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ii. Executive Summary 
{Ǉŀǘƛŀƭ ŀƴŘ ǘŜƳǇƻǊŀƭ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ /ŀƭƛŦƻǊƴƛŀΩǎ ƳŀǊƛƴŜ ŜŎƻǎȅǎǘŜƳǎ ƻŎŎǳǊǎ ōƻǘƘ ŦǊƻƳ ƴŀǘǳǊŀƭ 

environmental variation and from human pressures including fisheries. These variations span many 
scales from large ocean basin scales such as the El Niño - Southern Oscillation, with major year-to 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 challenges when looking to interpret ecosystem changes in relation to management actions, 
including the implementation of marine protected areas (MPAs). For example, How can changes in MPA 
condition be attributed to MPA management and/or other phenomena such as regional 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 time-consuming and complex, especially for diverse environmental habitat and 
indicator data. How can data from various investigators, locations, habitats, and methods be integrated 
to produce robust assessments of change in key indicators that are useful for MPA management? 
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 and building cyberinfrastructures that allow for more timely and repeatable analysis. 

Here we have used the Integrated Ocean Observing System (IOOS) framework to develop and 
tailor curated collections of MPA-relevant datasets and data visualization and exploration tools. These 
tools are supported by replicable and documented data streams 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 scales that have been 
identified as being key to understanding MPA change: Basin/Quasi-Global, Large Marine Ecosystem, 
Region/Sub-ecosystem, Mesoscale (10s ς 100s km; eddies, fronts), and Local (MPA; larval retention 
zones; e.g., Taylor 2007). We worked across four key objectives: 

1. Utilize large-scale 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 visualized in an online dashboard (mpa-
dashboard.caloos.org). 

2. Utilize fine scale models nested in larger-scale simulations for MPA connectivity - Nested 
models with ~800 m and ~160 m resolution have produced outputs since March 2020, 
ǇǊƻŘǳŎƛƴƎ ŀ Řŀƛƭȅ ΨƴƻǿŎŀǎǘΦΩ 

3. CƻǊƳŀǘ ŀƴŘ ŀǎǎŜƳōƭŜ Řŀǘŀ ŦǊƻƳ /ŀƭƛŦƻǊƴƛŀΩǎ at! aƻƴƛǘƻǊƛƴƎ tǊƻƎǊŀƳ ŀƴŘ ƻǘƘŜǊ ǊŜƭŜǾŀƴǘ 
sources for inclusion in the multi-scale curated data views - Multi-Agency Rocky Intertidal 
Network (MARINe), the Partnership for Interdisciplinary Studies of Coastal Oceans (PISCO), Reef 
Check California (RCCA), and the California Collaborative Fisheries Research Program (CCFRP) are 
in the California MPA Dashboard with others to follow. 

4. Evaluate an emerging suite of multivariate, multi-stressor assessments - Derivatives of 
Seascapes (see example summary figure on the following page), the California Harmful Algae 
Risk Mapping (C-HARM) and EcoCast for MPAs are available. 

Additionally, we used these data in integrated assessments to evaluate natural and larger scale 
variation in 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 projections to 2099 to understand expected future change across 
MPAs and bioregions. Key outputs, impacts, and accomplishments are summarized below. 



2 

Streamlined access to MPA data in integrated formats for expert assessments - Assembling 
and using easily accessible and robust datasets for 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 cloud-based 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 DataONE and California 
IOOS data systems at weekly and monthly timescales wherever available. These can be updated on a 
regular basis. Researchers, managers, and others can thereby use common sets of up-to-date 
information for understanding and assessment. 

Streamlined access to MPA data via the California MPA Dashboard - Identifying 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 different research and management groups. We 
developed a California MPA Dashboard application that provides easy access and visualizations of 
multiple integrated MPA-targeted datasets and data digests that are relevant to research and 
assessment interests highlighted in the MPA action plan and working group reports. Relevant data can 
be easily explored and visualized through a public website interface. Datasets of interest can either be 
downloaded directly from the MPA Dashboard, or users can identify the data source from the MPA 
Dashboard and obtain data for further analysis. Researchers, managers, and other stakeholders can 
easily locate and explore data relevant to MPA assessments and research questions. 

Improved realism and timeliness of MPA connectivity data - Modeling connectivity of 
organisms by ocean currents between MPA regions and between MPA and non-MPA regions provides 
quantitative information concerning how MPA regions function as a network beyond the sum of their 
parts. We statistically analyzed realistic virtual larval or propagule transport trajectories generated from 
state-of-the-science ocean circulation models coupled to larval transport models including different 
types of organismal behavior and durations. During the year and a half of trajectories analyzed, all MPAs 
studied showed connectivity with amplitudes that varied with pelagic larval duration, time of year 
released, and organismal behavior. Some MPAs experienced generally greater transport to and from 
multiple other MPAs, and spillover from MPAs to nearshore zones also resulted from ocean circulation. 
MPA locations within the greater Monterey Bay area were sufficiently spaced that protected regions 
experienced larval exchange dependent on pelagic larval duration, time of release, and larval behavior. 

Detailed estimates of ecosystem-level variation across bioregions and MPAs - Understanding 
the connections between ocean conditions, biodiversity, and indicator species variation can aid our 
understanding of marine ecosystem dynamics and inform adaptive management strategies. We used 
remotely-sensed physical, chemical, and biological data to characterize the ocean conditions, or 
ά5ȅƴŀƳƛŎ {ŜŀǎŎŀǇŜǎέΣ ƻŦ ƳŀǊƛƴŜ ŀƴŘ Ŏƻŀǎǘŀƭ ǿŀǘŜǊǎ ŀǘ ǘƘŜ ƭŀƴŘǎŎŀǇŜ ǎŎŀƭŜΦ hǾŜǊŀƭƭΣ /ŀƭƛŦƻǊƴƛŀΩǎ ƳŀǊƛƴŜ 
bioregions experience similar ocean conditions, but the South Coast and Channel Islands bioregions 
experience a more diverse set of Seascape conditions on an overall and annual basis. Aberrant ocean 
ŎƻƴŘƛǘƛƻƴǎ ǿŜǊŜ ŀƭǎƻ ŘŜǘŜŎǘŜŘ ǳǎƛƴƎ {ŜŀǎŎŀǇŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ нлмр ƳŀǊƛƴŜ ƘŜŀǘ ǿŀǾŜ όά¢ƘŜ 
.ƭƻōέύΣ which extended from Southern California MPAs north to Campus Point SMCA. These findings 
show that Seascape state-space classifications can be summarized at the spatial scales of MPAs, and 
provide wider- and longer-ǎŎŀƭŜ ŜǎǘƛƳŀǘŜǎ ƻŦ ǾŀǊƛŀōƛƭƛǘȅ ŀƳƻƴƎ /ŀƭƛŦƻǊƴƛŀΩǎ ƳŀǊƛƴŜ ǿŀǘŜǊǎΦ 
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Contemporary Seascape change at MPAs and through the network - This figure highlights changes in Seascape 
composition from 2003-2021 for the California MPA network. Seascapes provide a categorized summary indicator 
of oceanographic conditions and their change in space and time. Each Seascape represents a unique combination 
of conditions (NA indicates no data available). Changes related to warming periods, particularly in 2015/16, can be 
observed across much of the MPA network.
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Detailed estimates of harmful algal bloom risk for California bioregions and MPAs - Using high 
frequency nowcasts of harmful algal bloom (HAB) data from the California-Harmful Algae Risk Mapping 
(C-HARM) model and the EcoCast species distribution models, we show spatial and temporal patterns of 
HAB risk in MPA regions, and risk for vulnerable species to HAB impacts. C-HARM temporal patterns 
from 2018-2021 show that the risk of high probability of cellular domoic acid, particulate domoic acid, 
and Pseudo-nitzschia spp. blooms was already high in all bioregions and increased across all bioregions. 
The EcoCast and C-HARM risk maps suggest the potential increase in frequency, persistence and spatial 
extent of HABs over recent years and that these areas coincide with ecologically important migrating 
species, posing a risk of these species suffering adverse effects due to domoic acid and HABs. 

Integrated multi-scale assessments of variation and change over the past two decades - 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 
conditions that dominated that period, even into 2018, have since dissipated. This is evident in time 
series of the California Multivariate Ocean Climate Indicator (MOCI), Seascapes ocean habitat 
classifications and other ocean climate indicators. For example, the MOCI 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, long-term, multi-decadal changes associated with climate change are becoming 
clearer, such as with kelp loss, new records in ocean temperatures and ongoing ocean acidification. 

Detailed estimates of climate change risk for California bioregions and MPAs - To understand 

the role that MPAs may play in supporting ecosystem resilience and providing societal benefits in the 
face of climate change, it is necessary to understand how key environmental variables are projected to 
ŎƘŀƴƎŜ ƛƴ /ŀƭƛŦƻǊƴƛŀΩǎ ǎǘŀǘŜ ǿŀǘŜǊǎ ŀƴŘ ƛƴ at!ǎΦ ²Ŝ ŜȄǘǊŀŎǘŜŘ ǎǳƳƳŀǊƛŜǎ ƻŦ ǇǊƻƧŜŎǘŜŘ ŎƘŀƴƎŜ ƛƴ key 
oceanographic variables from the downscaled climate regional ocean modeling system (ROMS) model 
for MPAs and bioregions from past (1980-2009) to future (2070-2099) conditions and identified areas of 
ƭŜŀǎǘ ŎƘŀƴƎŜ ŀǎ ǇƻǘŜƴǘƛŀƭ ΨŎƭƛƳŀǘŜ ǊŜŦǳƎƛŀΩΦ California MPAs protected higher percentages of potential 
ΨŎƭƛƳŀǘŜ ǊŜŦǳƎƛŀΩ ŦǊƻƳ мфул-2099 compared to overall state waters, but refugia were often not spatially 
persistent. Some visualizations of these analyses are available in the California MPA Dashboard.  

 

Contemporary conditions to future change - This figure shows the projected multivariate change in California MPAs 
across four different bioregions, from past (1980-2009; solid points) to future (2070-2099; open points) based on a 
principal components analysis of output variables from downscaled climate ROMS models. Distances between 
points indicate differences in environmental conditions, as summarized by the first two principal components (PC1 
and PC2). Vectors (blue lines) indicate axes where change in each variable most aligns with the overall pattern. 
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1. Introduction 
Marine protected areas (MPAs) face many pressures, from resource use including fisheries to 

climate variations and long-term change. These factors operate from local to global spatial scales over 
daily to decadal timescales. This wide 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 responses in MPAs. Given the range of possible influences and their 
scales, there is risk of interacting factors becoming indistinguishable without sufficient context (e.g., 
aliasing). In addition to issues with measuring such phenomena, big challenges remain in improving the 
timeliness and reproducibility of assessments. Two key questions arise: How can changes in MPA 
condition be attributed to MPA management and/or other phenomena such as regional climate change? 
How can data from various investigators, locations, habitats and methods be integrated to produce 
robust assessments of change in key indicators that are useful for MPA management?  

A primary motivation for creating networks of high-resolution observing systems sustained over 
time is to understand ecosystem-level change that occurs over a wide range of scales (e.g., Taylor 2007, 
Ruhl et al. 2011). Management of living resources has evolved a holistic and integrated approach (e.g., 
Harvey et al. 2019). There are myriad connections between climate, weather, and wind-driven upwelling 
of ocean waters and changes 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 fish (e.g., Hazen et al. 2019, Ryan et al. 2019). An example 
of how anomalous conditions can have pervasive ecosystem impacts occurred recently with warming of 
ŀ ƭŀǊƎŜ ŀǊŜŀ ƻŦ ǘƘŜ ƴƻǊǘƘŜŀǎǘ tŀŎƛŦƛŎ ƛƴŎƭǳŘƛƴƎ ǿƘŀǘ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ Ψ²ŀǊƳ .ƭƻōΩ ŦǊƻƳ Ϥнлмп-2016, with 
lingering signals in later years. Such large-scale phenomena 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 implied temporal and spatial scales, 
linking atmospheric, oceanographic and ecological habitat focused data. 

This project has run in the context of the US Integrated Ocean Observing System (IOOS) and its 
affiliate organizations including the Global Ocean Observing System (GOOS), the Ocean Biological 
Information System (OBIS), and the Marine Biodiversity Observation Network (MBON, Muller-Karger et 
al. 2018, Benson et al. 2021). The two California Regional Associations of IOOS are the Central and 
Northern California Ocean Observing System (CeNCOOS), which extends from the Oregon border to Pt. 
Conception CA, and the Southern California Coastal Ocean Observing System (SCCOOS) that spans from 
Morro Bay to the Mexico border. CeNCOOS and SCCOOS have built a foundation based on the best 
available science and collaborative partnerships. These systems provide near-continuous coverage of 
surface currents along the coast from high-frequency radar (HFR) stations, oceanographic section data 
from six continuous glider line transects, and hundreds of other data products (i.e., data layers) from 
more than two dozen shore stations and moorings, all of which are now available in a new California 
Ocean Observing Data Portal (data.caloos.org). Model-assimilated observations underpin high-quality 
ocean and atmosphere forecasts, nowcasts, and hindcasts, all of which serve as a record for 
understanding the causes and consequences of natural and anthropogenic change. These efforts also 
include a federally accredited data and cyberinfrastructure capability that streamlines access to 
information and analytics for applied uses and research. For example, CeNCOOS supplies data to 
underpin the California Current Integrated Ecosystem Assessment and Monterey Bay National Marine 
Sanctuary Condition Reports (Ruhl et al. 2021).  

Project Goals and Objectives ς Our project used the Integrated Ocean Observing System (IOOS) 
framework to develop curated collections of datasets and model outputs that incorporate information 
from ocean physics, ocean biogeochemistry, and long-term ecological monitoring at spatial and 

http://data.caloos.org/
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temporal scales relevant to MPAs, and referenced to climatic conditions. These curated datasets 
integrate data from numerous sources into a virtual California MPA Dashboard of 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 California state waters, which support analysis of MPA network performance. 
Our work bridges the five conceptual scales that have been suggested as being important when 
considering change in MPAs: Basin/Quasi-Global, Large Marine Ecosystem, Region/Sub-ecosystem, 
Mesoscale (10s ς 100s km; eddies, fronts), and Local (at the MPA; retention zones, etc.; e.g., Taylor 
2007). Our project scope originally included three in-person meetings with other California MPA 
Monitoring Program researchers and program managers to facilitate 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 managed through a series of smaller virtual meetings (Milestones 2 and 3). We worked 
across four key objectives (see Appendix A1 for a complete list of proposed milestones and 
deliverables): 

1. Utilize large-scale satellite data and models to develop regularly updating curated data views 
and products that quantify relationships between large-scale phenomena, features and 
variations, and conditions at 24 spatial areas of integration including select Tier 1 and 2 MPA 
locations across the state (Section 2. Data Standardization, Curation, Integration, and 
Visualization with the California MPA Dashboard). This objective evolved to provide 
visualizations and access to curated datasets for a more complete selection of MPAs via the 
California MPA Dashboard (Deliverable 2). Ultimately this included all MPAs with varying levels 
of data availability depending on when specific observation, sampling, satellite, or modeling 
efforts started. The size and shape of MPAs, locations closer to greater areas of land such as in 
estuaries, and propensity for cloudiness also limited the times and places where we have robust 
time series.   

2. Utilize fine-scale models nested in larger-scale simulations to develop regularly updating 
information products that quantify changing conditions, including MPA connectivity, at finer 
scales, and integrate results into our products and our multi-scale curated data views (Section 
3. High-Resolution Circulation and Connectivity Modeling). The establishment of the data 
assimilative West Coast Operational (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 
aƻƴǘŜǊŜȅ .ŀȅ ǊŜǎǇŜŎǘƛǾŜƭȅΦ hǳǘǇǳǘǎ ƛƴŎƭǳŘŜ Řŀǘŀ ǎƛƴŎŜ aŀǊŎƘ нлнлΣ ǇǊƻŘǳŎƛƴƎ ŀ Řŀƛƭȅ ΨƴƻǿŎŀǎǘΩ 
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 updating routinely (Deliverable 5). These data can be 
considered in the context of specific cases of biologically-relevant modes of dispersal (e.g., 
behavior, pelagic larval duration) for eggs, larvae, zoospores, and other propagules. 
Customizable visualizations of connectivity for a wide range of these dispersal modes are 
included in the California MPA Dashboard (Deliverable 6). This effort included delivery of 
recommendations on particle tracking/connectivity data needs and capabilities, and a plan to 
achieve high-resolution particle tracking for the historical data period, e.g., 2011 to present 
(Deliverable 1). 

3. Work with representatives from the California MPA Monitoring Program habitat expert 
teams, the Ocean Protection Council, and the California Department of Fish and Wildlife to 
format and assemble long-term ecological monitoring data from MPAs and reference regions 
for inclusion in the multi-scale curated data views (Objective 1), including data for key 
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performance measures and metrics (Section 2. Data Standardization, Curation, Integration, 
and Visualization with the California MPA Dashboard). This work has so far included major 
data inputs from the Multi-Agency Rocky Intertidal Network (MARINe, e.g., Moritsch and 
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 areas and areas of mid-depth 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 beach, and mid-depth rock and soft bottom subtidal habitats 
and therefore this work is ongoing (see Table A3-1). Getting these ecological monitoring data 
verified, quality-checked, and formatted into machine-readable forms that are compliant with 
data standards 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 Biodiversity Information 
System (OBIS) and the Global Biodiversity Information Facility (GBIF). Datasets through 2019 
were included in the first iteration of the MPA dashboard in 2020, and updated data from 2020 
were incorporated in late 2021 (Deliverables 7 and 9). It is by integrated analysis of these data, 
along with MPA-specific digests of satellite and model data (Objective 1) and MPA connectivity 
data (Objective 2), that the California MPA Monitoring Program will be able to address many of 
the key research, monitoring, 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 of the MPA Decadal 
Management Review.  

4. Work with representatives from the California 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 ecosystem state and then integrated with 
ecological monitoring data and indices to produce statewide quantitative, indicator-based 
assessments (Section 4. Ecological Indicators for Seascapes and Harmful Algal Bloom Risk in 
MPAs). This has included examination of Seascapes classification of remote sensing data, the 
California Harmful Algae Risk Mapping (C-HARM) assessment of harmful algal bloom (HAB) risk 
with Pseudo-nitzschia, cellular domoic acid, and particular domoic acid probability, as well as 
EcoCast predictions of where vulnerable species occur relative to HAB risk (Deliverable 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 of Seacapes classifications 
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 possible by the new availability of a set of downscaled climate change model 
estimates extending out to 2099 using so-ŎŀƭƭŜŘ ΨōǳǎƛƴŜǎǎ ŀǎ ǳǎǳŀƭΩ ǇǊƻƧŜŎǘƛƻƴǎ όtƻȊƻ .ǳƛƭ Ŝǘ ŀƭΦ нлнмύΦ 

Together these objectives enabled us to conduct integrated assessments of change across scales 
and into the future (Section 5. Integrated Assessment of Environmental Variation in MPAs and Section 6. 
Integrated Assessment of Projected Climate Change Risk in MPAs). This work marks major advancements 
in the ways in which MPA analytical workflows are developed, documented, and managed, and supports 
higher quality assessments being delivered more efficiently now and into the future. This includes the 
assessments addressing the MPA Monitoring Action Plan goals, with emphasis 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 
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of marine 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 of stocks that are depleted. The data provided is bringing 
understanding of how long-term change might influence perceptions of what constitutes baseline 
conditions (e.g., potential shifting baselines). This information helps evaluate if MPAs are achieving 
objectives in the context of climate variability and secular change. This enables assessments at the scale 
of individual MPAs, the north, central, and south coast bioregions, with the Channel Islands assessed 
independently, and the degree to which individual MPAs may be experiencing similar conditions to the 
bioregions in which they are located. Below we describe our methods for addressing the above 
objectives, our detailed research questions and analytical approaches, results from these activities to 
date and discussion placing these results in the context of the Marine Life Protection Act and MPA 
Action Plan goals and questions.
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2. Data Standardization, Curation, Integration, and Visualization with 
the California MPA Dashboard (Objectives 1 and 3) 

2.1 Summary 

 The California MPA Dashboard enables managers, researchers, and stakeholders to explore and 
visualize a curated collection of MPA-relevant oceanographic, climatological, and ecological 
datasets, as well as outputs from ecological, climate, and circulation models. 

 To curate these datasets, we developed replicable and documented data processing and 
metadata scripts on a central cloud-based project management and data analysis platform. This 
includes extraction and summarization of large oceanographic and climatological datasets to 
MPA scales, as well as data verification, quality checking, and standardization of ecological 
monitoring datasets for effective use in current and future analyses and assessments. These 
curated datasets are visualized in the MPA Dashboard and made available through 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 research questions from the Ocean Protection Council - Science 
!ŘǾƛǎƻǊȅ ¢ŜŀƳΩǎ ǊŜǇƻǊǘ ƻƴ /ƭƛƳŀǘŜ wŜǎƛƭƛŜƴŎŜ ƛƴ /ŀƭƛŦƻǊƴƛŀΩǎ at!ǎΦ 
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2.2 Data Integration and California MPA Dashboard Objectives 

The California MPA Dashboard was developed out of the original ǇǊƻǇƻǎŀƭ ƻōƧŜŎǘƛǾŜ ǘƻ άǳǘƛƭƛȊŜ 
large-scale satellite data and models to develop regularly curated data views and products that quantify 
relationships between large-scale phenomena, features and variations and conditions at 24 spatial areas 
of integration including select Tier 1 and н at! ƭƻŎŀǘƛƻƴǎ ŀŎǊƻǎǎ ǘƘŜ ǎǘŀǘŜέ όhōƧŜŎǘƛǾŜ мύ ŀƴŘ ǘƻ άǿƻǊƪ 
with the California MPA Management Program habitat expert teams to format and assemble in situ 
MPA monitoring data for inclusion in the multi-scale curated data views, including data for key 
ǇŜǊŦƻǊƳŀƴŎŜ ƳŜŀǎǳǊŜǎ ŀƴŘ ƳŜǘǊƛŎǎέ όhōƧŜŎǘƛǾŜ оύΦ ¢Ƙŀǘ ƻǊƛƎƛƴŀƭ ǇǊƻǇƻǎŜŘ ǇǊƻŘǳŎǘ Ƙŀǎ ƴƻǿ ŜǾƻƭǾŜŘ ƛƴǘƻ 
a much more comprehensive tool for exploring and visualizing a curated collection of oceanographic, 
climatological, ecological monitoring, and model output datasets relevant to research and assessment of 
/ŀƭƛŦƻǊƴƛŀΩǎ at! ƴŜǘǿƻǊƪΣ ƛƴŎƭǳŘƛƴƎ Řŀǘŀ ŦǊƻƳ мнн ƛƴŘƛǾƛŘǳŀƭ at!ǎ ŀƴŘ п ǊŜŦŜǊŜƴŎŜ ōƛƻǊŜƎƛƻƴǎΦ  

This evolution and development of the California MPA Dashboard was guided by multiple 
rounds of engagement and feedback between the development team, other California MPA Monitoring 
Program projects including the ecological and habitat-specific monitoring groups, and its program 
managers. It was also underpinned by extensive investments in data verification, quality-checking, 
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, researchers, managers, and 
stakeholders involved in MPA assessment and research. It contains datasets and visualizations that can 
facilitate assessments for the following parts of the Marine Life Protection Act (MLPA) Goals and MPA 
Monitoring Action Plan, as well as priority research questions from the Ocean Protection Council (OPC) 
{ŎƛŜƴŎŜ !ŘǾƛǎƻǊȅ ¢ŜŀƳΩǎ ǊŜǇƻǊǘ ƻƴ /ƭƛƳŀǘŜ wŜǎƛƭƛŜƴŎŜ ŀƴŘ /ŀƭƛŦƻǊƴƛŀΩǎ at! bŜǘǿƻǊƪ όIƻŦƳŀƴƴ Ŝǘ ŀƭΦ 
2021): 

MLPA Goal 1: Protect the natural diversity and abundance of marine life, and the structure, 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 MPAs 

differ in size, numbers, and biomass relative to 

reference sites? 

 Do the abundance, size/age structure, and/or 

diversity of predator and prey species differ inside 

MPAs, or outside areas of comparable habitat? 

 Time series of key species abundances from multiple 

long-term ecological monitoring; programs within and 

outside MPAs; 

 Time series of oceanographic and climatological 

variables to provide environmental context. 

 

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

that are depleted. 

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

 How do species differ in their rate of response to 

MPA implementation? 

 Time series of abundance for economically-valuable 

species from multiple long-term ecological monitoring 

programs within and outside MPAs. 
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MLPA Goal 4: To protect marine natural heritage, including protection of representative and unique marine life habitats in 

California waters for their intrinsic value. 

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

 Have unique habitats been adequately 

represented and protected by the current 

distribution and designation of MPAs? 

 Maps and spatial summaries of Seascapes within 

MPAs. 

 

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

network. 

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

 What are the demographic effects of siting MPAs 

in larval source or sink locations, and how do 

demographic responses to MPAs contribute to 

larval production and connectivity of MPAs in the 

network? 

 How do other stressors impact the management of 

MPAs over time (e.g., water quality, oil spills, 

desalination plants, ocean acidification, sea level 

rise)? 

 

 Visualizations of modeled larval connectivity between 

MPAs and other coastal areas in the greater Monterey 

Bay area; 

 Time series of key oceanographic variables (e.g., 

temperature, wave energy) relevant to physical and 

physiological stress for marine species; 

 Visualizations of modeled risk of harmful algal blooms 

and domoic acid concentrations. 

 

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

Example Questions from Report Relevant MPA Dashboard Datasets and Visualizations 

 What is the spatial distribution of MPAs relative to 

historic and current stressor exposures, and how 

are those stressors likely to evolve in the future? 

 What are physical, ecological, and biological 

characteristics of climate refugia? Do MPAs include 

or promote these conditions? Will climate refugia 

persist into the future? 

 Does the California MPA network provide 

adequate levels of disconnection between MPAs 

(e.g., modularity) to ensure some populations 

persist in the face of climate change? 

 Color maps of projected change in key climate 

variables from 1980-2099;  

 Visualizations of mean projected change in key climate 

variables from 1980-2099 for each individual MPA; 

 Visualizaǘƛƻƴǎ ƻŦ ǇƻǘŜƴǘƛŀƭ ΨǊŜŦǳƎƛŀΩ ōŀǎŜŘ ƻƴ ǇǊƻƧŜŎǘŜŘ 

change in key climate variables from 1980-2099 and 

their overlap with existing MPA boundaries. 
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2.3 Methods 

To develop data exploration and visualization features for the MPA dashboard, we generated 
and integrated MPA-specific summaries and digests of data from a variety of datasets, including 13 
oceanographic and climatological datasets, 6 long-term ecological monitoring datasets from habitat 
monitoring groups in the California MPA Monitoring Program (with more anticipated from additional 
groups; see Table A2-1), outputs from 3 ecological models (Seascapes, California-Harmful Algae Risk 
Mapping (C-HARM), and EcoCast; described in Section 4. Ecological Indicators for Seascapes and Harmful 
Algal Bloom Risk in MPAs), outputs from projections of a California Current Regional Ocean Modeling 
System model (ROMS-NEMUCSC) coupled to downscaled climate models (Pozo Buil et al. 2021), and 
outputs from the high-resolution circulation and larval connectivity model (described in Section 3. High-
Resolution Circulation and Connectivity Modeling). 

Oceanographic and climatological data were obtained from various publicly available datasets, 
quality-checked, and, where applicable, used to generate monthly and annual summary variables at the 
spatial scale of each individual MPA, combined (aggregated) MPAs, and the reference bioregion. This 
involved creating documented, replicable data processing scripts to verify and summarize each variable 
from its original dataset, such that future updates to the source datasets can also be efficiently 
processed. See Table 2-1 for a full list of data sources and derived summary variables. We also 
generated monthly and annual summary variables fƻǊ ŘƛŦŦŜǊŜƴǘ Ƙŀōƛǘŀǘ ƎǊƻǳǇǎΩ ƳƻƴƛǘƻǊƛƴƎ ǎƛǘŜ ƭƻŎŀǘƛƻƴǎ 
to support their individual habitat assessments (see Table 2-2). For example, the California Collaborative 
Fisheries Research Program (CCFRP) has used these data to show differences in temperature and wave 
energy between bioregions, corresponding to differences in fish community composition. 

The long-term ecological monitoring datasets were obtained from the different habitat 
monitoring groups in the California MPA Monitoring Program, and 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 long-term 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 satellite- or sensor- derived data. Once these datasets were quality checked, 
we worked to standardize the data using the Darwin Core standard and made them accessible and 
discoverable through a variety of endpoints, including the CeNCOOS data portal, the Marine Biodiversity 
Observation Network (MBON) data portal, the Ocean Biodiversity Information System (OBIS), and the 
Global Biodiversity Information Facility (GBIF). This significant time investment into data quality and 
standardization allows for the effective use of these ecological monitoring datasets in current and future 
analyses and assessments. These standardized and quality checked datasets were used to generate 
ecological summary variable time series for visualization in the MPA dashboard (Table 2-1).  

Outputs from the California Current climate change Regional Ocean Modeling System model 
(ROMS-NEMUCSC) and the Seascapes, C-HARM, and EcoCast ecological models were processed and 
aggregated by individual MPAs and bioregions for visualization in the MPA dashboard.  

The MPA Dashboard was developed using the Shiny web application development package 
within the open-source R programming environment. This allowed us to rapidly iterate through 
prototype versions of the tool, incorporating regular feedback from the Ocean Protection Council, 
California Department of Fish and Wildlife, and representatives from the California MPA Monitoring 
Program. Detailed methods for all data processes are given in Appendix A2.1 Extended Methods for Data 
Standardization and Processing. Datasets and processes are maintained and updated by CeNCOOS staff 
through replicable scripts and workflows within the Axiom data infrastructure.
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Table 2-1. Datasets and summary variables presently available in the MPA dashboard, including the time range of available data  
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Oceanographic and Climatological Datasets 

Multivariate ENSO Index 

¶ Monthly Index                                  

Extratropical-Based Northern Oscillation Index 

¶ Monthly Index                                  

Pacific Decadal Oscillation Index 

¶ Monthly Index                                  

Biologically Effective Upwelling Transport Index 
(BEUTI) 

¶ Monthly Index                                  

Coastal Upwelling Transport Index (CUTI) 

¶ Monthly Index                                  

Sea Surface Temperature  

¶ Annual Mean, Maximum 

¶ Monthly Mean, Maximum                                  

Net Primary Productivity 

¶ Annual Mean, Maximum 

¶ Monthly Mean                                  

Attenuation of Downwelling Light at 490nm 
(Turbidity) 

¶ Annual Mean 

¶ Monthly Mean                                  

Significant Wave Height  

¶ Annual Mean, Maximum, 95th Percentile 

¶ Monthly Mean, Maximum, 95th Percentile                                  

Wave Orbital Velocity  

¶ Annual Mean, Maximum, 95th Percentile 

¶ Monthly Mean, Maximum, 95th Percentile                                  

Wind Speed  

¶ Annual Mean 

¶ Monthly Mean                                  
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Oceanographic and Climatological Datasets 

Surface Aragonite Saturation 

¶ Annual Mean 

¶ Monthly Mean                                  

Bottom Aragonite Saturation 

¶ Annual Mean 

¶ Monthly Mean                                  

Ecological Monitoring Datasets 

California Collaborative Fisheries Research Program 
(CCFRP) Angler Surveys 

¶ Combined fish counts 

¶ Combined fish CPUE                           
       

Multi -Agency Intertidal Network (MARINe) Rocky 
Intertidal Surveys 

¶ Barnacle percent cover 

¶ Mussel percent cover 

¶ Sea star density 

¶ Black chiton density                           
       

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

¶ Combined finfish density 

¶ Combined rockfish (Sebastes spp.) density 

¶ Combined basses (Paralabrax spp.) density 

¶ California sheephead density 

¶ Combined benthic invertebrate density 

¶ Combined abalone (Haliotis spp.) density 

¶ California spiny lobster density 

¶ Sea urchin (Strongylocentrotus and 
Mesocentrotus spp.) density 

¶ Combined crab density                           
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Ecological Monitoring Datasets 

Reef Check California Kelp Forest Diver Surveys 

¶ Combined finfish density 

¶ Combined rockfish (Sebastes spp.) density 

¶ Combined basses (Paralabrax spp.) density 

¶ California sheephead density 

¶ Lingcod density 

¶ Combined benthic invertebrate density 

¶ Combined abalone (Haliotis spp.) density 

¶ Sea urchin (Strongylocentrotus and 
Mesocentrotus spp.) density 

¶ Combined crab density                           
       

California Recreational Fisheries Survey (CRFS) Angler 
Surveys 

¶ Red abalone CPUE within 5km of MPA 

¶ Dungeness crab CPUE within 5km of MPA 

¶ California sheephead CPUE within 5km of 
MPA 

¶ Lingcod CPUE within 5km of MPA 

¶ California spiny lobster CPUE within 5km of 
MPA                            

       

Kelp Canopy Satellite Data 

¶ Annual Mean                           
       

Ecological Model and Indicator Outputs 

Seascapes                           
       

EcoCAST                           
       

California Harmful Algal Risk Mapping (C-HARM)                           
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Table 2-2. Lists of summary variables of oceanographic and climatological data processed and provided 
to habitat monitoring groups in the California MPA Monitoring Program. 

Habitat Monitoring Group Number of 
Monitoring Sites 

Summary Data Variables Provided 

Recreationally-Targeted 
Finfish 
(CCFRP) 

31 sites 
(432 coordinate 
points) 

 Net Primary Productivity, Monthly and 
Annual Means; 

 Sea Surface Temperature, Monthly and 
Annual Means; 

 Turbidity, Monthly Mean; 
 Wave Height, Monthly Mean and 

Maximum; 
 Wave Power, Monthly Mean and 

Maximum; 
 Wind Speed, Monthly Mean and 

Maximum. 

Kelp Forest Ecosystems 
(PISCO/Reefcheck 
California) 

503 sites  Net Primary Productivity, Monthly and 
Annual Mean and Maximum; 

 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 Ecosystems 
(MARINe) 

235 sites  Sea Surface Temperature, Monthly and 
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 Power, Monthly 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, which have been 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 
/ŀƭƛŦƻǊƴƛŀΩǎ MPAs. This can 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, Section 2.2 Data Integration and California MPA Dashboard Objectives). The MPA Time Series tool 
generates customized plots of user-selected oceanographic, climatological, and ecological variables for 
individual MPAs throughout the California network, drawing from a curated group of datasets (see 
Oceanographic and Climatological Datasets and Ecological Monitoring Datasets in Table 2-1). 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 can be visualized 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 conditions and/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. 

 

Figure 2-1. Screenshot of MPA Time Series Tool in the California MPA Dashboard - showing data from Año Nuevo 
SMR across selected variables and times. 
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Figure 2-2 Screenshot of MPA Time Series Tool in the California MPA Dashboard - showing data download options.  

2.4.2 Ecological Model Outputs 

The Ecological 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), through the California Harmful Algae Risk Mapping  (C-HARM), and the specific HAB 
risk to vulnerable species of interest (leatherback sea turtles, sea lions, and blue sharks; EcoCast bycatch 
mapping) within individual MPAs throughout the California MPA network, as well as their reference 
bioregions. Users can visualize and map the dynamics of oceanographic habitats (Seascapes) in MPA 
bioregions through time (Fig. 2-3), the risk of domoic acid concentrations and Pseudo-nitzschia (Fig. 2-4) 
in California MPAs over time, and the spatial overlap between HAB impacts and the species distribution 
of vulnerable bycatch species, relative to 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 Questions for MLPA Goals 4 and 6). 
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Figure 2-3 Screenshot of Ecological Indicators Tool in the California MPA Dashboard ς showing Seascapes time 
variant map plots. 

 

Figure 2-4 Screenshot of Ecological Indicators Tool in the California MPA Dashboard ς showing C-HARM 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 assessments of the MPAs as a network (Action Plan 
Questions for MLPA Goal 6). Different scenarios for larval behavior, larval 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 outputs of the circulation and connectivity models described in Objective 2.  
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Figure 2-5 Screenshot of MPA Connectivity Tool in the California MPA Dashboard - showing dispersal map for 
modeled larval particles released from an MPA 

2.4.4 Climate Change Model Outputs 

The Climate Model Outputs Tool enables users to visualize projected changes in key 
oceanographic variables (Sea Surface Temperature, Chlorophyll a, Dissolved Oxygen [eventually pH]) 
ǳƴŘŜǊ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ at!ǎ ǘƘǊƻǳƎƘƻǳǘ /ŀƭƛŦƻǊƴƛŀΩǎ at! ƴetwork - both in the form of 
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 potential climate refugia (OPC Science Advisory Team Report on Climate Resilience and 
/ŀƭƛŦƻǊƴƛŀΩǎ at! ƴŜǘǿƻǊƪΣ tǊƛƻǊƛǘȅ wŜǎŜŀǊŎƘ vǳŜǎǘƛƻƴǎ нΣ тΣ уύΦ ¢ƘŜ /ƭƛƳŀǘŜ aƻŘŜƭ hǳǘǇǳǘǎ ¢ƻƻƭ 
generates spatial maps of projected change in each variable for the California Exclusive Economic Zone 
(EEZ) region, overlaid with the boundaries for California State Waters, all individual MPAs, and National 
Marine Sanctuaries (Fig. 2-6). The tool also generates bar plots comparing projected changes in climate 
variables between California at!ǎΣ ŀǎ ǿŜƭƭ ŀǎ ǾƛǎǳŀƭƛȊŀǘƛƻƴǎ ƻŦ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǇǊƻƧŜŎǘŜŘ ΨƘƻǘǎǇƻǘǎΩ 
ŀƴŘ ΨǊŜŦǳƎŜǎΩ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΣ ŀƴŘ Ƙƻǿ ǊŜǇǊŜǎŜƴǘŜŘ ǘƘŜǎŜ ŀǊŜŀǎ ŀǊŜ ǿƛǘƘƛƴ at!ǎ όCƛƎΦ н-7). All 
projected values are derived from outputs of a Regional Ocean Modeling System (ROMS) coupled with a 
biogeochemical model (NEMUCSC) (Fig. 2-6, Pozo Buil et al. 2021). 
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Figure 2-6. Screenshot of Climate Model Indicators Tool in the CA MPA Dashboard - showing a map of projected 
sea surface temperature (SST) change from 1980-2099. 

 

Figure 2-7. Screenshot of Climate Model Indicators Tool in the CA MPA Dashboard - showing projected areas of 
greatest and least change for each bioregion
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3. High-Resolution Circulation and Connectivity Modeling (Objective 
2) 

3.1 Summary 

 We modeled realistic ocean circulation using two nested domains (800 m and 160 m resolution, 
spanning the Central California coast and the greater Monterey Bay, respectively) forced by the 
NOAA West Coast Operational Forecast System (WCOFS) model output for the period March 
2000 through 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 tracked their 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 the high-resolution nest area around Monterey 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 non-MPA 
nearshore regions was also high, with MPAs 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 high-resolution approaches available, 
limitations include errors in the ocean circulation model and the simplification of larval and 
propagule behaviors into the trajectory and connectivity estimates. 
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3.2 Circulation and Connectivity Modeling Objectives 

The MPA Action Plan identifies several questions related 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 6: To ensure that the MPAs are designed and managed, to the extent possible, as a component of a 

statewide network 

Questions from MPA Action Plan Relevant Circulation and Connectivity Modeling Output 

 What are the demographic effects of siting 

MPAs in larval 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 contribution 

between a source MPA and sink MPA 

influence the ecosystem response inside the 

sink MPA? 

 How does the level of connectivity and larval 

supply from an MPA to areas outside of MPAs 

affect fisheries? 

 Are MPAs with higher connectivity more 

resilient to sudden environmental disturbance 

as compared to more isolated MPAs with 

higher self-retention? 

 

 Assessment of source and sink dynamics for 

MPA and non-MPA coastal locations for the 

greater Monterey Bay Area; 

 Demographic effects based on pelagic larval 

duration (PLD), larval behavior and time-of-

release for existing MPAs are quantified through 

connectivity matrices;   

 Multi-generational demographic effects can be 

assessed by propagating connectivity matrices 

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 self-retention, though 

connectivity is a function of time-of-release, 

PLD, and behavior and thus the degree of 

resiliency is likely to vary by organism. 

 

3.3 Methods 

3.3.1 Circulation Modeling 

!ŦǘŜǊ ȅŜŀǊǎ ƻŦ ŘŜǾŜƭƻǇƳŜƴǘΣ bh!!Ωǎ ²Ŝǎǘ /ƻŀǎǘ hǇŜǊŀǘƛƻƴŀƭ CƻǊŜŎŀǎǘ {ȅǎǘŜƳ ό²/hC{ύ ōŜŎŀƳŜ 
ƻǇŜǊŀǘƛƻƴŀƭ ƛƴ aŀǊŎƘ нлнмΦ ¢Ƙƛǎ ƳƻŘŜƭ ǊŜǇǊŜǎŜƴǘǎ bh!!Ωǎ ŦƛǊǎǘ ƻǇŜǊŀǘƛƻƴŀƭΣ Řŀǘŀ ŀǎǎƛƳƛƭŀǘƛǾŜ Ŏƻŀǎǘŀƭ 
ocean model in which data are used in a formal way to constrain model simulations as in weather 
forecasting, and it spans coastal waters from Mexico to British Columbia at 4 km resolution. For this 
project, we took advantage of this new product, constructing two higher resolution model nests (800 m 
and 160 m) focused on the Central California coast and the greater Monterey Bay (Fig. 3-1). 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 derive from a recalculation of 



21 

WCOFS fields at the University of California Santa Cruz (UCSC) and the model interior is weakly forced by 
WCOFS physical output as well. 

Our calculations span March 2000 through September 2021 using a pre-operational version of 
WCOFS and then its operational output. Fig. 3-1 presents sea surface temperature (SST) for an example 
day (May 07, 2021) from both the UCSC re-implementation of WCOFS (left) and the two nested domains 
(right). At this time, nested modeled temperature in offshore regions 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/Limitation: We assume that WCOFS is the best current estimate of the realistic 
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 errors that 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 activities (e.g., El Niño-
Southern Oscillation prediction, climate modeling), biases can be reduced through ensemble 
calculations or multi-model approaches. 

 

Figure 3-1. Sea Surface Temperature from the UCSC re-implementation 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 MPAs (Fig. 3-2a) and 
nearshore cells (Fig. 3-2b), tracked for 90 days, and statistics calculated for potential settlement in these 
subdomains with different competency windows and pelagic larval durations (PLD). Natural Bridges 
State Marine Reserve was not represented explicitly because its cross-shore 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 19 (Fig. 3-2b). Four behaviors were explicitly 
considered: (1) no behavior, with floats transported by the 3-dimensional 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, with floats 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 known in nature 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 non-zero, and likely varies by organism. If a 
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 of connectivity, with greatest magnitude at longest PLDs. (3) In nature, 
habitat is unevenly distributed across MPAs. For 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. 

 

Figure 3-2. Modeled release and settlement regions for larval connectivity: (a) MPA; and (b) nearshore coastal 
cells, along with distinguishing notation.  
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3.4 Results and Management Implications 

3.4.1 Example two-dimensional probability distributions 

Two-dimensional probability density functions of float distributions reveal transport and 
dispersion within the region over different time-scales 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. 3-3 for the neutral behavior in which organisms move 3-dimensionally 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 7 days. After 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 on different 
time-scales. 

 

Figure 3-3. Two-dimensional 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 of total 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 Fig. 3-4 for a behavior that keeps organisms 
distributed around 30 m depth with a 2.5 m standard deviation. These organisms remain largely below 
the surface mixed layer and, during upwelling-favorable wind conditions, experience predominantly 
onshore flow. As a result, this behavior exhibits smaller dispersion and greater local retention for longer 
than the neutral case. After 45 days of dispersal, these organisms trace out an elongated path along 
bathymetric contours to the north, still connecting with remote (Año Nuevo and Greyhound Rock) 
MPAs. 

 

Figure 3-4. Two-dimensional probability density functions for floats released from the 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 total floats 
accounted for within the shown domain is given in the upper right corner. 



25 

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. We refer to this as potential settlement because in nature, 
additional factors not modeled might influence actual settlement. Fig. 3-5 presents an example for the 
neutral behavior case shown in F. 3-3 for the releases in April 2020 and having a competency window of 
2.5 days following a pelagic larval duration (PLD) of 7 days. For this configuration, northern MPAs such 
as Greyhound Rock and Año Nuevo experience predominantly local retention whereas all other MPAs 
generally distribute larvae throughout the region. Horizontal 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 2.5-day window. In contrast, Carmel Pinnacles and Lovers 
Point exhibit low settlement from any MPA for this behavior and release month. 

 

Figure 3-5. 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 the y-axis during the competency window of 7-9.5 days from release 
during April 2020 with the neutral behavior in which floats are transported passively by 3-dimensional modeled 
currents. The key for MPA initials is given in Fig. 3-2. 
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At longer PLDs for April 2020 releases, the connectivity probabilities for this neutral case shifts 
to more northern MPAs (Fig. 3-6). Potential settlement within Año 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. 

 

Figure 3-6. 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 the y-axis during the competency window of 60-69.5 days from release 
during April 2020 with the neutral behavior in which floats are transported passively by 3-dimensional modeled 
currents. The key for MPA initials is given in Fig. 3-2. 

We considered spillover effects in which MPAs potentially supply larval organisms to non-MPA 
nearshore regions shown in Fig. 3-2. Three examples for the neutral behavior are shown in Fig. 3-5 for 
April 2020 releases and PLDs of 7-9.5 days, 30-34.5 days, and 60-69.5 days. For 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 between 7-9.5 days 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 Año 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 derive larvae from distant MPAs to the south. 
Though their probabilities are much smaller, larvae originating from Año Nuevo and Greyhound Rock 
connect to coastal cells south of Carmel Bay, along the Monterey Peninsula, and within Monterey Bay. 
Finally, the pattern 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 linkages between MPA 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. 

Figure 3-7. Connectivity 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 the y-axis during the competency window of (a) 7-9.5 
days; (b) 30-45 days; and (c) 60-69.5 days from release during April 2020 with the neutral behavior in which floats 
are transported passively by 3-dimensional modeled currents. The key for MPA initials and nearshore coastal 
subdomains is given in Fig. 3-2. Note differing color scales in each plot. 

3.4.3 Maximum Monthly Connectivity  

One synthesis of results is the maximum MPA connectivity obtained from monthly releases 
considering all analyzed PLD choices (7-9.5 days, 20-22.5 days, 30-34.5 days, 45-49.5 days, and 60-69.5 
days), and here we present the case for diel vertical migration behavior between 5 m and 30 m depths 
(Fig. 3-8). This figure does not show a connectivity matrix which would be the average probability 
obtained over the period of interest. Rather it shows the maximum monthly 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. Several other broad characterizations may be also constructed from this figure. Portuguese Rock 
(PR) and Soquel Canyon (SC) abundantly receive larvae from all MPAs in the region. These regions sit 
within Monterey Bay and experience the mean circulatory structure within 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 Grove (PG) and Point Lobos State Marine Conservation Area (PL2) also receive larvae broadly 
from many MPAs though at a lower level. In contrast, Año Nuevo (AN), Lovers Point (LP), Carmel 
Pinnacles (CP), and Point Sur State Marine Research (PS1) receive relatively few larvae from the MPA 
network. Finally, Año Nuevo and Greyhound Rock generally deliver relatively few 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 possible behaviors. 

 

Figure 3-8. Maximum monthly connectivity obtained over all releases from April 2020 through June 2021 for PLDs 
analyzed (7-9.5 days, 20-22.5 days, 30-34.5 days, 45-49.5 days, and 60-69.5 days) for the diel vertical migration 
behavior in which organisms 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 and nearshore coastal subdomains is given in Fig. 3-2. 
Note the log-scale 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 the potential 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 time-scales and behavior. Yet, overall, when considered over all time-scales 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 submesoscale variability 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 Greyhound Rock and Año 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 sensitivity 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 releases, fully span this collection of 
MPAs. For example, even with the extremely parsimonious distribution of larvae from Año Nuevo and 
Greyhound Rock MPAs shown in Fig. 3-5 for the diel vertical migration behavior, any redistribution to, 
say Point Lobos (PL2) will on 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 extent would be 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 currents alone, 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 qualified to 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 MPAs. More broad 
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 and their habitat, combined with demographic modeling, 
predation pressure, and specific environmental disturbance hypotheses. 

3.4.5 Connectivity Modeling Roadmap for California Marine Protected Area Assessment 

Given that we are here only producing high-resolution 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 recommendations that also include context from 
establishing and evaluating the WCOFS nest set focused on Monterey Bay. This is a revision from an 
initial roadmap provided in our reporting in summer 2020 (Deliverable 1). 

This modeling configuration can be considered a prototype for similar operational 
implementations extending to other regions of the California coast. Our domain extends alongshore 
ǊƻǳƎƘƭȅ мол ƪƳΣ ŀƴŘ /ŀƭƛŦƻǊƴƛŀΩǎ ŎƻŀǎǘƭƛƴŜ ƛǎ ǊƻǳƎƘƭȅ морл ƪƳΦ ¢ƘǳǎΣ ŀǇǇǊƻȄƛƳŀǘŜƭȅ мл ǎƛƳƛƭŀǊ 
implementations would cover CŀƭƛŦƻǊƴƛŀΩǎ Ŏƻŀǎǘŀƭ ǿŀǘŜǊǎ ƛƴ ŀ ƴƻƴ-overlapping fashion, somewhat more 
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 independently and in parallel each 
day. With non-trivial 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 be independent, larval connectivity calculations would synthesize all output, 
enabling connectivity estimates across the full network of MPAs. This approach is cost-effective, though 
it should be recognized as modestly imperfect. Ideally the circulation model nests 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 multi-domain configuration has independent circulation estimates for innermost coastal 
ƎǊƛŘǎΣ ǘƘŜȅΩǊŜ ƴƻǘ ǊŜŀƭƭȅ ƛƴŘŜǇŜƴŘŜƴǘ ŀǎ ǘƘŜȅ ǎƘŀǊŜ ŀƴŘ ŀǊŜ ƴǳŘƎŜŘ ǘƻ ǘƘŜ ǎŀƳŜ ²/hC{ ǎƻƭǳǘƛƻƴΦ Lƴ 
practice, we believe this will be a practical and successful, if not final, approach. 

A second approach toward a state-wide 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 subdomains 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 multi-domain, 
independent nests, it would be sensible 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 
updated information. The WCOFS-based system we describe here begins March 10, 2020. Connectivity 
information represents statistical quantities that benefit from additional (i.e., multi-year) realizations. 
Historical reanalyses, going back, for example, to 2010 or 2001 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 statistics 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 transport, and 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 their influence 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 with observations. 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 recent-generation dual-processor nodes at a 
rate of about two computational hours per modeled day. If dedicated, these 4 nodes could narrowly 
manage a near real-time state-wide 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 
California-wide configuration, 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 to catch-up 
when inevitable compute outages occur, and to test and evaluate improved model configurations. In 
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addition, these high-resolution fields are demanding in terms of storage. Our present multi-nested 
configuration for Monterey Bay only consumes approximately 1.5 TB per model year; a similarly 
configured California-wide implementation (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 year.  If tides were desired to be included in the stored fields, 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 footprint and thus conservatively report the larger amount. 
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4. Ecological Indicators for Seascapes and Harmful Algal Bloom Risk in 
MPAs (Objective 4) 

4.1 Summary 

 Seascapes represent coherent oceanographic regions with unique biogeochemical function. 
Overall, CaliforƴƛŀΩǎ at!ǎ ŜȄǇŜǊƛŜƴŎŜ ǎƛƳƛƭŀǊ ƻŎŜŀƴ ŎƻƴŘƛǘƛƻƴǎ ǿƛǘƘƛƴ ǘƘŜƛǊ ōƛƻǊŜƎƛƻƴǎΣ ōǳǘ ƻŎŜŀƴ 
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 tropical/subtropical 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 location. Although Seascapes is a global model, these 
findings show that Seascapes detected at resolutions relevant to MPAs capture high-level 
ǾŀǊƛŀōƛƭƛǘȅ ŀƳƻƴƎ /ŀƭƛŦƻǊƴƛŀΩǎ ƳŀǊƛƴŜ ǿŀǘŜǊǎΦ   

 The EcoCast and California-Harmful Algae Risk Mapping (C-HARM) risk maps show 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 questions related to disturbances, biodiversity, and 
habitat types found within the current MPA network. We addressed these questions using multivariate 
ecological models (Seascapes, California-Harmful Algae Risk Mapping (C-HARM), and EcoCast) to 
produce statewide quantitative, indicator-based 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 to "produce an 
ecological model synthesis tool, multivariate, meta-analysis, and indicator metrics". This has been 
accomplished by integrating MPA-specific summaries and visualizations of Seascapes, C-HARM, and 
EcoCast into the MPA dashboard (see Section 2. Data Standardization, Curation, Integration, and 
Visualization with the California MPA Dashboard). 

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

ecosystems 

Questions from MPA Action Plan Ecological Indicators Research Objectives 

 Do MPAs that include multiple habitat types 

harbor higher species abundance or more diverse 

communities than those that encompass a single 

habitat type or less diverse habitat types? 

 Does the nature or timing of recovery of natural 

communities from disturbance events differ in 

different types of MPAs relative to outside areas? 

 How are Seascapes changing in MPAs and with what 

biological relevance? 

 ֙ Maps and spatial summaries of Seascapes within 

MPAs; 

 ֙ Comparison of Seascapes Shannon Diversity 

Indices and PISCO Shannon Diversity Indices 

over time for selected MPAs. 

 

MLPA Goal 4: To protect marine natural heritage, including protection of representative and unique marine life habitats in 

California waters for their intrinsic value. 

Question from MPA Action Plan Ecological Indicators Research Objectives 

 Have unique habitats been adequately 

represented and protected by the current 

distribution and designation of MPAs? 

 Maps and spatial summaries of Seascapes within 

MPAs. 

 

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

network 

Question from MPA Action Plan Ecological Indicators Research Objectives 

 How do other stressors impact the management of 

MPAs over time (e.g., water quality, oil spills, 

desalination plants, ocean acidification, sea level 

rise)? 

 How has HAB risk (Pseudo-nitzschia and domoic acid 

concentrations) varied in MPAs? 

 ֙ Maps and spatial summaries of C-HARM and 

EcoCast. 
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4.3 Methods 

4.3.1 Assessing oceanographic habitat diversity with Seascapes 

Seascapes are landscape-scale water masses that are characterized by their physical, biological, 
and chemical properties that are dynamic in time and space. These properties have the potential to 
predict important biological responses and ecological processes that are actionable for ocean and 
coastal management (Caldow et al. 2015, Kavanaugh et al. 2016, Lewison et al. 2015). Unlike static 
features that often characterize habitats, the variables that comprise seascapes are dynamic in time and 
space. Thus, Seascapes reflect short- and long-term variability in coastal and ocean areas over time and 
have the potential to predict biological responses relevant to spatially-explicit or adaptive ocean 
management frameworks (Caldow et al. 2015, Lewison et al. 2015). As Seascapes integrate local-scale 
data to understand landscape-scale processes, they can be used to improve our understanding of 
connectivity among MPA networks as well as how ecosystem-scale problems like climate change may 
impact MPAs. Seascapes are created from predictive model variables and remotely-sensed data 
variables, including: sea surface temperature (SST), photosynthetically active radiation (PAR), sea 
surface salinity (psu), absolute dynamic topography (ADT), ice contribution, chromophoric dissolved 
organic material (CDOM), chlorophyll a (Chl a), Moderate Resolution Imaging Spectroradiometer 
(MODIS) normalized fluorescence line height (nFLH), and the nFLH:Chl a ratio. Based on these data, 
water masses are categorized by the model into 33 Seascape categories of similar biochemical function 
(NOAA MBON, Kavanaugh et al. 2014). 

A total of 12 distinct Seascape types have been identified in California waters (Table 4-1). To 
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 periods and for the entire dataset. The SDI is a measure of diversity 
that accounts for both the number of different Seascapes encountered, as well as the relative 
proportion of those different Seascapes. We generated stacked plot visualizations of the Seascape 
composition for each MPA and bioregion for different time periods and for the entire dataset. 
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Table 4-1. List of all Seascape categories that have occurred in California waters during the model year range of 
2002-2021. Note that because Seascapes were categorized 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 
California-specific context, ŜΦƎΦΣ {ŜŀǎŎŀǇŜ мн ά{ǳōǇƻƭŀǊέΦ 

Seascape Seascape Nominal Descriptor 

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 Blooms High 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 Questions) - specifically, giant and bull kelp as habitat-forming 
species, and kelp forest communities. We obtained satellite-derived data for kelp canopy area and 
estimated biomass in California coastal waters (Santa Barbara Coastal LTER et al. 2021). For each spatial 
pixel within California coastal waters in the kelp dataset, we identified the modal Seascape as the most 
frequently observed Seascape category over a three-month interval (i.e., a quarter). We compared kelp 
biomass and area extent by the modal Seascape to assess which Seascapes were associated with the 
highest kelp mass. We also compared SDI of Seascapes with the SDI of 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 the C-HARM Model 

The California-Harmful Algae Risk Mapping (C-HARM) Model generates predictions of harmful 
algal bloom (HAB) conditions through a combination of (1) circulation models that predict ocean physics; 
(2) satellite remote-sensing data of ocean color and chlorophyll patterns; and (3) statistical models for 
predicting bloom and toxin likelihoods (Anderson et al. 2016). These predictions show where one might 
encounter a Pseudo-nitzschia bloom and/or domoic acid event within California waters. The C-HARM 
ƳƻŘŜƭ ƻǳǘǇǳǘǎ ƛƴŎƭǳŘŜ όмύ ǘƘŜ ƭƻŎŀǘƛƻƴǎ όǎǇŀǘƛŀƭ ǇƛȄŜƭǎύ ǿƛǘƘ ŀ җсл҈ ǇǊƻōŀbility of a Pseudo-nitzschia 
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 per cell. More information on the C-HARM 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 specific bioregion with 
high probability of cDA, pDA, and Pseudo-nitzschia (PN) counts. These are representations of risk time 
series. We also generated heatmap plots showing the number of days per month in which at least one 
pixel within the MPAs in each bioregion was ŎƻƴǎƛŘŜǊŜŘ άƘƛƎƘ Ǌƛǎƪέ ŦƻǊ ƘŀǊƳŦǳƭ ŀƭƎŀƭ ōƭƻƻƳǎ όi.e., cDA, 
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 evaluate how to allocate 
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 kinetic energy 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 distributions to assess where 
and when they overlap with high risk of harmful algal blooms. We generated maps of the co-occurrence 
of high risk of harmful algal blooms (P > 0.6, from the C-HARM model) and high relative abundance (P > 
0) of swordfish fisheries bycatch species, and calculated the spatial prevalence of these high-risk areas 
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, {ŜŀǎŎŀǇŜ мп ά¢ŜƳǇŜǊŀǘŜ .ƭƻƻƳǎ ¦ǇǿŜƭƭƛƴƎέ ŀƴŘ {ŜŀǎŎŀǇŜ нм ά²ŀǊƳ 
.ƭƻƻƳǎΣ IƛƎƘ bǳǘǊƛŜƴǘǎέ ŀǇǇŜŀǊŜŘ Ƴƻǎǘ ŦǊŜǉǳŜƴǘƭȅ όCƛƎΦ п-1 and 4-2). Seascapes also showed geographic 
differences, with MPAs generally being more diverse and dynamic in the South Coast and Channel 
Islands than in the North Coast and Central Coast, both on an annual and overall basis (Fig. 4-1 and 4-3). 
Aberrant ocean conditions were also detected using Seascape classifications, including the 2015 marine 
ƘŜŀǘ ǿŀǾŜ όάǘƘŜ ōƭƻōέύΣ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ŀǎ {ŜŀǎŎŀǇŜ мт ά{ǳōǘǊƻǇƛŎŀƭ ¢Ǌŀƴǎƛǘƛƻƴ [ƻǿ bǳǘǊƛŜƴǘ {ǘǊŜǎǎέΣ 
which was evident from Southern California MPAs north to Campus Point SMCA (Fig. 4-1). The time 
series of Seascapes also shows yearly seasonality in most MPAs. Although Seascapes is a global model, 
these findings show that Seascapes detected variation at resolutions relevant to MPAs to capture 
summary-ƭŜǾŜƭ ǾŀǊƛŀōƛƭƛǘȅ ŀƳƻƴƎ /ŀƭƛŦƻǊƴƛŀΩǎ ƳŀǊƛƴŜ ǿŀǘŜǊǎΦ 
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Figure 4-1. Time series of monthly Seascapes within the MPAs, ordered by latitude. Seascapes are dynamic 
classifications of water masses based on sea surface properties derived from satellite imagery. Data spans 2002-
08-15 to 2021-02-15.
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Figure 4-2. Stacked bar plots of relative abundance of Seascapes in all MPAs, ordered by latitude, throughout the 
entire time series. Seascapes are dynamic classifications of water masses based on sea surface properties derived 
from satellite imagery. Data spans 2002-08-15 to 2021-02-15.
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Figure 4-3. Mean Shannon Diversity Indices (SDI) of Seascape classes for all of Seascape data for MPAs from 2002-
08-15 to 2021-02-15. Shannon Diversity Indices were calculated using monthly Seascape data.
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4.4.1.2 Seascapes and Kelp Abundance 

As kelp forests support a diverse 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 Seascapes and were the 
highest in locations dominated by Seascapes with warmer sea surface temperatures and under a high 
ǊŀƴƎŜ ƻŦ ƴǳǘǊƛŜƴǘ ǊŜƎƛƳŜǎΦ [ƻŎŀǘƛƻƴǎ ǿƛǘƘ ƳƻŘŀƭ {ŜŀǎŎŀǇŜ мм ά¢ǊƻǇƛŎŀƭκ{ǳōǘǊƻǇƛŎŀƭ ¦ǇǿŜƭƭƛƴƎέ ŀƴŘ 
ƳƻŘŀƭ {ŜŀǎŎŀǇŜ нт άIȅǇŜǊǎŀƭƛƴŜ 9ǳǘǊƻǇƘƛŎέ ǿŜǊŜ ŀǎǎƻciated with higher kelp biomass (Fig.4-4) while 
ƳƻŘŀƭ {ŜŀǎŎŀǇŜ мр ά¢ǊƻǇƛŎŀƭ {Ŝŀǎέ ǿŀǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ƭƻǿŜǎǘ ƳŜŀƴ ƪŜƭǇ ōƛƻƳŀǎǎΦ 

We also found that the frequency of most Seascapes was statistically associated with 
differences in kelp biomass (Fig. 4-5, Table 4-2). Most notably, higher frequencies of Seascape 7 
ά¢ŜƳǇŜǊŀǘŜ ¢Ǌŀƴǎƛǘƛƻƴέ ŀƴŘ {ŜŀǎŎŀǇŜ нм ά²ŀǊƳ .ƭƻƻƳǎ IƛƎƘ bǳǘǊƛŜƴǘǎέ ǿŜǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƘƛƎƘŜǊ 
kelp biomass (Fig. 4-р!Σ Iύ ǿƘƛƭŜ ƘƛƎƘŜǊ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ {ŜŀǎŎŀǇŜ нл ά{ǳōǘǊƻǇƛŎŀƭ CǊŜǎƘ LƴŦƭǳŜƴŎŜŘ 
Coaǎǘŀƭέ ŀƴŘ {ŜŀǎŎŀǇŜ мр ά¢ǊƻǇƛŎŀƭ {Ŝŀǎέ ǿŜǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƭƻǿŜǊ ƪŜƭǇ ōƛƻƳŀǎǎ όCƛƎΦ п-5E, G). 

 

Figure 4-4. Boxplots of standardized kelp biomass vs. the modal Seascape at a location in the dataset over a 
quarter. Standardized kelp biomass was calculated by dividing 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. The boxplot represents the 25%-75% 
quantiles and the horizontal line represents the median. Standardized kelp biomass was calculated by dividing the 
observed kelp biomass at a spatial pixel (i.e., location) at a specific time by the maximum observed kelp biomass at 
that pixel throughout the sampling period.  
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Fig 4-5. 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 the observed kelp 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 4-2. Summary statistics for Kruskal-Wallis tests of kelp estimated biomass vs key Seascape variables by 
quarter between August 15, 2002 and February 15, 2021.The H statistic, degrees of freedom (df), and p-value are 
reported.  

Test Variable Degrees of 
Freedom (df) 

Kruskal-Wallis H Statistic P-value 

Modal Seascape 10 10662 <0.0001*** 

No. of occurrences of Seascape 7 ά¢ŜƳǇŜǊŀǘŜ 
¢Ǌŀƴǎƛǘƛƻƴέ 

7 1050  <0.0001*** 

No. of occurrences of Seascape 11 
ά¢ǊƻǇƛŎŀƭκ{ǳōǘǊƻǇƛŎŀƭ ¦ǇǿŜƭƭƛƴƎέ 

5 868 <0.0001*** 

bƻΦ ƻŦ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ {ŜŀǎŎŀǇŜ мн ά{ǳōǇƻƭŀǊέ 6 2101  <0.0001*** 

bƻΦ ƻŦ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ {ŜŀǎŎŀǇŜ мп ά¢ŜƳǇŜǊŀǘŜ 
.ƭƻƻƳǎ ¦ǇǿŜƭƭƛƴƎέ 

10 2947  <0.0001*** 

bƻΦ ƻŦ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ {ŜŀǎŎŀǇŜ мр ά¢ǊƻǇƛŎŀƭ 
{Ŝŀǎέ 

7 3536  <0.0001*** 

bƻΦ ƻŦ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ {ŜŀǎŎŀǇŜ мт ά{ǳōǘǊƻǇƛŎŀƭ 
¢Ǌŀƴǎƛǘƛƻƴ [ƻǿ bǳǘǊƛŜƴǘ {ǘǊŜǎǎέ 

10 5178  <0.0001*** 

bƻΦ ƻŦ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ {ŜŀǎŎŀǇŜ нл ά{ǳōǘǊƻǇƛŎŀƭ 
Fresh Influenced /ƻŀǎǘŀƭέ 

2 1005  <0.0001*** 

bƻΦ ƻŦ ƻŎŎǳǊǊŜƴŎŜǎ ƻŦ {ŜŀǎŎŀǇŜ нм ά²ŀǊƳ 
.ƭƻƻƳǎ IƛƎƘ bǳǘǊƛŜƴǘǎέ 

10 2853 <0.0001*** 

No. of occurrences of Seascape 27 
άIȅǇŜǊǎŀƭƛƴŜ 9ǳǘǊƻǇƘƛŎέ 

3 952 <0.0001*** 

 

4.4.1.3 Seascape Diversity and Biodiversity 

Links between Seascape categorical diversity and biodiversity are MPA-specific. Relating 
dynamic Seascape habitat diversity with PISCO benthic community biodiversity metrics shows that there 
are localized, MPA-specific relationships between these metrics. Fig. 4-5 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 SMCA (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 SDI is higher than Seascape SDI by about 1 unit for 2010, 2011, 2017, and converges in 2018. Point 
Conception SMR (South Coast) PISCO SDI is 1.5-2 units (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 different. The largest difference in SDI at Point Conception SMR occurs in 2004-2005. More 
work will be done with the habitat team experts for relating biological diversity to Seascape dynamics.
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Figure 4-6. Line plots of Shannon Diversity Indices (SDI) of Seascapes and PISCO 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 means for 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 (n = 1-12 sites 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 unanticipated biodiversity and fisheries 
emergencies such as harmful algal blooms (HABs). C-HARM temporal patterns show that across different 
HAB variables (cellular domoic acid, particulate domoic acid, and Pseudo-nitzschia concentrations), the 
risk of exceeding thresholds was already high in all bioregions and increased over time across all 
bioregions. The EcoCast and C-HARM risk maps show that the frequency, persistence and spatial extent 
of HABs has increased over recent years and that these areas coincide with the occurrence of 
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 extent (Fig. 4-7) and temporal extent (Fig. 4-8) of HAB impacts show that 
areas with high predicted cellular domoic acid (cDA) are larger-sized in the north and become smaller-
sized with shorter event durations in the south. Pseudo-nitzschia (PN) concentrations showed similar 
trends to cellular domoic acid (Appendix Fig. A4-1, A4-2). Particulate domoic acid (pDA) has the opposite 
geographic trend than cDA and PN with larger areas and more long lasting events in the south (Fig. 4-9, 
4-10). The percentage of the year in 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 also high in all bioregions.  

The relative mean areas 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 Northern Coast.
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Figure 4-7. 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 2018-06-18 to 2021-02-10 for MPAs in each bioregion. The gray areas indicate no data.
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Figure 4-8. Heat map plots showing the number of days of each month from 2018-06-18 to 2021-02-10, where at 
least one location in the aggregated MPAs had a > 0.6 probability of cellular domoic acid concentrations exceeding 
the threshold of 10 picograms/cell. 
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Figure 4-9. 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 of 10 picograms/cell, for each day of the year from 2018-
06-18 to 2021-02-10 for MPAs in each bioregion. The gray areas indicate no data.
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Figure 4-10. Heat map plots showing the number of days of each month from 2018-06-18 to 2021-02-10, where at 
least one location 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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(A) 

 

(B) 

 

Figure 4-11. (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 where C-HARM probability of cellular domoic 
acid concentrations were in excess 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 calculated using daily data. Data spans October 
2019 to September 2020. (B) Same data plotted as lines with 95% confidence intervals.



50 

5. Integrated Assessment of Environmental Variation in MPAs 

5.1 Summary 

 We used a curated collection of MPA-specific datasets to assess and compare changes in 
environmental conditions in California MPAs and bioregions over the last two decades. 

 We find ongoing large-scale linkages (teleconnections) between global climate oscillations and 
environmental fluctuations at the bioregion scale, as 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 conditions that dominated that period, even into 2018, have since 
dissipated. This is evident in time series of the California Multivariate Ocean Climate Indicator 
(MOCI), Seascapes ocean habitat classifications and other ocean climate indicators. For example, 
the MOCI 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, long-term, multi-decadal changes associated 
with climate change are becoming clearer, such as with kelp loss, 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 northern or 
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 SMR showed substantial divergence from the rest of the North Coast bioregion in 
2016 due to the persistence of kelp cover at this site.  

5.2 MPA Integrated Environmental Assessment Objectives 

¢ƘŜ at! !Ŏǘƛƻƴ tƭŀƴΣ ŀƴŘ ǘƘŜ {ŎƛŜƴŎŜ DǳƛŘŀƴŎŜ ŦƻǊ 9ǾŀƭǳŀǘƛƴƎ /ŀƭƛŦƻǊƴƛŀΩǎ aŀǊƛƴŜ tǊƻǘŜŎǘŜŘ 
Area Network report from 2021, identify 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 involve assessing ecological change. Assessing the impact of 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 MPAs, and the state waters in which they 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 for a two-decade period using the datasets that were curated, 
processed and integrated as described in Section 2. Data Standardization, Curation, Integration, and 
Visualization with the California MPA Dashboard (see Section 2.3 and Appendix A2.1).
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5.3 Methods 

5.3.1 How have conditions 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 that directly influence 
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 temperature (SST) variations and anomalies (Pacific Decadal Oscillation and 
Oceanographic Niño Index; PDO and ONI), ocean gyre circulation structure (North Pacific Gyre 
Oscillation; NPGO), multivariate indices (Multivariate El Niño-Southern Oscillation Index 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 obtained datasets of these indices from the last two decades, 
2001-2020 and conducted non-parametric 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 bioregion? Which MPAs have exhibited the greatest differences in 
variation from their bioregion, and when? 

To assess how individual MPAs differed from their bioregions with respect to environmental 
conditions on a year-to-year basis and across time, we used the data extracted as described in Section 2. 
Data Standardization, Curation, Integration, and Visualization with the California MPA Dashboard to 
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 identifying the places and times that were the most or least 
similar to their bioregion based on a multivariate set of environmental variables, as well as overall mean 
similarities. The analysis was restricted to MPAs that had data for every variable of interest for every 
year between 2003 to 2020. For the North, Central, and South Coast bioregions the variables included 
CUTI and BEUTI calculated for 1° latitude bins, gridded wave height and energy, SST, NPP, and kelp 
cover. For the Channel Islands bioregion where CUTI, BEUTI, and wave data were not available, the 
variables included were SST, NPP, and kelp cover.  

5.4 Results and Management Implications 

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

Globally, ongoing warming has continued over the last decade with ocean warming reaching 
new records in 2021, with the five hottest years being 2018-2021 (Cheng et al. 2022). This warming is 
also evident in examinations of the North Pacific generally. Other fundamental long-term changes 
include increasing ocean acidification with increasing atmospheric carbon dioxide concentrations and 
other drivers (e.g., Siedlecki et al. 2021, Kessouri et al. 2021)), as well as recent declines in kelp 
particularly in the north coast (e.g., McPherson et al. 2021). While these changes are clear, they have 
been assessed on scales of about three decades or more. When considering how change has occurred in 
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the decade timescale since the time of MPA implementation, most monthly to interannual indices of 
ocean climate can be characterized by cyclical variations.  

Existing climate and ocean indices provide a global to bioregion scale view of variation (Fig. 5-1). 
Each index incorporates information from different combinations of variables and spatio-temporal 
scales that quantify several modes of interannual change including frequency and intensity that 
ƛƴŦƭǳŜƴŎŜ /ŀƭƛŦƻǊƴƛŀΩǎ Ŏƻŀǎǘŀƭ ǿŀǘŜǊǎΦ ¢ƘŜǎŜ ƛƭƭǳǎǘǊŀǘŜ ǾŀǊƛŀǘƛƻƴǎ ŦǊƻƳ Ǝƭƻōŀƭ ŀƴŘ tŀŎƛŦƛŎ hŎŜŀƴ ǎŎŀƭŜ ǿƛǘƘ 
the Multivariate El Niño Southern Oscillation Index (MEI), environmental forcing connections (i.e., 
teleconnections) between ENSO forcing in the southern hemisphere and the Northeast Pacific with the 
Northern Oscillation Index (NOI), and within the northeast Pacific with the North Pacific Gyre Oscillation 
(NPGO) and Pacific Decadal Oscillation (PDO) (Table 5-1). As expected, the indices with north Pacific data 
inputs are less correlated to the two primary global El Niño Southern Oscillation (ENSO) indicators than 
to each other, and the NPGO has lower correlations 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 (Fig 5-1). The NOI and regional MOCI indices then 
illustrate teleconnections from ENSO-related variation to the MPA bioregions, with regional MOCI 
variation closely tracking the NOI with fewer instances or intensities of negative MOCI values from north 
to south respectively, particularly in the last decade (Fig 5-2, Table 5-1).  

The two-decade time series for the global to regional climate indices confirms ongoing 
teleconnections (i.e., large-scale linkages in climatic phenomena) between climate oscillations and 
change in the regions from 2001-2020. The 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 the PDO warm 
phase extending through 2017 and the NPGO having a persistent phase and low-intensity El Niño-
related variations and warming into 2018 for much of the California Current. The persistence of low-
intensity El Niño-like variations and warming is even more apparent 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 conditions, more similar to the period 2011-2013. Although the 
longer-term 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 Niña through January. When examining if the indices are 
correlated to time, indicating secular change, the PDO and NPGO have the only notable long-term 
change over the period, but these generally vary over decadal periods. 

The plots and correlations between the various indices indicate that month-to-month, and 
thereby seasonal and longer-term trends remain 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 seasonal scales, it 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 the NOI, which 
quantifies relationships between the North Pacific High (NPH) climatological mean location (35°N, 
130°W), Darwin (10°S, 130°E), and 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 key variables for each bioregion, and their correspondence to regional 
MOCI variation illustrates how climate variation is influencing key ecological mechanisms of change. For 
the North, Central, and South Coast this includes CUTI and BEUTI upwelling, SST, NPP, KD490 as a 
measure of turbidity, wave height and energy, and kelp cover. Channel Islands series were limited to 
SST, NPP, KD490, and kelp cover as upwelling and wave estimates were not available for these locations 
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in comparable forms. Key features in this variation include the expression of ENSO events (e.g., peaking 
in Nov 2002 and Dec 2009), as well as variation linked to northeast Pacific Warm Blob anomaly (e.g., 
2015/16 with some persistence through 2019; Fig. 5-3 to 5-6). This not only included higher SST, 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 A5-1 to A5-4). The North Coast MOCI 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 North Coast than 
Central or 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 North and Central Coast than the southerly 
regions.
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Figure 5-1. Timeseries of climate indices covering 2000-2020 including A) the Multivariate ENSO Index (MEI); B) the 
Oceanic Niño Index (ONI); C) the Northern Oscillation Index (NOI); D) the North Pacific Gyre Oscillation (NPGO), 
and E) the Pacific Decadal Oscillation (PDO). Monthly values (black line) and the 13-month running means of these 
indices are shown in red and blue, where the times in red indicate conditions tending towards El Niño and/or 
warmer conditions.
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Table 5-1. Pearson correlation coefficients between the Multivariate ENSO Index (MEI), Oceanic Niño Index (ONI), 
the North Pacific Gyre Oscillation (NPGO), and Pacific Decadal Oscillation (PDO) at monthly, seasonal (3 month 
running mean), and yearly (13-month running mean) scales. Also shown are seasonal correlations between the 
large-scale climate indices and the bioregion-scale Multivariate Ocean Climate Index (MOCI).  
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ONI 0.97     

NOI -0.79 -0.83    

NPGO -0.32 -0.30 0.22   

PDO 0.77 0.74 -0.78 -0.47   
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l ONI 0.94     

NOI -0.57 -0.63    

NPGO -0.24 -0.19 0.07   

PDO 0.63 0.57 -0.53 -0.35   
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 ONI 0.92     

NOI -0.42 -0.48    

NPGO -0.23 -0.16 -0.01   

PDO 0.57 0.53 -0.39 -0.25   

S
e

a
s
o

n
a

l  

MOCI - North California 0.50 0.54 -0.74 -0.30 0.69 

MOCI - Central California 0.55 0.58 -0.71 -0.50 0.69 

MOCI - Southern California 0.68 0.69 -0.61 -0.50 0.70 
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Figure 5-2. Timeseries of the California Multivariate Ocean Climate Indicator (MOCI), which is calculated as 
seasonal values across the A) Northern (38-42°N), B) Central (34.5-38°N), and C) Southern (32-34.5°N) bioregions 
(red and blue bars). Also shown with each is the Northern Oscillation Index (NOI) with a 3-month seasonal running 
mean (black line). 
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Figure 5-3. Timeseries of monthly mean values for California Multivariate Ocean Climate Indicator (MOCI), Coastal 
Upwelling Transport Index (CUTI), Biologically 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 for the North Coast bioregion.










































































































