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li. Executive Summary
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environmental variation and from human pressures including fisheries. These variations span many
scales from large ocean basin scales such as the E} SgughernOscillation, with major yeato year
or even decadal scale shifts, to localized variations in ocean weather including the upwelling of cool,
nutrient rich water occurring at the scale of km or more. This range of variation in space and time
presents chadinges when looking to interpret ecosystem changes in relation to management actions,
including the implementation of marine protected areas (MPAS). For exaidplg,can changes in MPA
condition be attribuédto MPA management and/or other phenomena sucheggonal climate change?
Moreover, such management assessments require an integrative approach to data, including
standardization, processing, analysis, and visualization of data from a diversity of sources. Some of these
data processes are timeonsumingand complex, especially for diverse environmental habitat and
indicator dataHow can data from various investigators, locations, habjtatsl methods be integrated
to produce robust assessments of change in key indicators that are useful for MPA manggem
Contemporary ocean observing systems are working to overcome these challenges in part by providing
information across a wide range of scales and a broad array of variables. This includes streamlining data
management andbuildingcyberinfrastructureshat allow for more timely and repeatable analysis.

Here we have used the Integrated Ocean Observing System (I00S) framework to develop and
tailor curated collections of MR£elevant datasets and data visualization and exploration tools. These
tools are suported by replicable andocumented datastreams and processes, allowing MPA
researchers and managers to address these challenges and thereby improve their ability to attribute
observed changes to natural and/or human drivers. Our work covered five scatdsave been
identified as being key to understanding MPA change: Basin/c@labal, Large Marine Ecosystem,
Region/Sukecosystem, Mesoscale (14.00s km; eddies, fronts), and Local (MPA,; larval retention
zones; e.g.Taylor 2007). We worked acrossifkey objectives:

1. Utilize largescale satellite data and models to develop regularly updating curated data views
and products Data was produced for all MPAs where possible and hundreds of study stations,
as well as for California bioregions, and visedlim an online dashboard (mpa
dashboard.caloos.org).
2. Utilize fine scale models nested in largecale simulations for MPA connectivigNested
models with ~800 m and ~160 m resolutiorve@roducedoutputs since March 2020,
LIN2E RdzOAYy 3 + RIAfE@ Wy2g0ladoQ
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sources for inclusion in the mukscale curated data viewsMulti-Agency Rocky Intertidal
Network (MARINe), the Partnership for Interdisciplinary Studies of CoastalSje#8CO), Reef
Check California (RCCA), and the California Collaborative Fisheries Research Program (CCFRP) are
in the California MPA Dashboawith others to follow.
4. Evaluate an emerging suite of multivariate, mulitressor assessmenterivatives of
Seascapes (see example summary figure on the following page), the California Harmful Algae
Risk Mapping (EIARM) and EcoCast for MPAs are available.

Additionally, we used these data in integrated assessments to evaluate natural and larger scale
variationin relation to changes at specific MPAs. This included identifying which MPAs may have
variation that is dissimilar to the bioregion in which it is located. We have also analyzed outputs from an
ensemble of climate change model projection2@99to understand expected future change across
MPAs and bioregion&ey outputsimpacts and accomplishmentare summarized below



Streamlined access to MPA data in integrated formats for expert assessmefissembling
and using easily accessible and robust dats$at MPA assessment by many independent teams is time
consuming and adds risk of incompatibility in later analysis and results. We developed and documented
replicable data processing code and metadata through a central ¢ddasdd project management and
data analysis platform that can be run regularly to extract and format data for onward use. Integrated
data with common time and space formatting are publicly available through Data@iNEalifornia
IO0S data systems at weekly and monthly timescales wheessailable. These can be updated on a
regular basis. Researchers, managers, and others can thereby use common setis-datg
information for understanding and assessment.

Streamlined access to MPA data via tRalifornia MPA Dashboaredldentifying and processing
datasets that are relevant to MPA assessments is time consuming and may lead to less efficient use of
available data in MPA assessments and research by diffezsaarch and managemegtoups.We
developed a California MPA Daslalod application that provides easy access and visualizations of
multiple integrated MPAargeted datasets and data digedtsat arerelevant to research and
assessment interests highlighted in the MPA action plan and working group reports. Relevarirdata c
be easily explored and visualized through a public website interface. Datasets of interest can either be
downloaded directly from thd&1PADashboardor users can identify the data source from M&A
Dashboardand obtain data for further analysiResearchers, managers, and other stakeholders can
easily locate and explore data relevant to MPA assessments and research questions.

Improved realism and timeliness of MPA connectivity dattodeling connectivity of
organisms by ocean currents between Miegions and between MPA and ndfPA regions provides
guantitative information concerning how MPA regions function as a network beyond the sum of their
parts. We statistically analydeealistic virtual larval or propagule transport trajectories generdteth
state-of-the-science ocean circulation models coupled to larval transport models including different
types of organismal behavior and duratiofsiringthe year and a half of trajectories analyzed, all MPAs
studied shoved connectivity with amplitudeshat vaiied with pelagic larval duration, time of year
released, and organismal behavior. Some MPAs expedegeeerally greater transport to and from
multiple other MPAs, and spillover from MPAs to nearshore zones alsogé$uin ocean circulation.
MPA locations within the greater Monterey Bay amsare sufficiently spaced that protected regions
experiencel larval exchange dependent on pelagic larval duration, time of release, and larval behavior.

Detailed estimates of ecosystedevel variation acrosbioregions and MPAsUnderstanding
the connections between ocean conditigmsodiversity and indicator species variation can aid our
understanding of marine ecosystem dynamics and inform adaptive management strategies. We used
remotely-sensed physicathemical, and biological data to characterize the ocean conditions, or
G58yFYAO {SIFalOrLSasez 2F YINARYS HFRNIOR2M A G/F I oF 21 NENBL
bioregions experience similar ocean conditions, but the South Coast and Chéamed Isioregions
experience a more diverse set of Seascape conditions on an overall and annual basis. Aberrant ocean
O2yRAGAZ2Y & 6SNB Ffa2 RSGISOGSR dzaiay3 {SIaokLS Of &
. f 2 which &tendedrom Southen California MPAs north to Campus Point SMCA. These findings
show that Seascape statpace classifications can be summariaethe spatial scales ®fiPAs, and

providewider-and longera OF £ S SalGAYI G4S&a 2F GFNAFoAfAGeE FY2y3 /|



Pyramid Point SMCA

Point St. George Reef Offshore SMCA
Reading Rock SMCA
Reading Rock SMR

Samoa SMCA

South Cape Mendocino SMR
Mattole Canyon SMR

Sea Lion Gulch SMR

Double Cone Rock SMCA
Ten Mile SMR

Point Arena SMCA

Stewarts Point SMR

Bodega Head SMR

Bodega Head SMCA

Point Reyes SMR

Point Reyes SMCA

North Farallon Islands SMR
Southeast Farallon Island SMCA
Bair Island SMP

Montara SMR

Pillar Point SMCA
Greyhound Rock SMCA
Soquel Canyon SMCA

Point Lobos SMCA

Point Sur SMCA

Point Sur SMR

Big Creek SMR

Piedras Blancas SMCA
Cambria SMCA

Point Buchon SMCA

Point Buchon SMR
Vandenberg SMR

Point Conception SMR
Campus Point SMCA (No-Take)
Harris Point FMR

Scorpion FMR

Richardson Rock FMR
Richardson Rock SMR
Anacapa Island FMCA
Anacapa Island FMR

Harris Point SMR

Painted Cave SMCA
Scorpion SMR

Anacapa Island SMCA
Anacapa Island SMR
Carrington Point SMR

Judith Rock SMR

San Miguel Island Special Closure
Point Dume SMCA

Footprint SMR

Skunk Point SMR

Footprint FMR

Gull Island SMR

Gull Island FMR

South Point SMR

Point Vicente SMCA (No-Take)
Laguna Beach SMR

Blue Cavern Offshore SMCA
Dana Point SMCA

Santa Barbara Island SMR
Long Point SMR

Santa Barbara Island FMR
Begg Rock SMR

Farnsworth Offshore SMCA
Farnsworth Onshore SMCA
Swami's SMCA

South La Jolla SMCA

MPA

Seascape Category
7 11 12 14 15 17 19 20 21 25 27 NA

HEN "HEE BN
? II: “| ? ll ||||I:|Ii7'|| in in Il:' Ii|; il' il |

| I Jil 1 II :JI ||1| IIII
g ) ||||lﬁ'q Il |

i |H ST

il “ i N nad
L1l
i

i;'ﬂ il i ..#l
g M{"ﬁﬁﬂlm

&S 3 & o ue = S N b 3 > O
\) N\ O ) Q N O ’\ ’\ ’\ ’\ N ’\ LN Q> f], Q!
S S S S S S S S S SR S S S S S

Monthly Seascapes 2002-08-15 to 2021-02-15

Contemporary Seascape change at MPAs and through the netwhik figure highlights changes in Seascape
composition from 2002021 for the California MPA network. Seascapes provide a categorized summary indicator
of oceanographic conditions arkdeir change in space and time. Each Seascape represents a unique combination
of conditions (NA indicates no data availab{&hanges related to warming periods, particularly in 2015¢56 be
observed across much of the MPA network.



Detailed estimates oharmful algal bloom risk for California bioregions and MPAdsing high
frequency nowcasts dfarmful algal bloomHAB datafrom the CaliforniaHarmful Algae Risk Mapping
(GHARM) modeandthe EcoCasspecies distribution modelsve show spatial and temporal patterng
HABrisk in MPA regions, and risk faulnerable species to HAB impactsHd8RM temporal patterns
from 20182021 show that the risk of high probability of cellular domoic acid, particulate domoic acid,
and Pseudenitzschiaspp. blooms was already high in all bioregions and increased across all bioregions.
The EcoCast andlARM risk maps suggest the potential increase in frequency, persistence and spatial
extent of HABs over recent years and that these areas c@mith ecologically important migrating
species posing a risk of these specigfeling adverse effects due to domoic acid and HABSs.

Integrated multiscale assessments of variation and change over the past two decadlbs
spatial and temporal evolutioof the warmingeventin 2015 was the most prominent interannual signal
in climate and Seascapes variation observed during the period 2003 to 2021. However, the unusual
conditions that dominated that period, even into 2018, have since dissipated. Evislént in time
series of the California Multivariate Ocean Climate Indice#®DCl) Seascapes ocean habitat
classificationgindother ocean climate indicator&or example, the MOCI index was negative for much
of 2011 to 2013 and was negative again e 2020 across the stat®Vhile theover the last decade
have been variabldongterm, multi-decadalchanges associated with climate change are becoming
clearer, such as witkelp loss, new records in ocean temperatures andoing ocean acidification

Detailed estimates of climate change risk for California bioregions and MPAs understand
the role that MPAs may play in supporting ecosystem resilience and providing societal benefits in the
face of climate changd is necessary to understand how keyv&onmental variables are projected to
OKIFy3aS Ay [/ FTEATFT2NYALFIQa aidGl 4GS 6FGSNBR | YR kdyy at! ao
oceanographic variabldsom the downscaled climate regional ocean modeling system (ROMS) model
for MPAs and bioregimsfrom past (198€2009) to future (207€099)conditionsand identified areas of
fSFrad OKIFy3aS I a Lcai®shia MPAS protectédhiyHerip&ceMdds dipdtdnt@ld
WOt AYIF S NB R099 domfaredrtdld@erall stafeywaters, befugia were often not spatially
persistent.Some visualizations of these analyses are available in the California MPA Dashboard.

271 Bioregion
1980-2009 NorthCoast
v 1980-2009 CentralCoast
B 1980-2009 SouthCoast
N Ch'-%v v 1980-2009 Channellslands
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[
G | : | |
-4 2 0 2 4
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Contemporary conditions to future changeéhis figure shows the projected multivariate change in California MPAs
across four different bioregions, from past (198009; solid points) to future (2072099; open points) based on a
principal components analysis of output variables from downscdiethte ROMS modelBistances between

points indicate differences in environmental conditions, as summatgete firsttwo principal components (PC1
and PC2)Vectors (blue lines) indicatexeswhere change ireachvariable most aligns with the overglttern.



1. Introduction

Marine protected areas (MPAs) face many pressures, from resource use including fisheries to
climate variations and lonterm change. These factors operate from local to global spatial scales over
daily to decadal timescales. Thigde range of variance in space and time presents serious challenges to
understanding how ocean weather, climate, MPA management practices and other factors converge to
shape conditions and ecological responselliPAs.Given the range of possible influegs and their
scales, there is risk of interacting factors becoming indistinguishable without sufficient camigxt (
aliasing). In addition to issues with measuring such phenomena, big challenges remain in improving the
timeliness and reproducibility gfssessments. Two key questions artdew can changes in MPA
condition be attribuédto MPA management and/or other phenomena such as regional climate change?
How can data from various investigators, locations, habitats and methods be integrated to @roduc
robust assessments of change in key indicators that are useful for MPA management?

A primary motivation for creating networks of higlsolution observing systems sustained over
time is to understand ecosystetavel change that occurs over a wide ramjescales€.g., Taylor 2007,
Ruhl et al. 2011). Management of living resources has evolved a holistic and integrated apergpach (
Harvey et al. 2019). There are myriad connections between climate, weather, andixied upwelling
of ocean waters andhanges in nutrient availability for primary productivity, transfers of primary
productivity to various food web components including zooplankton and forage fishes, and ultimately to
top predators including marine mammals and fistg(,Hazen et al. 201Ryan et al. 2019). An example
of how anomalous conditions can have pervasive ecosystem impacts occurred recently with warming of
£ NBS FINBIF 2F GKS y2NIKSIFad tF OAFAO -201604tdzRA Y 3 &
lingering signals intlar years. Suclarge-scalephenomena can ultimately relate to important marine
ecosystem changes at the coast and local areas (Barth et al. 2018). Here we provide data and tools that
can bridge understanding among these mechanisms and their im@regdral and spdial scales,
linking atmospheric, oceanographic and ecological habitat focused data.

This project has run in the context of the US Integrated Ocean Observing System (I00S) and its
affiliate organizations including the Global Ocean Observing IBy&©0S), the Ocean Biological
Information System (OBl@ndthe Marine Biodiversity Observation Network (MBON, MuHlarger et
al. 208, Benson et al. 2021). The two California Regional Associations of IOOS are the Central and
Northern California Ocea@bserving System (CeNCOOS), which extends from the Oregon border to Pt.
Conception CA, and the Southern California Coastal Ocean Observing System (SCCOOQS) that spans from
Morro Bay to the Mexico border. CeNCOOS and SCCOOS have built a foundation blasdxksin t
available science and collaborative partnershifisese systems provide neaontinuous coverage of
surface currents along the coast from hifjaquency radar (HFR) stations, oceanographic section data
from six continuous glider line transects, amghdreds of other data products€.,data layers) from
more than two dozen shore stations and moorings, all of which are now available in @alidornia
Ocean Observing Data Por{dhta.caloos.orly Modelassimilated observations underpin highality
ocean and atmosphere forecasts, nowcaatsd hindcasts, all of which serve as a record for
understanding the causes and consequences of natural and anthropogenic change. These efforts also
include a federallyccredited data and cyberinfrastructure capability that streamlines access to
information and analytics for applied uses and research. For example, CeNCOOQOS supplies data to
underpin the California Current Integrated Ecosystem Assessment and Monterea8ayaNMarine
Sanctuary Condition Reports (Ruhl et al. 2021).

Project Goalsand Objectivesg Our project used the Integrated Ocean Observing System (I00S)
framework to develop curated collections of datasets and model outputs that incorporate information
from ocean physics, ocean biogeochemistry, and-@nm ecological monitoring at spatial and
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http://data.caloos.org/

temporal scales relevant to MPAs, and refereshte climatic conditions. These curated datasets

integrate data from numerous sources into a virt@allifornia MRA Dashboaraf conditions, which

enables users to create customized data visualizations to support MPA assessment from regional to
statewide scales. The curated datasets also allow for integrated assessments of environmental
conditions in MPAs and Califéarstate waters, whickupport analysiesf MPA network performance.

Our work bridges the five conceptual scales that have been suggested as being important when
considering change in MPAs: Basin/Qu@kibal, Large Marine Ecosystem, Region/Scisystem,
Mesoscale (10s 100s km; eddies, fronts), and Local (at the MPA; retention zonesgeejc.Taylor

2007). Our project scope originally included threg@rson meetings with other California MPA
Monitoring Program researchers and program managers tditgtel data integration, curated data view
specification and development feedback, connectivity assessment and ecological indicator
development. While we were able to hold the first meeting in January 2020 (Milestone 1), the remaining
engagement was manadehrough a series of smaller virtual meetings (Milestones 2 and 3). We worked
across four key objectives (see Appendix Alaftomplete list of proposed milestones and

deliverables):

1. Utilize largescale satellite data and models to develop regularly upithg curated data views
and products that quantify relationships between largecale phenomena, features and
variations, and conditions at 24 spatial areas of integration including select Tiantl 2 MPA
locations across the stateSection2. Data Standardization, Curation, Integration, and
Visualization with the California MPA Dashbogtd his objective evolved to provide
visualizations and access to curated datasets for a more complete selection of MPAs via the
California MPA DashboafB®eliverable 2. Ultimately this included all MPAs with varying levels
of data availability depending on when specific observation, sampling, satefliteodeling
efforts started. The size and shape of MPAs, locatitmserto greater areas of land sucls &n
estuaries andpropensity for cloudiness also limited the times and places where we have robust
time series.

2. Utilize fine-scale models nested in largescale simulations to develop regularly updating
information products that quantify changing contions, including MPA connectivity, at finer
scales, and integrate results into our products and our midtiale curated data viewsSgction
3. HighResolution Circulation and Connectivity Modelindhe establishment of the data
assimilative West Coast Opgional (Ocean) Forecast System (WCOFS) has enabled us to create
a two-tiered nested model with ~800 m and ~160 m resolution focused on the central coast and
a2y iSNBe . I& NBaLSOGA@Sted hdzillzia AyOf dzRS RI
of conditions including connectivity between different coastal areas, including all MPAs within
the model domain. The particle tracking data are available through a publicly accessible server
(Deliverable 4 which is now running and updatimgutinely Oeliverable 5. These data can be
considered in the context of specific cases of biologigalgvant modes of dispersal (e.g.,
behavior, pelagic larval duration) for eggs, larvae, zoosparesother propagules.

Customizable visualizations of connectivity dowide range of these dispersal modes are
included in the California MPA Dashboabeliverable §. This effort included delivery of
recommendations on particle tracking/connectivity data needs and capabilities, and a plan to
achieve higkresolution partcle tracking for the historical data perioglg.,2011 to present
(Deliverable ).

3. Work with representatives from the @lifornia MPA Monitoring Program habitat expert
teams, the Ocean Protection Council, and the California Department of Fishvsitdlife to
format andassemble longerm ecological monitoring data from MPAs and reference regions
for inclusion in the multiscale curated data views (Objective 1), including data for key



performance measures and metricSéction2. Data Standardization, Curatig Integration,
and Visualization with the California MPA Dashboard@his work has so far included major
data inputs from the MultiAgency Rocky Intertidal Network (MARINe, ,@Mpritschand
Raimondi 2018), the Partnership for Interdisciplinary Studies of Coastal Oceans (PISCO) covering
kelp and shallow rocky areas (Hamilton et al. 2010, Young et al. 2015), Reef Check California
(RCCA) covering kelp and shallow rock aapakareas of miedepth rock and soft bottom
subtidal habitat, and the California Collaborative Fisheries Research Program (CCFRP) including
nearshore pelagic habitats. Data are still becoming available from some habitat teams including
those working in estuary, sandy béa@nd middepth rock and soft bottom subtidal habitats
and therefore this work is ongoing (see TablelA3Getting these ecological monitoring data
verified, qualitychecked, and formatted into machirreadable forms that are compliant with
data standardg allows for effective and replicable data processing, analysis, archival, access, and
visualization for current and future assessments, including integration into the California MPA
Dashboard and ingestion into global databases such as the Ocean Bigivgosmation
System (OBIS) and the Global Biodiversity Information Facility (GBIF). Datasets through 2019
were included in the first iteration of the MPA dashboard in 2020, gpdhted datafrom 2020
were incorporated in late 202Dgliverables 7 and P It is by integrated analysis of these data
along with MPAspecific digests of satellite and model data (Objective 1) and MPA connectivity
data (Objective 2), that thedliforniaMPA Monitoring Program will be able to address many of
the key research, nmatoring, and management questions. We will continue to update our data
holdings and tools as additional data become available from other projects. Some of these are
addressed here, while others will need additional analysis as part dflfheDecadal
Management Review.

4. Work with representatives from the @lifornia MPA Monitoring Program habitat expert teams
to evaluate an emerging suite of operational, ecological models that can be synthesized into a
multivariate, multi-stressor description of regional esystem state and then integrated with
ecological monitoring data and indices to produce statewide quantitative, indicab@sed
assessmentsSectiond4. Ecological Indicators for Seascapesd Harmful Algal Bloom Risk in
MPAS. This has included examinatiof Seascapes classification of remote sensing data, the
California Harmful Algae Risk MappingHERM) assessment of harmful algal bloom (HAB) risk
with Pseudenitzschia cellular domoic acid, and particular domoic acid probability, as well as
EcoCast mdictions of where vulnerable species occur relative to HABDiskverable 10).
These data provide additional insight into ecological conditions along the coast for interpreting
change in MPAs and reference areas alike. For example, time series gi&&edeasifications
for MPAs and bioregions provides insight into the variation in the availability of oceanic habitat
conditions.

Our project also expanded in scope by including assessment of climate change risk for MPAs and
bioregions.This was made potde by the new availability of a set of downscaled climate change model
estimates extending out t8099usingseOl f f SR WodzAAy Saa | a4 dzadzZ fQ LINR2SH

Together these objectives enabled us to conduct integrated assessments gfecharss scales
and into the future $ectiorb. Integrated Assessment of Environmental Variation in MipdSections.
Integrated Assessment of Projected Climate Change Risk i) MBRi&svork marks major advancements
in the ways in which MPA analyticabrkflows are developed, documenteand managedandsupports
higher quality assessmenteing delivered more efficiently now and into the future. This includes the
assessments addressing the MPA Monitoring Action Plan,geifisemphasis on providing data to
understand the context of change across a wide range of scales including for habitat monitoring project
data that also includes diversity and abundance of marine life, and the structure, function, and integrity



of marire ecosystems. Along with other program teams, we quantified the environmental and water
quality context of change in marine life populations, including fisheries of economic value, thus
providing information for possible rebuilding stocksthat are depléed. The data provided is bringing
understanding of how lontgerm change might influence perceptions of what constitutes baseline
conditions €.g.,potential shifting baselines). This information helps evaluate if MPAs are achieving
objectives in the conte of climate variability and secular change. This enables assessments at the scale
of individual MPAs, the north, centrand south coast bioregions, with the Channel Islands assessed
independently, and the degree to which individual MPAs may be expngrsimilar conditions to the
bioregions in which they are located. Below we describenoetthods for addressing the above
objectives, our detailed research questions and analytical approaches, results from these activities to
date and discussion placitigese results in the context of the dine Life Protection Act and MPA

Action Plan goaland questions.



2. Data Standardization, Curation, Integration, and Visualization with
the California MPA Dashboard (Objectives 1 and 3)

2.1 Summary

The California MPRashboard enables managers, researchers, and stakeholders to explore and
visualize a curated collection of MfPdlevant oceanographic, climatologicahd ecological

datasets, as well as outputs from ecological, climate, and circulation models.

To curate hese datasets, we developed replicable and documented data processing and

metadata scripts on a central clodmhsed project management and data analysis platform. This
includes extraction and summarization of large oceanographic and climatological ddtasets

MPA scales, as well as data verification, quality checking, and standardization of ecological
monitoring datasetdor effective use in current and future analyses and assessméhése

curated datasets are visualized in the MPA Dashboard and madaldeahrough DataONE and

other use points.

MPA Dashboard tools include datasets and visualizations that facilitate research and

assessments addressing MPA Action Plan questions associated with MLPA Goals 1, 2, 4, and 6, as
well as additional priority resarch questions from the @anProtection Council- Science
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2.2 Data Integration and California MPA Dashboard Objectives

The California MPA Dashboard was developed out of the origihR LJ2 &+ f 206 2SOGA GBS [
largescale satellite data and models to develop regularly curated data views and products that quantify
relationships between largecale phenomena, features and variations and conditions at 24 spatial areas
of integration ncluding select Tierandn at ! € 20F dA2ya | ONraa (GKS adl GS¢
with the GiliforniaMPA Management Program habitat expert teams to format and assemble in situ
MPA monitoring data for inclusion in the multale curated data viewsycluding data for key
LISNF2NXIFyOS YSI adzNBKa yR YSGiNAROa¢d 6ho2SOGADS ovd
a much more comprehensive tool for exploring and visualizing a curated collection of oceanographic,
climatological, ecological mowiting, and model output datasets relevant to research and assessment of
I TEAT2NYALFQa at! ySGg2N]l X AyOftdzZRAYy3I RIEGE FNBY MHH

This evolution and development of tigaliforniaMPADashboard was guided by multiple
rounds of engagement and feedback between the development team, other California MPA Monitoring
Program projects including the ecological and haksa¢cific monitoring groups, and its program
managers. It was also underpinned by extensive investmerataverification, qualitychecking,
conversion into standard formats, and development of replicable data processing workflows to create
high-quality data products for immediate and future use.

The Dashboard aims to meet the data needs of agencies, résrarenanagers, and
stakeholders involved in MPA assessment and research. It contains datasets and visualizations that can
facilitate assessments for the following parts of tharvie Life Protection Act (MPA Goals and MPA
Monitoring Action Plan, as wedk priority research questions frothe OceanProtection Gouncil (OPC)
{OASYOS ' ROA&A2NE ¢SIFYQa NBLERNI 2y /fAYFGS wSaiaftis
2021):

MLPA Goal 1: Protect the natural diversity and abundance of marine life, aistiticture, function, and integrity of marine
ecosystems

Example questions from MPA Action Plan Relevant MPA Dashboard Datasets and Visualizations
Do focal and/or protected species inside of MP/ Time series of key species abundances from multiy
differ in size, numbers, and biomass relative to longterm ecological monitoring; programsitwin and
reference sites? outside MPAs

Do the abundance, size/age structure, and/or Time series of oceanographic and climatological
diversity of predator and prey species differ insi variables to provide environmental context.

MPAs, or outside areas of comparable habitat?

MLPA Goal 2: Help sustain, conserve, and protect marine life populations, including those of economic value, and rek
that aredepleted

Example questions from MPA Action Plan Relevant MPA Dashboard Datasets and Visualizations
How do species differ in their rate of response t Time series of abundance for economicaijuable
MPA implementation? species from multiple lonterm ecological monitoring

programs within and outside MPAs.



MLPA Goal 4: To protect marine natural heritage, including protection of representative and unique marine life habitat
California waters for their intrinsic value.

Example questions from MP¥ction Plan Relevant MPA Dashboard Datasets and Visualizations

Have unique habitats been adequately Maps and spatial summaries of Seascapes within
represented and protected by the current MPAs.
distribution and designation of MPAs?

MLPA Goal 6: Tensure that the MPAs are designed and managed, to the extent possible, as a component of a statew
network

Example Questions from MPA Action Plan Relevant MPA Dashboard Datasets and Visualizations

What are the demographic effects of siting MPA
in larval source or sink locations, and how do
demographic responses to MPAs contribute to
larval production and connectivity of MPAs in th
network?

How do other stressors impact the managemen
MPAs over time (e.g., water quality, oil spills,
desalinationplants, ocean acidification, sea level
rise)?

Example Questions from Report

What is the spatial distribution of MPAs relative
historic and current stressor exposures, and hoy
are those stressors likely to evolve in the future’
What are physicakcological, and biological
characteristics of climate refugia? Do MPAs incl
or promote these conditions? Will climate refugi
persist into the future?

Does the California MPA network provide
adequate levels of disconnection between MPA
(e.g., modulary) to ensure some populations
persist in the face of climate change?

Visualizations of modeled larval connectivity betwe
MPAs and other coastal areas in the greater Monte
Bay area;

Time series of key oceanographic variables (e.g.,
temperature, wave energy) relevant to phigal and
physiological stress for marine species;
Visualizations of modeled risk of harmful algal bloo
and domoic acid concentrations.

Prioritized Climate Resilience Research Questions from OPC Science Advisory Team Report (Hofmann et al. 2021)

Relevant MPA Dashboard Datasets and Visualizations

Color maps of projected change in key climate
variables from 1982099

Visualizations of mean projected change in key clin
variables from 198@099for each individual MPA;
Visualizd A2ya 2F LRGIGSYGAL ¢
change in key climate variables from 198@99and
their overlap with existing MPA boundaries.



2.3 Methods

To develop data exploration and visualization features for the MPA dashboard, we generated
and integrated MPApecific summaries and digests of data from a variety of datasets, including 13
oceanographic and climatological datasets, 6 l#1gn ecologicamonitoring datasets fronmabitat
monitoring groupsn the California MPA Monitoring Progragwith more anticipated from additional
groups; see Table AP, outputs from 3 ecological models (Seascapes, Califbtaimful Algae Risk
Mapping (GHARM), and E€ast; described iSection 4Ecological Indicators for Seascapes Harmful
Algal Bloom Risk in MPA®utputs from projections of a California CurremigionalOceanModeling
Systemmodel (ROMSNEMUCSC) coupled to downscaled climate models (PozetBui021), and
outputs from the highresolution circulation and larval connectivity model (describe8ewstion 3High
Resolution Circulation and Connectivity Modéling

Oceanographic and climatological data were obtained from various publicly dealatasets,
quality-checked, anpwhere applicable, used to generate monthly and annual summary variables at the
spatial scale of each individual MRAmMbined (aggregated) MPAs, and the reference bioredibis
involved creating documented, replicablatd processing scripte verify and summarizeach variable
from its original dataset, such that future updates to the source datasets can also be efficiently
processedSee Table-2 for a full list of data sources and derived summary variables. We also
generated monthly and annual summary variabBNJ RAFFSNBY G KFoA Gl 0 3INRJzLIAQ
to support their individual habitat assessments (see Taffle For example, the California Collaborative
Fisheries Research Progré@CFRMas used thse data to show differences in temperature and wave
energy between bioregions, correspandto differences in fish community composition

The longterm ecological monitoring datasets were obtained from the different habitat
monitoring groupsn the Calibrnia MPA Monitoring Progranand we worked closely with
representatives from these groups to understand how each dataset was collected and conduct
verification and quality checks for inaccuracies or inconsistencies in the data. This process was especially
important to ensure the longerm interpretability and utility of these datasets, which are mostly
collected by hand in the field, and have many more points where errors or inconsistencies can be
introduced compared to satelliteor sensor derived dataOnce these datasets were quality checked,
we worked to standardize the data usitige Darwin Core standard and made them accessible and
discoverable through a variety of endpoints, including the CeNCOOS data portal, the Marine Biodiversity
Observation Netwrk (MBON) data portal, the Ocean Biodiversity Information System (OBIS), and the
Global Biodiversity Information Facility (GBTHis significant time investment into data quality and
standardization allows for the effective use of these ecological madnig datasets in current and future
analyses and assessmentfiese standardized and quality checked datasets were used to generate
ecological summary variable time series for visualization in the MPA dashboard (T1gble 2

Outputs from the California @ent climate change &jionalOceanModelingSystemmodel
(ROMSNEMUCSC) and the SeascapddABM, and EcoCast ecological models were processed and
aggregated by individual MPAs and bioregions for visualization in the MPA dashboard.

The MPA Dashboard wdsveloped using the Shiny web application development package
within the opensource R programming environment. This allowed us to rapidly iterate through
prototype versions of the tool, incorporating regular feedback fiitven OceanProtection Council,
CaliforniaDepartment ofHsh andwildlife, and representatives from th€alifornia MPA Monitoring
Program Detailed methods for all data processes are givefigpendix A2.1 Extended Methods for Data
Standardization and Processirigatasets and processeeanaintained and updated by CeNCOOQOS staff
through replicable scripts and workflows within the Axiom data infrastructure.



Table 21. Datasets and summary variables presently available in the MPA dashboard, including the time range of available data

MPAD'@HBOARDDATASETﬂggFﬁ8838838888888885882:§$3ﬁ85228
2232222222 ZZRIRKIIRIKAIRIKIKIKAIRIRIKR’RE

Oceanographic and Climatological Datasets

Multivariate ENSO Index
1 Monthly Index

ExtratropicatBased Northern Oscillation Index
1  Monthly Index

Pacific Decadal Oscillation Index
1  Monthly Index

Biologically Effective Upwelling Transport Index
(BEUTI)

1  Monthly Index
Coastal Upwelling Transport Index (CUTI)

1  Monthly Index

Sea Surface Temperature
T Annual Mean, Maximum
1  Monthly Mean, Maximum
Net Primary Productivity
T Annual Mean, Maximum
1 Monthly Mean
Attenuation of Downwelling Light at 490nm
(Turbidity)
1 Annual Mean
1 Monthly Mean

Significant Wave Height

1 Annual Mean, Maximum, 95Percentile

1  Monthly Mean, Maximum, 95 Percentile
Wave Orbital Velocity

1 Annual Mean, Maximum, 95Percentile

1 Monthly Mean, Maximum, 95 Percentile
Wind Speed

T Annual Mean

1 Monthly Mean
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2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

MPA DASHBOARD DATASETS %

1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009

Oceanographic and Climatological Datasets

Surface Aragonite Saturation
T  Annual Mean
1 Monthly Mean

Bottom Aragonite Saturation
T  Annual Mean
1 Monthly Mean

Ecological MonitoringDatasets

California Collaborative Fisheries Research Progral
(CCFRP) Angler Surveys

{ Combined fish counts

{ Combined fish CPUE
Multi-Agency Intertidal Network (MARINe) Rocky
Intertidal Surveys

1 Barnacle percent cover

1 Mussel percent cover

9 Sea star density

9 Black chiton density

Partnership for Interdisciplinary Studies of Coastal
Oceans (PISCO) Kelp Forest Diver Surveys

Combined finfish density

Combined rockfishSebastespp.) density
Combined basse®éralabraxspp.) density
California sheephead density

Combined bathic invertebrate density
Combined abaloneHaliotisspp.) density
California spiny lobster density

Sea urchingtrongylocentrotuand
Mesocentrotusspp.) density
Combined crab density

= = =4 =4 a8 _a_a_a_29
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MPA DASHBOARD DATASET

Ecological Monitoring Datasets

Reef Checkalifornia Kelp Forest Diver Surveys
Combined finfish density

Combined rockfishSebastespp.) density
Combined basseféralabraxspp.) density
California sheephead density

Lingcod density

Combined benthic invertebrate density
Combined abaloneHaliotisspp.) density
Sea urchin§trongylocentrotuand
Mesocentrotuspp.) density

9 Combined crab density
California Recreational Fisheries Survey (CRFS) Ar
Surveys

 Red abalone CPUE within 5km of MPA

9 Dungeness crab CPUE within 5km of MPA

9 California sheephead CPUE within 5km of
MPA

Lingcod CPUE within 5km of MPA
California spiny lobster CPUEin 5km of
MPA
Kelp Canopy Satellite Data

T  Annual Mean

= =4 =4 8 8 8 _9 _9

f
f

Ecological Model and Indicator Outputs
Seascapes
EcoCAST

California Harmful Algal Risk Mapping-t@ARM)

[oo]
[o¢]
)]
i

1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
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Table 22. Lists of summary variables of oceanographic and climatological data processed and provided
to habitat monitoring group# the California MPA Monitoring Program

Habitat Monitoring Group Number of Summary Data Variables Provided
Monitoring Sites

Recreationallyrargeted | 31 sites Net Primary Productivity, Monthly and
Finfish (432 coordinate Annual Means;
(CCFRP) points) Sea Surface Temperature, Monthly and

Annual Means;

Turbidity, Monthly Mean;

Wave Height, Monthlyvlean and
Maximum;

Wave Power, Monthly Mean and
Maximum;

Wind Speed, Monthly Mean and
Maximum.

Kelp Forest Ecosystems | 503 sites Net Primary Productivity, Monthly and
(PISCO/Reefcheck Annual Mean and Maximum;
California) Sea Surface Temperature, Monthly and
Annual Means;

Turbidity, Monthly and Annual Means;
Wave Height, Monthly Mean, Maximum
and 95th Percentile;

Wave Power, Monthly Mean, Maximum
and 95th Percentile;

Wind Speed, Monthly Maximum.

Rocky Shore Ecosystemg 235 sites Sea Surfac&emperature, Monthly and
(MARINe) Annual Means.
Midwater Ecosystems 42 MPA sites Net Primary Productivity, Monthly and

Annual Means;
Sea Surface Temperature, Monthly and
Annual Means;

Turbidity, Monthly Mean;

Wave Height, Monthly Mean and
Maximum;

Wave PowerMonthly Mean and
Maximum;

Wind Speed, Monthly Mean and
Maximum.
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2.4 California MPA Dashboard Features and Uses

The MPA dashboard has been designed as a tool for accessing and visualizing a curated
collection of datasets from a variety of sources, whielidhbeen identified and processed specifically to
be useful for answering questions about MPAs, including assessments and planning. This collection of
datasets will be regularly updated as the underlying datasets are updated, and expanded as additional
relevant datasets become available.

2.4.1 MPA Time Series

The MPA Time Series Tool enables users to browse and visualize data on how oceanographic
conditions, as well as species abundances and ecological communities have changed over time within
/£ A TMMAY. Xhis Qain facilitate assessments on how different species are performing inside and
outside MPAs, and some of the potential drivers of change (Action Plan Questions for MLPA Goals 1 and
2, Section2.2 Data Integration and California MPA Dashboard Gbjey. The MPA Time Series tool
generates customized plots of useelected oceanographic, climatological, and ecological variables for
individual MPAs throughout the California network, drawing from a curated group of datasets (see
Oceanographic an@limatological Datasets and Ecological Monitoring Datasetable 21). The MPA
of interest can be selected by the user from a dropdown menu or from the interactive map, which
populates the list of data variables available for that MPA. These data caruadized as linear time
series or sets of scatter plots between different variables for each selected MPA, alongside reference
values for aggregated MPAs within a bioregion, or for the whole bioregion. This allows for assessments
of change in conditionand/or ecological indicators, as well as the potential relationships between
them. Datasets of interest can be downloaded in .csv format for further use in analyses, or requested
from CeNCOOS or SCCOOS

i California MPA Deshboard

Afio Nuevo SMR
Central Coast Bioregion

Figure 21. Screenshot of MPA Time Serigolin the GliforniaMPA Dashboardshowing data from Afio Nuevo
SMR across selected variables and times.
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cean California MPA Dashboard

Significant Wave Height, Monthly Mean
CDIP MOP

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

t araas (hold Ctri/Cmd to select 4 Download Selected Data

----------

View Data Table

o Nueva SMR

Figure 22 Sreenshot of MPA Time Seri€solin the @GliforniaMPA Dashboardshowing data download options.

2.4.2 Ecological Model Outputs

The Ectogical Model Outputs Tool enables users to explore and visualize dynamics of
oceanographic habitat classifications (Seascapes), the risk for a key environmental stressor, harmful
algal blooms (HABS), througje California Harmful Algae Risk MappitGHARM), and the specific HAB
risk to vulnerable species of intereg¢dtherback sea turtles, sea lions, and blue shagk®Cast bycatch
mapping) within individual MPAs throughout the California MPA network, as well as their reference
bioregions. Users carisualize and mafhe dynamics of oceanographic habitats (Seascapes) in MPA
bioregions through timé€Fig. 23), the risk ofdomoic acicconcentrationsand Pseudenitzschia(Fig. 24)
in California MPAs over timandthe spatial overlap between HAB impaatsd the species distribution
of vulnerable bycatch specigelative b MPA locations. This can help improve understanding of how
oceanographic habitats are represented within MPAs and how a key stressor varies in MPAs across time
(Action Plan Questiorfer MLPA Goals 4 and 6).
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== CALIFORNIA OCEAN \COASYAL oceaNn California MPA Dashboard Curated Data Views Climate Model Indicators Methods and Data Sources
== OBSERVING SYSTEM OBSERVING SYSTEM

= Seascapes

Plot

Time period
2002-08-29

Time Series Plot of Seascapes

Seascapes represent coherent regions with unique biogeochemical function. Inputs to the model include SST, PAR, salinity, ice contribution
CDOM, Chl a, MODIS Normalized Fluorescence Line Height, nFLH Chil a_ Each raster is an 8-day composite Pixels are 5km by 5km. Start and
end dates of the dataset are 2002-08-29 to 2021-04-23

Seascape catel
+ < GREGON Seascape category pe 901y
- W NA
4 Seascapes stacked plots n 112 7 Temperate Transition
“ 14 11 Tropical Subtropical Upwelling
4+ Seascapes stacked plots comparisons by bioregion
! i 12 Subpolar
17 i
4 C-HARM Cellular Domoic Acid (cDA) 19 E 14 Temperate Blooms Upwelling
20
15 Tropical

+ C-HARM Particulate Domoic Acid (pDA) 17 Subtropical Transition Low Nutrient Stress

4 C-HARM Pseudo nitzschia (PN) 19 Arctic Subpolar Shelves

20 Subtropical Fresh Influenced Coastal
C-HARM Timeseries Summa
* s it 21 Warm Blooms High Nutrients

+ EcoCast 22 Arctic Late Summer

23 Freshwater Influenced Polar Subpolar Shelves

4 C-HARM pDA & EcoCast Risk Maps 27 Hypersaline Eutrophic

4 C-HARM cDA & EcoCast Risk Maps

4 C-HARM PN & EcoCast Risk Maps

Figure 23 Screenshot of Ecological Indicators Tiodhe California MPA DashboagghowingSeascapes time
variant map plots.

e A FORNCOCEAN Y CORSTAL OCEAN Curated Data Views Climate Model Indicators  Methods and Data Sources

= OBSERVING SYSTEM OBSERVING SYSTEM

Hovmoller plots, Heatmap plots, and Summary Tables for C-HARM data in MPAs by Bioregion

Choose MPAs within Bioregions optians for Hovmaller plots, Heatmap plots, and C-HARM parameters for summary tables. C-HARM cDA, pDA
and PN probabilities yearly summary stats table by MPA within bioregions. Number of days with data refers to the number of days per year that
had data. Missing dala is due to either (1) issues with ROMs, which is one of the parameters used in the algorithm for G-HARM outputs or (2)
cloud cover. Number of days over the threshold refers to the number of days in a year, for the days that have data, which have at least one pixe
(3km by 3km) over a 0.6 probability within the MPAs in a given bioregion (i.e. Northern, Central, Southern, Channel Islands)

— E—
I
— C-HARM Timeseries Summaries e K,ﬂg';‘;’jo";‘“' #of days per month
— for MPAS In cDA over threshold
—— ] Northem Bioregion Norther Bioregion

Select Parameter (i e cellular domoic acid
[cDA], particulate domoic acid [pDA], or
Pseudo nitzschia [PN]) MPAs within a
Bioregion (i e Nothern, Central, Southern
Channel Island) for a HOVMOLLER Plot

0
n

DA Northern Bioregion -

Select Parameter and MPAs within a
Bioregion (i.e. Nothern, Central, Southern . . .
Channel Island) for a HEATMAP Plot b ) o : : - -

Figure 24 Screenshot of Ecological Indicators Tiodhe California MPA DashboargishowingGHARM plots and
summary tables page.

2.4.3 MPA Connectivity

The MPA Connectivity Tool enables users to visualize and explore the projected larval
connectivity between different sections of coastal habitat, including a subset of 11 MPAs, in the greater
Monterey Bay region. This can help to inform assessments on connectivity between larval sources and
sinks relative to the placement of MPAs, and assessswrihe MPAs as a network (Action Plan
Questions for MLPA Goal 6). Different scenarios for larval behiasioa) release month, and the length
of the Pelagic Larval Duration can be selected to generate plots of connectivity between MPAs-and non
MPA sections of coastline and plots of projected trajectories of larvae released from each MPA based on
the outputsof the circulation and connectivity models described in Objective 2.

16



MPA Time Series  Ecological Indicators  Climate Model Indicators Methods and Data Sources

& N
Dispersal Maps for larvae with neutral behavior released April 2020
from Ano Nuevo SMR

Model Larval Behavior:

Highest Resolution (180m)

Afio Nuevo release (green box), 2D pdf
no larval behavior; inner nest
released throughout APR 2020

Release Month: Source MPA:

3 days
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Figure 25 Screenshot of MPA Connectivitgolin the GliforniaMPA Dashboardshowing dispersal map for
modeled larval particles released from an MPA
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2.4.4 Climate Change Model Ouifs

The Climate Model Outputs Tool enables users to visualize projected changes in key
oceanographic variables (Sea Surface Temperature, Chlorophyll a, Dissolved Oxygen [eventually pH])
dzy RSNJ Of AYI 4GS OKIy3aS 2N Ay RA geiwBrkizlbdth inatte foim ofi K NB dz3 K 2
spatial maps and as comparison plots with other MPAs. This can help inform work on the spatial
distribution of climate stressors relative to MPAs, and explore the physical characteristics and temporal
persistence of potentiallenate refugia (OPC Science Advisory Team Report on Climate Resilience and
I FEAF2NYAlIQa at! ySig2Nl X tNA2NAGEe wSaSI NOK vdzSaid,
generates spatial maps of projected change in each variable for the Califolizsie Economic Zone
(EEZXregion, overlaid with the boundaries for California State Waters, all individual MPAs, and National
Marine Sanctuarief~ig. 26). The tool also generates bar plots comparing projected changes in climate
variables between Californmt ! 8> & ¢Sttt | a @Aada tAlFiA2ya 2F (K
FYR WNBFdzZ3SaQ 2F OfAYIGS OKIFy3aSs FyR -BRAB NBLINBASY
projectedvalues are derived from outputs of a Regional Ocean Modeling System jROWEd with a
biogeochemical model (NEMUCSC) (Fi&g).Pozo Buil et a021).
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OBSERVING SYSTEM OBSERVING SYSTEM

Model of Climate ROMS (Buil et al. 2021)
Modelled change in Sea Surface Temperature, Decadal Mean from 1980 - 2100 (degC)
Mean of 3-model ensemble (regional downscaled GFDL, IPSL, HAD)
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3. HighResolution Circulatiorand Connectivity Modeling (Objective

2)

3.1 Summary

19

We modeled realistic oceagirculation using two nested domains (800 m and 160 m resolution,
spanning theCentral Giliforniacoast and the greater Monterey Bay, respectively) forced by the
NOAA West Coast Operational Forecast System (WCOFS) model output for the period March
2000 tlrough September 2021.

On a daily basis, we seeded particles, representing virtual larvae and obeying different
behavioral rules, into the modeled ocean from release/settlement cells corresponding to
greater Monterey Bay MPAs and nearshore zones, and tdattiedr trajectories resulting from
ocean transport.

On a monthly basis, we calculated statistics of connectivity (probabilities of presence in a
destination cell from a release cell) for each behavior.

Most MPAs in thdigh-resolutionnest area around Maerey Bay were well connected during
the studied period, with connectivity being especially high going from southern to northern
MPAs, especially for cases of longer larval durations. Spillover from MPAs to otheR#on
nearshore regions was also hightwMPAs supplying larvae to all modeled coastal cells in the
region under the April 2020 release scenario, across multiple possible larval durations.

While this approach is among the most advanced and-hegblution approaches available
limitationsincludeerrors in the ocean circulation model and the simplification of larval and
propagule behaviors into the trajectory and connectivity estimates



3.2 Circulation and Connectivity Modeling Objectives

The MPA Action Plan identifies several questi@iated to connectivity. Here we address
several of these questions. Importantly, other data and information from the California MPA Monitoring
Program are still required to give additional biological and ecological context to the trajectories.

MLPA Goal:6To ensure that the MPAs are designed and managed, to the extent possible, as a componen
statewide network

Questions from MPA Action Plan

What are the demographic effects of siting
MPAs inarval source or sink locations, and
how do demographic responses to MPAs
contribute to larval production and
connectivity of MPAs in the network?

How does the distance and larval contributi
between a source MPA and sink MPA
influence the ecosystem respee inside the
sink MPA?

How does the level of connectivity and larvi
supply from an MPA to areas outside of MF
affect fisheries?

Are MPAs with higher connectivity more
resilient to sudden environmental disturban
as compared to more isolated MPAs with
higher selretention?

3.3 Methods

3.3.1 Circulation Modeling
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Relevant Circulation and Connectivity Modeling Outy

Assessment of source and sink dynamics for
MPA and norMPA coastal locations for the
greater Monterey Bay Area;

Demographic effects based pelagic larval
duration LD, larval behavior and timef-
release forexistingMPAs are gantified through
connectivity matrices;

Multi-generational demographic effects can b
assessed by propagating connectivity matrice
through multiple generations and including
additional effects (e.g., habitat, larval mortality
larval production);

Oceanographic distance is more relevant for
connectivity than geographic distance and
visible in connectivity matrices for different
PLDs;

Higher connectivity suggests resilience to
disturbance across a generation than more
isolated MPAs with selietention, though
connectivity is a function of timef-release,
PLD, and behavior and thus the degree of
resiliency is likely to vary by organism.
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ocean model in which datare used in a formal way to constrain mel simulations as in weather

forecasting, and it spans coastal waters from Mexico to British Columbia at 4 km resolution. For this
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project, we took advantage of this new product, constructing two higher resolution model nests (800 m
and 160 m) focused afne Central Californiacoast and the greater Monterey Bay (R3¢l). The nests
use the same Regional Ocean Modeling System (ROMS) for its dynamical core and are forced at the
surface by the same atmospheric forcing as WCOFS. Lateral boundaries deriaedaatculation of
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WCOFS fields #te University of Californig&ntaQuz (UCS@nd the model interior is weakly forced by
WCOFS physical output as well.

Our calculations span March 2000 through September 2021 using@pprational version of
WCOF&and then its operational output. Fig§-1 presents sea surface temperature (SST) for an example
day (May 07, 2021) from both the UCS@melementation of WCOFS (left) and the two nested domains
(right). At this time, nested modeled temperature in offshoegions tends to be cooler than WCOFS
(e.g., between Pt. Reyes and Pt. Arena) though some nearshore values are warmer (e.g., Gulf of the
Farallones and Monterey Bay).

Assumption/LimitationWe assume that WCOFS is the best current estimate of the realisti
coastal ocean circulation for the period under consideration. As is true with numerical weather
prediction, ocean circulation simulations are imperfect representations of nature. The modeling system
likely includes both random errors and systematic esrttrat can be assessed in part through model
data comparisons. The latter (systematic) errors in ocean circulation will lead to biases on modeled
ocean transport and in connectivity statistics calculated here. We present in the appendix quantitative
methods by which we assess the model output. As is true in other modeling activitieEE{eNifie
Southern Oscillatioprediction, climate modeling), biases can be reduced through ensemble
calculations or multmodel approaches.
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Figure 31. Sea Surface Temgure from the UCSC Himmplementation version of WCOFS (left) and our nested
configuration (right) for May 07, 2021.

3.3.2 Larval trajectory modeling

Floats were released from model subdomains representing both regional MPA%-ZBigand
nearshore ca$ (Fig3-2b), tracked for 90 days, and statistics calculated for potential settlement in these
subdomains with different competency windows and pelagic larval durafi®ebB) Natural Bridges
State Marine Reserve was not represented explicitly becaasgdssshore extent is not resolved even
by our 160 m resolution nest. However, one can get an idea of exchanges to and from the Natural
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Bridges region through modeled nearshore regions 18 and 193(Rlg). Four behaviors were explicitly
considered: (1ho behavior, with floats transported by thedBmensional ocean circulation; (2) within

the surface mixed layer, with floats constrained to a mean depth of 5 m with a standard deviation in the
vertical of 2.5 m; (3) beneath the surface mixed layer, wahts constrained to lie near 30 m depth

with a standard deviation in the vertical of 2.5 m; (4) diel vertical migration, with floats moving between
5 + 2.5 m depth and 30-2.5 m depth on a daily basis.

Limitations (1) Larval behavior is not well knownnature and likely varies greatly between
organisms under consideration. Errors in depth choices will lead to biases in connectivity patterns that
are difficult to quantify. (2) In nature, larval mortality is Rpero, and likely varies by organisma If
larval mortality rate is known, it is straightforward to incorporate this loss for a given PLD, and as a
result, we neglected explicit incorporation of this factor in our connectivity plots. The main impact of
this neglect is an overestimate obnnectity, with greatest magnitude at longest PLDs. (3) In nature,
habitat is unevenly distributed across M®#&or example, the shallow nearshore Carmel Bay MPA hosts
different organisms than the deep Soquel Canyon and Portuguese Ledge MPAs. Because habitat is
organism dependent, we did not account for these differences in the general connectivity calculations
because it is straightforward post calculation to explicitly exclude particular linkages for different
species.
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Figure 32. Modeledrelease and settlentd regions for larval connectivitya)MPA and (b)nearshorecoastal
cells,along with distinguishing notation.
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3.4 Results and Management Implications

3.4.1 Example twalimensional probability distributions

Two-dimensional probability density functioms float distributions reveal transport and
dispersion within the region over different tinrscales and with different behaviors. Examples for 1, 3, 7,
and 45 days since release from the Pacific Grove Marine Gardens State Reserve Area are shown for April
2020 releases in Fig-3 for the neutral behavior in which organisms movdi@iensionally with the 3
dimensional currents. Floats disperse rapidly from the marine reserve, reaching the edges of nearby
MPAs after 3 days and spreading more fully after isdayter 45 days of dispersal by ocean currents,
62% of floats released remain in the domain shown and are found to the north of release MPA. It is clear
from this particular figure that the Pacific Grove MPA interacts with several regional MPAs omdliffere
time-scales.

Pacific Grove release (green box), 2D pdf
no larval behavior; inner nest
released throughout APR 2020
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Figure 33. Twaedimensional probability density functions for floats released from the Pacific Grove Marine
Gardens State Reserve Area in the month of April 2020 with no explicit larval behavior after 1, 3, 7, and 45 days.
The fraction ofotal floats accounted for within the shown domain is given in the upper right corner.
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A contrasting perspective can be examined in &g for a behavior that keeps organisms
distributed around 30 m depth with a 2.5 m standard deviation. These orgamnesmen largely below
the surface mixed layer and, during upwelkfagorable wind conditions, experience predominantly
onshore flow. As a result, this behavior exhibits smaller dispersion and greater local retention for longer
than the neutral case. Aftet5 days of dispersal, these organisms trace out an elongated path along
bathymetric contours to the north, still connecting with remote (Afio Nuevo and Greyhound Rock)

Pacific Grove release (green box), 2D pdf
larvae remain near 30 m, £ 2.5 m; inner nest

released throughout APR 2020
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Figure 34. Twodimensional probability density functions for floats releasemhfrthe Pacific Grove Marine

Gardens State Reserve Area in the month of April 2020 with larval behavior that keeps organisms centered at 30 m
depth (Gaussian distributed with a 2.5 m standard deviation) after 1, 3, 7, and 45 days. The fraction of tetal floa
accounted for within the shown domain is given in the upper right corner.
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3.4.2 Example Connectivity Matrices

Connectivity matrices summarize the probabilities of floats released from one region of interest
that potentially settle in another region. Weefer to this as potential settlement because in nature,
additional factors not modeled might influence actual settlement. 8g presents an example for the
neutral behavior case shown inJ3 for the releases in April 2020 and having a competencygavinof
2.5 days following a pelagic larval durati@®LD of 7 days. For this configuration, northern MPAs such
as Greyhound Rock and Afio Nuevo experience predominantly local retention whereas all other MPAs
generally distribute larvae throughout the regioHorizontal stripes for Point Lobos, Asilomar, Pacific
Grove, Portuguese Canyon, and Soquel Canyon indicate that organisms released from many other MPAs
tend to pass through these MPAs over thiS-daywindow. In contrast, Carmel Pinnacles and Lovers
Pdnt exhibit low settlement from any MPA for this behavior and release month.

wcofsna05nb05_v03/neutral conmatl
PLD 7-9.5 days, released APR 2020
connectivity (of released, fraction settling to)
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Figure 35. A connectivity matrix showing the probability that a float released from an MPA designated on the x
axis potentially could settle in an MPA on thaxis during theeompetency window of -B.5 days from release
during April 2020 with the neutral behavior in which floats are transported passivehdimgehsional modeled
currents. The key for MPA initials is given in &ig.
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At longerPLDgor April 2020 releases, thennectivity probabilities for this neutral case shifts
to more northern MPAs (Fi§-6). Potential settlement within Afio Nuevo and Greyhound Rock MPAs
occurring between 60 and 69.5 days from release derive broadly from MPAs to their south. Probability
of local retention (along the diagonal white line) is very low for all modeled MPAs for this long PLD.

wcofsna05nb05_v03/neutral conmatl
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Figure 36. A connectivity matrix showing the probability that a float released from an MPA designated on the x
axis potentially could settle in an MPA the yaxis during the competency window of-69.5 days from release
during April 2020 with the neutral behavior in which floats are transported passivehdbgehsional modeled
currents. The key for MPA initials is given in &g

We considered spover effects in which MPAs potentially supply larval organisms teNiBA
nearshore regions shown in F&2. Three examples for the neutral behavior are shown inFigfor
April 2020 releases and PLDs 4.3 days, 384.5 days, and 669.5 days. & this behavior during this
release month, all nearshore cells receive virtual larvae from at least one MPA. For shorter PLDs,
nearshore cells tend to have greater connectivity to geographically close MPAs. For example,
competency windows between9.5 dgs results in cells 10 and 11 in southern Monterey Bay receiving
larvae from Pacific Grove and Lovers Point MPAs, and cell 21, 22, 23 receiving larvae from nearby
Greyhound Rock and Afio Nuevo MPAs. At longer PLDs, the connections become more geographically
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distributed. For example, for competency windows between 30 and 34.5 days, cells 10 and 11 in
southern Monterey Bay have relatively high probabilities of receiving larvae from all MPAs south of
Pacific Grove. Cells 18 and 19 (near Santa Cruz) also laeviwe from distant MPAs to the south.

Though their probabilities are much smaller, larvae originating from Afio Nuevo and Greyhound Rock
connect to coastal cells south of Carmel Bay, along the Monterey Peninsula, and within Monterey Bay.
Finally, the patten of connectivity changes at still longer PLDs, with strong connectivity between cells
21-26 north of Santa Cruz and MPAs from Point Lobos through Lovers Point and including Portuguese
Ledge and Soquel Canyon. This figure highlights that the linkagesdreMPA regions and coastal

zones are strong with details depending on PLD and on behavior (not shown). The resulting impact of
such spillover effects on fisheries is not answered by this model but is a natural next step for study.

wcofsna05nb05_v03/neutral conmatl wcofsna05nb05_v03/neutral conmatl
) PLD 7-9.5 days, released APR 2020
connectivity (of released, fraction settling to)

wcofsna05nb05_v03/neutral conmatl
b) PLD 30-34.5 days, released APR 2020 c) PLD 60-69.5 days, released APR 2020
connectivity (of released, fraction settling to

connectivity (of released, fraction settling to)
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Figure 37. Connectivig matrices showing the probability that a float released from an MPA designated on the x
axis potentially could settle in a nearshore coastal region on #eg/during the competency window of (a5
days (b) 3045 daysand (c) 6669.5 days from relase during April 2020 with the neutral behavior in which floats
are transported passively bydmensional modeled currents. The key for MPA initials and nearshore coastal
subdomains is given in F&2. Note differing color scales in each plot.

3.4.3 Maimum Monthly Connectivity

One synthesis of results is the maximum MPA connectivity obtained from monthly releases
considering all analyzed PLD choice8.&/days, 222.5 days, 3@4.5 days, 4%9.5 days, and 669.5
days), and here we present the cdse diel vertical migration behavior between 5 m and 30 m depths
(Fig 3-8). This figure does not show a connectivity matrix which would beveeageprobability
obtained over the period of interest. Rather it shows theximummonthly probability calculated from
15 independent monthly connectivity calculations and across multiple PLD choices. Presented-on a log
scale to highlight the small values, it is clear that with this behavior almost all MPAs are linked at some
level. Segral other broad characterizations may be also constructed from this figure. Portuguese Rock
(PR)and Soquel CanyqisChrbundantly receive larvae from all MPAs in the region. These regions sit
within Monterey Bay and experience the mean circulatory suieetwithin the bay and transient motion
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that effectively diffuse material laterally and link these regions to all other modeled MPAs. Asilomar,
Pacific GrovéPG)and Point Lobos State Marine Conservation Area (PL2) also receive larvae broadly
from many MRAs though at a lower level. In contrast, Afio Nué&bl) Lovers PoinLP) Carmel
PinnaclegCB, and Point Sur State Marine Research (PS1) receive relatively few larvae from the MPA
network. Finally, Afio Nuevo and Greyhound Rock generally deliver edydfidwv larvae to coastal MPAs
to their south. We emphasize that these results hold for the release months, PLDs, and behavior
considered here and are presented as an example result, not a single figure that shows all possible
connectivity for all possibleehaviors.

wcofsna05nb05_v03/dvm_05m_30m conmatl
PLDs 7-69.5 days, released APR 2020--JUN 2021
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Figure 38. Maximum monthly connectivity obtained over all releases from April 2020 through June 2021 for PLDs
analyzed (®.5 days, 222.5 days, 3(34.5 days, 4819.5 days, and 669.5 days) for the diel vertical migration
behavior in whictorganisms cycle daily between levels near 5 m depth at night and 30 m depth during daytime
hours. We emphasize that this is not a connectivity matrix but rather the maximum monthly probability of
connection from 15 realizations. The key for MPA initials mearshore coastal subdomains is given in3-g

Note the logscale is used to highlight even very small values.

While geographical distance is a sensible first order metric to characterize connectivity, as
demonstrated above it does not capture thetpntial realized connectivity resulting from actual oceanic
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flows. Oceanographic distance might better be represented by minimum, median, or average time to
arrival, and should be considered in more detail in the future.

3.4.4 MPA Management Implications

In our results, marine connectivity depends explicitly on detailed choices of behavior, time of
larval release, and PLD. For the greater Monterey Bay MPAS, connectivity is strong for different subsets
of MPAs over different timscales and behavior. Yeterall, when considered over all tirseales and
behaviors analyzed, we find that these MPAs are oceanographically connected at some level. This
outcome might be anticipated by general transport properties of Monterey Bay combined with
energetic submesostavariability of coastal waters at scales of up to a few km spatially and hours to a
few days temporally. The smallest amplitude connections, orders of magnitude smaller than for other
linkages, were found consistently for all behaviors from Greyhouné Rod Afio Nuevo releases to
other MPAs of the greater Monterey Bay region. At this time, we suspect that this result may be related
to a model bias of more northward transport in this region during the modeled period than likely exists
in nature, but sensivity studies with other model products are required to support or refute this result.
Although we did not calculate demographic effects in this study per se, one can speculate that
organisms with short PLDs will, over multiple generations and releaslyssan this collection of
MPAs. For example, even with the extremely parsimonious distribution of larvae from Afio Nuevo and
Greyhound Rock MPAs shown in.Bi® for the diel vertical migration behavior, any redistribution to,
say Point Lobos (PL2) vaili a second generation be redistributed generously to many other MPAs.
Organisms with longer PLDs are generally less strongly connected to local MPAs and more connected to
more distant sites in one generation. A study spanning a larger meridional exterd Wwe required to
better understand the demographic implications of the long PLD cases.

The demonstrated oceanographic linkages shown here and potential further connectivity by
multi-generational (i.e., demographic) steps suggest, based on ocean cuatents some resiliency of
the system to environmental disturbances. If a transient population decline were experienced by one
MPA, there is support here for potential repopulation from other MPAs by ocean currents, though this
statement must be qualifietb emphasize that not all MPAs are equally habitable to all organisms and
that is not presently considered in our modeling. For example, the shallow nearshore Carmel Bay MPA
hosts different organisms than the deep Soquel Canyon and Portuguese Ledge MRABrdad
regional environmental disturbance that impacts several MPAs likely will require longer times for
recovery than impact to a single site. Resiliency should be examined much more carefully by also
considering scenarios of specific organisms andt thebitat, combined with demographic modeling,
predation pressure, and specific environmental disturbance hypotheses.

3.4.5Connectivity Modeling Roadmap for California Marine Protected Area Assessment

Given that we are here only producing higésolution information for a portion of the MPAs,
we set out to develop recommendations for connectivity mapping based on the available tools and
lessons learned from this project. Here we will discuss recomme@rtiathat also include context from
establishing and evaluating the WCOFS nest set focused on Monterey Bay. This is a revision from an
initial roadmapprovided in our reporting in summer 202D€liverable ).

This modeling configuration can be considergutatotype for similar operational
implementations extending to other regions of the California coast. Our domain extends alongshore
NRdzZKt& mMon 1YZ FYR /IFTEAT2NYALIQa O2FadfAyS Aa NRdAzZ
implementations would coverlCt A T2 Ny A I Q& O 2-ovérlappihg fashiod, Sokwhat giord Yy 2 y
if overlap is desired. One possible route to expand on present modeling capabilities (Route 1) is that this
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set of nested domains be run separately from one another, operating indepelydeand in parallel each
day. With nontrivial development, larval connectivity calculations could utilize output from all nests
simultaneously with particles tracking seamlessly from one domain to another. Thus, although the
circulation models would bendependent, larval connectivity calculations would synthesize all output,
enabling connectivity estimates across the full network of MPAs. This approach-effegsite, though

it should be recognized as modestly imperfect. Ideally the circulation mes would all be coupled

to one another. At present, this more sophisticated approach is computationally prohibitive in ROMS
because grid coupling significantly increases computational time and cannot be easily parallelized.
Though this multdomain coniguration has independent circulation estimates for innermost coastal
INAR&a>S (KS@QNB y2i NBIFIffeé AYyRSLSYRSydG a (KS& akl |
practice, we believe this will be a practical and successful, if not final, approach.

Asecond approach toward a stateide implementation (Route 2) is also possible. Our
connectivity results for the middle and inner nests are quantitatively different but qualitatively quite
similar, an outcome that stems from the weak nudging of nested soiadias to the data assimilative
WCOFS output. This similarity suggests an alternate computational roadmap that is simpler and also
viable for the purpose of connectivity calculation. Rather than constructing 10-durttain,
independent nests, it would beeasible to focus only on the middle nest with resolution of 800 m,
constructing one or no more than three adjacent nests to span California coastal waters.

Moving forward, these systems can be of great practical value as they provide ongoing and
updatedinformation. The WCOH&sed system we describe here begins March 10, 2020. Connectivity
information represents statistical quantities that benefit from additional (i.e., rydtr) realizations.
Historical reanalyses, going back, for example, to 204D01 are one approach to increase the
statistics and better represent climatological connectivity. Such historical runs would necessarily use a
non-WCOFS data assimilative model for the outermost domain and would generate more robust
connectivity statistis than analyzing only 1.5 years of trajectories.

Like weather forecasting, hydrodynamic modeling of realistic coastal ocean currents is a
challenging operation. The present system constructed for this project should be considered a baseline
configuration,and we recommend future support to further develop this subsystem and improve model
fidelity. Here we document quantitative evaluations of the model output against independent estimates
of near surface currents which are most relevant to larval transpord, areas of agreement and
discrepancy are found. Tides were not included explicitly in trajectory calculations. Rivers of the central
California coast are not included in either the WCOFS outer domain or the nests developed for this
project, and thus theiinfluence is not presently known. Data assimilation for nested model
configurations is an area of active research, and it is likely that future coastal ocean modeling could
include this capability to better constrain high resolution model fields witheolegtions. Furthermore,
the connectivity calculations can be enhanced and refined through incorporation of habitat information
(not all MPAs provide identical habitat for all organisms) and demographic calculations, elements that
were neglected here.

Finally, we offer recommendations for computational requirements for a statewide system. On
the UCSC computing cluster, our implementation runs on 4 regenération duaprocessor nodes at a
rate of about two computational hours per modeled day. If datkd, these 4 nodes could narrowly
manage a near redime statewide system of 10 similar domains (Route 1). A test configuration of a
statewide single nest (Route 2) also runs at about 2 hours per modeled day on 4 nodes. For the
Californiawide configuréion, we recommend access to a larger computing cluster of at least 20 nodes
to allow parallel operation of nests and sufficient resources for historical reanalyses, ability teupatch
when inevitable compute outages occur, and to test and evaluate inggtovodel configurations. In
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addition, these highresolution fields are demanding in terms of storage. Our present makted
configuration for Monterey Bay only consumes approximately 1.5 TB per model year; a similarly
configured Californiavide implemenation (Route 1) would require about 15 TB per model year, a non
negligible but manageable amount on present RAID storage systems. Route 2 requires less storage; we
estimate it at 1.5 TB per model yedf.tides were desired to be included in the storéelds, storage

would increase by a factor of 24. Finally, we note that the final storage requirement may be reduced
through careful selection of stored fields and compression techniques, but we have not at present
demonstrated a smaller storage footprinbd thus conservatively report the larger amount.
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4. Ecological Indicators for Seasca@sl Harmful Algal Bloom Risk in
MPAs (Objective 4)

4.1 Summary

Seascapes represent coherent oceanographic regions with unique biogeochemical function.

Overall, Califof A Q& at! a SELSNASYOS aAaYAflI NI 208ty O2yR
conditions in the South Coast and Channel Islands MPAs are more diverse on an overall and

annual basis.

We see high mean kelp biomass associated with seascapes 11 treyitedpical upwelling and

27 hypersaline eutrophic, while seascape 15 tropical seas has the lowest mean kelp biomass.
Analyses show that the frequency with which a location experiences a particular Seascape is

related to the amount of kelp at that locatioAlthough Seascapes is a global model, these

findings show that Seascapes detected at resolutions relevant to MPAs captudevedh
BFNRFOATAGE Y2y [ FEAF2NYAILI QA YIENARYS 6FGSNEO®
The EcoCast ar@aliforniaHarmful Algae Risk MappiliGHARN) risk mapsshow that the

frequency, persistence and spatial extent of HABs has increased over recent years and that

these areas coincide with ecologically important migrating species.
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4.2 Ecological Indicators Objectives

The MPA Action Plan identifies several dioess related to disturbances, biodiversity, and
habitat types found within the current MPA network. We addressed these questions using multivariate
ecological models (Seascap€sliforniaHarmful Algae Risk MappitiGHARM) and EcoCast) to
produce statavide quantitative, indicatobased assessments. We also used other data from the long
term monitoring programs to give additional context to the ecological trends identified.

One of the original proposed objectives for these ecological models was toupeah
ecological model synthesis tool, multivariate, mataalysis, and indicator metrics". This has been
accomplished by integrating MPapecific summaries and visualizations of Seascape#RM, and
EcoCast into the MPA dashboard (8==tion 2Data $andardization, Curation, Integration, and
Visualization with the California MPA Dashbgard

MLPA Goal 1: Protect the natural diversity and abundance of marine life, and the structure, function, and integrity of n
ecosystems

Questions from MPA Actidhlan Ecological Indicators Research Objectives
Do MPAs that include multiple habitat types How are Seascapes changing in MPAs and with wi
harbor higher species abundance or more diver biological relevance?
communities than those that encompass a singl ’ Maps and spatial summaries of Seascapes w
habitat type or less diverse habitat types? MPAs;
Does the nature otiming of recovery of natural ’ Comparison of Seascapes Shannon Diversity
communities from disturbance events differ in Indices and PISCO Shannon Diversity Indice:
different types of MPAs relative to outside areas over time for selected MPAs.

MLPA Goal 4: To protect marine natural heritage, including protection of representative and unique marine life habitat
California wates for their intrinsic value.

Question from MPA Action Plan Ecological Indicators Research Objectives
Have unique habitats been adequately Maps and spatial summaries $&ascapes within
represented and protected by the current MPAs.

distribution and designation of MPAs?

MLPA Goal 6: To ensure that the MPAs are designed and managed, to the extent possible, as a component of a state
network

Question from MPA Action Plan Ecological Indicators Research Objectives
How do other stressors impattte management o How has HAB riskPéeudenitzschiaand domoic acid
MPAs over time (e.g., water quality, oil spills, concentrations) varied in MPAs?
desalination plants, ocean acidification, sea leve ’ Maps and spatial summaries ofHARM and
rise)? EcoCats
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4.3 Methods

4.3.1 Assessing oceanographic habitat diversity with Seascapes

Seascapes are landscapeale water masses that are characterized by their physical, biological,
and chemical properties that are dynamic in time and space. These propeaiieshe potential to
predict important biological responses and ecological processes that are actionable for ocean and
coastal management (Caldow et 2015, Kavanaugh et &016 Lewison et al2015). Unlike static
features that often characterizkabitats, the variables that comprise seascapes are dynamic in time and
space. Thus, Seascapes reflect shemmtd longterm variability in coastal and ocean areas over time and
have the potential to predict biological responses relevant to spatedplidt or adaptive ocean
management frameworks (Caldow et al. 2015, Lewison et al. 2015). As Seascapes integratalmcal
data to understand landscagscale processes, they can be used to improve our understanding of
connectivity among MPA networks as wail how ecosysterscale problems like climate change may
impact MPAs. Seascapes are created from predictive model variables and reseiegd data
variables, including: sea surface temperature (SST), photosynthetically active radiation (PAR), sea
surfacesalinity (psu), absolute dynamic topography (ADT), ice contribution, chromophoric dissolved
organic material (CDOM), chlorophyll a (ChMgderate Resolution Imaging Spectroradiometer
(MODIg normalized fluorescence line height (nFLH), and the nFLHr@tb aBased on these data,
water masses are categorized by the model into 33 Seascape categories of similar biochemical function
(NOAA MBON, Kavanaugh et24l14).

A total of 12 distinct Seascape types have been identified in California waters (TBblEc4
assess the diversity and uniqueness of oceanographic habitat conditions in California MPAs (MLPA Goal
4 Questions), we calculated the Shannon Diversity Index (SDI) of Seascapes for each individual MPA and
for each bioregion, for different time pems and for the entire dataseTheSDIis a measure of diversity
that accounts for both the number of different Seascapes encountered, as well as the relative
proportion of those different Seascaped/e generated stacked plot visualizations of the Seascape
composition for each MPA and bioregifor different time periods and for the entire dataset.
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Table 41. List of all Seascape categories that have occurred in California waters during the model year range of
20022021. Note that because Seascapes wettegorized and named using a global model for water masses of
similar biochemical function, the nominal names of some Seascapes may not be particularly intuitive for a
Californiaspecific contextS @3 ®x { S A 0F LIS MH a{ dzo LRt | NE @

Seascape Seascape Nominal Desptor
7 Temperate Transition
11 Tropical Subtropical Upwelling
12 Subpolar
14 Temperate Blooms Upwelling
15 Tropical
17 Subtropical Transition Low Nutrient Stress
19 Arctic Subpolar Shelves
20 Subtropical Fresh Influenced Coastal
21 Warm BloomdHigh Nutrients
22 Arctic Late Summer
23 Freshwater Influenced Polar Subpolar Shelves
27 Hypersaline Eutrophic

We also investigated potential relationships between oceanographic habitat conditions and
ecological communities (MLPA Goal 1 Questiespgcifically, giant and bull kelp as habitatming
species, and kelp forest communities. We obtained satelléeved data for kelp canopy area and
estimated biomass in California coastal wat$anta Barbara Coastal LTER et al. 2G2i)each spatial
pixel within California coastal waters in the kelp dataset, we identified the modal Seascape as the most
frequentlyobserved Seascape category over a thneenth interval (i.e., a quarter). We compared kelp
biomass and area extent by the modal S=a® to assess which Seascapes were associated with the
highest kelp mass. We also compaf&diof Seascapes with theDlof species recorded from kelp forest
benthic swath surveys run by the Partnership for Interdisciplinary Studies of Coastal Oceans (PISCO).

4.3.2 Harmful Algal Bloom Risks through theHARM Model

The CalifornigHarmful Algae Risk Mapping-KARM) Model genates predictions of harmful
algal bloom (HAB) conditions through a combination of (1) circulation models that predict ocean physics;
(2) satellite remotesensing data of ocean color and chlorophyll patterns; and (3) statistical models for
predicting bloomand toxin likelihoods (Anderson et 2016). These predictions show where one might
encounter aPseudenitzschiabloom and/or domoic acid event within California waters. THdARM

Y2RSft 2 dzi Lidzi

a

AyOf dzRS omo G KS bilig OflaBskudlefitischiad LI G A I €

bloom; (2) the probability that particulate domoic acid (pDA) in a spatial pixel is at or above 500
nanograms per liter; (3) the probability that cellular domoic acid (cDA) in a spatial pixel is is at or above
10 picograms pecell. More information on the ®IARM model is given in Appendix A4.1.
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To assess the risk of an important biological stressor, HABs, in MPAs over time (MLPA Goal 6
Questions), we generated plots of the number of spatial pixels within MPAs in a specHigidiowith
high probability of cDA, pDA, af$eudenitzschia(PN) counts. These are representations of risk time
series. We also generated heatmap plots showing the number of days per month inawtéelst one
pixel within the MPAs in each bioregionwa2 y 8 A RSNBER & KA 3K N aijefcDA 2 NJ K| NY
pDA, and PN probability values surpassed a threshold of 0.6).

4.3.3 Bycatch Risk through the EcoCast model

EcoCast is a fisheries sustainability tool that helps fishers and managers evaluatedilowate
fishing effort to maintain target fish catch while minimizing bycatch of protected or threatened species.
It incorporates sea surface chlorophyll concentration, sea surface temperature, sea surface winds, sea
surface height, and eddy kinetioergy to predict the spatial distributions of important migratory
species, including target species and bycatch species such as leatherback sea turtles, sea lions, and blue
sharks. Here we use EcoCast predictions of key threatened bycatch species isisibutassess where
and when they overlap with high risk of harmful algal blooms. We generated maps of-teegoence
of high risk of harmful algal blooms (P > 0.6, from tHéARM model) and high relative abundance (P >
0) of swordfish fisheries byazt species, and calculated the spatial prevalence of thegeriskareas
for each bioregion.

4.4 Results and Management Implications

4.4.1 Seascape Dynamics and Ecological Relevance in MPAs

4.4.1.1 Seascape Diversity and Dynamics

Across California MPAs,S a Ol LIS mMn G ¢SYLISNIGS .ft22yvya | LWSt
.f22Ya3 | A3TK bdziNARSyiaé -1Iandldd) SHEBdapeyatsa showed\gBdgrapBiy G f &
differences, with MPAs generally being more diverse and dynamilkédrSouth Coast and Channel
Islands than in the North Coast and Central Coast, both on an annual and overall basi$ érid.48).
Aberrant ocean conditions were also detected using Seascape classifications, including the 2015 marine
KSFO o1 @0 ¢60631 KOK FONI OGSNAT SR a {SFaolFL)lS wmt a{ dzo i NB
which was evident from Southern California MPAs north to Campus Point SMCAL(f-ighd time
series of Seascapes also shows yearly seasonality in most MPAs. Althoughe3dastglobal model,
these findings show that Seascapes detected variation at resolutions relevant to MPAs to capture
summaryt S@St GFNRAIF oAt AGE FY2y3 [/ ITAF2NYALI QA YINRYS ¢
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Figure 41. Time series of monthly Seascapes within the MPAs, ordereatibyde. Seascapes are dynamic
classifications of water masses based on sea surface properties derived from satellite imagery. Data spans 2002

08-15 to 202102-15.
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Figure 42. Stacked bar plots of relative abundance of Seascapes in all MPAs, orderétidy, lloroughout the
entire time series. Seascapes are dynamic classifications of water masses based on sea surface properties derived
from satellite imagery. Data spans 260215 to 202102-15.
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Figure 43. Mean Shannon Diversity Indices (SDI) of Seascape classes for all of Seascape data for MPAs from 2002
08-15 to 202102-15. Shannon Diversity Indices were calculated using monthly Seascape data.
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4.4.1.2 Seascapes and Kelp Abundance

As kelp forests supportdiverse ecosystem of marine life, knowing where and under what
conditions they thrive can aid kelp protection, recovery, and management. We found that kelp canopy
biomass and extent were significantly associated with the majority of detected Seascapssraritie
highest in locations dominated by Seascapes with warmer sea surface temperatures and under a high
NIy3S 2F ydziNASyd NBIAYSaod [20F0A2ya gAGK Y2RIEE {.
Y2RIf {SIFaO0FLIS HT al & LIsiad kith highSr kedpdzomaRsl(Frg@hile ¢ SNB | & .
Y2RIf {SIFIaO0FLIS mMp a¢NBLAOIE {Slhaé¢ osla aaz20Al dSR

We also found that the frequency of most Seascapes was statistically associated with
differences in kelp biomass (Figb4Table 42). Most notably, higher frequencies of Seascape 7
G¢SYLISNIFGS ¢NIyairidAaAz2yEé YR {SFAOFLIS um a2l Ny .f22°
kelp biomass (Fig-g! = 10 6KAfS KAIKSNI FNBIjdzSyOArASa 2F {SI aol
Coaiilf¢ FYR {SIFaAO0OFLIS mp G¢NBLAOFE {SIBEGBSNBE | a4a2C
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Figure 44. Boxplots of standardized kelp biomass vs. the modal Seascape at a location in the dataset over a
quarter. Standardized kelp biomass was calculatedibiding the observed kelp biomass at a spatial pixel during a
specific quarter by the maximum observed kelp biomass at that pixel in the dataset. Modal seascape is the most
frequently observed Seascape at a given spatial pixel during a quarter. THetlyeppesents the 25%5%

guantiles and the horizontal line represents the median. Standardized kelp biomass was calculated by dividing the
observed kelp biomass at a spatial pix&.(location) at a specific time by the maximum observed kelp biomiass a
that pixel throughout the sampling period.
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Fig 45. Boxplots of standardized kelp biomass vs. the number of times a given Seascape was observed at a location
in the dataset over a quarter. Standardized kelp biomass was calculated by dividing theeddselp biomass at a
spatial pixel during a specific quarter by the maximum observed kelp biomass at that pixel in the dataset.
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Table 42. Summary statistics for Krusk#fallis tests of kelp estimated biomass vs key Seascape variables by
quarter betweenAugust 15, 2002 and February 15, 2021 H statistic, degrees of freedom (df), andgtue are
reported.

Test Variable Degrees of KruskatWallis H Statistic | P-value
Freedom (df)

Modal Seascape 10 10662 <0.0001***

No. of occurrences of Seascapé # S Y LIS | 7 1050 <0.0001***
CNFyarldAazysé

No. of occurrences of Seascape 11 5 868 <0.0001***
¢ NB LA OI £ k{ dzo G4 NB LA Ol

b2d 2F 200d2NNBy OSa 2|6 2101 <0.0001***

b2ad 2F 200dzZNNBy O0Sa 210 2947 <0.0001***

.f22Ya 1 LWStEtAy3E

b2ad 2F 200d2NNByOSa 2|7 3536 <0.0001***

{SI at¢

b2ad 2F 200dzZNNBy O0Sa 210 5178 <0.0001***

¢CNI yaAldAz2y [ 26 bdziNR

b2ad 2F 200d2NNByOSa 2|2 1005 <0.0001***

Fresh Influenced 2 I & G I f ¢

b2zd 2F 200d2NNBy O0Sa 2|10 2853 <0.0001***
t22Yya |1 A3K DbdziNASy

No. of occurrences of Seascape 27 3 952 <0.0001***

G1 @LISNRFf AYS 9dzi NB LIK

4.4.1.3 Seascape Diversity and Biodiversity

Linksbetween Seascape categorical diversity and biodiveas#WPAspecific. Relating
dynamic Seascape habitat diversity with PISCO benthic community biodiversity metrics shows that there
are localized, MPApecific relationships between these metrics. Bi§.shows means for the Seascape
SDI calculated using the four quarterly SDI (n = 2 for 2002, n = 4 all other years) values per year. There is
a close association between PISCO SDI and Seascape SDI for Anacapa Island SMR (Channel Islands) and
Point Dume SIZA (South Coast). There is also a close association between PISCO SDI and Seascape SDI
for Anacapa Island SMCA with some divergence starting in 2015. Stewarts Point SMR (North Coast)
PISCO SDiI is higher than Seascape SDI by about 1 unit for 2010, 20,14n@@bnverges in 2018. Point
Conception SMR (South Coast) PISCO SDidauhits (in most cases resulting in PISCO SDIs more than
double than Seascape SDI) higher than the Seascape SDI except for 2007 and 2014 where they are about
0.5 units differentThe largest difference in SDI at Point Conception SMR occurs ir22084More
work will be done with the habitat team experts for relating biological diversity to Seascape dynamics.
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Figure 46. Line plots of Shannon Diversity Indices (SDI) of SeasaaddPISCO Swath data for the

following MPAs: Anacapa Island SMCA, Anacapa Island SMR, Point Conception SMR, Point Dume SMCA,
Stewarts Point SMR, Ten Mile SMR. The raw monthly Seascape dataset was used to calculate quarterly
SDI values. The plot shows medor the Seascape SDI calculated using the four quarterly SDI (n = 2 for
2002, n = 4 all other years) values per year. The points for the PISCO Swath data show means of SDI for
yearly benthic surveys taken within each MPA (rE2 Eites within each MPA The lines show 95%

confidence intervals if there is data for every year

4.4.2 Harmful Algal Bloom Risks

4.4.2.1 Spatial and Temporal Variation in MPA Harmful Algal Bloom Risks

It is important to develop rapid response capabilities to unanticipatediersity and fisheries
emergencies such as harmful algal blooms (HABJARM temporal patterns show that across different
HAB variables (cellular domoic acid, particulate domoic acidParddenitzschiaconcentrations), the
risk of exceeding threshatdwas already high in all bioregions and increased over time across all
bioregions. The EcoCast artHBRM risk maps show that the frequency, persistence and spatial extent
of HABs has increased over recent years and that these areas coincide with theoncewf
ecologically important migrating species. This is especially relevant for the management and
conservation of marine mammals and shore/sea birds that are known to suffer adverse effects due to
domoic acid and HABs.
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The plots of spatial exter{Fig. 47) and temporal extent (Fig-8) of HAB impacts show that
areas with high predicted cellular domoic acid (cDA) are lssged in the north and become smaller
sized with shorter event durations in the soufPseudenitzschia(PN) concentrationsh®wed similar
trends to cellular domoic acid (Appendix Fig-1AA42). Particulate domoic acid (pDA) has the opposite
geographic trend than cDA and PN with larger areas and more long lasting events in the soutB,(Fig. 4
4-10). The percentage of the yem which high predicted cDA, pDA, and PN concentrations occur has
increased to 100% across the board although it was already high across bioregions. The persistence of
high cDA, pDA, PN concentrations is &ligiiin all bioregions.

The relative mean aas of monthly risk of high HAB and high bycatch species prevalence (Fig. 4
11) captured the large red tide of 2020. We see that the trends are the same across the MPAs in all
bioregions but more spatially prevalent in the MPAs in the Central and Norbeasst.
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Figure 47. Plots showing the spatial extent (number of spatial pixels) for which there was a > 0.6 probability of
cellular domoic acid (cDA) concentrations exceeding the threshold of 10 picograms/cell, for each day of the year
from 201806-18 t02021-02-10 for MPAs in each bioregion. The gray areas indicate no data.
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Figure 48. Heat map plots showing the number of days of each month from-R61¥B to 202102-10, where at
least one location in the aggregated MPAs had a > 0.6 probability ocelamoic acid concentrations exceeding
the threshold of 10 picograms/cell.
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Figure 49. Plots showing the spatial extent (number of spatial pixels) for which there was a > 0.6 probability of
particulate domoic acid (pDA) exceeding the threshold ofit6gvams/cell, for each day of the year from 2018
06-18 to 202102-10 for MPAs in each bioregion. The gray areas indicate no data.
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Figure 410. Heat map plots showing the number of days of each month from-2648 to 202102-10, where at
least one lochon in the aggregated MPAs had a > 0.6 probability of particulate domoic acid (pDA) concentrations
exceeding the threshold of 10 picograms/cell
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Figure 411. (A) Relative mean area by bioregion of monthly risk of high HAB probabilities and high relative bycatch
species prevalence. These values were calculated by masking areas wh&RMCprobability of cellular domoic

acid concentrations were irxeess of 10 picograms/cell > 0.6 and EcoCAST Relative Bycatch:Target Catch
Probability Product < 0. The rasters were then masked by MPAs within each bioregion. The areas were then
normalized by bioregion. The means and standard error bars were calcuksitegidaily data. Data spans October

2019 to September 2020. (B) Same data plotted as lines with 95% confidence intervals.
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5. Integrated Assessment of Environmental Variation in MPAs

5.1 Summary

We used a curated collection of MBRAecific datasets to asseand compare changes in
environmental conditions in California MPAs and bioregions over the last two decades.

We find ongoing largscale linkages (teleconnections) between global climate oscillations and
environmental fluctuations at the bioregion scades, shown by different climate indices.

The spatial and temporal evolution of the warming event in 2015 was the most prominent
interannual signal in climate and Seascapes variation observed during the period 2003 to 2021.
However, the unusual conditionbat dominated that period, even into 2018, have since
dissipated. This is evident in tinseries of the California Multivariate Ocean Climate Indicator
(MOCI), Seascapes ocean habitat classifications and other ocean climate indicators. For example,
the MOQ index was negative for much of 2011 to 2013 and was negative again in late 2020
across the state.

While the over the last decade have been variable, {mmgh, multidecadal changes associated
with climate change are becoming clearer, such as with lksky new records in ocean
temperatures and ongoing ocean acidification.

We identified MPAs that showed the greatest differences in environmental conditions from
their bioregion from year to year. Most of these outlier MPAs were located near the nortlrern o
southern edges of their bioregion, but we also found that Point Sur SMR was consistently
different from the Central Coast bioregion despite being located near the center, and that Sea
Lion Gulch SKMshowed substantial divergence from the rest of the Mo@toast bioregion in

2016 due to the persistence of kelp cover at this site.

5.2 MPA Integrated Environmental Assessment Objectives

¢KS at! ' OdA2y tfly IyYyR GKS {OASYyOS DdzARI yOS
Area Network report from 2021déntify several questions related to understanding disturbances and
stressors within the current MPA network (MLPA Goals 1 and 6). In addition, many other questions from
the MPA Monitoring Action Plan involessessing ecological change. Assessing thecingp&MPA
protections and other management efforts on changes to species, populations, and ecosystems requires
an understanding of the underlying climate, weather, and other environmental conditions that influence
these MPASs, and the state waters in whibley are located, on large to small spatial and temporal
scales.

To provide some of this important environmental context, we asked the following questions:

1. How have conditions changed over time from basin to California MPA bioregion scales?

2. How has the similarity of oceanographic conditions in individual MPAs changed over time
relative to their bioregion?

3. Which MPAs have exhibited the greatest differences in variation from their bioregion?

We addressed these questions fotveo-decadeperiod using the datasets that were curated,
processed and integrated as describe@actiorn2. Data Standardization, Curation, Integration, and
Visualization with the California MPA DashbogseeSection2.3 and Appendix A2.1).

50



5.3 Methods

5.3.1 How have coditions changed over time from basin to California MPA bioregion scales?

We examined the links between environmental dynamics at large global and ocean basin spatial
scales and the smaller MPA bioregion and California State Waters spatial scales ttibt iditaence
MPAs. To do this, we first examined data from global to regional climate indices that focus on various
mechanisms and scales of change including atmospheric air pressure anomalies (Northern Oscillation
Index; NOI), sea surface temperatur&T3 variations and anomalies (Pacific Decadal Oscillation and
Oceanographic Nifio Index; PDO and ONI), ocean gyre circulation structure (North Pacific Gyre
Oscillation; NPGO), multivariate indices (Multivaridt®liBo-Southern Oscillatioindex and
Multivariate Ocean Climate Index; MEI and bioregional MOCI), and indices for regional to bioregion
upwelling and nutrient delivery (Coastal Upwelling Transport Index and Biologically Effective Upwelling
Transport Index; CUTI and BEUTI). We obthdatasets of these indices from the last two decades,
2001-2020 and conducted neparametric Spearman rank correlations at monthly, seasonal and annual
timescales to describe the degree to which the variations are correlated for the period of interest.

5.3.2 How has the similarity of oceanographic conditions in individual MPAs changed over
time relative to their bioregionAWhich MPAs have exhibited the greatest differences in
variation from their bioregion, and when?

To assess how individual MPAs diigfrom their bioregions with respect to environmental
conditions on gearto-yearbasisand across timeweusedthe data extracted as described $ectior2.
Data Standardization, Curation, Integration, and Visualization with the California MPA Dastdboar
calculate the Euclidean distances between annual mean values for variables for each individual MPA and
the bioregion within which they are located. The resulting annual Euclidian distances between the MPAs
and their bioregion provide a metric for idgfying the placesandtimes that were the most or least
similar to their bioregion based on a multivariate set of environmental variabkesvell as overall mean
similarities The analysis was restricted to MRAat haddata for every variable of integt for every
year between 2003 to 2020. For the North, Centaald South Coast bioregions the variables included
CUTI and BEUTI calculated for 1° latitude bins, gridded wave height and energy, $S&1q K&tp
cover. For the Channel Islands bioregiorevehCUTI, BEUHBINd wave data were not available, the
variables included were SST, N&®RI kelp cover.

5.4 Results and Management Implications

5.4.1How have conditions changed over time from basin to bioregion scales?

Globally, ongoing warming has domued over the last decade with ocean warming reaching
new records in 2021, with the five hottest years being 22081 (Cheng et al. 2022). This warming is
also evident in examinations of the North Pacific generally. Other fundamentaterm changes
include increasing ocean acidification with increasing atmospheric carbon dioxide concentrations and
other drivers €.g.,Siedlecki et al. 2021, Kessouri et al. 2021)), as well as recent declines in kelp
particulaty in the north coast (e.gMcPherson etk 2021). While these changes are clear, thaye
beenassessed on scalesaifoutthree decades or more. When considering how change has occurred in
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the decade timescale since the time of MPA implementatinast monthly to interannuaindicesof
ocean climatecan becharacterized by cyclical variations.

Existing climate and ocean indices provide a global to bioregion scalefiariation (Fig.8).
Each index incorporates information from different combinations of variables and sjeatigoral
scales that quantify several modes of interannual change including frequency and intensity that
AYyFEdzSYyOS / FEATFT2NYALFIQa O2Fadrkt ¢FiSNEP® ¢KSasS Aff dz
the Multivariate ENifio Southern Oscillationindex (MEI), environmental forcing connections.(
teleconnections) between ENSO forcing in the southern hemisphere and the Northeast Pacific with the
Northern Oscillation Index (NQ8nd within the northeast Pacific with the North Pacific Gyre Osoitla
(NPGO) and Pacific Decadal Oscillation (PDO) (T-4bl&S expected, the indices with north Pacific data
inputs are less correlated to the two primary gloBaNifio Southern Oscillation (ENSGndicatorsthan
to each other, and the NPGOdlawer @rrelations at the interannual timescale. However, the broad
synchrony of climatic and oceanic variation is evident particularly when examining the presence of
higher (red) or lower (blue) anomalous conditions (Fij.5The NOI and regional MOCI indidesnt
illustrate teleconnections from ENS@lated variation to the MPA bioregions, with regional MOCI
variation closely tracking the NOI with fewer instanoentensitiesof negative MOCI values from north
to south respectively, particularly in the last@hde (Fig-2, Table 5l).

Thetwo-decadetime series for the global to regional climate indices confirms ongoing
teleconnectionsi(e.,large-scale linkages in climatic phenomena) between climate oscillations and
change in the regions from 202D20. Tl most notable shifts related to ENSO occurred in 2009 and
2015/16, which coincided with the most prominent ocean climate episode on the US West Coast, the so
called Warm Blob and its related variations. The effects of this were slow to recede with thed?idO
phase extending through 2017 and the NPGO having a persistent phase aimteiosity EI Nifie
related variations and warming into 2018 for much of the California Current. The persistence of low
intensity El Nifidike variations and warming is even maapparent in the regional MOCI index plots,
which show this was more intense in the Central and South Coast bioregions. Importantly, data through
2020 indicate a return to nominal conditionsiore similar to the period 20312013 Although the
longerterm outlook is uncertain, at the time of writing, 2021 has experienced increased upwelling,
mostly nominal temperatures at and near the coast with a seasonal NOAA Climate Prediction Center
forecast of conditions tending towards La Nifia through January. Wkemiaing if the indices are
correlated to time, indicating secular change, the PDO and NPGO have the only notaiiésriong
change over the period, but these generally vary aleradalperiods.

The plots and correlations between the various indices inditt@at monthto-month, and
thereby seasonal anldngerterm trendsremain connected, even during and after unprecedented
episodes such as that related to the Warm Blob. When examining the correlations with the MOCI time
series at regional and seasonallesait is important to note that the MOCI includes the MEI, NOI, ONI
and PDO in its formulation. Nonetheless, it is still worth noting that the correlations with thenki@h
guantifies relationships between the North Pacific High (NPH) climatologezai tocation (35°N,
130°W), Darwin (10°S, 130°&)d Tahiti (18°S, 150°W), are higher in the North and Central Coast.
Whereas the South Coast has higher correlations to the more direct measures of ENSO, the MEI and
ONI

The monthly variation of keyariables for each bioregion, and their correspondence to regional
MOCI variation illustrates how climate variation is influencing key ecological mechanisms of change. For
the North, Centraland South Coast this includes CUTI and BEUTI upwelling, SSAKDM®Pas a
measure of turbidity, wave height and energy, and kelp cover. Channel Islands series were limited to
SST, NRRDI90, and kelp cover as upwelling and wave estimates were not available for these locations
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in comparable forms. Key features indivariation include the expression of ENSO eventg,peaking

in Nov 2002 and Dec 2009), as well as variation linked to northeast Pacific Warm Blob aeamaly (
2015/16 with some persistence through 20Hg.5-3 to 56). This not only included highSST, but

increased seasonal low SST in each bioregion. Correlations between yearly means of MOCI and the rest
of the variables illustrate how climate variations are relating to individual variables in each region

(Tables AL to A54). The North Coast BICI was more highly and positively correlated to NPP than the
Central Coast, South Coast, or Channel Islands regions, where the southerly sites were negatively
correlated. Kelp cover was more negatively correlated to the MOCI indicators in the Northil@oast
Centralor South Coasts or in the Channel Islands. While SST and upwelling form part of the MOCI index,
SST, CUTI and BEUTI were more correlated to MOCI in the No@eaimdlCoast than the southerly

regions
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Figure 51. Timeseries of climate ifmks covering 2002020 including A) the Multivariate ENSO Index (MEBhe
Oceanic Nio Index (ONJ|)XC) the Northern Oscillation Index (N) the North Pacific Gyre OscillatifiPGQ)

and E) the Pacific Decadal OscillafiBDO) Monthly values (lalck line) and the L&onth running means of these
indices are shown in red and blue, where the times in red indicate conditions tending towards El Nifio and/or
warmer conditions
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Table 51. Pearson correlation coefficients between tHaltivariate ENSO IndgMEYJ, Oceanic Nio Index(ON),
the North Pacific Gyre OscillatigdPGQ, and Pacific Decadal OscillatigfDQ at monthly, seasonal (3 month
running mean)and yearly (13nonth running mean) scales. Also shown are seasonal correlations between the
largescaleclimate indices and the bioregiestaleMultivariate Ocean Climate IndéXIOC).

S Variables MEI ONI NOI NPGO PDO
£  ONI 0.97
S NOI -0.79 -0.83
o% NPGO -0.32 -0.30 0.22
b PDO 0.77 0.74 -0.78 -0.47
[ ONI 0.94
2 NOI -0.57 -0.63
§ NPGO -0.24 -0.19 0.07
PDO 0.63 0.57 -0.53 -0.35
> ONI 0.92
% NOI -0.42 -0.48
§ NPGO -0.23 -0.16 -0.01
PDO 0.57 0.53 -0.39 -0.25
g MOCI- North California 0.50 0.54 -0.74 -0.30 0.69
g MOCI- CentralCalifornia 0.55 0.58 -0.71 -0.50 0.69
n MOCI- Southern California 0.68 0.69 -0.61 -0.50 0.70
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Figure 52. Timeseries of the California Multivariate Ocean Climate Indicator (MOCI), which is calculated as
seasonal values across the A) Northern428N), B) Central (3438°N), and C) Southern (32.5°N) bioregions
(red and blue bars). Also showntliveach is theNorthern Oscillation IndefNO) with a 3-month seasonal running
mean (black line).
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Figure 53. Timeseries of monthly mean values for California Multivariate Ocean Climate Indicator (MOCI), Coastal

Upwelling Transport Index (CUTI), Biadadly Effective Upwelling Transport Index (BEUTI), Sea Surface
Temperature (SST), Net Primary Productivity (NPP), attenuation of downwelling light at 490 nm (KD490; a proxy for

turbidity), Wave Height and Power, and Kelp Canopy Cover fadohin Coastioregion
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