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ABSTRACT: Increased atmospheric carbon dioxide (CO,) concentrations are causing
unprecedented changes in global oceanic properties. Global trends demonstrate acidification of
waters, rising temperatures, deoxygenation, and decreasing aragonite saturation states. Evidence
suggests that changes in chemical and physical oceanic properties will constrain the habitat of
marine organisms, particularly planktonic species inhabiting upper surface and subsurface waters
down to 300-500 m (Antell et al. 2021). As plankton serve as the base of the aquatic food chain,
shifts in planktonic composition and habitat are likely to have wider impacts on the marine
ecosystem (Winder & Sommer 2012). This study maps planktonic communities against relevant
environmental gradients using physical, chemical, and biological data from the 2021 NOAA
West Coast Ocean Acidification cruise conducted along the California Current Ecosystem
(CCE). While many studies have analyzed the impact of individual environmental drivers, fewer
have determined how multiple stressors act together to limit the habitat suitability of marine
organisms. In addition to studying general planktonic community structure, we will construct a
habitat suitability index to assess how different environmental parameters act together to
constrain the habitat of Dungeness crab (Metacarcinus magister) larvae. This concept leads to
the Habitat Suitability Web-Based App which allows the user to create a mock threshold for any
marine species and visualize the habitat; the outputs are a map and table that are manipulated by
5 different abiotic factors like depth and pH. Ultimately, our team will use a multi-stressor
framework to determine the effects of changing oceanic physicochemical properties on
Dungeness crab larvae and other planktonic communities. Planktonic species act as the base of
marine ecosystems and West Coast fisheries; thus, it is essential to understand how intensified
ocean warming and acidification will constrict the habitat of planktonic communities. Moreover,
the communication of this information to stakeholders outside of the scientific community is
essential for the implementation of effective mitigation and adaptation strategies. For this work
to have a more widespread impact, those without a scientific background must be able to easily
understand the main takeaways of our research. In order to achieve this, our team utilized several
methods of outreach in order for our science to be most effective.

1. INTRODUCTION

Over the past few decades, rising anthropogenic carbon dioxide (CO,) emissions have increased
atmospheric CO, levels. Increased atmospheric CO, concentrations change oceanic properties,
including rising temperatures, deoxygenation, and a reduction in seawater pH through a process
known as ocean acidification (Talley et al., 2015). Given that planktonic organisms are adapted
to specific biogeochemical and physical conditions, changes in oceanic properties can constrain
the habitat of affected species and alter planktonic community compositions (Valiela, 2016).
Ocean acidification and decreasing calcium carbonate saturation states are particularly relevant
to planktonic species. Calcium carbonate serves as the main building block for many calcifying
planktonic organisms and undersaturated conditions lead to reduced calcification and growth rate
of planktonic organisms (Sampaio and Rosa, 2019). The California Current System (CSS), a
region high in biodiversity, is currently undergoing changes in oceanic properties as a result of
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anthropogenic CO, emissions (Siedlecki et al., 2020). While past research suggests that ocean
changing oceanic conditions are expected to impact the habitat of planktonic species, specific
impacts on planktonic communities remain to be found in the CCS (Valiela, 2016).

Our practicum team is assisting the National Oceanic and Atmospheric Administration (NOAA)
in understanding the ecological impacts of climate change off the North American West Coast.
Throughout our project, we aim to find the answer to the following questions: What are marine
organisms’ biological and ecological responses to environmental gradients in the CCS? How do
biogeophysical parameters and their climate-change related changes in the CCS constrain the
habitat of calcifying organisms in the current ocean? What approaches can be practical and
effective for changing public perception of ocean acidification? How can we adapt an existing
habitat sustainability model with multiple parameters to create a habitat suitability index (HSI)
for other species?

In order to gain a better understanding of the threat to our coastal environments and to explain
observed biological patterns and responses to climate change, our team conducted analyses of
physical, chemical, and biological data from the NOAA cruises project. We created a taxonomic
dataset of planktonic community structure from water samples and explored how current
environmental gradients affect the community structure at three regions in the CCS through
statistical analyses. Using these same databases, our team produced an HSI for M. magister
(more commonly known as Dungeness crab) during its megalope stage, at which it is a calcifying
planktonic organism. Our HSI is based on an HSI for Limacina helicina produced by Bednarsek
et al. (2022). L. helicina are a dominant pteropod species found in the CCS and similar to M.
magister larvae, are calcifying planktonic organisms (BednarSek et al. 2022). Using our
Dungeness crab as a basis, we also created a web-based habitat suitability app (HSI app) where
users can put their data in and create a spatial scale map. Using the HSI model, we can predict
the sustainability of marine organisms. Our HSI model and accompanying web-based app will
provide future researchers with open availability to explore aquatic organisms’ habitat
sustainability in the CCS. This model can also provide versatility where researchers can take a
similar approach and observe the sustainability of other organisms.

In addition, we will use a variety of communication and outreach methods to ensure that this
information is available and comprehensible to shareholders. This will be done so our team can
eliminate a “language barrier” to ensure that effective mitigation and adaptation strategies for the
California Current System are implemented. The main methods of outreach have been
conducting in-person events, managing a website, creating blogs, and posting updates on social
media accounts. All of the communication efforts were crafted in a way that could explain
complicated scientific concepts in a digestible way to the general public.



2. MATERIALS AND METHODS
2A. Utilization of the Planktoscope

2A.1 Plankton Identification

In 2021, NOAA conducted their West Coast Ocean Acidification (WCOA) cruise, which
collected carbonate chemistry data along the CCS. The cruise runs from Vancouver Island in
Canada to Southern California (Figure 26). The WCOA Cruise collected water samples via
Niskin bottles at 31 stations along 17 transect lines during June and July 2021. The water
samples were then analyzed using a PlanktoScope, a microscopic camera device capable of
taking images of plankton. The 2021 WCOA cruise water samples resulted in a total of 854,352
images, which were then uploaded to a web platform called EcoTaxa. Using EcoTaxa, we sorted
them into taxonomic or morphologic categories with the help of a machine learning algorithm.
Images were filtered using geographic coordinates to focus on specific sampling stations.
Descriptive categories, such as detritus and bubbles, were used to sort out non-living artifacts.
Living organisms were sorted into the lowest taxonomic groups possible.

Due to the large number of images to be identified via EcoTaxa and our limited time frame, we
decided to focus our analyses on 3 regions called Transects 2, 5, and 8 and thus only validated
images from sampling stations within those areas. Each transect has only two or three sampling
stations at which the PlanktoScope took images. We differentiated between these stations by
labeling each station as either nearshore or offshore, allowing us to describe differences in
nearshore and offshore environmental parameters and community structures. Transect 2 is near
Vancouver Island in Canada, is referred to as Barkley Sound, and includes three stations: station
BS6 (48.8115°N by 125°W), which we have categorized as the nearshore station, BS14
(48.7186°N by 125.677°W), the intermediate station for this transect, and BS64 (48.1847°N by
126.5976°W), the offshore station. Transect 5 is at the mouth of the Columbia River near the
U.S. Washington and Oregon border and is referred to as the Columbia River transect. It includes
three stations at which biological water samples were taken. The nearshore station is called
CR24 (46°N by 124°W), the intermediate station is CM5 (45.9233°N by 124.0832°W), and the
offshore station is CR40 (46.1298°N by -124.91°W). Transect 8 is near the U.S. California and
Oregon border and is referred to as Brookings. It has one nearshore station, FKC (41.5982°N by
124.1782°W), and one offshore station, B66 (41.7169°N by -125.6568°W). The method of
validating all images within a transect was chosen in order to have data that is more consistent
and complete in comparison to a method of only validating a representative sample of the images
within a transect. This process also allowed for more thorough analyses later in the project.

2A.2 Biophysical Data Visualizations

In order to begin analyzing how environmental gradients affect planktonic community structure,
we first used section plots provided by Dr. Maxence Guillermic that visualize 8 variables across
the CCS down to a depth of 150 meters in order to take note of regions with significant
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gradients. From these observations, we narrowed our potential regions of interest from 17
transects to 9 transects. We then used the software Ocean Data View (ODV) to visualize the
biogeochemical and physical properties of the water in the CCS. Planktonic samples were
collected very close to the surface, at about 1 meter depth, so we chose to use the shallowest
depth of physical and biogeochemical measurements to create nearshore to offshore plots. We
visualized the entire CCS for 10 different variables including ammonia, carbonate, phosphate,
Chlorophyll A, salinity, temperature, dissolved inorganic carbon (DIC), nitrate, oxygen, and pH.
We then visualized the environmental gradient for 9 specific transects with 8 different variables.
Those variables are nitrate, oxygen, pH, phosphate, temperature, DIC, Chlorophyll A, and
salinity. In addition, we used section plots made by Dr. Richard Feely using the software Surfer
that span each transect down to 300 meters depth. These plots were used to cross reference our
ODV nearshore to offshore plots as well as to inform our observations of biogeochemical
gradients at each transect. We used our observations to inform our decision of which transects to
focus our analyses on.

2A.3 Analyses of Biodiversity and Composition of Planktonic Communities

To determine the planktonic community composition, data on the sorted images were
downloaded from EcoTaxa and analyzed via Microsoft Excel. Data from each transect was
divided into the nearshore and offshore stations for ease of comparison. Unidentifiable images of
plankton, detritus, and images that contained either no planktonic organism or bubbles were
filtered out of the dataset, with only real taxonomic groups and names remaining. The data was
summarized using a pivot table, and the count of each species in each category was determined.
To measure the diversity of species in the community, a Shannon Diversity Index analysis was
performed in Excel. The Shannon Diversity Index is calculated using the following equation:

H=-2p*In(p,) (Eqn. 1)

where p; is the proportion of the entire community made up of species i. A higher the value of H
means there is a higher diversity of species in a particular community, and a lower value of H
implies a lower diversity. A value of H = 0 indicates that there is only one species present.
Community composition was also visualized via pie charts illustrating relative abundance of
major species groups for the six stations. Absolute and relative abundance, and the relative
biovolume of each station were visualized via Matlab.

2A.4 Statistical Analyses

Principal Component Analyses (PCA) and Analysis of Variance (ANOVA) tests on the
community structure were conducted with the data analysis software JIMP®. A summary table of
physical characteristics and biological abundances, collected at all seven stations across the three



transects of interest (Transects 2, 5 and 8), was used as an input for the PCA in JMP. The
resultant PCA was based on a correlation matrix.

2B. Development of Habitat Suitability Index (HSI) using physicochemical and biological
sampling

2B.1 NOAA cruises

The NOAA WCOA cruises sampled vertical profiles of temperature, salinity, macronutrients,
oxygen, chlorophyll-a, dissolved inorganic carbon (DIC), total alkalinity (TA), and pH in 2016
and 2021. Sampling was done along 17 cross-shelf transects in the California Current System 22
stations in 2016 and 30 stations in 2021. The NOAA WCOA cruises also conducted biological
sampling at these locations. Dungeness crab larvae were collected during daytime sampling
using 333 um mesh Bongo nets with 30- to 45-minute oblique tows from 60 m depth to the
surface. We assessed four different parameters: aragonite saturation state (€2,.), pH, temperature
(T), and dissolved oxygen (DO). pH, T, and DO were measured directly. Q,, was calculated using
the CO2SYS program outlined in Feely et al. (2016) using the program CO2SYS.

CO2SYS performs calculations relating to parameters of the CO, system in seawater and
freshwater. The program uses two of the four measurable CO, systems which are TA, total
inorganic CO,, pH and partial pressure of CO,. In this study, we used the combination of TA and
total inorganic CO, to calculate Q,. Beyond measurable CO, parameters, additional variables
such as T, salinity, pressure and concentrations of phosphate, ammonium, and silicate were
considered when calculating aragonite saturation. The CO2SYS program also requires the
choices for dissociation constant such as K1 and K2 for carbonic acid, K504for bisulfate ion, and

pH scales. For these dissociation constant values, we referenced the values outlined in Feely et
al. (2016).

Given that M. magister megalope are found in the upper surface waters, our HSI focuses on
surface waters. Q,,, pH, T, and DO are averaged over the upper 100 m.

2B.2 Regional time series

We supplemented the WCOA cruise data with data from Juvenile Salmon and Ocean Ecosystem
Survey (JSOES) off central Oregon. The JSOES provided M. magister presence or absence
observations along with local hydrographic data for 2015 to 2018. Presence/absence samples
were collected using an integrated Bongo net between 20 m and 30 m. Sampling methodologies
varied between the WCOA cruises and JSOES time series. To minimize potential bias between
the datasets, our HSI takes into account presence/absence data rather than abundance data. The
JSOES time series did not measure all oceanic properties necessary to calculate €, using



methods explained in Feely et al. (2016). Instead Q, for the JSOES time series data was
calculated using different equations as following:

Q, = a, + 0(1(02 — 02,r) + aZ(T — Tr) * (02 - 02,r) (Eqgn. 2) (Juranek et al. 2009)

The coefficient values and constant values such as Tr and 02 _were obtained from the table

provided by Juranek et al. (2009) and dissolved oxygen were converted from ml/L to umol/Kg
using the following equations:

Oxygen (m/L)*44600
(Density +1000)

DO(umol/kg) = (Eqn. 3)

After calculating Q,, using Equation 2, Q,, and T values were averaged over the upper 100 m.

2B.3 Habitat Suitability Index model development for M. magister

Using various combinations of Q,., pH, T, and DO averaged over the upper 100 m, we generated
multiple HSI models for M. magister. €, and T produced the most valid results (Table 2). Using
the HSI model, we can identify the environmental conditions where a M. magister megalope is
typically found in the CCS. Our HSI model code is based on an HSI model for L. helicina
produced by Bednarsek et al. (2022). To generate the HSI model, we used a linear function
derived from a generalized linear model. The HSI uses logit transformation, transforming the
resulting linear function from an infinite scale to the index value between 0 and 1:

LF

HSI = — - (Eqn. 4) (Bednarsek et al. 2022)
e +

The HSI produces numbers between 0 and 1 with “0” indicating predicted absence and “1”
indicating predicted presence. Numbers between 0 and 1 indicate probability of finding M.
magister using the same tow protocols used on the WCOA and JSOES line research cruises.

2B.4 HSI Web-Based App

Different abiotic factors affecting the Dungeness Crab’s survivability inspired an app that looks
at habitat sensitivity and suitability. This web-based application is designed to interactively
visualize WCOA cruise data and review the suitability of various marine species in the CCS.
Users are able to input thresholds of multiple environmental parameters to produce a geographic
representation of a species’ HSI in the CCS. All data used by this application was obtained from
the 2021 WCOA cruises.

We produced the web-based application via the R Shiny platform, using packages such as leaflet
and ggplot. The application has two main outputs: a map and a table. The map shows all the
stations available. The table shows all of those sites and their associated parameters. The map
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and table inputs are responsive to the sliders. This is best used when the user has a hypothetical
threshold for a given species. The map will display the stations where the criteria made match
the parameters. This is better understood with the table: “High” means the station/area is suitable
for the species. “Low/ Not suitable” means that the sliders’ criteria were not able to fully match
with any of the stations. The team hopes that users from any background will be able to
successfully understand the several parameters that determine a habitat’s suitability for marine
species on the Pacific Coast. This will encourage and educate users to understand that these
variables are sensitive to phenomena like climate change.

Users can find the code and necessary files on Github:
https://github.com/fktrisha/hsi-ucla22practicum

2C. Communication and Outreach

2C.1 Website

We used the website builder Wix.com to design a website for our project (found at

https://isimonito.wixsite.com/dungeness), with the purpose to communicate our research on
planktonic habitat suitability in the CCS under changing oceanic conditions. We used a free
website builder in order to minimize expenses for the project. In order to provide the public with
an understanding of our research, the website is designed to explain the different facets of the
project and get the user more interested in relevant topics related to our research. Each tab
provided information on a different aspect of the project. We provided information on the
background to our research, our research questions, the Habitat Suitability Index modeling and
the analysis of planktonic community structure measured by Planktoscope. The content of the
website was intended to be easily understood by nearly anyone who arrived at the site. With this
in mind we wrote our text with a model “intended audience” of early high school students.

The website also hosts the HSI Web-Based app, allowing users to manipulate environmental
variables and visualize the distribution of the planktonic Dungeness crab larvae along the
California Current System. Within the app there is a “User Info” tab built in to instruct the user
how to operate the app itself, as well as an explanation of the basics of the app.

The team published several blogs covering topics including background information surrounding
our topic, the trajectory of our project, and previous academic studies that guided our research.
These blogs were posted on the team website for public viewing. The blogs were written with the
intention of being short and informative, but not too dense, in order to be more inclusive to the
diversity of readers with many different background experiences with science.

Moreover, the website hosted a page dedicated to the team itself, describing each member’s
interest in the project, and roles and responsibilities .


https://github.com/fktrisha/hsi-ucla22practicum
https://isimonito.wixsite.com/dungeness

2C.2 Outreach Event

The team hosted an in-person outreach event on the UCLA campus to increase public awareness
of changing oceanic conditions’ impact on planktonic organisms in the CCS. This outreach event
included special attention on the uniting factor of the different teams for our project, habitat
suitability Dungeness Crab (including larvae in its planktonic stages). We designed a research
poster describing the research our team conducted, and explaining the rationale behind our
research, along with some suggestions for individual action to decrease ocean acidification and
its impacts. Along with information describing the research, the poster included a QR code to a
quiz hosted on the team website. The quiz aimed to increase interaction by UCLA students and
staff by offering prizes, which were provided with the correct answer to the questions. The Green
Initiative Fund (TGIF) at UCLA provided the funding for the prizes given to the quiz
participants, two 18 Oz. Hydroflasks.

3. RESULTS
3A. Planktoscope

3A.1 Physical and Biogeochemical Gradients

Species Plankton Type Information

Chaetoceros Diatoms Chain forming, nitrogen fixing centric diatom;
prefers a salinity of 19-38 psu, temperatures of
-2 - 29°C, nitrate of 0.05-34 umol/L; higher
densities in cooler waters; common throughout
the summer; are able to survive in
nutrient-depleted waters and can bloom when
nutrients are replenished (Booth et al., 2002).

Rhizosolenia Diatoms Long, cylindrical, straight or slightly curved
diatom; found in brackish and marine waters;
can form mats and migrate vertically below
the euphotic zone to exploit nitrate pools
(Villareal et al., 1996).

Tintinnida Ciliates Family; Ciliate protists attached to a lorica and
shaped similarly to a bowl with a flared collar;
with size ranges from 20-200 um;
phytoplankton consumers; most widely
distributed in open waters and near shores, but
largely absent from far northern and southern
seas (Dolan et al., 2012).

Bacteriastrum Diatoms In the Chaetocerotaceae family; centric
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diatom; cells have hollow silica tubes that
typically emerge in a radial pattern for the
valves; widely distributed in coastal, tropical,
and warm-temperate waters, with some
species near Arctic and Antarctic regions
(Piredda et al., 2022).

Thalassionema

Diatoms

Genus; pennate diatom with length of 10-110
um; Found primarily in temperate to tropical
waters occurring in higher concentrations in
the spring (Hoppenrath et al., 2009).

Pseudo-Nitzschia

Diatoms

Genus; pennate diatom; produces toxic domoic
acid blooms both offshore and in bays, which
is responsible for amnesic shellfish poisoning,
increase in blooms linked to ocean warming
and higher nutrient amounts (Bates et al.,
2018).

Undellidae

Ciliates

Family; tintinnid ciliate; shaped like a vase
with three walls, with the walls becoming
thinner towards the posterior lorica end;
abundant in many environments (Agatha &
Bartel, 2022).

Steenstrupiella

Ciliates

Genus; size is about 21-23 um; Ciliate
attached to lorica that is flared on one end;
found in many marine environments and have
stable communities in the ocean, but occur less
in polar regions (Li et al., 2018).

Eutintinnus

Zooplankton

Genus; generally have a tapering
goblet-shaped lorica that is slightly flared at
one end; has been shown to increase grazing
rates under elevated pCO, (Olson et al., 2018).

Dinophysis

Dinoflagellates

Genus; round, flat cells; size range from
30-120 pm; can form extensive blooms that
can produce okadaic acid, which is part of a
group of lipophilic algal toxins known as
diarrhetic shellfish toxins; occur in higher
concentrations during the summer (Shultz et
al., 2019).

Pyrophacus

Dinoflagellates

Genus; in the Pyrophacaceae tfamily; cells are
nearly circular with two flagella; found mainly
in tropical and subtropical waters; some
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species are bioluminescent and there is
evidence that some species are sensitive to
pollution (Lapota et al., 2007).

Asterionellopsis Diatoms Genus; the foot pole is trapezoidal with a thin
region (head) extending from it that is two to
four times the length of the foot pole; cells
unite at the foot poles, forming star shaped
(two dimensional) or spiral (three
dimensional) colonies; found near cold and
temperate coastal water (Franco et al., 2016)

Thalassiosira Diatoms Genus; centric diatom; polar waters may be
barrier for growth of some species; generally
verall prefers temperate to polar waters;
significant components of phytoplankton
blooms (Chappell et al., 2013)

Table 1: Most abundant Plankton identified in Transects 2, 5, and 8 and their descriptions.

Based on the visualizations of physical and biogeochemical data from the 2021 WCOA cruise,
including the plots made with Ocean Data View and the section plots provided by Dr. Richard
Feely (unpublished), we chose to narrow our analysis of the CCS to three specific regions due to
their salient environmental gradients. These regions include Transects 2, 5, and 8. The following
observations of physical and biogeochemical gradients are constricted to waters directly at the
surface because water samples containing planktonic organisms were collected at a depth of
approximately 1 meter. Values mentioned in this subsection are approximations based on the
physical and biogeochemical data plotted for Transects 2, 5, and 8.

Transect 2, or Barkley Sound, was recommended for analysis by Dr. Robert Eagle as being
significant for particulate inorganic matter (PIC) and chlorophyll A. Salinity is slightly lower
nearshore, at approximately 30 g/kg then steadily increases to its maximum farthest offshore, of
32 g/kg. Oxygen is at its maximum closer to shore, with concentrations close to 12 mL/L, and
then decreases at the offshore stations towards approximately 9.5 mL/L. Chl A is highest closest
to shore at around 4.5 ug/L, with a minimum further offshore at approximately 2.5 ug/L. Nitrate
is mostly constant throughout, with concentrations around 0-5 pmol/kg. Phosphate is mostly
constant as well, at 0-0.5 umol/kg. DIC is lowest at the near shore station and then increases
toward the offshore station from 1825 pmol/kg to 1975 umol/kg. pH is highest near the shore at
around 8.1, and then decreases to its minimum of about 7.9 at the station furthest from shore.
The temperature is highest near the shore (16 °C) but is relatively constant throughout the
transect, with slightly higher temperatures being seen at the middle stations, 15 °C. Carbonate is
highest closest to shore and decreases at the offshore stations, changing from approximately 170
umol/kg to 140 umol/kg.
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Transect 5, the Columbia River transect, was recommended by Dr. Robert Eagle as being
significant for salinity due to its proximity to a freshwater river. Salinity is lowest closest to
shore and then increases drastically as you move offshore, transitioning from approximately 24
g/kg to 32 g/kg. The nearshore to offshore plots we created based off the NOAA 2021 WCOA
cruise shows that this transect has relatively high oxygen throughout when compared to other
locations on the West Coast. A closer look reveals that there is a hotspot of high dissolved
oxygen offshore of around 8.5 mL/L, as well as a gradient of changing oxygen concentrations.
There is also a highly variable carbonate gradient in which there is higher carbonate close to
shore (130 umol/kg), then a carbonate minimum of around 100 pmol/kg, and then a gradual
increase to a carbonate maximum of 150 pmol/kg), then a slight decrease from that as you move
offshore. Chl A concentrations show similar variability, with low concentrations nearshore, a
maximum around the middle stations, and then a lower gradient offshore, going from
approximately 1 ug/L to 19 ug/L to 5 ug/L, respectively. Nitrate is mostly constant, with the
highest concentrations of around 5-10 umol/kg closest to shore. DIC has its minimum near shore
and its maximum further from shore at 1500 pumol/kg to 1975 pmol/kg, respectively. pH has its
minimum of around 7.7 near shore but quickly increases to approximately 8 at the middle
stations and only slightly decreases at the offshore station. Phosphate is relatively constant
throughout, with a value of 0.5 pumol/kg. The highest temperatures are right by the shore at 20
°C, and the coolest temperature is farthest offshore at 16.5 °C.

Transect 8, the Brookings transect, was recommended by Dr. Nina Bednarsek as being
significant for pH. Oxygen is high near the shore, then decreases away from the shore from 12
mL/L to 9 mL/L. Nitrate is lower near the shore at 1 umol/kg, then increases to 12 pmol/kg, and
decreases again until it reaches 1 pumol/kg once again at the station farthest from shore. Similarly,
phosphate is lower near the shore at 0.4 pumol/kg, then increases to its highest measurement of
1.2 umol/kg near the middle of the transect, but then is low again at the furthest station,
decreasing to approximately 0.5 pmol/kg. Chl A is high near shore at 14 ug/L, then decreases
until its minimum of almost 0 ug/L at the second to last station, but then sharply increases to a
maximum at the station furthest from shore to 16 ug/L. DIC is low near the shore at 1990
umol/kg, increases near the middle stations to 2075 pmol/kg, and has its minimum at the furthest
station: 2000 umol/kg. Similarly, pH is highest near the shore at 8, then decreases to 7.8, but then
is high once again at the furthest station at 7.9. Carbonate has its maximum closest to shore, with
concentrations nearing 200 umol/kg, and then steadily decreases, but then increases slightly at
the furthest station, with concentrations nearing 150 umol/kg. The temperature is approximately
13 °C closest to shore, then decreases to 11.5 °C, but then increases to its highest temperature at
the station that is furthest out to sea to around 14.8 °C. Salinity is highest near the shore, then
steadily decreases until it reaches a minimum furthest out to sea, from 33.4 g/kg to 32.3 g/kg.

|11



3A.2 Barkley Sound Transect 2

The planktonic community structure of Transect 2 changes dramatically from nearshore to
offshore. The nearshore community is dominated heavily by Chaetoceros, with much of the
remaining plankton belonging to Rhizosolenia. At the furthest offshore sampling station,
however, Rhizosolenia accounts for more than 75% of the individuals observed. This structural
shift is accompanied by a marked decrease in the Shannon Diversity Index (SDI) moving from
nearshore to offshore, with the nearshore, intermediate, and offshores stations having SDI values
of 1.107162452, 1.042714835, and 0.9434017322, respectively. The abundance of Rhizosolenia
seems to fluctuate along with the concentrations of ammonia, nitrate, and phosphate, which are
high at the nearshore station, rise slightly at the next, and then drop significantly at the offshore
station. This trend is not surprising because these three compounds are nutrients necessary for
Rhizosolenia growth. In contrast, Rhizosolenia seems to exhibit a reverse abundance pattern to
carbonate, oxygen, and pH, which start with low concentrations nearshore, drop slightly, and
then rise offshore. There is a statistically significant inverse correlation between Rhizosolenia
abundance and carbonate concentration (p = 0.0445). While this is an interesting trend, the lack
of statistical power in this regression precludes any certainty of the relationship.

Transect 2 plankton abundance by station
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Figure 1. Absolute abundance of planktonic organisms identified at each of the three sampling stations in
Transect 2. Rhizosolenia and Chaetoceros<Chaetocerotales have been omitted due to their overwhelming
abundance. See Figure 4 for the abundance of these groups.
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Transect 2 Nearshore Community Composition
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Figure 2. Relative abundance of all living organisms sampled and identified at station BS6 in Transect 2.

T2 Offshore (BS64) Community Composition
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Figure 3. Relative abundance of all organisms sampled and identified at station BS64 in Transect 2.
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Most abundant taxa in Transect 2
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Figure 4. Absolute abundance of Rhizosolenia and Chaetoceros individuals identified across Transect 2.

3A.3 Columbia River Transect 5

Transect 5 contains two stations at which biological data was collected. The nearshore station is
CR24 and the offshore station is CR40. The Shannon Diversity Index for Transect 5’s nearshore
station is 0.3461354122. The Shannon Diversity Index for Transect 5’s offshore station is
1.194912456. This means there is a higher species diversity offshore than there is nearshore. This
may be due to the significant salinity gradient in which salinity is lower nearshore and increases
to its maximum offshore, as marine plankton species are often adapted to high salinity values and
may be constrained by the freshwater input by the Columbia River. There is also a greater
abundance of plankton at the offshore station, as shown in Figure 5. Rhizosolenia, a genus of
nitrogen fixing diatoms, is the most abundant group in both the nearshore and offshore station
(Figures 6 & 7), making up 95.2% of the planktonic community at the nearshore station and 73%
at the offshore station. Rhizosolenia are more abundant at the nearshore station in terms of both
absolute and relative abundance (Figure 8). The principal component analysis (PCA) shows that
Rhizosolenia abundance may be correlated with nitrite and ammonia concentrations, which is
consistent with Rhizosolenia’s role as a nitrogen fixer. The concentration of nitrate is slightly
higher at the nearshore station versus the offshore station where nitrate is lower. Copepod
nauplii, the larval form of copepods, and a type of mesozooplankton, are the next most abundant
group at the offshore station, making up 11.9% of the community.
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Transect 5 plankton abundance by station
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Tintinnida
Rotifera
Pyrophacus
Pyrocystaceae
" Pseudo-nitzschia
Oithona
Oikopleura
Noctiluca<Noctilucaceae

100

Neoceratium fusus<Neoceratium
nauplii<Crustacea

Gymnodiniaceae<Gymnodiniales

50 Eutintinnus

Eucampia

W Dinophyceae

W dead<nauplii

B Coscinodiscus

B Copepoda

[ Chaetoceros<Chaetocerotales
B Chaetoceros sp.

(nearshore) (offshore) W Bacteriastrum<Chaetocerotales

Abundance (number of individuals)

CR24 CR40

Figure 5. Absolute abundance of planktonic organisms identified at each of the two sampling stations in
Transect 5. Rhizosolenia has been omitted due to its overwhelming abundance. See Figure 8 for the
abundance of this group.

Transect 5 Nearshore Community Composition
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Figure 6. Relative abundance of all organisms sampled and identified at station CR24 in Transect 5.
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Transect 5 Offshore Community Composition

Chaetoceros<Chaetoc

Undellidae

Dinophyceae

AN nauplii<cCopepoda

~ nauplii<Crustacea

b N Pyrophacus

Rhizosolenia

Figure 7. Relative abundance of all organisms sampled and identified at station CR40 in Transect 5.
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Figure 8. Absolute abundance of Rhizosolenia at stations CR24 and CR40 in Transect 5.

3A.4 Brookings Transect 8

Transect 8 consists of two stations: FKC (the nearshore station) and B66 (the offshore station).
The nearshore station of Transect 8 consisted of 2251 organisms spread across 29 identifiable
species categories after the removal of unidentifiable images. The SDI value was 1.175127901.
The highest number of plankton gathered from this station were Chaetoceros, with 1650 images
categorized, followed by Rhizosolenia, with 178 images, making up 73.3% and 7.9% of the
community composition, respectively. For the offshore station, the SDI value was 1.534390047,
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meaning that this station had more species diversity than the nearshore station. The highest

number of plankton gathered from this station were Rhizosolenia, with 1548 images categorized

as such, followed by Tintinnida, with 171 images categorized as such out of 2400 total images in
this transect, making up 64.5% and 7.1%, respectively. As seen in Figure 12, focusing on the
most abundant taxa in Transect 8 overall, the population of Rhizosolenia increases from
nearshore to offshore. Conversely, Chaetoceros decreases from nearshore to offshore.

Transect 8 plankton abundance by station
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Figure 9. Absolute abundance of planktonic organisms identified at each of the two sampling stations in
Transect 8. Rhizosolenia and Chaetoceros<Chaetocerotales have been omitted due to their overwhelming
abundance. See Figure 12 for the abundance of these groups.
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Transect 8 Nearshore Community Composition
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Figure 10. Relative abundance of all organisms sampled and identified at station FKC in Transect 8.

Transect 8 Offshore Community Composition
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Figure 11. Relative abundance of all organisms sampled and identified at station B66 in Transect 8.
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Most abundant taxa in transect 8
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Figure 12. Absolute abundance of the two most abundant taxa, Chaetoceros and Rhizosolenia, at stations
B66 and FKC.

3A.5 Statistical Analyses

As well as examining the planktonic community dynamics within these three transects, we
analyzed the data from all of our sampling stations together to determine if there are broader
patterns at play spanning the California Current System. We found that Bacteriastrum abundance
increases with the Shannon Diversity Index (p = 0.0441). We also found that Thalassionema
abundance increases with ammonia concentration (p = 0.0047). We determined that
Pseudo-Nitzschia abundance was closely linked with several ocean chemistry gradients; their
numbers increased along with water temperature (p = 0.0424) and decreased in conjunction with
phosphate (p = 0.0258) and silicate concentration (p = 0.0163). While these results are promising
and certainly merit further investigation, we cannot be confident of the relationships because of
our low statistical power resulting from only having seven sampling stations.
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Moreover, the Principal Component Analysis (PCA) of the physical characteristics at all
transects overlaid with the planktonic community makeup provided an overview of the
relationships between physical characteristics and the biological within the California Current
System. Several physical characteristics showed strong correlations with each other as seen in
Figure 14. The most notable correlations are seen between Phosphate, Nitrate and Silicate;
Ammonia and Nitrite; as well as Temperature and Salinity.

Interesting correlations between physical components of the California Current System and
biological abundances were illustrated by the PCA. Several taxonomic groups were closely
correlated with the average SDI, showing a relation between overall planktonic community
diversity and particular taxonomic group abundance. The ciliates Undellidae and Steenstrupiella,
the zooplankton FEutintinnus, and the dinoflagellate Dinophysis show a positive correlation
between their abundance and the overall diversity of the planktonic community. The abundance
of the dinoflagellate Pyrocystaceae showed a strong correlation with nutrient characteristics of
Nitrate, Silicate and Phosphate.

Several diatom groups displayed a relationship with the ocean nitrogen cycle, with strong
correlation between their abundances and the nitrite and ammonia physical variables.
Rhizosolenia, Thalassionema, Asterionellopsis and Thalassiosira showed a correlation with
nitrate and ammonia.

Although other parameters also showed correlations between physical characteristics of the CCS
and planktonic species distribution (Figure 14), these relationships were not able to be
adequately explored within the timeframe of this project.
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Figure 14. Principal Component Analysis illustrating the correlations between physical and biological
characteristics in the CCS.

3B. Habitat Suitability Index (HSI) Model

3B.1 Temporal changes in M. magister distribution in the CCS

The WCOA dataset from 2016 and 2021 shows that M. magister presence 1is
temperature-dependent. We recognize the realized thermal habitat range for M. magister
(averaged over the upper 100 m) to be approximately 9-12°C, with peak abundances around
10°C. Using the 2016 and 2021 WCOA data the average temperature at which this species was
present was approximately 10.5°C. When the temperature in the CCS was above 12°C, M.
magister was largely absent, likely indicating a thermal maximum. With respect to €, the
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WCOA cruises only observed Q,>1 when Q,, was averaged over the upper 100 m. Given these
observations, we were unable to determine thresholds for M. magister with respect to Q,; .

3B.2 Empirical HSI predicts presence/absence from seawater properties

The empirical HSI with the combination of T and Q, was fit to the 2016 and 2021 WCOA
observations. The linear function for the empirical HSI model was as follows:

LF=9.5036-1.2228T+2.1642€Q, (Eqn. 5)

This linear function gave the strongest HSI model to explain M. magister presence and absence
in the CCS; however, we also explored the impacts of potential combinations of physical and
biogeochemical parameters on the larvae through alternative HSIs (Table 2).

We used “Skill Improvement” (SI) to validate our findings. This validation metric was based on
Bednarsek et al. 2022. For this method of validation, we use a constant probability model which
assumes that Dungeness crab larvae presence in net tows does not depend on the environmental
conditions. SI is the difference between this constant probability and a hypothetical perfect
model that only makes correct predictions of Dungeness crab larvae presence based on the
environmental conditions. Higher SI values, which are expressed in percentages, suggest that the
HSI model is more skillful at predicting the probability of finding Dungeness crab larvae.

The SI for the HSI with the combination of T and Q,, based on WCOA data from 2016 and 2021
is 24.5%. SI values for combinations of additional environmental parameters can be found in
Table 2.

We also produced various HSIs using data from the JSOES time series. JSOES presence/absence
observations did not produce valid HSI results as p-values were significantly high compared to
the empirical HSI fit to WCOA data as we can see from Table 3 and figure 25 on appendix.
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Figure 15. HSIs for M. magister using the combination of €, and T. Predictions (background gradient)
use WCOA 2016 and 2021 data while presence/absence observations (scatter plot) are split as 2016 data
(left) and 2021 data (right).
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Figure 16. HSIs for M. magister using the combination of DO and pH. Predictions (background gradient)
use WCOA 2016 and 2021 data while presence/absence observations (scatter plot) are split as 2016 data
(left) and 2021 data (right).
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WCOA 2016 - 60m Aragonite Saturation and pH
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Figure 17. HSIs for M. magister using the combination of €, and pH. Predictions (background gradient)
use WCOA 2016 and 2021 data while presence/absence observations (scatter plot) are split as 2016 data
(left) and 2021 data (right).

3B.3 Comparing the L. helicina HSI to the M. magister HSI

To analyze differences in L. helicina suitability and M. magister suitability, we compared the
empirical HSIs of the two species. The pteropod HSI was based on WCOA observations, with
the linear function as follows:

LF=13.49-2.475T+10.10€2, (Eqn. 6) (Bednarsek et al. 2022)

The overall SI for the L. helicina model was 55%, estimated by averaging the values for the
related models obtained from 2016 (tested on 2011 and 2013 data) and 2011 (tested on 2013 and
2016 data). The SI for the 2011-trained model was 70%, while the SI for the 2016-trained model
was 39%.

To compare the overall habitat suitability between L. helicina and M. magister, we generated the
three-dimensional regional oceanic model with the help from Dr.Faycal Kessouri, a Senior
Scientist at the Southern California Coastal Water Research Project. These 3 dimensional
modeling systems (Renault et al., 2021) coupled online to the biogeochemical elemental cycling
model (Deutsch et al., 2021) which were forced by the atmospheric model WRF (Renault et al.,
2021). The model has been set to study ocean productivity, and acidification and hypoxia
regimes in the US west coast (Kessouri et al., 2020).

Using this 3 dimensional modeling system, we derived the comparison habitat suitability
diagram between L. helicina and M. magister under Sm, 50m and 100m depth.
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Figure 18: 3-Dimensional regional Coastal Modeling System for L. helicina.
C. Magister HSI averaged in Spring (6/7/8) 2016
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Figure 19: 3-Dimensional regional Coastal Modeling System for M. magister.
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3B.4 HSIWeb-Based App Further Details and Limitations

Details about the app are found in the User Guide tab. It highlights what data was used, how to
use the application, a sample threshold for the Dungeness crab, and background information
about the parameters (Figure 20). The five main parameters chosen for the application were:
depth, temperature, pH, aragonite saturation, and dissolved oxygen (as shown in Figure 21).
They were specifically chosen because there are key factors that influence an environment and
they were considered when running HSI with the Dungeness crab. The table features each station
at different parameters and the application runs a matching code to determine the suitability
deemed by the user. The table features more parameters that are associated with each point:
salinity, sigma, DIC, and total alkalinity (Figure 22).

The limitation of this application is the depth parameter. The map does not visualize the depth
factor because it is an aerial view of the stations. The depth tells users where the species could
survive but the map only denotes this with a dark green or red color (Figure 23). To find more
information, the table needs to be analyzed. The solution to this would be another plot that would
show the depths change as the user hovers over each station. Due to the lack of experience with
R Shiny, the team was unable to create this plot. Another limitation to the app was the inability to
incorporate the HSI created for the Dungeness crab into the application.
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Introduction

This application is designed to interactively visualize cruise data collected by NOAA and cooperators and provide a platform to understand and review the suitability of marine species by inputting
desired parameters to make a mock threshold. Source code and additional information for this application will be available via the GitHub repository.

Data

All data used by this application is available through National Oceanic and Atmospheric Association (NOAA). Data from NOAA West Coast Ocean Acidification 2021 (WCOA) cruises have been loaded.
The cruise was designed to obtain a synoptic snapshot of critical carbon, physical, and biogeochemical parameters related to ocean acidification (OA) in the coastal realm. Parameters like ocean
carbonate chemistry, acidity, salinity, temperature, oxygen, nutrients, carbon and nitrogen isotopes, and chlorophyll from 17 transect lines of stations stretching from British Columbia, Canada to San
Diego, California were collected to analyze how the marine food web is being affected by warming, ocean acidification, and deoxygenation in this region. More information can be found on the NOAA
cruise website.

Application Usage
The application has two main inputs: a map and a table.

The map shows all the stations available. The table shows all of those sites and their associated parameters. The map and table inputs are responsive to the sliders. This is best used when the user
has a desired/hypothetical threshold for a given species. The map will display the stations where the criteria made match the parameters. This is better understood with the table: “High” means the
station/area is suitable for the species. “Low/ Not suitable” means that the sliders’ criteria were not able to fully match with any of the stations.

Try this sample threshold curated by the Habitat Suitability Index for the Dungeness Crab:
Depth: 60 - 120 meters

Temperature: 8.98 - 13.58 °C

pH: 7.47 - 7.95

Aragonite Saturation: 1.00 - 2.41

DO: 131 - 289 mg/L

Hint: To omit a parameter select the whole range.

Learn More: This app features only five parameters but there are many more factors that can determine a habitat's suitability. Learn more about the factors featured on this app:

- Depth is known to influence light intensity, water temperature, and nutrient ability. Some marine species migrate to deeper depths during the day and return to shallow depths during the night. This
process is called vertical migration and is important to consider when looking at marine species' suitability.

- Temperature is another important parameter to consider when exploring different marine environments and understanding physiological tolerances. Organisms have a particular temperature range at
which they can survive and reproduce. As we observe the warming of our oceans, we are likely to see a decrease in habitat suitability for many marine crganisms.

- Aragonite safuration state is commonly used to track ocean acidification because it is a measure of carbonate ion concentration shell building minerals). With an aragonite saturation state less than 1,
we might expect some shells and skeletons to dissolve. This would cause low suitablity for many calcifying organisms.

- Changes in ocean chemistry like pH can affect calcifying and non-calcifying organisms. Some marine organisms' shells and skeletons are made from calcium carbonate, which can dissolve due to
changes in the oceanic carbon chemistry. These changes can also impact a species’ ability to detect predators.

- All aquatic animals need diissolved oxygen (DO) to breathe and survive. Low levels of oxygen, known as hypoxia, or no oxygen levels, known as anoxia, can occur when there is an excess of organic
materials. Low levels of oxygen limit the photosynthesis of phytopl 1 and impact larg le ecological activity.

This application was made possible through the R Shiny platform, using packages like leaflet and ggplot. For more information feel free to contact the team!

Figure 20. User Guide for the HSI Web-based App.
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Create Threshold by Selecting Desired Parameters
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Figure 21. Control Sliders for Physical Parameters of the HSI Web-based App.

Table: The selected parameters are filtered. Explore the different places where you can find your species!
Show| 10 v entries Search:
Longitude Latitude Depth Temp pH Omega Do Salinity Sigma DIC TALK Suitability
1 -130.85 51.46 1334.11 2.66 73 0.48 17.78 34.46 27.48 2386.65 2389.3 High
2 -130.85 5146 1001.27 33 7.29 0.48 10.25 34.38 27.36 2376.05 2370.2 High
3 -130.85 51.46 752.01 3.83 727 0.48 11.55 34.25 27.2 2355.37 2342.7 High
4 -130.85 51.48 500.69 4.53 7.08 0.52 36.63 34.08 26.98 2317.6 2310 High
5 -130.85 5146 251.26 5.95 7.42 0.76 119.94 33.87 26.67 2236.48 2270.7 High
6 -130.85 51.46 151.09 6.96 7.49 0.92 155.73 33.7 26.4 2192.59 2249.9 High
7 -130.85 51.46 125.05 7.26 751 0.94 166.78 33.54 26.23 2175.84 2235 Low/Not Suitable
8 -130.85 51.46 100.67 7.16 7.58 1.1 215.61 32.94 2577 2123.23 2206.3 Low/Not Suitable
9 -130.85 51.48 81.22 7.32 7.64 1.21 255.71 32.53 25.43 2084 2181.3 Low/Not Suitable
10 -130.85 51.48 60.03 7.73 772 1.47 201.21 32.29 25.18 2040.37 2187.7 Low/Not Suitable
Showing 1 to 10 of 1,524 entries Previous 1 2 4 153 Next

Figure 22. Table Output for the HSI Web-based App.
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Pacific Coast Map: Stations are featured. Each Green station means that there is high suitability. Each Green station means that there is low suitability or the environment is not
suitable. For the dark green and dark red stations, check the table! It means that different depths can be suitable/ not suitable.
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High b
. Low/Not Suitable y—— =
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Figure 23. Map Output for the HSI Web-based App.

3C. Communication and Outreach

3C.1 Website

The website (found at https://isimonito.wixsite.com/dungeness ) was designed by our team to
communicate our research to a general audience and has received 116 visits as of the writing of
this report. We did not have a certain amount of desired visits to this site in mind to count as a
goal of “success.” We take the approach that every visit to this site is another achievement for
communicating science, the purpose of our research, and making it more accessible to the public.

3C.2 Outreach

The outreach event brought 25 new visitors to our project website. In addition, 14 of these
visitors filled out the quiz associated with the outreach event, entering themselves into the
running to win one of two 18 oz. Hydroflasks. A further 8 people interacted with our event
without scanning our QR code to visit the website. Several of these interactions provided
valuable insight into how our project could be best communicated to the public.

4. DISCUSSION

Plankton form the base of the marine food chain and have a disproportionate eftfect on the
ecosystems they support. Thus, changes to the abundance or structure of primary producer
communities may have serious repercussions for those ecosystems. In addition, phytoplankton
sequester carbon, neutralizing its effects as a greenhouse gas, so alterations to primary
production could jeopardize the ability of the oceans to absorb carbon dioxide and offset
anthropogenic carbon emissions (Shurin et al., 2006). The effects of climate change on primary
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producers have been extensively studied, but the findings of these studies have been convoluted
and have yielded few universal answers. The three main direct effects of climate change that
have been assessed are seawater warming, seawater acidification, and an increase in DIC in the
ocean, all of which are intrinsically connected. These factors have the potential to inhibit,
promote, or have no effect on the growth of different primary producers, but these outcomes vary
substantially across different ecosystems, species, and even subpopulations of the same species
(Gao et al., 2012). It is thus important to understand how existing gradients in the CCS affect the
planktonic community structure, and specifically what factors most affect each type of plankton.
If we can understand how environmental parameters such as pH, temperature, nutrient
concentration, and salinity affect the geographic distribution and abundance of plankton, then we
can better predict how the changing conditions under climate change will affect the distribution
and survival of planktonic groups.

Our results reveal some telling patterns in the planktonic community structure of the California
Current System. At the Barkley Sound and Brookings transects, we saw nearshore community
structure dominated by Chaetoceros and offshore community dominated by Rhizosolenia. This
shift was accompanied by decreasing nutrient gradients moving away from the coast. We also
saw the planktonic community of the Columbia River transect dominated almost entirely by
Rhizosolenia. Rhizosolenia are nitrogen fixing diatoms that harbor symbiotic, nitrogen-fixing
cyanophytes called Rhichelia and are found in brackish and marine waters (Abdala, 2020). They
produce oxygen and biogenic particulate silicate and prefer warmer waters. These patterns seem
to suggest that Chaetoceros dominates when nutrient concentrations are high, pushing out other
plankton through direct or indirect competition. Rhizosolenia seems to thrive in areas with low
nutrient concentration or low salinity (such as at the Columbia River outlet). This genus of
diatoms may have much lower nutrient requirements than other groups of diatoms, allowing it to
survive in ostensibly inhospitable environments. Our results also suggest, unsurprisingly, that
abundance of plankton decreases as nutrients decrease from nearshore areas to the open ocean.
This seems to be an important guiding principle in the dynamics of the CCS planktonic
community.

In addition to nutrient concentration affecting the planktonic community makeup at each
transect, there appear to be trends in the Shannon Diversity Index (SDI) value at each station and
the abundance of varying taxonomic groups. The SDI shows that there is more diversity at the
offshore stations in Transects 5 and 8, but that the nearshore station is more diverse in Transect 2.
The offshore stations of Transects 5 and 8 show a few similarities that may be correlated to the
higher diversity. This includes lower carbonate and phosphate concentrations, and higher oxygen
and pH than their corresponding nearshore stations (Figure 27). The nearshore station in Transect
2 is more diverse, yet differs from the other stations that show high diversity by having higher
carbonate and phosphate values than the offshore station. Each station that is more diverse has
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higher pH values than the other station in the transect. This may suggest that diversity is related
to a higher pH, which is of particular interest due to the projected effect of declining ocean pH
values due to climate change (Duarte et al., 2013).

In terms of North to South SDI values, Transect 8 is the most Southern transect and has the
overall highest diversity, with the Transect 8 offshore station having the largest SDI value out of
all the stations analyzed. Transect 8 has the highest oxygen, carbonate, temperature, and pH out
of all the transects. These properties may be conducive to a large number of planktonic species.
Transect 5 has the overall lowest diversity, which may be due to the influx of freshwater from the
Columbia River limiting the number of species able to survive in this transect. However, SDI
does not show a significant correlation to these parameters in our PCA, so further research is
needed to identify a statistically significant relationship between environmental conditions and
planktonic diversity.

These results may have implications for which species will dominate under climate change,
especially regarding species whose abundance is correlated to ocean chemistry parameters.
However, while we are able to make observations on how environmental gradients affect
planktonic community composition, our results indicate a need for continued analysis on this
topic. With only a few biological sampling stations at each transect, we are unable to produce a
sufficient amount of statistical power in our analyses to make concrete conclusions about the
entirety of the CCS. The short timeframe of this project restricted the complete exploration of the
relationships identified by the PCA (Figure 14). We suggest that the relationships between all of
the physical parameters and planktonic species are explored in a continuation of this research.
Furthermore, there are potential limitations to our data, since there is a potential for human error
when validating species on EcoTaxa. We suggest continuing to use EcoTaxa to validate images
in order to create a dataset that includes the taxonomic compositions at every station throughout
the CCS that has data available. This can then be used to explore these trends in greater detail, as
well as determine if there are different planktonic community patterns related to other physical
factors.

In addition to continuing this research with a greater number of stations, and thus larger
statistical power, we see considerable potential for the use of this planktonic data. As expressed
in Benedetti et al. (2019), studies exploring planktonic community structure and its relationship
to environmental parameters can be of great use in understanding how Marine Protected Areas
(MPAs) can achieve their conservation goals. Potential topics of interest for further research
include investigating if planktonic communities differ in MPAs versus outside MPAs as well as
using this planktonic data in conjunction with species abundance data from higher trophic levels,
such as pelagic fish, mammals, and birds, to see if species abundances are correlated. We hope to
see this research and any future projects used as a tool to ensure the conservation of marine
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biodiversity and resources in the CCS, and see our preliminary results as the first step toward this
goal.

In addition to providing preliminary analysis in planktonic community structure in the CCS, our
project assesses the suitability of M. magister off the North American West Coast. Not only do
Dungeness crab have commercial importance, but planktonic stages of the species may help
indicate the overall health of the aquatic ecosystem. Our research demonstrates that M. magister
megalope are likely to be affected by anthropogenic climate change. Recent works provided by
Oliver et al. (2018) predict the increase of frequency and duration of global marine heat waves in
regard to global warming and ocean acidification. These trends can largely be explained by
increases in mean ocean temperatures, suggesting that we can expect further marine heat waves
under continuous warming conditions. With continuous ocean warming, we expect the
distribution of M. magister to contract to a large degree as the ocean surface temperatures exceed
the thermal habitat range for M. magister. The habitat ranges of other marine organisms are also
predicted to shift due to ocean warming (Assan et al. 2020).

As marine species relocate to find suitable environmental conditions, tools such as the Habitat
Suitability app will help researchers assess organisms’ predicted habitat range. The generated
map gives the users a better understanding of how limited and constrained ranges become as the
parameters change. For a better comprehensive application, more abiotic data from NOAA
would provide a larger geographic range that would allow for a wider scope of understanding. As
the app improves, this can be used by scientists and students to support research about
disappearing habitats and lowered suitability due to different global phenomena.

With respect to the future habitat range for M. magister, we considered the two specific climate
scenarios under representative concentration pathways (RCP). Under RCP 8.5 scenario, we
assume no greenhouse gas mitigation and the upper ocean temperature in CCS is projected to
increase by 4 “C by 2100 under these conditions (Siedlecki et al., 2021). High anthropogenic
CO, under RCP 8.5 will likely reduce the habitat range for M. magister. Under RCP 2.6 scenario,
we assume strong mitigation effort as it requires the CO, emission to be zero by 2100. Unlike
the high CO, emission scenario, RCP 2.6 suggests the greater preservation of habitat range for
M. magister. However, €, is expected to decrease in both scenarios with the result of ocean
acidification (Siedlecki et al., 2021). In the absence of strong mitigation efforts of CO,
emissions, RCP 2.6 cannot provide the sufficient reduction to preserve the habitat range for M.
magister. The reduction of €, can potentially reduce the habitat range of M. magister even at the
cooler range which is under 10 “C. The combination of change in temperature and Q,, suggest
that we are expecting to see the reduction in habitat range of M. magister in CCS by 2100. As a
result, we suggest the future research to quantify the habitat suitability reduction in M. magister.
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Similar to BednarSek et al. 2022, our findings suggest that a multi-stressor framework may be
needed when determining the habitat limitations of marine organisms. As shown by Bednarsek et
al. 2022, a single parameter framework may not sufficiently explain population-level responses.
Past studies have often looked at the effects of a single driver (Christmas 2013; Miller et al.
2016); however, future analysis may benefit from a multi-parameter framework. A limitation to
our interpretation is that we only accounted for linear relationships between two variables. We
suggest that future studies evaluate nonlinearly relationships between the full range of
hydrographic variables.

We also compared the habitat suitability between L. helicina and M. magister using pteropod
thresholds found in BednarSek et al. 2022. While the thermal habitat window for L. helicina was
approximately 8-13°C, we found M. magister to survive in approximately 9—12°C. Given that
Dungeness crab larvae have a more narrow thermal habitat range compared to pteropods, we
expect their geographic distribution to be more constrained in the CCS. This assumption is
supported by the coastal models produced by Deutsch et al. 2021 (Figure 18 and 19). In
particular, latitudes below 40°N are less suitable for M. magister when compared to L. helicina.
Peak abundances for L. helicina occurred at 10°C while peak abundances for M. magister
occurred at 12°C. The thermal maximum for the L. helicina was 15°C while the thermal
maximum of M. magister was 12°C, indicating that pteropods may be better suited for ocean
warming. However, it is important to note that BednarSek et al. 2022 analyzed pteropod data
from all seasons while our HSI is based on data from June and July.

| 34



5. LITERATURE REVIEW

Abdala, Zuzanna M. (2020). Diatom Community Composition Shifts Driven by Coherent
Cyclonic Mesoscale Eddies in the California Current System. Master of Science (MS), Thesis,
Ocean & Earth Sciences, Old Dominion University, DOI: 10.25777/zk 7k-ea39
https://digitalcommons.odu.edu/oeas_etds/172

Agatha, S., & Bartel, H. (2022). A comparative ultrastructural study of Tintinnid Loricae
(Alveolata, Ciliophora, Spirotricha) and a hypothesis on their evolution. Journal of Eukaryotic
Microbiology, 69(2). https://doi.org/10.1111/jeu.12877

Amos, C. M., Castelao, R. M., & Medeiros, P. M. (2019). Offshore transport of
Particulate Organic Carbon in the California current system by Mesoscale Eddies. Nature
Communications, 10(4940). https://www.nature.com/articles/s41467-019-12783-5.

Antell, G.S, Fenton, 1.S., Valdes, P.J., Saupe, E.E. (2021). Thermal niches of planktonic
foraminifera are static throughout glacial-interglacial climate change. PNAS, 118(18).
https://www.pnas.org/doi/full/10.1073/pnas.2017105118.

Aratjo, F.G., Teixeira, T.P., Guedes, A.P., Azevedo, M.C., & Pessanha, A.L. (2018).
Shifts in the abundance and distribution of shallow water fish fauna on the southeastern Brazilian

coast: a response to climate change. Hydrobiologia, 814, 205-218.
https://doi.org/10.1007/s10750-018-3537-8

Assan, D., Kuebutornye, F.K.A., Mustapha, U.F., Chen, H., & Li, G. (2020). Effects of
Climate Change on Marine Organisms. American Journal of Climate Change, 9(3).
https://doi.org/10.4236/ajcc.2020.93013.

Bakun, A., Black, B. A., Bograd, S. J., Garcia-Reyes, M., Miller, A. J., Rykaczewski, R.
R., & Sydeman, W. J. (2015). Anticipated effects of climate change on coastal upwelling
ecosystems. Current Climate Change Reports, 1.
https://link.springer.com/article/10.1007%2Fs40641-015-0008-4.

Barton, A., Waldbusser, G., Feely, R. A., Weisberg, S. B., Newton, J. A., Hales, B., Cudd,
S., Eudeline, B., Langdon, C. J., Jefferds, 1., King, T., Suhrbier, A., & McLaughlin, K. (2015).
Impacts of Coastal Acidification on the Pacific Northwest Shellfish Industry and Adaptation
Strategies Implemented in Response. Oceanography, 28(2), 146-159.
http://www.jstor.org/stable/24861877

Bates, S. S., Hubbard, K. A., Lundholm, N., Montresor, M., & Leaw, C. P. (2018).
Pseudo-nitzschia, Nitzschia, and domoic acid: New research since 2011. Harmful Algae, 79,
3-43. https://doi.org/10.1016/j.hal.2018.06.001

| 35


https://www.nature.com/articles/s41467-019-12783-5
https://doi.org/10.1007/s10750-018-3537-8
https://link.springer.com/article/10.1007%2Fs40641-015-0008-4

Beardall, J., Sobrino, C. & Stojkovic, S. (2009). Interactions between the impacts of
ultraviolet radiation, elevated CO2, and nutrient limitation on marine primary producers.
Photochemical & photobiological sciences, 8(9), 1257-1265.
https://doi.org/10.1039/BO9PP00034H

Bednarsek, N., Feely, R. A., Beck, M. W,, Alin, S. R., Siedlecki, S. A., Calosi, P., ... &
Spicer, J. I. (2020). Exoskeleton dissolution with mechanoreceptor damage in larval Dungeness
crab related to severity of present-day ocean acidification vertical gradients. Science of The Total
Environment, 7(16), 136610. https://doi.org/10.1016/].scitotenv.2020.136610

Bednarsek, N., Carter, B. R., McCabec, M. R., Feely, R. A., Howard, E., Chavez, F. P,
Elliott, M., Fisher, J., Jahncke, J., Siegrist, Z. (2022). Pelagic calcifiers face increased mortality
and habitat loss with warming and ocean acidification. Ecological Applications.
https://doi.org/10.1002/eap.2674

Benedetti, F., Jalabert, L., Sourisseau, M., Becker, B., Cailliau, C., Desnos, C., Elineau,
A., Irisson, J., Lombard, F., Picheral, M., Stemmann, L., & Pouline, P. (2019). The Seasonal and
Inter-Annual Fluctuations of Plankton Abundance and Community Structure in a North Atlantic
Marine Protected Area. Frontiers in Marine Science, 6(214).
https://doi.org/10.3389/fmars.2019.00214

Benfield, M., Grosjean, P., Culverhouse, P., Irigoien, X., Sieracki, M., Lopez-Urrutia, A.,
Dam, H., Hu, Q., Davis, C., Hanson, A., Pilskaln, C., Riseman, E., Schultz, H., Utgoff, P., &
Gorsky, G. (2007). RAPID: Research on Automated Plankton Identification. Oceanography,
20(2), 172-187. https://doi.org/10.5670/oceanog.2007.63

Berger, H. M., Siedlecki, S. A., Matassa, C. M., Alin, S. R., Kaplan, I. C., Hodgson, E.
E., ... & Newton, J. A. (2021). Seasonality and life history complexity determine vulnerability of
Dungeness crab to multiple climate stressors. AGU Advances, 2(4), €2021AV000456.

Bernhard, J. M., Wit, J. C., Starczak, V. R., Beaudoin, D. J., Phalen, W. G., & McCorkle,
D. C. (2021) Impacts of Multiple Stressors on a Benthic Foraminiferal Community: A
Long-Term Experiment Assessing Response to Ocean Acidification, Hypoxia and Warming.
Front. Mar. Sci. 8(643339). doi: 10.3389/fmars.2021.643339

Booth, B. C., Larouche, P., Bélanger, S., Klein, B., Amiel, D., & Mei, Z.-P. (2002).
Dynamics of Chaetoceros socialis blooms in the North Water. Deep Sea Research Part II:
Topical Studies in Oceanography, 49(22-23), 5003-5025.
https://doi.org/10.1016/s0967-0645(02)00175-3

Celis-Pl4, P. S., Martinez, B., Korbee, N., Hall-Spencer, J. M., & Figueroa, F. L. (2017).
Ecophysiological responses to elevated CO2 and temperature in Cystoseira tamariscifolia
(Phaeophyceae). Climatic Change, 142(1), 67-81.

|36


https://doi.org/10.1039/B9PP00034H
https://doi.org/10.1016/j.scitotenv.2020.136610
https://doi.org/10.1002/eap.2674
https://doi.org/10.3389/fmars.2019.00214

Chappell, P. D., Whitney, L. A. P., Haddock, T. L., Menden-Deuer, S., Roy, E. G., Wells,
M. L., & Jenkins, B. D. (2013). Thalassiosira spp. community composition shifts in response to

chemical and physical forcing in the Northeast Pacific Ocean. Frontiers in Microbiology, 4.
https://doi.org/10.3389/fmicb.2013.00273

Cheresh, J., & Fiechter, J. (2020). Physical and biogeochemical drivers of alongshore ph
and oxygen variability in the California Current System. Geophysical Research Letters, 47(19).
https://doi.org/10.1029/2020GL089553

Closek, C. J., Santora, J. A., Starks, H. A., Schroeder, 1. D., Andruszkiewicz, E. A.,
Sakuma, K. M., ... & Boehm, A. B. (2019). Marine vertebrate biodiversity and distribution
within the central California Current using environmental DNA (eDNA) metabarcoding and

ecosystem surveys. Frontiers in Marine Science, 6(732).
https://doi.org/10.3389/fmars.2019.00732

Deutsch, C., H. Frenzel, J.C. McWilliams, L. Renault, F. Kessouri, E. Howard, J.H.
Liang, D. Bianchi, S. Yang. 2021. Biogeochemical variability in the California Current System.
Progress in OceanographyDOI:10.1016/j.pocean.2021.102565.

Dolan, J., Agatha, S., Simon, P., & Laval-Peuto, M. (2012). The Tintinnid Lorica. In The
biology and ecology of Tintinnid ciliates models for marine plankton (pp. 17—41). essay,
Wiley-Blackwell.

Duarte, C. M., Hendriks, 1. E., Moore, T. S., Olsen, Y. S., Steckbauer, A., Ramajo, L.,
Carstensen, J., Trotter, J. A., & McCulloch, M. (2013). Is Ocean Acidification an Open-Ocean
Syndrome? Understanding Anthropogenic Impacts on Seawater pH. Estuaries and Coasts, 36(2),
221-236. https://doi.org/10.1007/s12237-013-9594-3

Duteil, O., Oschlies, A., Boning, C. W. (2018). Pacific decadal oscillation and recent
oxygen decline in the eastern tropical Pacific Ocean. Biogeosciences.
https://bg.copernicus.org/articles/15/7111/2018/.

EcoTaxa. (n.d.). https://ecotaxa.obs-vifr.fr/

Fabry, V.J., McClintock, J.B., Mathis, J.T., & Grebmeier, J.M. (2009). Ocean
acidification at high latitudes: The bellwether. Oceanography 22(4).
https://doi.org/10.5670/oceanog.2009.105

Feely, R. A., Okazaki, R. R., Cai, W. J., Bednarsek, N., Alin, S. R., Byrne, R. H., &
Fassbender, A. (2018). The combined effects of acidification and hypoxia on pH and aragonite
saturation in the coastal waters of the California current ecosystem and the northern Gulf of
Mexico. Continental Shelf Research, 152, 50-60. https://doi.org/10.1016/j.csr.2017.11.002

|37


https://doi.org/10.1029/2020GL089553
https://doi.org/10.3389/fmars.2019.00732
https://bg.copernicus.org/articles/15/7111/2018/
https://doi.org/10.1016/j.csr.2017.11.002

Franco, A. de, They, N. H., Canani, L. G., Maggioni, R., & Odebrecht, C. (2016).
asterionellopsis tropicalis(bacillariophyceae): A new tropical species found in diatom
accumulations. Journal of Phycology, 52(5), 888—895. https://doi.org/10.1111/jpy.12435

Gao, K., Gao, G., Wang, Y., & Dupont, S. (2020). Impacts of ocean acidification under
multiple stressors on typical organisms and ecological processes. Marine Life Science &
Technology, 2(3), 279-291. https://doi.org/10.1007/s42995-020-00048-w

Gao, K., Helbling, E. W., Hider, D. P., & Hutchins, D. A. (2012). Responses of marine
primary producers to interactions between ocean acidification, solar radiation, and warming.
Marine Ecology Progress Series, 470, 167-189. DOI:10.3354/meps10043

Gao, K., Zhang, Y., & Héder, D. (2017). Individual and Interactive Effects of Ocean
Acidification, Global Warming, and UV Radiation on Phytoplankton. Journal of Applied
Phycology, 30(2), 743-759. https://doi.org/10.1007/s10811-017-1329-6

Garcia-Reyes, M, & Largier, J. (2010). Observations of Increased Wind-Driven Coastal
Upwelling Off Central California. Journal of Geophysical Research: Oceans, 115(C4).
https://doi.org/10.1029/2009JC005576

Gardner, J., Manno, C., Bakker, D. C. E., Peck, V. L., & Tarling, G. A. (2017). Southern
Ocean pteropods at risk from ocean warming and acidification. Marine Biology, 165(1), 8.
https://doi.org/10.1007/s00227-017-3261-3

Garzke, J., Hansen, T., Ismar, S. M. H., & Sommer, U. (2016). Combined Effects of
Ocean Warming and Acidification on Copepod Abundance, Body Size and Fatty Acid Content.
PLOS ONE, 11(5), 1-22. https://doi.org/10.1371/journal.pone.0155952

Gruber, Nicolas, Hauri Claudine, Lachkar Zouhair, Loher Damian, Frolicher Thomas L.,
& Plattner Gian-Kasper. (2012). Rapid Progression of Ocean Acidification in the California
Current System. Science, 337(6091), 220-223. https://doi.org/10.1126/science.1216773

Hammill, E., Johnson, E., Atwood, T. B., Harianto, J., Hinchliffe, C., Calosi, P., & Byrne,
M. (2018). Ocean acidification alters zooplankton communities and increases top-down pressure
of a cubozoan predator. Global Change Biology, 24(1), e128—e138.
https://doi.org/10.1111/gcb.13849

Hansson, L. A., Ekvall, M. K., He, L., Li, Z., Svensson, M., Urrutia- Cordero, P., &
Zhang, H. (2020). Different climate scenarios alter dominance patterns among aquatic primary

producers in temperate systems. Limnology and Oceanography, 65(10), 2328-2336.
https://doi.org/10.1002/Ino.11455

| 38


http://dx.doi.org/10.3354/meps10043
https://doi.org/10.1029/2009JC005576
https://doi.org/10.1002/lno.11455

Harley, C. D., Anderson, K. M., Demes, K. W., Jorve, J. P., Kordas, R. L., Coyle, T. A., &
Graham, M. H. (2012). Effects of climate change on global seaweed communities. Journal of
Phycology, 48(5), 1064-1078. DOI:10.1111/.1529-8817.2012.01224 x

Hoppenrath, M., Elbrdchter Malte, & Drebes, G. (2009). Marine phytoplankton;selected
microphytoplankton species from the North Sea around Helgoland and Sylt (Ser. Kleine
Senckenberg-Reihe). E. Schweizerbart'sche Verlagsbuchh.

Howard, E. M., Penn, J. L., Frenzel, H. F., Seibel, B. A., Bianchi, D. B., Renault, L. R.,
Kessouri, F., Sutula, M. A., Renault., Kessouri, F., Sutula, M.A., McWilliams, J.C., Deutsch, C.

(2020). Climate-driven aerobic habitat loss in the California Current System. Science Advances,
6(20). https://www.science.org/doi/10.1126/sciadv.aay3188.

Hurd, C. L., Beardall, J., Comeau, S., Cornwall, C. E., Havenhand, J. N., Munday, P. L.,
Parker, L. M., Raven, J. A., & McGraw, C. M. (2020). Ocean acidification as a multiple driver:
How interactions between changing seawater carbonate parameters affect marine life. Marine
and Freshwater Research, 71(3), 263-274. https://doi.org/10.1071/MF1926

Irby, 1. D., Friedrichs, M. A., Da, F., & Hinson, K. E. (2018). The competing impacts of
climate change and nutrient reductions on dissolved oxygen in Chesapeake Bay. Biogeosciences,
15(9), 2649-2668. https://doi.org/10.5194/bg-15-2649-2018

James, N. C., van Niekerk, L., Whitfield, A. K., Potts, W. M., Gotz, A., & Paterson, A.
W. (2013). Effects of climate change on South African estuaries and associated fish species.
Climate Research, 57(3), 233-248. https://www.jstor.org/stable/24895306

Jacox, M. G., J. Fiechter, A. M. Moore, and C. A. Edwards. (2015). ENSO and the
California Current coastal upwelling response. Journal of Geophysical Research:Oceans, 120.
doi:10.1002/ 2014JC010650.

Kessouri, F., D. Bianchi, L. Renault, J.C. McWilliams, H. Frenzel, C.A. Deutsch. 2020.
Submesoscale Currents Modulate the Seasonal Cycle of Nutrients and Productivity in the
California Current System. Global Biogeochemical Cycles DOI:10.1029/2020GB006578.

Klais, R., Tamminen, T., Kremp, A., Spilling, K., An, B. W., Hajdu, S., & Olli, K. (2013).
Spring phytoplankton communities shaped by interannual weather variability and dispersal
limitation: mechanisms of climate change effects on key coastal primary producers. Limnology
and Oceanography, 58(2), 753-762.

Kremp, A., Godhe, A., Egardt, J., Dupont, S., Suikkanen, S., Casabianca, S., & Penna, A.
(2012). Intraspecific Variability in the Response of Bloom-forming Marine Microalgae to
Changed Climate Conditions. Ecology and Evolution, 2(6), 1195-1207. doi: 10.1002/ece3.245

| 39


http://dx.doi.org/10.1111/j.1529-8817.2012.01224.x
https://doi.org/10.1002%2Fece3.245

Kroeker, K. J., Kordas, R. L., & Harley, C. D. G. (2017). Embracing interactions in ocean
acidification research: Confronting multiple stressor scenarios and context dependence. Biology
Letters, 13(3). https://doi.org/10.1098/rsbl.2016.0802

Lapota, D., Osorio, A. R., Liao, C., & Bjorndal, B. (2007). The use of bioluminescent
dinoflagellates as an environmental risk assessment tool. Marine Pollution Bulletin, 54(12),
1857—-1867. https://doi.org/10.1016/j.marpolbul.2007.08.008

Li, H., Zhang, W., Zhao, Y., Zhao, L., Dong, Y., Wang, C., Liang, C., & Xiao, T. (2018).
Tintinnid diversity in the tropical West Pacific Ocean. Acta Oceanologica Sinica, 37(10),
218-228. https://doi.org/10.1007/s13131-018-1148-x

Lima, F. P., & Wethey, D. S. (2012). Three decades of high-resolution coastal sea surface
temperatures reveal more than warming. Nature Communications, 3(704).
https://www.nature.com/articles/ncomms1713.

Logan, C. A. (2010). A Review of Ocean Acidification and America’s Response.
BioScience, 60(10), 819—-828. https://doi.org/10.1525/b10.2010.60.10.8

Magel, C., Lee, E., Strawn, A.M., Swieca, K., & Jensen, A.D. (2020). Connecting Crabs,
Currents, and Coastal Communities: Examining the Impacts of Changing Ocean Conditions on
the Distribution of U.S. West Coast Dungeness Crab Commercial Catch. Frontiers in Marine
Science, 7(401). https://doi.org/10.3389/fmars.2020.00401

Manno, C., Sandrini, S., Tositti, L., & Accornero, A. (2007). First stages of degradation
of Limacina helicina shells observed above the aragonite chemical lysocline in Terra Nova Bay
(Antarctica). Journal of Marine Systems, 68(1-2), 91-102.
https://doi.org/10.1016/j.jmarsys.2006.11.002

Marshall, K.N, Kaplan, I.C., Hodgson, E.E., Hermann, A., Busch, D.S., McElhany, P.,
Essington, T.E., Harvey, C.J., Fulton, E.A. (2017). Risks of ocean acidification in the California
Current food web and fisheries: ecosystem model projections. Global Change Biology, 23(4),
1525-1539. https://doi.org/10.1111/gcb.13594

Mekkes, L., Renema, W., Bednarsek, N., Alin, S.R., Feely, R.A., Huisman, J., Roessingh,
P., & Peijnenburg, K.T. (2021). Pteropods make thinner shells in the upwelling region of the
California Current Ecosystem. Scientific Reports, 11.
https://www.nature.com/articles/s41598-021-81131-9

Milner, S., Langer, G., Grelaud, M. and Ziveri, P. (2016), Ocean warming modulates the
effects of acidification on Emiliania huxleyi calcification and sinking. Limnol. Oceanography,
61(1322-1336). https://doi.org/10.1002/In0.10292

| 40


https://doi.org/10.1098/rsbl.2016.0802
https://doi.org/10.1002/lno.10292

National Aeronautics and Space Administration [NASA]. (2016). California coastal
current. https://earthobservatory.nasa.gov/images/87575/california-coastal-current.

National Oceanic and Atmospheric Administration [NOAA]. (2015, January 21). Ocean
acidification: Saturation state.

https://sos.noaa.gov/catalog/datasets/ocean-acidification-saturation-state/.

National Oceanic and Atmospheric Administration [NOAA]. (n.d.). Pacific Decadal
Oscillation (PDO). https://www.ncdc.noaa.gov/teleconnections/pdo/.

Oceans of Data Institute. (n.d.). Upwelling and the California Current
https://oceantracks.org/library/the-north-pacific-ocean/upwelling-and-the-california-current.

Oliver, E.C.J., Donat, M.G., Burrows, M.T., Moore, P.J., Smale, D.A., Alexander, L.V.,
Benthuysen, J.A., Feng, M., Gupta, A.S., Hobday, A.J., Holbrook, N.J., Perkins-Kirkpatrick,
S.E., Scannell, H.A., Straub, S.C., & Wernberg, T. (2018). Longer and more frequent marine
heatwaves over the past century. Nat Commun 9(1324).
https://doi.org/10.1038/s41467-018-03732-9

Olson, M. B., Solem, K., & Love, B. (2018). Microzooplankton grazing responds to
simulated ocean acidification indirectly through changes in prey cellular characteristics. Marine
Ecology Progress Series, 604, 83—97. https://doi.org/10.3354/meps12716

Omori, M. & Ikeda, T. Methods in Marine Zooplankton Ecology. (1985). Journal of the
Marine Biological Association of the United Kingdom, 65(2), 562-562.
doi:10.1017/S0025315400050669

Pedersen, S. A., Hansen, B. H., Altin, D., & Olsen, A. J. (2013). Medium-term exposure
of the North Atlantic copepod Calanus finmarchicus (Gunnerus, 1770) to CO2-acidified

seawater: Effects on survival and development. Biogeosciences, 10(11), 7481-7491.
https://doi.org/10.5194/bg-10-7481-2013

Piredda, R., Sarno, D., De Luca, D., & Kooistra, W. H. C. F. (2022). Biogeography of six
species in the planktonic diatom genus bacteriastrum (bacillariophyta). European Journal of
Phycology, 1-12. https://doi.org/10.1080/09670262.2021.2021591

Quilfen, Y., Shutler, J., Piolle, J. F., & Autret, E. (2021). Recent trends in the wind-driven
California current upwelling system. Remote Sensing of Environment, 261(112486).
https://doi.org/10.1016/j.rse.2021.112486

Rasmuson, L.K. (2013). The biology, ecology and fishery of the Dungeness crab, Cancer
magister. Advances in Marine Biology 65(95-148). https://doi.org/10.1016/B978-0-12-
410498-3.00003-3

| 41


https://sos.noaa.gov/catalog/datasets/ocean-acidification-saturation-state/
https://oceantracks.org/library/the-north-pacific-ocean/upwelling-and-the-california-current
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1016/j.rse.2021.112486

Richerson, K., Punt, A. E., & Holland, D. S. (2020). Nearly a half century of high but
sustainable exploitation in the Dungeness crab (Cancer magister) fishery. Fisheries Research,
226(105528).

Renault, L., J.C. McWilliams, F. Kessouri, A. Jousse, H. Frenzel, R. Chen, C. Deutsch.
2021. Evaluation of high-resolution atmospheric and oceanic simulations of the California
Current System. Progress in Oceanography DOI:10.1016/j.pocean.2021.102564.

Riebesell, U., & Gattuso, J.P. (2015). Lessons learned from ocean acidification research.
Nature Climate Change, 5(1), 12—14. https://doi.org/10.1038/nclimate245

Sampaio, E., & Rosa, R. (2020). Climate Change, Multiple Stressors, and Responses of
Marine Biota. In W. Leal Filho, A. M. Azul, L. Brandli, P. G. Ozuyar, & T. Wall (Eds.), Climate
Action (pp. 264-275). Springer International Publishing.
https://doi.ore/10.1007/978-3-319-95885-9 90

Santhanam, P., Begum, A., & Pachiappan, P. (Eds.). (2018). Basic and applied
zooplankton biology. Springer.

Schippers, P., Liirling, M., & Scheffer, M. (2004). Increase of atmospheric CO2 promotes
phytoplankton productivity. Ecology Letters, 7,446—451.
https://doi.org/10.1111/1.1461-0248.2004.00597 .x

Shultz, D., Campbell, L., & Kudela, R. M. (2019). Trends in dinophysis abundance and
diarrhetic shellfish toxin levels in California mussels (mytilus californianus) from Monterey Bay,
California. Harmful Algae, 88, 101641. https://doi.org/10.1016/j.hal.2019.101641

Shurin, J. B., Gruner, D. S., & Hillebrand, H. (2006). All wet or dried up? Real
differences between aquatic and terrestrial food webs. Proceedings of the Royal Society B, 273,
1-9.

Siedlecki, S. A., Pilcher, D., Howard, E. M., Deutsch, C., MacCready, P., Norton, E. L.,
Frenzel, H., Newton, J., Feely, R. A., Alin, S. R., & Klinger, T. (2021). Coastal processes modify
projections of some climate-driven stressors in the California Current System. European
Geosciences Union, 18(9). https://bg.copernicus.org/articles/18/2871/2021/.

Talley, L. D., Feely, R. A., Sloyan, B. M., Wanninkhof, R., Baringer, M. O., Bullister, J.
L., Carlson, C. A., Doney, S. C., Fine, R. A., Firing, E., Gruber, N., Hansell, D. A., Ishii, M.,
Johnson, G. C., Katsumata, K., Key, R. M., Kramp, M., Langdon, C., Macdonald, A. M., Mathis,
J. T., McDonagh, E. L., Mecking, S., Millero, F. J., Mordy, C. W., Nakano, T., Sabine, C. L.,
Smethie, W. M., Swift, J. H., Tanhua, T., Thurnherr, A. M., Warner, M. J., and Zhang, J.-Z.
(2015. Changes in Ocean Heat, Carbon Content, and Ventilation: A Review of the First Decade
of GO-SHIP Global Repeat Hydrography. https://pubmed.ncbi.nlm.nih.gov/26515811/.

| 42


https://doi.org/10.1007/978-3-319-95885-9_90
https://doi.org/10.1111/j.1461-0248.2004.00597.x
https://bg.copernicus.org/articles/18/2871/2021/
https://pubmed.ncbi.nlm.nih.gov/26515811/

Timmins-Schiffman, E., O’Donnell, M. J., Friedman, C. S., & Roberts, S. B. (2013).
Elevated pCO2 causes developmental delay in early larval Pacific oysters, Crassostrea gigas.
Marine Biology, 160(8), 1973-1982.

Valdez, S., & Ruesink, J. (2017). Scales of recruitment variability in warming waters:
Comparing native and introduced oysters in Hood Canal, Washington, USA. Marine Ecology
38(3), 12435, https://doi.org/10.1111/maec.12435

Valiela, I. (2016). Marine Ecological Processes (Third edition). Springer.

Villareal, T. A., Woods, S., Moore, J. K., & CulverRymsza, K. (1996). Vertical migration
of rhizosolenia mats and their significance to no3— fluxes in the central North Pacific Gyre.
Journal of Plankton Research, 18(7), 1103—1121. https://doi.org/10.1093/plankt/18.7.1103

Wang, M., Jeong, C.B., Lee, Y. H., & Lee, J.S. (2018). Effects of ocean acidification on
copepods. Aquatic Toxicology, 196, 17-24. https://doi.org/10.1016/j.aquatox.2018.01.004

Weber, E. D., Auth, T. D., Baumann-Pickering, S., Baumgartner, T. R., Bjorkstedt, E. P.,
Bograd, S. J., Burke, B. J., Cadena-Ramirez, J. L., Daly, E. A., de la Cruz, M., Dewar, H., Field,
J. C., Fisher, J. L., Giddings, A., Goericke, R., Gomez-Ocampo, E., Gomez-Valdes, J., Hazen, E.
L., Hildebrand, J., ... Zeman, S. M. (2021, August 10). State of the California current 2019-2020:
Back to the future with marine heatwaves?
https://www.frontiersin.org/articles/10.3389/fmars.2021.709454/full.

Monika Winder, and Ulrich Sommer. Phytoplankton Response to a Changing Climate.
Hydrobiologia, 698(1). doi: 10.1007/s10750-012-1149-2

Xu, J., Long, W., Wiggert, J. D., Lanerolle, L. W. J., Brown, C. W., Murtugudde, R., &
Hood, R. R. (2012). Climate Forcing and Salinity Variability in Chesapeake Bay, USA. Estuaries
and Coasts, 35(1), 237-261. http://www.jstor.org/stable/41333127

Xiu, P. et al. (2018). Future Changes in Coastal Upwelling Ecosystems with Global
Warming: The Case of the California Current System. Scientific reports, 8(1), 2866-9.

| 43


https://www.frontiersin.org/articles/10.3389/fmars.2021.709454/full
http://www.jstor.org/stable/41333127

7. Appendix

Temperature and QA Averaged over 100m
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Figure 24: Averaged T and Q,, values for WCOA cruise (2016 and 2021) and JSOES time series
(2015-2020)

Eqn. a, P« P, «, SI

Temperature and €, 950 T 217 Q, -122 24.5%
pH and Temperature -029 pH 130 T -091 20.0%
pH and DO 93.1 pH -12.8 DO 0.03 8.5%

DO and Temperature 89 DO 0001 T -0.86 19.8%

Table 2: Coefficients and SI values for WCOA HSIs.
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Eqn. o, P B a P P oo, P

Temperature and Q,, 9.50 0.010 T 217 0.096 Q, -1.22 0.004
pH and Temperature -0.29 0990 pH 1.30 0.690 T -0.91 0.011
pH and DO 93.1 0.048 pH -12.8 0.050 DO 0.03 0.122
DO and Temperature 89 0.011 DO 0.001 0.858 T -0.86 0.008

Table 3: Coefficients and their corresponding p-values for M. magister WCOA HSIs.

Eqn. o, P B o P P, o, P

DO and Temperature -8.501 0.208 DO 0.019 0.1849 T 0.362 0.659

Table 4: Coefficients and their corresponding p-values for a M. magister JSOES HSIs.
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Figure 25. HSIs for M. magister using the combination of DO and Temperature. Predictions (background
gradient) use JSOES (2015-2020) data while presence/absence observations (scatter plot) are using 2015,
2016, 2017, 2019 and 2020 data.
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Figure 26. 2021 NOAA West Coast Ocean Acidification Cruise. Geographic boundaries 31.78°N to
52.40°N by 130.85°W to 117.75°W. Credit: NOAA website.
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Analysis of variance of physical parameters between
sampling stations
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Figure 27. These plots display values measured in the upper 300m of the water column, separated by
sampling station. Each plot includes a line to indicate the average value across all stations and distribution
diamonds to highlight the spread within each sampling station.
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