discussed in Section 1.1 can also
contribute to shoaling of the saturation horizon, contributing to the intrusion of corrosive

waters up onto the continental shelf (Feely et al. 2008, Gruber et al. 2012).

1.5.1 Dungeness Crab (Cancer magister)

Dungeness crabs (Cancer magister) are motile benthic arthropods meaning their
habitats are subject to exposure to low pH, hypoxic waters during upwelling in the summer.
They also have “shells”, but unlike mollusks, use chitin, a much less soluble carbohydrate, to
build their exoskeleton. In certain places the chitin is reinforced with calcite, another, less
soluble calcium carbonate species using a method similar to both bivalves and gastropods
(Whiteley 2011). In order to form this part of the exoskeleton, it is necessary for the crab to
have an alkaline exoskeletal compartment which is created by taking up calcium and
bicarbonate over the gills (Wood and Cameron 1985). It seems as though many crabs are very

good at maintaining this alkaline compartment, as calcification rates across several species have
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been found to stay the same even after carbon dioxide exposure; it is hypothesized that they
are either very effient at acid-base management or that they have a very effective epicuticle
seperating the area of mineral deposition from the environment (Ries et al. 2009). Some of this
calcium carbonate is highly soluble, and it has been proposed that it acts as a transient source
of calcium and bicarbonate ions, perhaps aiding in acid-base regulation in times of need
(Whiteley 2011).

Like many marine invertebrates, Dungeness crabs respire by running water over gills,
leaving them open to influx of hydrogen ions in an acidifying ocean. Excess hydrogen ions
diffuse into the hemolymph and can disrupt metabolism, protein synthesis, ionoregulation, and
cell volume control (Wheatly and Henry 1992). Crabs deal with this in several ways. First, they
are able to buffer some of the incoming hydrogen ions with bicarbonate hemolymph proteins
such as hemocyanin (oxygen binding pigment), but this can only do so much. Most pH
regulation is done via electroneutral ion exchange in the gills, bringing bicarbonate in from the
environment in exchange for chloride ions (Cl") (Whiteley 2011). Crabs that are more tolerant of
high carbon dioxide tend to have more bicarbonate in their systems (Portner et al. 2004). In
experiments, Dungeness crabs have been able to fully regulate their hemolymph pH in
hypercapnic conditions over the course of twenty-four hours by accumulating bicarbonate from
the water around them (Pane and Barry 2007). The build-up of lactate in extracellular space
increases the oxygen affinity of transport proteins, signaling a need to increase oxygen
consumption and up-regulate these expensive acid-base regulating strategies. Eventually this
accumulation of buffering material must be excreted, generally by the H*-ATPase pathway
which is energetically expensive (Pane and Barry 2007).

This is not to say that many species of crabs are not adept at dealing with changes in
environmental pH; other species have been shown to maintain or even increase their
hemolymph pH during hypercapnic conditions (Hill et al. 1991, Pane and Barry 2007, Long et al.
2013, Glandon and Miller 2017). The ability to actually increase internal pH helps to increase
hemocyanin oxygen affinity, possibly creating a physiological response capable of dealing with
both acidification and low oxygen conditions (Burnett 1997). Without a strategy like this, it has

been calculated that in a Dungeness crab, a decrease in hemolymph pH by 0.4 would create a
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Bohr shift causing a 50% increase in the oxygen level at which hemocyanin is half saturated
(Pso) (Johansen et al. 1970). This would mean a significant decrease in oxygen carrying capacity
on top of already low oxygen conditions, exacerbating the negative effects.

Unfortunately, at this point, there appears to be limited research studying the effects of
multiple stressors on the physiological response of Dungeness crabs. Because both lowered
oxygen concentrations and increased pH have been shown to increase physiological stress, it

seems likely that the presence of both stressors could have an interactive effect.

1.5.2 Red Abalone (Haliotis rufescens)

Red abalone (Haliotis rufescens) are large, herbivorous gastropods with a
biogeographical range that extends from southern Oregon to Baja California (Estes et al. 2005).
Unlike the Dungeness crab, their shell is composed primarily of calcium carbonate in its
aragonite phase; this is important as aragonite is 50% more soluble in seawater than calcite,
leaving it more vulnerable to dissolution (Feely et al. 2004a, Miller et al. 2009, Zippay and
Hofmann 2010). Like other marine mollusks, red abalone form their shells in a closed
extrapallial cavity between the outer mantle and shell in which the concentrations of aragonite
can be concentrated either by passive or active transport (Weiner and Dove 2003, Gazeau et al.
2013). In order for this to be efficient, the aragonite saturation state (Qarag) must be at or over 1
(Hofmann et al. 2010, Ries 2011, Gazeau et al. 2013). If it is not, the rate of shell dissolution
may exceed the rate of shell synthesis, and dissolution becomes thermodynamically favorable
(Gazeau et al. 2013). It is also thought that shelled mollusks utilize carbonic anhydrase, which
aids in the balance of carbon dioxide and bicarbonate (Gazeau et al. 2013). There does not
appear to be a large amount of literature focusing on the calcification of red abalone. One study
on Haliotis iris in New Zealand found a very thin diffusion boundary layer at the shell-water
interface, suggesting a higher chance of dissolution, but the authors postulated that due to
their internal calcification process, the rate of calcification itself may not be impacted by

decreases in pH (Hurd et al. 2011).
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Red abalone must also compensate for acid-base balance. The increased concentration
of hydrogen ions from acidification causes greater membrane diffusion, and upon entry into the
body, H* reactions with intra and extracellular fluid, potentially creating internal acidosis (Seibel
and Walsh 2003). While some compensation can be achieved using passive buffering via non-
bicarbonate buffers such as calcium carbonate, in order to fully remediate the situation it is
generally necessary to use active ion exchange mechanisms (Seibel and Walsh 2003, Portner et
al. 2004). Marine mollusks generally regulate their inner acid-base balance by both removing
hydrogen ions and accumulating bicarbonate. This process is mediated either by or via
transport proteins including Na*/K* and H* ATP-ase, making it a potentially energetically
expensive process (Portner et al. 2004, Fabry et al. 2008). One study has found that red abalone
in the late veliger stage are more sensitive to low pH in combination with higher temperature,
perhaps in part due to the amount of energy that is required to metamorphose and settle
(Zippay and Hofmann 2010).

Fortunately, some work has been done on combined effects of stressors on red abalone.
Prolonged exposure of juvenile red abalones to lowered pH (7.5) and oxygen (5mg/L) lead to
reduction of shell growth (Kim et al. 2013). White (2011) showed evidence of decreased net
calcification, presence of dissolution, but limited soft-tissue changes under low oxygen and pH,
suggesting that there was a negative impact on the shell, but perhaps energy was being shifted
to maintaining the internal tissue and workings of the organism. It is important to note,
however, that multiple studies have documented evidence of genetic plasticity or adaptation to
challenging conditions in red abalone, suggesting that they may have an inherent ability to deal

with OAH stressors (De Wit and Palumbi 2013, Kim et al. 2013).

1.6 Thresholds and Adaptation

While individual organisms’ response to OAH stressors is useful, in order to predict future
mid-to-large scale consequences, it is helpful to place results in the context of a population
(Gaylord et al. 2015). Within a healthy population it is highly likely that there will be variability

in individual response to stress. Even with standing variability, there are inherent physiological
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thresholds above or below which can population success can be impacted. In conventional
toxicological assays, thresholds have often been defined by the single stressor exposure level
necessary to elicit a 50% mortality rate (Pso) within a sample. Because ocean acidification may
manifest as a chronic stressor, mortality may not be a descriptive measure of physiological
sensitivity and tolerance. Instead, this study focuses on the use of respiration rate as a proxy for
stress response. Use of this metric also allows for a non-binary (e.g. “alive” vs “dead”)
guantification of stress response, allowing for better examination of variation among the
sampled individuals.

Additionally, within upwelling systemes, it is highly unlikely that organisms will only be
exposed to a single stressor due to the tight linkages between hypoxia and acidification (Chan
et al. 2008, Gruber et al. 2012). Introduction of multiple marine stressors complicates
predictions, as there can be unknown interactions (Crain et al. 2008, Somero et al. 2015,
Kroeker et al. 2017). These interactions can result in the shift of thresholds, and therefore are
important to consider.

Once the magnitude of OAH stress passes populations’ thresholds, there are four possible
outcomes: tolerate, avoid, adapt, or perish (Dawson et al. 2011). It is likely that most shellfish
species will not tolerate large changes in oceanic carbonate chemistry and oxygen due to
inherent physiological energy and material requirements, although it is likely that some species
will perform better than others under stress (Hofmann et al. 2010, Kroeker et al. 20133,
Waldbusser et al. 2015a). Avoidance, at least in the individual lifetime scale, seems unlikely as
well, as many shellfish are sessile, slow moving, or planktonic. This leaves either adaptation or
extinction.

For the sake of this project, adaptation will be assumed to have a genetic component, as
opposed to acclimatization, which involves only the use of existing pathways. In order for
adaptation to occur, a population must display phenotypic plasticity (Sanford and Kelly 2011,
Munday et al. 2013). The portion of the population able to deal with stress must not only have
characteristics which allow it to succeed, but these traits must also be heritable (Kelly and
Hofmann 2013). It has been found that local adaptation can occur over relatively short

timescales, introducing the potential of evolutionary rescue (Schoener 2011, Eliner 2013,
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Munday et al. 2013). There may, however, be a limit to this adaptive capacity. As OAH stress
continues to increase, fewer individuals are likely to exhibit the phenotype required to survive.
This would manifest as a decline and eventual collapse of phenotypic variance. This point of

variance collapse poses a limit for which evolutionary rescue can act.

1.7 Research Questions and Hypotheses

There are two overarching goals of this research. The first is to determine the
physiological threshold OAH conditions for Cancer magister and Haliotis rufescens. In this case
we define the threshold as the physical OAH conditions which cause a disproportionate change
in mean and variance of physiological response to stress. This assumes that along a continuum
of projected changes in OAH conditions, even the “top performers” will no longer be able to
maintain optimal respiration rates. Quantifying these thresholds will allow us to determine just
how close current population are living to their physiological thresholds, and aid in estimating
how future shifts in OAH conditions will affect this. Additionally, by manipulating multiple
stressors, we can begin to understand the relative contributions of individual stressors to
organismal response. This is important as it could influence interpretation of current research
into ocean acidification and the relative importance of various conditions.

The second goal of this study is to examine the changes in variability of response with
increasing OAH stress. In a resilient population, there will likely be sufficiently high standing
variability, resulting in a variety of responses to stress. This is important, because as conditions
change, a wider variety of responses increases the chances that at least some individuals carry
traits that allow them to be successful. It is for this reason we will look at changes in variance of
response with regards to increasing exposure to OAH stressors.

As with thresholds, there are multiple possible outcomes. First is that increased stress will
result in a decrease in variance, which may suggest that a species is near its “evolutionary limit”
(Lande and Shannon 1996, Kelly et al. 2012, Gaitan-Espitia et al. 2017). A severe enough
collapse of variance can potentially inhibiting recovery (Pértner 2008, Dawson et al. 2010, 2011,

Munday et al. 2013). The second alternative is that there could be no change to the amount of
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phenotypic variability with increasing stress. Because of the natural extremes in the system, a
wider tolerance for pH or oxygen values could already be a favored trait (Futuyma and Moreno
1988, Lande and Shannon 1996, Sunday et al. 2011, Pespeni et al. 2013a, Vargas et al. 2017).
Given the above discussion, the following three hypotheses have been formed. First, due
to prior exposure to low pH and dissolved oxygen, juvenile Dungeness crabs and red abalone
will have thresholds for impacts that will not be crossed until the distant future. Along with this,
co-exposure to acidification and hypoxia will have an interactive effect on stress response of

both species. Lastly, variance in individual performance will scale with the intensity of stress.
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Abstract

The severity of ocean acidification is predicted to
increase sharply in the coming decades, with serious
consequences for marine species- especially those reliant on
calcium carbonate for structure and function (Fabry et al.
2008). The California Current Large Marine Ecosystem (U.S.
West Coast) exhibits seasonal variations in upwelling and
downwelling patterns which create natural episodes of
hypoxia and calcium carbonate undersaturation,
exacerbating global trends of increasing ocean acidification
and hypoxia (OAH) (Chan et al. 2008, Gruber et al 2012). This
study focuses on Cancer magister (Dungeness crab), a species
chosen based on their economic and ecological value, as well
as lack of available information on tolerance to OAH.
Respirometry was used as a proxy for metabolic impacts of
stress at four different scenarios mimicking preindustrial
through distant future levels of dissolved oxygen and
dissolved inorganic carbon (DIC) concentrations. The goal of
these experiments was to identify thresholds of tolerance
and quantify a point at which variance of response
expression decreases. It was found that increasing OAH
stress resulted in a decrease in respiration rate mean and
variance. pCO; was found to have a variable effect on rate as
well, while dissolved oxygen content drove the bulk of the
effect size. Although Dungeness crab megalopae appear to
be keeping up with modern OAH chemistry, if adaptation
does not keep pace with future changes it is possible that
there will be negative effects on the population.
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2.1 Introduction

Over the past decade, it has become apparent that the increasing prevalence
anthropogenically driven ocean acidification and hypoxia (OAH) have wide-ranging
repercussions on the ocean and its inhabitants (Caldeira and Wickett 2005, Orr et al. 2005,
Fabry et al. 2008). Although an initial view of ocean acidification focuses on the carbonate
chemistry changes driven by air-sea interactions at the global scale, the distribution of the
effect is not necessarily homogenous; instead it varies on a smaller scale depending on position
along the ocean’s gyres, local bathymetry, and coastal processes such as upwelling (Feely et al.
2008, Doney et al. 2009, Chan et al. 2017). This means that while overall the entire ocean
experiences the effects of increased dissolved carbon dioxide, certain areas will be impacted
earlier and to a greater magnitude. Adding to the issue, in hotspots driven by seasonal
upwelling, there is a tight linkage between high dissolved inorganic carbon and low oxygen
concentrations, creating a challenging environment for marine organisms with multiple,
potentially synergistic stressors (Chan et al. 2008, Hauri et al. 2013, Breitburg et al. 2015,
Kroeker et al. 2017, Vargas et al. 2017).

The California Current Large Marine Ecosystem (CCLME) is an OAH hotspot (Snyder et al.
2003, Chan et al. 2008, Feely et al. 2008). This region stretches from the northern end of
Vancouver Island in Canada to Punta Eugenia in Mexico. As an Eastern Boundary Current, much
of the CCLME is naturally prone to seasonal cycles of upwelling and downwelling, driving annual
intrusion of low oxygen, high carbon dioxide intermediate depth waters onto the continental
shelf (Feely et al. 2008, Gruber et al. 2012). There is already strong evidence of both ocean
acidification and hypoxia occurring in the CCLME. Since 1750, surface pH in the CCLME has on
average fallen, with spatial variability, from (8.12 + 0.03) to (8.04 + 0.03) (Gruber et al. 2012,
Hauri et al. 2013, Chan et al. 2017). Tied to these changes, the range of aragonite saturation
state has fallen from 2 =(1.0+ 0.1, 4.7 £0.1) to Q = (0.66 £ 0.04, 3.9 = 0.04) since the
preindustrial era, adding further physiological stress for calcifiers (Gruber et al. 2012, Harris et
al. 2013, Waldbusser et al. 2015a, 2015b). Global ocean acidification acts synergistically with
the natural incursion of acidified, hypoxic water; models have found that due to these factors,

the bottom shelf area of the CCLME will be almost permanently undersaturated with respect to
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aragonite by the year 2050, making it a corrosive, metabolically stressful environment for
calcifying organisms (Gruber et al. 2012, Waldbusser et al. 2015a, 2015b). There is also
evidence for seasonal areas of low oxygen, with one studying finding up to 80% of mid- to
inner- shelf waters of central Oregon remaining hypoxic for approximately five months of the
year, and some areas even becoming anoxic (Chan et al. 2008).

The CCLME is widely recognized as an early impact area, acting as a natural laboratory
to study the current and future effects of increasing incidence of OAH (Hauri et al. 2013,
Pespeni et al. 2013a, Chan et al. 2017, Vargas et al. 2017). From a physiological perspective,
ocean acidification and hypoxia presents a serious challenge to organisms, especially calcifiers
(Kelly and Hofmann 2013, Breitburg et al. 2015, Somero et al. 2015, Waldbusser et al. 2015b).
The two primary physiological challenges are regulating internal acid-base balance and
maintaining calcified material (Orr et al. 2005, Pértner 2008, Kelly and Hofmann 2013, Kroeker
et al. 2013a). When combined with the additional stress of oxygen depletion, organisms may
need to reallocate energy, potentially resulting in decreased survivorship, lowered reproductive
capacity, reduced growth, or structural integrity (Fabry et al. 2008, Ries et al. 2009, Gazeau et
al. 2013, Kim et al. 2013, Pan et al. 2015).

The adaptive capacity to deal with increased OAH stress varies both among and within
populations and taxa (Futuyma and Moreno 1988, Lande and Shannon 1996, Sunday et al.
2011, Kelly and Hofmann 2013). Because stressors relating to OAH are projected to become
more challenging in the coming decades, it is important to understand both how population are
dealing with current conditions and their potential to deal with changes predicted in the future.
This involves the measurement of physiological thresholds as well exploration of interaction
between stressors and their combined effect on tolerance. Additionally, it is important to look
at changes in variation of response to stress as a proxy for standing phenotypic variability.
Locating the limits of top-performers can help indicate at what point physiological conditions
may start affecting the entire population.

This study focuses on how these concepts apply to the Dungeness crab (Cancer
magister), a benthic crustacean present in the coastal eastern Pacific between the Aleutian

Islands and central California (Jensen and Armstrong 1987). This species was chosen primarily
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due to its high economic value in the region; it is a large single species fishery along the
northern CCLME, regionally bringing in $214 million dollars in commercial landings for the
2016-2017 season and providing employment for hundreds of workers in California, Oregon,
and Washington (NMFS Annual Commercial Landings Statistics, 2016).

Additionally, this species was chosen due to the level of uncertainty associated with its
responses to ocean acidification. Previous studies of decapod reaction to decreased pH and
hypercapnia have yielded mixed results (summarized in: Kroeker et al. 2013, Wittmann and
Portner 2013). Due to their primarily chitin carapaces, decapods are theoretically less
vulnerable to the high-profile threat of shell dissolution, but they may still struggle with internal
acid-base balance in low pH environments (Whiteley 2011, Wittmann and Pértner 2013, Miller
et al. 2016).

It is also likely that vulnerability changes throughout development; it is for this reason
that it was chosen to look not at adult Dungeness crabs, but at megalopae. Previous studies
have found evidence of slowed development and increased mortality in zoeae and larvae, but
no data on vulnerability just before settlement was found in the literature (Miller et al. 2016).
Determining the vulnerability of megalopae is important as it has been shown that success at
this stage has the strongest influence on adult age class size (Shanks and Roegner 2007).

The extent of Dungeness crabs’ sensitivity to low oxygen is fairly well established; in
experiments, adult Dungeness crabs have been able to fully regulate their hemolymph pH in
hypercapnic conditions over the course of twenty-four hours, but there is undoubtedly a limit
(Airriess and McMahon 1994, McMahon 2001, Pane and Barry 2007). During late summer of
2017, adult Dungeness crabs were recorded suffocating in low oxygen conditions off the coast
of Oregon by Oregon Department of Fish and Wildlife (Barth et al. 2018)
(http://oregonmarinereserves.com/ 2017/09/06/hypoxia-central-coast). Additionally, a positive
in situ correlation has been found with dissolved oxygen and adult Dungeness crab density,
suggesting movement away from zones of low oxygen, but it is not known if megalopae are also
capable of such movement driven by oxygen (Shanks 1986, Keller et al. 2010, Froehlich et al.
2015).
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For the purposes of this study, adaptive capacity of Dungeness crab megalopae is
explored using two approaches: (1) how increasing and concurrent acidification and low oxygen
stress impact physiological thresholds, and (2) how an increase in OAH stress effects variance of
response within a population. Rate of oxygen use was monitored as a proxy for metabolic
response to stress resulting from manipulated pCO, and oxygen conditions. We hypothesize
that due to prior exposure to low pH and dissolved oxygen, Dungeness crab megalopae have
thresholds for impacts that will not be crossed until the distant future. Additionally, because
both hypoxia and hypercapnia have been shown to have negative effects on Dungeness crabs,
it seems likely that co-exposure to acidification and low oxygen will trigger a stress response in
megalopae that will be of a greater magnitude than either stressor by itself. Lastly, we
hypothesize that the variance in megalopae stress response will decrease as the magnitude of
stress from acidification and hypoxia increases, suggesting loss of the top performers and

eventual decline in collective adaptive capacity.

2.2 Methods

Juveniles of the crab Cancer magister were collected on nine separate occasions during
May and June of 2018 using a light trap on the pier of Oregon State University’s Hatfield Marine
Science Center dock in Yaquina Bay, Oregon (44°37'32.7"N 124°02'43.7"W). All individuals were
megalopae, the last planktonic phase before settlement.

In order to examine the gradient of intra-species variance correlated with the strength
of acidification and hypoxia stress, we investigated respiration rates as a proxy for performance
under pCO; and O3 scenarios. Individuals were held no more than two days in ambient sea
water before being transferred to manipulated seawater, and were generally transferred much
quicker (Seibel et al. 2012, Howes et al. 2014). Because of the dynamic environmental
conditions of eastern boundary current upwelling systems, it was assumed that a relatively
quick transition from ambient to manipulated seawater was approximately analogous to
conditions experienced off the coast of Oregon. Individual organisms were then added to

manipulated seawater samples with no headspace and stored in 13mL or 15mL gas-tight,
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ground-glass vials for the duration of the trial. Controls for microbial respiration were kept
without a target species individual. Respiration within the container was monitored at 1 second
intervals for approximately 30 second periods at the beginning and several times during the
experiment using the Fibox 3 Oxygen Meter and corresponding oxygen-sensitive optode sensor
dots manufactured by PreSens Precision Sensing (Regensburg, Germany) (Figure 2-1). Data was
acquired using Fibox 3 for PSt3 (version 6.02) software, also from PreSens.

Two separate types of assays were performed. On five of the collection dates,
individuals were transported back to Oregon State University in Corvallis, OR. In these assays,
crabs were subject to four levels of exposure with date serving as a block. These are
henceforth referred to as the “four level” assays. Approximately 36-37 megalopae were used
for each replication, with 7-8 individuals randomly chosen for each of four pCO; and dissolved
O3 scenarios (see below and Table 2-1). Conditions for the “four level” pCO, and O3 scenarios
(Table 2-1) were back calculated from the relationship between dissolved oxygen and dissolved
inorganic carbon with an added anthropogenic load (Chan et al. 2017, Feely et al. 2018).
Relationships between dissolved oxygen and dissolved inorganic carbon were determined using
guidelines from Feely et al (2004b). The four conditions were designed to mimic pre-industrial
(non-upwelling), baseline upwelling, contemporary upwelling, and distant future upwelling
(approximately year 2100). Pre-industrial had a target pH of 8.17 and was 100% saturated with
oxygen at 297 patm. The second treatment (baseline upwelling) had a target pH of 7.56 and
upper-limit hypoxic conditions (target 75 uM O,). At this level, the water becomes
undersaturated with regards to aragonite. Contemporary upwelling has a pH of 7.50 and DO of
40 uM, and could represent either modern seawater conditions at a deeper depth or future
conditions; note that in this level the saturation state for calcite drops below 1. The final level,
distant future, represents future worst case scenario for the year 2100 with a pH of 7.27 and
very low oxygen levels (20 uM). After incubation, each vial was flushed with low pCO; (=285
puatm), high O, (297 umol/kgSW) water. After allowing individual crabs to recover, they were
then sampled again for respiration rates. Any samples with missing data were not included in

the analysis, resulting in a total n=152 for this set of assays.
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On the other four dates, 34 individuals were transported to Oregon State University in
Corvallis, OR and 11-12 were assigned to a “low”, “medium”, or “high” pCO; treatment. These
values were allowed to vary slightly for each of the replications, resulting in twelve different
pCO; bins (Figure 2-2). Within each bin, the oxygen concentration was allowed to vary; these
assays will henceforth be referred to as the “orthogonal range” assays. Any individuals missing
data were removed from the data set, resulting in a total n=147 for this set of assays.

An additional assay was also run as a pilot test of July of 2017 in which 45 Dungeness
crab megalopae were divided amongst three pCO; treatments (pC0,=2972, 1079, 446 patm).
Identical procedures were followed as outlined above in the “orthogonal range” assays, except
that respirometry testing was done using 5mL vials.

Seawater for manipulation was collected from the flow-through system at Hatfield
Marine Science Center (Newport, OR) and then additionally filtered to 400 um in order to
remove detritus, microorganisms, and other contaminates. pH of the water was manipulated
by bubbling nitrogen through the sample in order to scrub out dissolved oxygen and carbon
dioxide. A small sub-sample was bubbled vigorously with carbon dioxide and slowly re-added to
achieve the desired pH. Oxygen was re-added via either agitation or diffusion. Measurement of
pH was done using a SAMI pH meter (Sunburst Sensors LLC, Missoula, MT, USA) which functions
using a spectrophotometric technique adapted from Dickson et al. for small volumes (2007).
Changes in dissolved inorganic carbon and alkalinity were back-calculated using pH and
temperature on CO,Sys (CO2SYS Program, version 2.3, written by Ernie Lewis) to determine full
changes in carbonate chemistry, as previously demonstrated by Gray et al (2011). Total
alkalinity (2250 uM), salinity (33.5 psu), and temperature (8 °C) were kept constant for these
calculations. Manipulated water was stored in 60mL sealed syringes and stored in a cold water
bath at 6°C until use in order to prevent changes in dissolved gas content.

It should be noted that despite best intentions, oxygen was difficult to manipulate with
precision across multiple samples. Starting oxygen target values were likely altered during the
process of transfer from manipulation vessel to respirometry vial, resulting in some scatter of
starting oxygen values. This was not an issue in the orthogonal range assays, but it did make it

difficult to achieve constant, target starting oxygen values in the four level assays.
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Data was collated and organized using the statistical package R (R Core Team, 2016,

https://www.R-project.org/) as well as Microsoft Excel (2017).

For the orthogonal range assays, data was organized by starting oxygen and pCQO;. Data
was checked for normality and heteroskedasticity before being fit to a Generalized Linear
Model with a Gamma distribution and identity link. Variables were chosen via forwards
selection and comparison of AIC values. To improve AIC score and eliminate risk of
heteroskedasticity of residuals, various transformations were considered. Outliers were
identified using Cook’s distance and tested for removal in order to significantly improve the
model. Assumptions on normality and heteroskedasticity were checked with a Wilks-Shapiro
test and a Breush-Pagan test. Model skewness and kurtosis were also checked. The best fit
model adhering to these assumptions was run through a two-way ANOVA and effect size was
calculated the corresponding eta?value. The R package ‘changepoint’ (Killick R, Haynes K and

Eckley IA, 2016, https://CRAN.R-project.org/package=changepoint) was used to check for

change points in the data set using the binary segmentation method (Edwards and Cavalli-
Sforza 1965).

Orthogonal data was also separated into 13 equal length bins by starting oxygen value.
The shift in range of respiration rates was compared across starting oxygen values using a linear
regression in order to look at the differences in variance of response.

Originally it was assumed that all megalopae being caught at the same time would be
approximately the same size, therefore mass would not need to be corrected for. As research
moved forward, this was found to not necessarily be true. It was observed that some of the
megalopae appeared to be much larger than others, so it was decided to account for this
difference in size moving forward. For the four level assays, wet weight was recorded for each
individual, and respiration rates were divided by wet weight in order to better normalize
response.

The means of the four level data by conditions and trial were compared using one-way
ANOVA and post-hoc Tukey Honest Square Difference testing. then Kolmogorov Smirnov tests
(KS tests) were run to compare distributions during the treatment and recovery. Coefficients of

variation were also calculated in order to compare changes in sample variability.
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2.3 Results

The techniques outlined above successfully quantified the respiration rates of individual
Dungeness crab megalopae. During the original pilot run in July of 2017, respiration rates were
found to be much higher than any assay done in 2018, with rates ranging from 0 to
approximately 1,800 umol O; individual™® day ™ (Figure 2-3). Although this data is not included
in other analysis In this study, it is important to note that individuals in medium to high pCO
treatments displayed in increasing trend in rate of respiration as starting oxygen levels
increased, while the group in low pCO; treatment displayed decreasing respiration rates as
starting oxygen increased. This sensitivity to pCO; levels was not found in 2018 assays.

Individuals in the orthogonal range assays exhibited a wide range of respiration rates,
ranging from 0 to approximately 200 umol O; individual™® day™ (Figure 2-4). When arranged
versus starting oxygen concentration, there appears to be a good deal of clustering around
lower respiration values when there is a decreased starting oxygen concentration. The range of
respiration rates seems to increase as oxygen increases, but eventually appears to level out
between 125-175 umol starting O,. Based on changes to both the mean and the variance of the
data, it was found that the most likely change point was occurring at 134 umol starting O»
(penalty = 16.82, asymptotic) (Figure 2-4).

Data from the orthogonal range assays proved difficult to model due to its distribution. A
Gamma family generalized linear model with an identity link was fit to assess the relation of the
starting oxygen, pCO; level, and the interaction between these terms to the respiration rate
measured (Figure 2-5). Four outliers were removed to improve the fit of the model; this was
deemed acceptable as this portion of the data is focusing more on population reaction to
changes in pCO; and O,. Despite a high AIC score (AlC=1274), residuals passed all tests for
normality (Shapiro-Wilks W=0.9912, p=0.5198), skewness (-0.1732 > -0.8), platykurtosis (2.85 <
3.0), and homoskedasticity (Breusch-Pagan BP=5.2027, df=3, p=0.1575).

A two-way ANOVA found that all chosen model variables were significant. Eta? revealed

that effects stemming from starting oxygen values had the largest effect, with an effect size of
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0.3390 (F=72.45, p<0.0001) (Table 2-2). Interestingly, it appears that there a no significant
effect by pCO; level (eta?= 0.0004, p=0.7741) or the interaction term (eta?=0.0054, p=0.2837).
The residuals did take up a majority of the total, with an eta? of 0.6493.

The four level data was combined and adjusted to account for wet weight of individuals.
For conditions representing upwelling baseline, contemporary, and distant future, the mean
respiration rate appeared to be depressed compared to the mean of the same group during
benign conditions. During treatment, there appears to be an overall decreasing trend in mean
respiration rate (Figure 2-6). A linear regression found a negative relationship between
respiration rate, decreasing oxygen, and increasing pCO; (slope = 358.99, p-value = 0.05, R%,q;=
0.8486).

Looking at 95% confidence intervals, there appears to be evidence for a significant change
between the mean respiration rates during treatment and control runs for Upwelling baseline
and Distant future treatments, but not evidence of such in Pre-industrial and Contemporary
(Figure 2-7). A one-way ANOVA comparing the conditions found evidence for differences
between groups (Fs,144=3.545, p-value=0.0162). A post-hoc Tukey HSD determined that the only
pairing significantly different from the other was Pre-industrial and Distant future. A one-way
ANOVA on the benign condition data found no significant difference between group means
(F3,125=1.773, p-value=0.156).

Changes in value distribution of respiration rates between the treatment conditions and
benign conditions was evaluated visually using density plots, then statistically using Kolmogorov
Smirnov testing (Figure 2-8). Visually, there does seem to be a shift in median respiration rate
value towards zero, especially for the upwelling baseline and distant future treatments, but the
only condition that yielded a significant shift in distribution was distant future (KS test,
D=0.5389, p-value < 0.0001). This concept was further explored by comparing changes in
respiration rate range as a function of starting oxygen concentration (Figure 2-9). A potential
decreasing trend in range was observed as the values of the starting oxygen decreased. A
general linear regression was fit to the points, but the slope p-value was not significant

(p=0.3247), indicating that the slope is not statistically different from zero.
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2.4 Discussion

One of the more interesting findings of this research was the high relative importance of
starting oxygen concentration on Dungeness crab megalopae respiration rate. This indicates
that despite pre-exposure, Dungeness crabs are already exhibiting a reaction to hypoxia stress
even within contemporary conditions. It is interesting no note, however, that despite the
overall decreasing trend, the only significant difference among condition means was between
pre-industrial and distant future. This could potentially indicate that although OAH is exerting
some impact, it may not be fully reflected in respiration rate until the distant future.

There was no significant difference between the mean rates for any of the post-treatment
runs in benign conditions. This suggests that even though there is a response to OAH stress,
there recovery period afterwards is very short, and that there is little to no carry over effect
from the acute exposure time. This would be highly beneficial to Dungeness crab in the CCLME,
as conditions can change quickly.

Examining the mean rate, however, only addresses part of the issue; this study also seeks
to find the effects of OAH stress on the distribution of response. Because there was no support
of a trend in respiration rate range as oxygen decreased, it seems as though increased stress
from low oxygen was not causing a decrease in response variance.

It is also important to note that the respiration rates collected in these assays were for
constrained megalopae in small volumes. While observationally the megalopae appeared to be
moving about without significant duress, it is likely that they were not as active as they may be
naturally in the water column. It should also be noted that megalopae did vary quite a bit by
size and activity level, and this study was not able to fully quantify all of these characteristics.
Further studies may find it useful to develop a rating scale for behaviors and activity levels of
individual megalopae and compare it to respiration rate.

It was also possible to start to tease apart contributions of the multiple stressors on the

respiration rate response. The largest take-away was the difference in effect that pCO; had on
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respiration rate in the 2017 pilot versus the 2018 data. While there have been a wide variety of
observed responses to elevated pCO; in decapods, it was unexpected that there would be such
a wide difference of response by year in individuals from the same system (Ries et al. 2009,
Whiteley 2011, Jackson et al. 2018). The pilot data exhibited a clear effect from pCO;; the
medium and high pCO; level treatments displayed a trend of increasing respiration rate while
respiration rates under low pCO; decreased with increasing oxygen, suggesting an interaction
effect between oxygen and pCO; (Figure 2-3). It is possible that the difference in effect size
between years could be a result of differences in cohort sensitivity. Studies have found that
there are interannual shifts in both Dungeness crab recruitment and population genetic
structure, and this data supports the theory that there may be interannual alterations in
adaptive capacity as well (Shanks and Roegner 2007, Malley et al. 2017, Jackson et al. 2018).
This could potentially be a result of shifts in larval distribution range, illustrating the importance
of considering the stability of a species’ responses to environmental changes across different
cohorts (Jackson et al. 2018).

While this experiment was able to successfully capture respiration rates of megalopae in
different pCO; and O, regimes, the stress was acute and, discounting short acclimation periods,
respiration rates could be considered instantaneous. Miller et al (2016) observed increased
mortality and decreased rate of development in larval Dungeness crabs over a longer period of
time in response to hypoxia and hypercapnia, consequently, it is likely that the metabolic
proxies in this experiment do not capture the longer term scale repercussions of exposure to
these conditions (Sunday et al. 2014). Growth, for example, was not examined in this study, and
could potentially be an issue for Dungeness crabs under hypercapnic conditions. Results on
growth in decapods under hypercapnic conditions have been mixed, however, and appear to
vary between species, providing an unclear indication of potential time integrated impacts of
OA on Dungeness crabs (Long et al. 2013, Glandon and Miller 2017).

Tolerance of hypercapnic conditions has been documented in adult Dungeness crabs, so
perhaps these traits are already developing at the megalopae stage (Airriess and McMahon
1994). This is not totally unprecedented in crustaceans; a similar outcome was observed with

the blue crab, Callinectes sapidus, which showed no influence of pCO, on growth nor food
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consumption, most likely indicating no change in standard metabolic function (Glandon and
Miller 2017). It is possible this apparent resiliency to hypercapnia is the result of efficient
regulation of internal compartments, either by the development of a tough epithelial layer or
the use of existing bicarbonate to buffer internal pH (Portner et al. 2004, Pane and Barry 2007,
Whiteley 2011).

A potential threshold for oxygen concentrations was found using change point analysis.
In modeled data there appears to be a change in mean and variance reaction at approximately
134 umol (Figure 2-4). There is noticeable grouping of respiration rates towards the lower end
of starting oxygen concentrations, suggesting depression of respiration under stress. Above 134
pmol, while there may be some grouping around the mean, there appears to be a much more
spread. This threshold was unexpectedly high, equivalent to approximately 47% saturation at
experimental conditions. Oxygen levels lower than this are quite common at depth in the
CCLME, so Dungeness crab megalopae could frequently be interacting with water masses below
their optimum oxygen levels. As Pane & Barry (2007) found, adult Dungeness crabs did not start
to stabilize their internal acid-base balance until after approximately 75 minutes of exposure to
40 umol (14% at 10°C) oxygen saturation. If this is approximately the same in megalopae, then

the duration of the trial should encapsulate the acclimation period.

2.5 Conclusion

Although the seasonal carbonate chemistry and oxygen extremes of the CCLME can
present a challenge to marine animals, it has been proposed that many have experienced
significant local adaptations to allow them to tolerate a wide variety of stress magnitudes and
durations (Sanford and Kelly 2011, Pespeni et al. 2013a, Vargas et al. 2017). In this experiment |
found that although Dungeness crab megalopae respiration rate had a negative relationship
with decreasing oxygen and increasing pCO., there was not a statistically significant alteration
in mean rate until distant future conditions were reached, indicating that the threshold has not

yet been reached.
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There are, however, several things to consider. The first is that this experiment accounted
only for brief, acute exposure to conditions and does not account for long term scale metabolic
requirements such as growth and reproduction. It is possible that although overall metabolic
demands were being met that energetic production was being shifted towards homeostatic
function rather than digestion, reproduction, or growth (Bernatis et al. 2007, Kroeker et al.
2013b, Long et al. 2013, Miller et al. 2016, Frieder et al. 2018). Use of both longer term
experiments in conjunction with individual respiration rate techniques would certainly be of use
in quantifying change with regards to exposure length, and use of genetic analysis could help
identify local standing variability and adaptation in progress (Sunday et al. 2011, 2014, De Wit
and Palumbi 2013, Munday et al. 2013, Pespeni et al. 2013b).

The second is the reality of changing conditions in the CCLME. Although it may appear
that Dungeness crabs have some tolerance for hypoxia and hypercapnia, there are physiological
limits. From the results of this experiment, pCO; may play a variable role in the overall stress of
OAH, but oxygen consistently has a strong effect. This makes issues such as shelf-wide severe
hypoxia or anoxia even more concerning (Chan et al. 2008). Even if Dungeness crabs are able to
tolerate prolonged hypercapnia with minimal effect, there is no doubt that large anoxic areas
would prove fatal without methods to escape, such as has occurred off the coast of Newport,
OR in recent years (ODFW, http://oregonmarinereserves.com/ 2017/09/06/hypoxia-central-
coast).

While it seems that not all adult crabs may not be able to escape these anoxic water
masses, it is unknown whether Dungeness megalopae possess any ability to avoid these areas.
Other species of crab megalopae have been found to practice diurnal migration indicating
capability to control position in the water column; if megalopae are able to come up into the
mix layer, they could avoid deeper anoxic conditions and practice physical avoidance, but it
remains to be seen if they could incorporate oxygen levels into their sensory signals to drive
migration (Cronin and Forward 1983, Shanks 1986, Olmi 1994, Kingsford et al. 2002). This ability
needs to be mapped and considered for Dungeness crabs in order to determine population

vulnerability to seasonal anoxia in the CCLME.
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Although this study found the potential for standing variability and adaptive capacity in
Dungeness crab megalopae in the CCLME, there is still much to learn. The realities of OAH are
presenting themselves already, but if projections are correct, this is only the beginning and new
repercussions may begin to emerge (Snyder et al. 2003, Gruber et al. 2012, Barton et al. 2015,
Ekstrom et al. 2015, Feely et al. 2018). It will be essential to monitor not only the populations of
potentially vulnerable species, but also the intrapopulation diversity and phenotypic reservoir
available to contribute to tolerance and adaptation (Sunday et al. 2011, 2014, Pespeni et al.

20134, Vargas et al. 2017).
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2.7 Appendix

Figure 2-1 Illustration of respirometry equipment. Individual megalopae were placed in gas tight vials and in vitro changes in
oxygen concentration were measured using an oxygen sensitive optode (represented by pink dot in vial) and a Fibox 3 Oxygen
Sensor. Measurements were taken at multiple points during the assay in order to calculate respiration rate, and between
measurements vials were kept in a cold water bath maintained at 10 C
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Table 2-1 Target four-level treatment conditio

Treatment pH

Pre-Industrial




Range of Starting Oxygen Values per pCO2 Bin

Starting Oxygen (umol/L)

94 184 320 483 921 1068 1079 1332 2062 2414 2972 3001
pCO2 (uatm)

Figure 2-2 Starting oxygen concentration range across pCO, values for orthogonal range assays.
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Figure 2-3 Respiration rates for Dungeness crab megalopae during an initial pilot study in July of 2017. Note that not only are
the respiration rates much higher, there appears to be a change in response to oxygen concentration shift as a function of pCO,,
a pattern not reflected in the data collected during the 2018 sampling season. Note that these values have not been adjusted for
volume, and true respiration rates per individual need to be divided by five.
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Figure 2-4 Starting oxygen concentration versus the respiration rate of Dungeness crab megalopae in the orthogonal range
assays coded by pCO,. Note that this data is not mass adjusted.
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Figure 2-5 Generalized Linear Model fit to un-transformed orthogonal range data (AIC 2823). Vertical line represented

calculated change point in data at 134 umol O,. Note clustering of data to the left of the change point, and more random
distribution to the right.
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Figure 2-6 Linear regression of the means for each of four conditions plotted against starting oxygen. Gray shading represents
standard error. The slope of the line is 358.99 with a p-value of 0.05. The R?qq; of the fit is 0.8486. Note that the conditions are
in order by starting oxygen, not temporally; the trend temporally moves from right to left.
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Abstract

Stress to organisms stemming from ocean acidification and
hypoxia (OAH) are projected to worsen over the next century,
resulting in non-analog conditions which challenge many marine
animals. Local to regional scale phenomena results in hotspot of
OAH exposure in the California Current Large Marine Ecosystem
(CCLME). A combination of stress resulting from exposure to both
hypercapnia and hypoxia presents a challenge to marine
organisms. In order to understand and better model future
outcomes of species, it is important to understand not only the
mean response to changes in conditions and where thresholds lie,
but also how variability within the population changes and
translates into long term adaptive capacity. This study focuses on
Haliotis rufescens, or the red abalone, a large marine gastropod
native to the southern portion of the CCLME, and currently the
center of a struggling industry. Using respirometry as a proxy for
metabolic exertion, individual aerobic respiration rates at four
regimes (pre-industrial, modern, modern-poor, predicted for 2100)
of oxygen and carbon dioxide were recorded and compared to
individual rates in high oxygen, low carbon dioxide conditions. It
was found that H. rufescens showed evidence of a synergistic,
negative effect of lowered oxygen and hypercapnia resulting in
aerobic metabolism depression and a shift in respiration rate value
density. It was also observed that there was no significant
difference in response to modern, upwelling, or future scenarios,
possibly indicating a strong ability to acclimate to less than idea
situations. Lastly, effect size of variables in a best fit model
remained quite low which suggests a sizable phenotypic plasticity
within the group sampled. Although this study only examines a
snapshot response to changes in conditions, high variability in red
abalone could be an indicator of adaptive capacity to changing
ocean conditions.
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3.1 Introduction

Over the last decade it has become apparent that stress to organisms stemming from
increased ocean acidification and hypoxia (OAH) are in urgent need of further investigation
(Feely et al. 20044a, Caldeira and Wickett 2005, Orr et al. 2005). On the largest scale, ocean
acidification stems from increased anthropogenic carbon dioxide emissions, but it can also be
affected by regional to local scale processes such as upwelling, runoff, and excessive
remineralization (Caldeira and Wickett 2005, Orr et al. 2005, Doney et al. 2007, Hauri et al.
2013). This leads to hotspot locations where the repercussions of OAH are felt stronger and
earlier, such as in the California Current Large Marine Ecosystem (CCLME) (Gruber et al. 2012,
Hauri et al. 2013, Chan et al. 2017). The CCLME serves as a natural laboratory for OAH
experiments, producing a wide range of extremes in conditions (Feely et al. 2008, Then et al.
2016, Gaitan-Espitia et al. 2017). During the summer months, strong upwelling conditions can
result in widespread hypoxia or even anoxia well up onto the continental shelf along with
hypercapnic, low pH conditions (Chan et al. 2008, Somero et al. 2015, Feely et al. 2018).

Physiologically, these conditions are challenging to marine organisms (Widdicombe and
Spicer 2008, Portner 2010, Kelly and Hofmann 2013). Low oxygen triggers a stress reaction by
reducing capacity to produce ATP and putting a strain on metabolic function, while hypercapnia
can interfere with internal acid base balance (Guppy and Withers 1999). Hypercapnia also
presents an extra challenge to organisms that use calcium carbonate (CaCOs) for structure or
function, as lowered pH and carbonate availability decreases the saturation state () of
seawater with regards to calcium carbonate. Because calcification moves forward most readily
in an environment at or over saturation (€2 = 1) with CaCOs, lowered saturation state can result
in metabolic exertion or even dissolution of calcified material (Orr et al. 2005, Hofmann et al.
2010, for review).

The strength of these effects varies both between and within species and populations of
organisms depending on lifestyle, structural components, and exposure (Orr et al. 2005,
Widdicombe and Spicer 2008, Parker et al. 2012, Kroeker et al. 2013a). Understanding
differences in response on an individual level is important as it is essential for determining how

increasing stress can affect the capacity of the population to rebound from severe episodes and

51



potentially contribute to evolutionary rescue (Dawson et al. 2011, Ellner 2013, Kelly and
Hofmann 2013, Sunday et al. 2014).

This study focuses on the species Haliotis rufescens, or the red abalone. The red abalone
is the last remaining abalone species with commercial viability on the U.S. West Coast (Reid et
al. 2016). Despite a beleaguered past, the United States currently produces approximately 220
metric tons of commercially grown red abalone per year (Karpov et al. 2000, Farmed Abalone
Report 2017). Until the closure in 2018, there was quite a large recreational fishery in California
for red abalone as well. In 2013, it was calculated that approximately 31,000 individuals
participated in harvesting abalone recreationally, spending between $24 million and $44 million
on the activity (Reid et al. 2016). Unfortunately, in late 2017 the 2018 season was declared
canceled by California Fish and Game due to poor conditions and low abalone density counts
(“California rec...”, 2017, https://cdfgnews.wordpress.com/2017/12/08/california-recreational-
abalone-fishery-to-be-closed-in-2018/). Oregon was soon to follow, also closing their
recreational fishery (‘Oregon postpones...”, 2017,
https://www.dfw.state.or.us/news/2017/12_dec/122817.asp). As the regulatory bodies work
to resuscitate the fishery, it will be necessary to consider resiliency of this species to OAH.

The red abalone is a large, marine gastropod present in the CCLME from southern Oregon
to Baja California (Estes et al. 2005). As gastropods, their shell is composed primarily of
aragonite, a fairly soluble CaCOs morph, leaving the mineral more vulnerable to dissolution
(Fabry et al. 2008, Zippay and Hofmann 2010, Miller et al. 2016). Effect of low pH on
calcification in a related species Haliotis iris yielded mixed results due to the balance between a
thin surface diffusion boundary layer combined with extrapallial calcification, but the intricacies
of the effect on Haliotis rufescens calcification is not yet known (Hurd et al. 2011, Tripp et al.
2017).

This is not the only effect of OAH on abalone; prolonged exposure of juvenile (5-10mm)
red abalones to lowered pH (7.5) and oxygen (5mg/L) can lead to reduction of shell growth (Kim
et al. 2013). There is also evidence of synergistic effects of changing ocean conditions, as it has
been shown that red abalone in the late veliger stage are more sensitive to low pH in

combination with higher temperature and sensitivity changed with life stage (Portner 2010,
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Zippay and Hofmann 2010). This is not to say that the red abalone have no adaptive capacity for
these conditions; Several studies have found genetic or physiological evidence of local
adaptation and variance within red abalone living in the CCLME (De Wit and Palumbi 2013, Kim
et al. 2013).

In order to further test the sensitivity and variance of response of the red abalone to
OAH, this experiment seeks to determine stress response to four different oxygen and carbon
dioxide exposure conditions representing pre-industrial (>200umol O,, pC0O,=285 patm),
baseline upwelling conditions (75umol O, pCO,=1238 patm), contemporary upwelling
conditions (40umol O, pCO,=1508 patm), and values projected for the distant future (30umol
03, pCO,=2628 patm) (Feely et al. 2004b, 2018, Chan et al. 2017). Respiration rates were
recorded for approximately 120 abalone first in a selected treatment condition, then again
afterwards in Oz rich and low pCO; conditions. The juvenile stage was selected for study as it
has been found to be the age which has the largest leverage on future cohort size (Rogers-
Bennett et al. 2004, Kim et al. 2013).

There two main goals of this project were to (1) determine the physiological threshold
of juvenile red abalone to increasing exposure to OAH stress, and (2) examine the relationship
between variance of response and the intensity of OAH stress. Due to prior exposure to
upwelling conditions in their natural habitat, | hypothesized that juvenile red abalone would not
reach their physiological threshold to OAH stressors until distant future conditions are reached.
Along with this, | expected that co-exposure to both low oxygen and high pCO, would have an
interactive effect on the respiration rate. Lastly, | hypothesized that variance in individual

performance will decrease as the stress from hypoxia and hypercapnia increases.

3.2 Methods

The Haliotis rufescens (red abalone) samples for this experiment were reared in Moss
Landing, CA and maintained temporarily at Monterey Bay Aquarium Research Institute, also in

Moss Landing, CA. In August 2018, approximately 250 juvenile (size 10-15mm) individuals were
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shipped overnight to Corvallis, OR in an insulated box containing ice packs. Abalone were
placed in shellfish bags with fresh Palmaria palmata at a density of 125 juveniles per bag and
held in outdoor flow-through tanks at Hatfield Marine Science Center in Newport, OR until their
use in experiments. The bags were checked every other day to ensure sufficient seaweed and
monitor health of subjects.

A total of four experiments were run during August of 2018 with each run utilizing
approximately 32 individuals divided among four treatment conditions (Table 3-1). Each
experiment represented a block and data was pooled, and any individual missing data was
removed, resulting in a total sample size of 128.

The four different target conditions were calculated by selected oxygen values
representative of preindustrial, upwelling baseline, contemporary upwelling, and distant future
conditions (Chan et al. 2017, Feely et al. 2018). Dissolved inorganic carbon (DIC) was then back-
calculated using the published relationship between dissolved oxygen and DIC in Feely et al
(2004b). An additional subsidy of anthropogenic DIC was added to current and future
scenarios. All calculations were adjusted for the target temperature of the respiration assays
(10 £0.1 °C), total alkalinity was assumed to be 2250 umol/kgSW, and salinity 33.5 psu.

Seawater for all experimentation was collected from the flow-through system at Hatfield
Marine Science Center (Newport, OR). Before manipulation, water was filtered to 400 um to
ensure removal of any large cells and detritus. Carbonate chemistry was manipulated by first
stripping the water using nitrogen gas. Additional filtered seawater was bubbled vigorously
with carbon dioxide gas, then slowly added until the desired pCO; was reached. Oxygen was
manipulated in general via diffusion and re-scrubbing with nitrogen. Approximate oxygen
saturation percentages were checked using a Hach Luminescent Dissolved Oxygen probe (Hach
Industries, Colorado, USA). Precision pH measurement was done using a Durafet pH probe
(Honeywell, Morris Plains, NJ, USA) which measures pH by ion-sensitive field-effect transistor.
Readings were taken with software from MadgeTech (New Hampshire, USA). From this,
extended carbonate chemistry values were calculated using CO,SYS (CO2SYS Program, version
2.3, written by Ernie Lewis), a technique demonstrated by Gray et al (2011). All pH

manipulations were done to within = 0.006 units of target values. After verification of pH and
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oxygen, seawater was stored in 60mL syringes in a cold water bath maintained at 6°C for no
longer than 18 hours.

Four replications of assays were performed, each with approximately 32 abalone chosen
at random from the holding tanks. These abalone were randomly divided into four groups to
coincide with the four condition levels. Once selected for a treatment, individuals were placed
in 15mL ground glass vials which were filled with manipulated seawater and then sealed with
no headspace (Figure 3-1). It should be noted that despite best intentions, target oxygen values
were not always achieved with great precision due to intrusion of oxygen during transfer from
manipulation container to experimental respiration chambers.

Samples were then incubated in a cold water bath maintained at 10 + 0.1 °C and allowed
to equilibrate for approximately 15 minutes. Vials had been outfitted with an oxygen sensor
optode which was read using a Fibox 3 Oxygen Meter (PreSens Precision Sensing, Regensburg,
Germany). Data output was acquired using Fibox 3 PSt3 (v. 6.02 software). A first oxygen
reading was taken post temperature equilibration, then a second approximately 40 minutes
later. Individuals were then removed from the bath, allowed to recover for approximately 30
minutes, then the vials were flushed with high oxygen, low pCO; (O, >200 umol, pH = 8.1), re-
equilibrated, and the sampling process was repeated. While abalone individuals encompassed a
relatively narrow range in size, respiration rates were adjusted for size by dividing rates by the
wet weight of the individual.

Data was organized and analyzed using the statistical package R (R Core Team, 2016,

https://www.R-project.org/) and Microsoft Excel (2016). Means among treatment conditions

were examined and compared using two-way ANOVA testing followed by Wilcoxon Rank Sum
paired differences verified by post-hoc with Tukey’s Honest Square Differences (HSD).
Kolmogorov-Smirnov (KS) tests were used to compare relatedness of distribution between the
treatment and control for each of the four levels.

In order to look at relative contributions of OAH stressors to response, respiration data
from the four treatment assays was used. The response variable was log-transformed and
modeled using a Generalized Linear Model with a Gaussian distribution and an identity link. The

final model was chosen using forwards selection based on AIC scores. Heteroskedascity was
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tested with a studentized Breush Pagan test, and normality tested using Wilks-Shapiro. The
model was then run through a two-way ANOVA in order to determine the eta? effect size of
both level, starting oxygen, and an interaction term on respiration rate during treatment.

To examine the relationship between increasing OAH stress and variance of response, the
treatment data was then binned into 13 different sections by length, and the range of values
was calculated for each section. A linear regression was then run through the data to test for
trends. Lastly, the R package ‘changepoint’ (Killick R, Haynes K and Eckley IA,

2016, https://CRAN.R-project.org/package=changepoint) was used to check for change points

in the treatment data set based on alterations in mean and variance using the binary

segmentation method (Edwards and Cavalli-Sforza 1965).

3.3 Results

Individual abalone respiration rates were captured and varied widely, ranging from 0 to
approximately 750 umol O, gt d (Figure 3-2). A significant slope was calculated relating the
decrease in average red abalone respiration rate and the worsening of OAH stressors over time
(Slope=1.6059, p-value=0.004, R%,q= 0.9866) (Figure 3-3).

Comparison of paired mean respiration rates between treatment conditions revealed a
large difference between the mean respiration rate for preindustrial conditions and all other
treatments (Figure 3-4). A one-way ANOVA (F4,142=82.19, p value= <0.0001) confirmed
dissimilarities between the means, and a post-hoc Tukey HSD confirmed that the preindustrial
mean respiration rate is statistically different from all other means (all p-values <0.0001).
Baseline upwelling, contemporary upwelling, and distant future mean respiration rates were
not considered statistically different from each other. While not displayed in Figure 3-4, the
microbial respiration controls were not considered statistically similar to any of the treatment
averages.

There does not appear to be any obvious pattern to the mean respiration rates during

benign conditions (Figure 3-4). A one-way ANOVA (F4,141=19.69, p<0.0001) suggested
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differences between this group of means, but a post-hoc Tukey HSD found the only significant
differences were between the each group and the microbial respiration control (all p-values
<0.0001), allowing us to assume that there is no significant difference among the means during
the control runs.

Density curves of respiration data during treatment and benign conditions were
compared to visually compare changes in response distribution (Figure 3-5). For each level,
there seems to be a more visually striking median during the control run, suggesting a tighter
grouping. In the baseline upwelling, contemporary upwelling, and distant future, the magnitude
of the median is higher than the median of the control. Kolmogorov-Smirnov testing was done
for each level between the treatment and control, and it was confirmed that the distributions
differed significantly for all four levels.

Changes in the range across 13 binned starting oxygen sections appeared to have a
trend showing a decrease in variance of response as OAH stress, in the chart represented by
oxygen, increased. A linear regression revealed that the slope of the line was not statistically
significant (p= 0.889) (Figure 3-6).

Respiration data from the treatment portion of the assays was fit with a generalized
linear model using the log-transformed respiration rate as the dependent variable and
treatment level, starting oxygen, and interaction term as the explanatory variables (Figure 3-7).
Four outliers were tested and removed in order to satisfy normality assumptions (Shapiro-Wilks
test p-value= 0.04312 with outlier and p-value= 0.2258 without). A gaussian distribution was
chosen and stepwise selection was used to verify the suitability of the model. The identity link
was chosen for the model both based on AIC (129) and simplicity of interpretation. Post hoc
testing was conducted to examine normality and homoscedasticity of residuals. No evidence of
heteroscedasticity was found with a studentized Breush Pagan test (p-value= 0.0675), and
residuals met assumptions for normality (Shapiro Wilks, W=0.9777, p-value=0.0542).

A two-way ANOVA was run on the variables in the in order to calculate the eta? effect size
(Table 3-2). All three variables were found to be statistically significant, but the effect size was
greatest for the interaction term (0.0958). Starting oxygen and level had medium effect sizes of

0.0347 and 0.0430 respectively.
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3.4 Discussion

The fact that mean respiration rate decreased as the intensity of OAH stress increased
from preindustrial to distant future conditions suggests that red abalone are already
experiencing negative consequences of low oxygen and increased pCO,. Although there was a
slight difference between the means of baseline upwelling, contemporary upwelling, and
distant future conditions, it is not statistically significant, meaning the average response of
juvenile red abalone does not change significantly as OAH conditions worsen. This could
indicate that the physiological threshold for OAH stress has already been passed.

This study also confirmed that there was indeed an interactive term effect between
hypoxia and hypercapnia (Tripp et al. 2017). This is echoed in the effect sizes calculated from
the fitted model where the interaction term had the largest effect size at 0.09. This seems to be
a common finding in red abalone and other marine invertebrates (Portner 2010, Kim et al.
2013). Kim et al (2013) found that prolonged hypoxia resulted in increased mortality, while
chronic low pH had a strong effect on growth; the net result of both stressors was less and
smaller abalone surviving to adulthood. Due to the tight coupling of hypoxia and hypercapnia in
upwelling areas, this could have serious consequences for red abalone populations, especially if
temperatures increase as well (Tripp et al. 2017).

While the fitted model may indicate a medium size effect from the interactive term, the
effect sizes of starting oxygen and level were both small but still significant (n?>=0.03 and 0.04).
There was a residual n? of 0.24, suggesting that either there are factors influencing the
response not included in the model, or possibly indicating variance of response in the
population. The later would fall in line with the findings of De Wit and Palumbi (2013) as well as
Kim et al (2013) who found evidence for standing phenotypic variance in the red abalone
population in northern California. It should be noted, however, that the abalone used in this
study came from a breeding program and may or may not reflect population variance in the
wild. These results can, however, serve as a basis for studying the phenotypic diversity and

health of cultured abalones compared to wild populations.
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Looking at the comparison of value densities between treatment and control, it seems as
though there is a change in respiration rate distribution especially in baseline upwelling,
contemporary upwelling, and distant future conditions is visually apparent (Figure 3-5). This is
reflected in the p-values for the Kolmogorov-Smirnov test (Table 3-2); all p-values were
significant, but baseline upwelling, contemporary upwelling, and distant future conditions were
<0.001, while preindustrial was 0.01- still significant but not as extreme. The significant change
in distribution in the preindustrial, which was essential two runs of the same treatment, could
be a result of variations in oxygen. Looking at the true, not targeted, values of the mean
starting oxygen, the average for the treatment was 241.80 + 16.02 versus the control of 234.06
+13.67 (95% confidence interval). While the confidence intervals overlap indicating likely lack
of statistical difference, the average in the control was slightly lower, and if oxygen sensitivity is
as extreme as other literature suggests, perhaps it could have contributed to the shift in median
respiration rate (Kim et al. 2013, Boch et al. 2017, Tripp et al. 2017).

Despite best intentions, oxygen proved to be the variable most difficult to modify with
precision. The true, average starting oxygen value for preindustrial was 241.80 umol, baseline
upwelling was 62.98 umol, contemporary upwelling 58.23 umol, and distant future 70.02 umol.
While differences were not statistically significant, the pattern of mean respiration rate mimics
the pattern of mean starting oxygen. In future studies, improvement of oxygen manipulation
techniques could greatly assist in ensuring target values are met and help to reduce scatter of
results due to variations in oxygen.

It should also be noted that this experiment is only looking at one size class of red
abalone and does not account for potential differences in effect across age or size classes. For
instance, high temperature and low pH act synergistically against fertilization success, and
different larval stages have been found to have varying tolerance to low pH (Zippay and
Hofmann 2010, Boch et al. 2017). In order to better predict future population changes, it may
be helpful to acquire survivorship data for red abalone at different life stages in different
conditions.

Further future studies should also focus on the effects of chronic versus acute exposure.

Due to sampling techniques and available technology, the respiration rates collected for each
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individual are more or less instantaneous, capturing a moment in time of exposure response. A
sister study to this project is currently underway comparing the physiological data collected
here with variations in genotype of the same individuals. This additional information may be
able to start separating the impacts of individual acclimation versus genetic adaptation, as well

as the potential heritability of traits that increase resilience.

3.5 Conclusion

In this study we were able to use individual respiration rates of juvenile red abalone
(Haliotis rufescens) to verify distinct changes in both value and distribution of stress responses
across four pCO; and dissolved oxygen regimes. These rates give a valuable clue about the
variance in phenotypic expression of a vulnerable species when exposed to a naturally
occurring, multi-stressor scenario. While this study was only able to capture an instantaneous
image of metabolic activity, it was hopefully able to capture evidence of acclimation and
phenotype expression in action.

Red abalone are particularly vulnerable to interactive effects between low oxygen and
acidification, and that even current conditions can elicit an impact on stress response. This is
especially important due to the low species densities of red abalone observed in the CCLME in
conjunction with the popularity of the recreational fishery. Further studies should look into
possible interactions between this sensitivity and potential fishing pressures if California and
Oregon are to reopen their fisheries.

Ocean acidification and hypoxia in the CCLME stem from a long-running issue, and even
with remediation actions, it will likely continue to grow worse over the next few centuries
(Snyder et al. 2003, Caldeira and Wickett 2005, Orr et al. 2005, Feely et al. 2018). Calcifying
organisms, such as the red abalone, are especially at risk as chemical changes increase
energetic expenditure to maintain calcium carbonate structure (Orr et al. 2005, Miller et al.
2009). It is important to determine not only mean population response, but also the amount of
standing genetic variability and its distribution in populations when considering projections for

future impacts (Futuyma and Moreno 1988, Lande and Shannon 1996, Sunday et al. 2014).
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3.7 Appendix
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Table 3-1 Target values for four exposure co

Conditions

Preindustrial
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Figure 3-1 Experimental set up for measuring individual respiration rates of juvenile red abalone. Individuals were placed in
sealed ground glass vials with an oxygen sensitive optode. A Fibox 3 Oxygen Sensor by PreSens was used to measure the in
situ concentration of oxygen at the beginning and end of the assay in order to calculate rate of oxygen usage. Between
measurements, vials were stored in a 10 € water bath.
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Figure 3-2 Respiration rates of red abalone plotted against the starting oxygen concentration and color coded by treatment
condition.
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Figure 3-3 Average red abalone respiration rate at each of four treatment conditions plotted against average starting oxygen
concentration. Rates have been normalized by wet weight of individuals. The line represents a linear regression through the
four points (Slope=1.6059, p-value=0.004, R?q4= 0.9866). Error bars show 95% confidence intervals.

70



400~

W

o

o
'

200~

Upwelling
. Contemporary

. Future

Mean Respiration Rate (umol O2/g/day)
5]

0-
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treatment and benign conditions.
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Figure 3-7 Log-transformed red abalone treatment respiration rate plotted against starting oxygen. Color coded by condition
groupings. Line overlay represents LOESS smoothed predicted values from a Generalized Linear Model with a Gaussian
distribution and Identity link (AIC=155) with shading representing standard error. Notice the grouping of data points of the
baseline upwelling, contemporary, and distant future conditions. Also marked is a vertical line through 82 umol O, representing
the estimated change point.
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Sour and Out of Breath: A Policy Briefing on Ocean Acidification and Hypoxia in Oregon

Oregon’s coast is a hotspot for experiencing ocean acidification and hypoxia (OAH).
These changes in ocean chemistry have a detrimental effect on shellfish, which has the
potential to impact coastal economy. While legislation has been passed establishing a state
policy on OAH, no enforceable regulations or policies have been passed to deal with the
repercussions of the changing oceans.

The root cause of ocean acidification is carbon dioxide (CO3) entering the ocean from the
atmosphere. As CO; concentrations in the atmosphere continue to rise due to human
combustion of fossil fuels, greater levels of CO, gas are being pushed into the ocean.! Once
dissolved, the CO, becomes a weak acid, lowering the pH of the ocean.? This dissolution of CO>
triggers a chain reaction, resulting in an increase in bicarbonate ions (HCOs) and decrease in
carbonate ions (CO3%). With less carbonate to form calcium carbonate (shell material), shellfish
are unable to grow as well and may even experience shell dissolution.?

Oregon is especially at risk for experiencing ocean acidification due to a natural
occurrence known as upwelling which acts synergistically with the mechanism described above.
Seasonal changes in wind patterns pull up deep ocean water into the coastal waters. Although
this brings nutrients necessary for productive waters, deep sea waters generally have higher
CO; and therefore lower pH as well as low oxygen levels known as hypoxia.* This is why most
current legislation in the state focuses on both ocean acidification and hypoxia.

Ocean acidification and hypoxia provide multiple challenges to decision makers. First is
the issue of scale; although global ocean acidification trends are in large led by atmospheric
changes in CO3, local scale processes, such as upwelling and various types of runoff, can also
contribute and must be accounted for.? It is also a difficult issue to communicate, as it is
complex and intangible to many people. There are also still many unknowns about to what
degree ecosystems will react to these chemical changes, leading to difficulty in evaluating risk
and taking action. Ocean acidification is an important issue, however, and due to its potential
impacts on commercially valuable species and coastal economies, it must be taken into
consideration in coastal planning.

! Sabine et al 2004

2 Zeebe & Wolf-Gladrow 2001
3 Feely et al 2004

4 Chan et al 2008

5 Kelly et al 2011
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e Clean Water Act of 1972- gives states the ability to create Total Daily Maximum Loads
as per Section 303(d) or manage pollution sources via the National Pollution Discharge
Elimination System. Does not yet cover carbon dioxide, but could be amended to do so.
Needs updated monitoring criteria.

e Coastal Zone Management Act- gives states the power of Federal Consistency and the
ability to create and enforce their own Coastal Zone Management Plans. Oregon’s
current iteration is the Territorial Sea Plan. Potential amendments could be used as
basis for regulation.

e Public Trust Doctrine- includes submerged lands beneath navigable waters (habitat),
wildlife (shellfish), and water quality (potentially OA); therefore, the Oregon State
Government holds all of these items in trust for the public

e Oregon House Bill 2209- 2015 shellfish policy bill with a central goal of improving water
quality in order to safeguard shellfish- both wild and cultivated- in the state.

e Oregon Senate Bill 1039- passed in 2017, this bill created state policy on OAH.
Established the Oregon Coordinating Council on OAH to help identify areas for research
and action.

3.11 Conclusions

While ocean acidification and hypoxia are problems on a global scale, Oregon will be
experiencing these problems much sooner and with a much greater magnitude than many
other areas. This is especially concerning due to the economic and social importance of
potentially vulnerable shellfish to these changes in ocean chemistry. While Oregon has been
progressive in setting policy regarding shellfish (HB2209) and ocean acidification and hypoxia
(SB1039), there is yet no real concrete plan for dealing with OAH related changes. It will be
necessary to work with the Coordinating Council on OAH in order to determine areas of need
and create policy to address them.

3.12 Further Reading

Gruber et al 2012. Rapid progression of ocean acidification in the California Current System. Science 337:220-3.
http://science.sciencemag.org/content/337/6091/220.full?casa token=ShNHCX-p-
zQAAAAA:le5nn HNYRC4EUxh3rMVY8fXIVLVeQPCBnPVD6gSHZtNqV39vB2kwwjS8UETP55sHT8K0 9-A3rdH2g

Klinger et al. 2017. Using integrated, ecosystem-level management to address intensifying ocean acidification and
hypoxia in the California Current large marine ecosystem. Elementa: Science of the Anthropocene 5(0):16.
https://www.elementascience.org/articles/10.1525/elementa.198/
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3.13 Extended Commentary

While the above briefing focused on management of OAH within the state of Oregon, it is
may be necessary to examine the problem with a wider lens. Because it is largely driven by
global anthropogenic carbon emissions, to address the root of the problem it would be
necessary to achieve global cooperation in reduction of greenhouse gas emissions. While
current efforts under the United Nations Framework Convention for Climate Change, including
the Paris Agreement (United Nations, 2016) have been valiant, due to the long residence time
of carbon dioxide in the ocean, the effects of OAH would continue to be felt even if emissions
were to be reduced to zero immediately (Strong et al. 2014). Because of this and the challenges
of reaching global consensus, at this point in time it is perhaps best to focus on remediating the
situation on a local or regional scale and creating more adaptive and resilient communities and
ecosystems.

The U.S. West Coast is primed to address this issue both due to its local saliency and
legal structures already in place. Between the West Coast Regional Planning Body (WCRPB) and
the Pacific Coast Collaborative (PCC), it seems as if the basic infrastructure is in place to move
forwards with regional-scale actions to manage and remediate OAH. There are, however,
several large barriers remaining: funding, scale, and implementation. There is little funding
allocated for the WCRPB, and surely even less for the PCC. Additionally, the role of both of
these entities is seemingly more to act as a conduit for OAH information between states and
provinces. Lastly, even if they put forth recommendations, there is no binding mechanism to
guarantee implementation. Therefore, it is perhaps a viable route for a regional body to use
existing federal or even state legislation instead of trying to create something new.

There are currently several potential legislative vehicles that could be used by regional
bodies to address OAH, but each of them has both pros and cons. The most discussed option in
literature is to utilize the 303(d) section of the Clean Water Act (Craig 2015, Weisberg et al.
2016). This section establishes state’s abilities to create Total Maximum Daily Loads of nonpoint
source pollutants entering a waterway and establish protocol to reduce loading. The Center for
Biological Diversity has attempted to push the EPA to consider waters impacted by ocean

acidification as impaired under 303(d) with a 2013 petition. When the EPA replied via a memo
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recommending the use of pH level monitoring to determine impaired waters, CBD filed a
lawsuit regarding the deferral of regulations for anthropogenic carbon dioxide emissions
(Center for Biological Diversity v. EPA, 2015, US Dist. LEXIS 25945). The court determined that
the EPA had no statutory authority to determine sources of carbon dioxide, and removed the
referral rule.

Another issue arises due to the large scale of the root causes; the leading cause of OAH
globally is anthropogenic carbon emissions into the air, but it only becomes an issue when that
gas diffuses into water. This blurs the lines between jurisdiction of the federal Clean Air Act and
Clean Water Act, creating a bureaucratic stalemate (Craig 2015). Acidification is also difficult
because most components of the carbonate system are measured indirectly with varying levels
of accuracy. This does not align with the US EPA’s Redbook limits for water quality which only
uses a pH range- and a broad one at that. On top of that, the recommended bracket of values
has not been updated since 1976, and is out of date with regards to modern oceanographic
technology and scientific thinking (Weisberg et al. 2016).

It is also important to note that acidification conditions are spatially heterogeneous, and
vary over multiple scales (Chan et al. 2017). California, for instance, has not yet experienced
OAH to the degree Washington has even though they are both adjacent to the CCLME (Hauri et
al. 2013). To better guide the West Coast as well as other regions, the EPA should consider
updating their protocol for measuring water quality with regards to acidification, likely to be
more tailored to local conditions and take into account calcium carbonate saturation
measurements, a better indicator of biological corrosiveness (Craig 2015).

In order to successfully use the Clean Water Act 303(d) listings, a clear opinion would
need to be delivered either through legislation or the judicial branch that carbon dioxide should
be considered a waterborne pollutant and regulated as a non-point source contributor to OAH
(Craig 2015, Weisberg et al. 2016). While it may be nearly impossible for three states to impose
carbon dioxide emission limits on a global scale, action can still be taken on a smaller scale.
Washington, Oregon, and California have all made actions towards monitoring and reducing
non-point source pollutants, but due to the scale of the CCLME, it may be beneficial to create a

regional maximum load just as the northeastern states did with mercury emissions. In order to
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tackle power plant emissions in 1967, New England created NESCAUM, a 501(c)(3) nonprofit to
coordinate mercury emission reductions in the region; it is possible a similar pattern could be
followed on the West Coast to deal with carbon dioxide.

Another tool that could be useful would be the revision of National Pollution Discharge
Elimination System (NPDES) under the Clean Water Act (33 U.S.C. § 1342). NPDES allows states
to regulate point-sources including both industry and wastewater treatment facilities which
introduce effluent into the nation’s waterways. This is likely not the most direct or efficient
route to go. Language would need to be revised or amended to include carbon dioxide as a
waterborne pollutant in order for it to qualify under this statute. While other pollutants do
contribute to OAH on a local scale, the effects in the CCLME are largely driven by upwelling.
Even though it may not be top priority for the West Coast, eventual consideration of point
source contributors through revision of NPDES is still well within reason (Kelly et al. 2011).

Through the Coastal Zone Management Act, states may also be able to coordinate and
manage actions through revisions of their Coastal Zone Management Plans (Strong et al. 2014).
While it would still be up to each state individually to modify their plans, coordination via the
WCRPB to ensure alignment of priorities and outcomes could help to ensure cohesion of
actions across the ecosystem scale. Due to Federal Consistency, states could create new
management targets and check federal actions within or adjacent to their waters which may
impact those targets.

As the effects of OAH continue to worsen, it may be advisable to create new Marine
Protected Areas (MPAs), likely on the state level, or federally designated National Estuarine
Research Reserves (NERRs) in order to preserve refuge habitat or relieve excess stress on
ecosystems to better guarantee resiliency. This would likely be quite difficult to do the variety
of codification and legal application of the public trust doctrine, public access, and right to fish
across the three states (Obegi 2008, Sagarin and Turnipseed 2012). Although challenging, if
done with tact, protected areas can be an incredibly effective tool for ensuring ecosystem
resilience in the face of OAH. Protection strategies involving Marine Spatial Planning and
restrictions of this type require careful consideration of stakeholder expectations and needs

which is best achieved through the framework of Ecosystem Based Management (EBM)
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(McLeod and Leslie 2009, Lester et al. 2010, Levin et al. 2018). EBM considers connections
across multiple scales, explicit trade-offs, socio-ecological interactions, and embraces change,
all of which are necessary to create lasting management programs, especially considering the
scale and stakeholder demographic along the West Coast.

The US West Coast has a very unique opportunity to model regional scale policy and
management approaches to dealing with the emerging issue of OAH. Although California,
Oregon, and Washington are all in different places in the planning process and have distinct
legal structures, they all have common goals and desired outcomes. The best route forward at
time of writing is likely through revision and consolidation of current legislation and legal
framework, as well as continuation of communication and data sharing networks. Current
regional structures need to be strengthened and allocated more funding in order to better
address this problem. Through using a nesting arrangement of local, state, regional, and federal
legislation, information, and considerations, it is very likely that an exemplary system of
management could be set up to act as a template for other regions and issues around the globe

(Sievanen et al. 2011).
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4  Discussion and Conclusion

4.1 Discussion

Results from this study indicate that both Dungeness crab (Cancer magister) and red
abalone (Haliotis rufescens) are currently being affected to some degree by increasing stress
due to changes in ocean chemistry. For the trials involving Dungeness crab megalopae, while
there was general decreasing trend in respiration rate with increasing hypoxia stress, the only
conditions which results in a statistically different mean represented distant future values.
Likewise, this group was the only treatment with a statistically different distribution between
control and treatment values. Differences in both mean rates and sampled rate distribution did
not significantly vary between preindustrial, baseline upwelling, or contemporary upwelling.
This could be good news for the Dungeness crab, indicating that pre-exposure to extreme
conditions have resulted in adaptive capacity in current and near future conditions (Sanford
and Kelly 2011, Pespeni et al. 2013a, Gaitan-Espitia et al. 2017, Vargas et al. 2017). To survive
distant future conditions, Dungeness crabs will have to continue to develop adaptations at the
same pace as changes in ocean chemistry are happening (Lande and Shannon 1996, Sunday et
al. 2011, 2014).

Additionally, it appears that neither pCO; nor the interaction term between pCO; and
oxygen has a significant effect on respiration rate on Dungeness crab megalopae, echoing
results of previous studies on marine decapods (Portner et al. 2004, Pane and Barry 2007, Ries
et al. 2009, Whiteley 2011). Dissolved oxygen was found to be the dominant forcing factor on
respiration rate. While the resilience to hypercapnia is indeed good news, presence of anoxia
on the continental shelf could present an insurmountable challenge without physical avoidance
capabilities and strategies (Airriess and McMahon 1994, Guppy and Withers 1999, Chan et al.
2008). The high amount of residual effect size (~0.34) suggests that there may be other factors
not taken into account in this experiment. Unexplained variance could also imply a degree of
variability in response within the population, but this would likely need to be confirmed using

genotypic methods.
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Interestingly, this pattern was not initially observed in the pilot study run in July of 2017.
This assay showed a change in slope direction and magnitude that varied as a function of pCO
across a range of oxygen values. The fact that this pattern was not repeated in 2018 suggests
that there may be a cohort effect in Dungeness crab megalopae. This should be considered in
future research.

Red abalone experienced a similar pattern in reaction to worsening OAH conditions, but
the contributing stressors differed from Dungeness crab. Modeled red abalone data revealed
that there was also a strong interaction effect between pCO; and oxygen, reinforcing the
findings of Kim et al (2013). Both starting oxygen concentration and pCO; had smaller but still
significant effect sizes. Again, total effect size of chosen variables left fair high residuals
(0.2956), suggesting either that there are factors not encapsulated in the model or that there is
phenotypic variability within in the population (De Wit and Palumbi 2013, Kim et al. 2013).

Comparison of mean red abalone respiration rates provided some insight into the
timeline of potential OAH impact. Mean respiration rate for preindustrial conditions was
significantly higher than levels representing baseline upwelling, contemporary upwelling, or
distant future conditions during treatment. This suggests that increasing OAH stress results in
metabolic depression, but the reaction to stress does not increase significantly with worsening
conditions. Because there is no change to stress response across the three “stressful”
conditions, it is possible that red abalone have already reached a physiological threshold. There
is evidence of local adaptation occurring in wild population of red abalone, but, within the
context of this experiment, there does not appear to be adaptive capacity for increased OAH
stress (De Wit and Palumbi 2013, Sunday et al. 2014).

One interesting effect noted in both species was the lack of significant difference among
mean respiration rates in control conditions. This indicates that both species are able to
reacclimate back to benign conditions relatively quickly after exposure to acute OAH stress.
Because of the rapid changes in conditions in the CCLME, this makes sense, and could prove to
be a valuable trait for dealing with changes to ocean chemistry.

Although the data collected in this study provides valuable insight into the projected

responses of Dungeness crabs and red abalone to worsening ocean acidification and hypoxia,

86



the results are certainly not definitive. There are several important topics which require more
study, the first being consideration of duration. This experiment was limited by the inability to
alter or maintain water chemistry, especially oxygen content, once respiration vials were sealed
for incubation, creating a limiting factor for the run time of the assay. While the technique used
was very successful at collecting small scale individual respiration rates in order to better
understand variance in distribution of responses, it would be useful to find one or more proxies
for metabolic stress on individuals while maintaining a longer term experiment. This study also
focused on fairly rapid acute exposure, while projected for the future suggest that medium
term to chronic exposure may be more realistic. Further studies should be done to investigate
the repercussions of chronic hypercapnia and hypoxia on metabolic function and as well as if
and where energy reallocation occurs. It would also be helpful to look at multigenerational
studies to better understand the demarcation between behavioral and inheritable adaptive
strategies.

In order to fully understand the full physiological consequences of future conditions, it
will be necessary to add in the cross-effects of temperature with hypoxia and hypercapnia.
Temperature has been shown to be an important covariate, exacerbating effects of low oxygen
and high pCO; (Wood and Cameron 1985, Hale et al. 2011, Lischka et al. 2011, Whiteley 2011,
Then et al. 2016). Unfortunately, due to time restrictions and sample availability, a three-way
cross between temperature, oxygen, and pCO; was not available at this time, but could be
accomplished in the future following similar procedures.

Lastly, this study only looked at one life stage for both Dungeness crabs and red abalone.
While the stages were selected on the basis of the ontogenetic vulnerability hypothesis, it
remains to be seen how changes in ocean conditions may differently effect spawning, egg and
larval success, or growth and development within either species. It is entirely possible that
there are different levels of vulnerability at different life stages, particularly pre-adult, and that
the age or size chosen for this study was perhaps not the most vulnerable (Whiteley 2011, De
Roos and Persson 2013, Dineshram et al. 2013, Frieder et al. 2014, Miller et al. 2016). Size and

age of individuals was in part affected by availability of samples. In future studies it will be
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important to consider tolerance at not only one life stage, but how that vulnerability changes
across the life span and whether carry over effects are potentially occurring.

Despite the uncertainties presented above, there is still a need for action with regards to
management and policy for ocean acidification and hypoxia. One of the most important aspects
of creating effective marine planning on this issue will be to ensure continued communication
between researchers, managers, and policy makers as well as a pipeline to allow for integration
of new information as it becomes available. A built in adaptive capacity, if you will, for policy,
allows for more timely reaction to unforeseen changes in both physical conditions and
responses of marine species of concern.

An important first step in this direction is to revisit previously defined water quality
criteria at both the state and federal level, and consider how better to incorporate and measure
pH, carbonate chemistry measurements, and oxygen levels. It is clear that these parameters
have the potential to strongly effect species which drive thriving markets, provide valuable
ecosystem services, and are a part of healthy, resilient ecosystems, justifying modification or
inclusion of these conditions under the umbrella of water quality. Baselines need to be
established for both chemical and ecological indicators, and monitoring programs should be put
in place to determine the magnitude of changes occurring.

It will also be necessary to tailor solutions to specific locations. Although local processes
may in part contribute to OAH, a large portion of the CCLME, especially off the coast of Oregon,
is due to seasonal upwelling, a phenomenon not so much affected by state or regional water
guality management. Ongoing research on spatial patterns in OAH conditions and the potential
for local scale refugia may be a key piece in ensuring healthy populations of vulnerable species
(Chan et al. 2017).

Due to the interconnected nature of CCLME, regional scale collaboration and
communication will continue to be essential. Artificial boundaries between states work well in
the legal system, but they matter not to the movement of the ocean. Cohesion of regulatory
actions and monitoring programs will help to ensure successful management of the entire

system. Along these same lines, it may be useful to follow the template set forth by Northeast
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States Coordinated Air Use Management (NESCAUM) in order to work towards regional
emissions standards.

Overall, the states bordering the CCLME seem to be on the right track towards
confronting and dealing with the consequences of OAH. We are just beginning to be able to
predict ecological and economic outcomes for the region based on models of future conditions,
and because of the crash of oyster hatcheries in the mid-2000’s, there seems to be more public
awareness and investment here than in other areas. Despite a degree of uncertainty inherent
to scientific research, the physical and political atmosphere seems to be at an ideal point for

action, and it may be possible to efficiently deal with this problem along the U.S. west coast.

4.2 Conclusion

Fortunately, this study has shown that for Dungeness crabs and red abalone there
appears to be some resiliency to OAH stress, but their adaptive capacity it not without limit.
These two species are already showing negative impacts of increasing stress. Current
management plans do not take into account the potential impacts of these environmental
changes on economically and environmentally important species, but it is important they
consider it going forward.

The story of OAH in the CCLME is a compelling one, a narrative that potentially has the
power to act as either a warning or a beacon of hope as humanity begins to understand and
react to the repercussions of a changing ocean. The three states making up the U.S. West
Coast are in a critical position where action will be necessary in order to preserve the current
status quo. This study is evidence that the effects are happening now, and action is needed

even in the face of uncertainty.
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