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ABSTRACT 

 

Understanding the Efficacy of Spatial Management on Emerging Threats 

 

by 

 

Ryan Max Freedman 

 

Spatial management is a popular tool for resource managers to protect and conserve 

natural resources. However, a number of emerging threats are testing the ability of these 

tools to address management needs. Marine protected areas and slow speed zones are 

popular tools employed by resource managers to mitigate anthropogenic threats; however 

climate change and whale ship strikes represent new threats that may complicate the benefits 

of these tools. This dissertation examines the efficacy of incentivizing slow vessel transits to 

reduce cetacean mortality risk and the application of MPAs to mitigate climate change.  

A trial program to monetarily incentivize slow transits through the Santa Barbara 

Channel showed high compliance compared to a similar voluntary program. During 

incentivized transits, the large majority of ships maintained a 12 knot transit speed as 

determined by the program guidelines. An incentivized program may be key in reducing risk 

to whale mortality and reducing ships speeds; however scaling up this program may face 

financial difficulty. 

Marine Protected Areas have been claimed to offer additional protection to areas 

affected by climate change. However, a recent warm water marine heatwave changed the 



 

 x 

fish community’s abundance, biodiversity, and recruitment around the Channel Islands. 

While the ecological community changes across strong longitudinal biogeographic patterns, 

forecasts built from GLMs with environmental conditions predict shifts in species 

abundance. Upwelling and cool waters coming to the surface may mitigate warming ocean 

conditions in the region but marine protected areas showed no increased resilience to acute 

climate affects like marine heatwaves. 

  



 

 1 

I. Introduction to Spatial Management Tools 

Historically, marine resource managers have focused conservation measures on single 

species or on mitigating specific anthropogenic impacts like climate change or fishing 

(Botsford et al. 2014, Worm et al. 2006, Latour et al. 2003, Hollowed et al. 2000, Murawski 

2000, Pinnegar et al. 2000). However, anthropogenic pressures (e.g. pollution, climate 

change, resource use, shipping, fishing and habitat destruction) can have compounding 

synergistic effects on coastal ecosystems (Halpern et al. 2008, Shears and Babcock et al. 

2003, Pinnegar et al. 2000).  As these pressures increase in intensity and number, ecological 

communities cannot be effectively managed in specific isolated parts as they historically 

have. In response, coastal managers are now turning to Ecosystem Based Management 

(EBM) approaches (Halpern et al. 2012, McLeod  et al. 2009, Halpern et al. 2008). EBM 

strategies recognize the importance of interactions within an ecosystem and aim to manage 

these systems as a whole rather than considering single issues, species, or ecosystem 

services in isolation (McLeod et al. 2005). Comprehensive EBM strategies can address a 

range of extractive (e.g. fishing, sediment harvesting, and oil and gas) and non-extractive 

(e.g. recreation, boating, maritime heritage, aquaculture) activities to ensure a balanced use 

of ocean services. 

 

Managers need a diverse set of tools and methodologies to achieve these larger, 

comprehensive EBM targets (Caldow et al. 2015, Halpern et al. 2012). For example in 

fisheries, traditional management strategies, such as catch limits or seasonal closures, are 

being increasingly combined with spatial management strategies, such as Marine Protected 

Areas (MPAs) or Essential Fish Habitat, to achieve EBM targets (Coleman et al. 2013, 
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Kirlin et al. 2013, Guidetti 2006, Latour et al. 2003, Hollowed et al. 2000, Allison et al. 

1998). Spatial management involves the application of management protection actions in a 

specific, discrete space and these can often be setup as a network to achieve EBM targets 

(Carr et al. 2017, Caldow et al. 2015). However, implementing comprehensive marine 

spatial planning (MSP) can be contentious as conflicts between stakeholder groups can arise 

from spatial overlap with respective interests (Caldow et al. 2015, Foley et al. 2010, Halpern 

et al. 2008, Airamé et al. 2003).  This occurred during the state of Washington’s MSP 

process when industry and management stakeholders selected areas for acquiring additional 

seafloor data.  There was inadequate funding for a complete seafloor map and while there 

was overlap of some selected areas, a number of stakeholder groups did not receive data 

requested (Battista, pers comm). MSP processes often lack critical spatial data to inform 

management decisions, which creates additional hurdles for reaching consensus among 

stakeholders. Additional issues arise as spatial data is rarely forecasted to meet future 

environmental conditions.  

 

A number of industries have implemented MSP and the processes can have goals 

that can be scaled according to the needs of management agencies. MSP can be used to 

tackle single discrete issues or scaled up to inform creation of multiple management 

measures at once.  For example, the Bureau of Ocean and Energy Management is collecting 

data on wind stress, management boundaries, fishing behavior, shipping vessel traffic, and 

variety of ecological data to determine the best locations for an offshore wind farm while 

minimizing impacts to other ocean users (Potter, pers. comms).  This is a relatively small 

discrete MSP and similar processes are common for placement of specific projects for 
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energy or aquaculture. However, processes can be scaled up to include multiple agencies’ 

goals like in the State of Washington’s Marine Spatial Plan. This process included 

stakeholders from fishing, recreation, shipping, mariculture, military, energy, marine 

mining, cruise ships and recreational groups as well as state, federal and tribal agencies. 

Their goal was to bring stakeholders together to make recommendations to the state 

legislature on MSP needs and data gaps.  Another area where MSP is commonly used is in 

fisheries management; most notably the selection and establishment of Marine Protected 

Areas (MPAs). California’s Marine Life Protection Act was a great example of a complex 

MSP with many user groups providing feedback to determine the location of MPAs along 

state waters. 

 

 As EBM conservation measures often come with costs to stakeholders, it is 

important for managers to quantify conservation outcomes after implementation to 

demonstrate their efficacy to stakeholders (Fox et al. 2013, Airamé et al. 2003). 

Demonstrating efficacy is especially important as spatial regulations could have 

unintentional consequences like concentrating impacts in other areas or causing poorly 

understood trophic cascades in coastal ecosystems (Caselle et al. 2015, Hamilton and 

Caselle 2014, Tetreault and Ambrose 2007).  If the positive effects of spatial management 

are not manifested, are altered by shifting environmental conditions or are not properly 

communicated, public support for these measures can erode.  Too often, managers and 

scientists do not follow up after implementing management actions to understand their 

positive and negative consequences.  However, the complexity and difficulty in measuring 

ecosystem effects or unforeseen changes after MSP make quantifying efficacy difficult.  
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Implementing MSP of any kind in the Southern California Bight (SCB) has been 

difficult as there are several competing interests in the region.  In fact, a number of 

stakeholder groups in California that are utilized to inform MSP never reach consensus 

(Hastings, pers comm). The SCB is one of the most densely populated areas in the U.S. with 

over 10 million people in the Los Angeles County, 849,738 in Ventura County, and 446,170 

in Santa Barbara County (United States Census Bureau 2017). The SCB is also home to 

North America’s largest port complex, which receives 50% of seaborne cargo coming to the 

U.S (Louitt, pers comms). Commercial fishery landings in the region contribute a large 

percentage of California’s commercial fishing revenue (Schroeder, pers comms). Oil and gas 

exploration and production occurs at 16 offshore oil platforms in nearshore waters of the 

SCB, with pipelines running along the coast and inland (Bureau of Ocean Energy 

Management 2014). The U.S. Navy and Air Force also have large spatial footprints in the 

area and bases on two of the SCB’s offshore islands: San Nicolas and San Clemente. In 

addition, many tourism industries are dependent on coastal resources (Channel Islands 

National Marine Sanctuary 2009a).  These competing interests make it difficult to create 

management strategies that all stakeholders agree upon. In order to get agreement, managers 

employ roundtable or stakeholder participatory approaches to MSP including working 

groups, MPA collaboratives, and public advisory committees. This allows stakeholders to 

provide input into management design and participate in discussing trade-offs; thus leading 

to increased buy-in. 

These participatory approaches to MSP have been routinely championed by National 

Marine Sanctuaries. Established by Congress in 1972, the Office of National Marine 
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Sanctuaries protects 14 sites in US waters. The first goal in the Office of National Marine 

Sanctuaries mission statement is to “[i]dentify, designate, and manage sanctuaries to 

maintain the natural biological communities in sanctuaries and to protect and, where 

appropriate, restore and enhance natural habitats, populations, and ecological processes, 

through innovative, coordinated, and community-based measures and techniques” (Office of 

National Marine Sanctuaries 2005). However, these conservation measures must be 

balanced with human uses. The fifth goal in the mission statement is to “facilitate human use 

in sanctuaries to the extent such uses are compatible with the primary mandate of resource 

protection, through innovative public participation and interagency cooperative 

arrangements” (Office of National Marine Sanctuaries 2005). In order to ensure continued 

public and stakeholder participation in sanctuary management, each sanctuary has a 

Sanctuary Advisory Council (SAC).  SACs incorporate the opinions of stakeholders and 

other agencies into management decisions by providing a federally recognized public forum 

for consultation and community deliberation.  

In the SCB, the Channel Islands National Marine Sanctuary (CINMS) protects 6 

nautical miles (nm) from the mean high tide line of the five northern Channel Islands: Santa 

Barbara, Anacapa, Santa Cruz, Santa Rosa and San Miguel Islands (Channel Islands 

National Marine Sanctuary 2009b). Since its establishment in 1980, CINMS has engaged in 

a number of participatory MSP processes including the designation of MPAs and the 

adjustment of large vessel traffic paths around the islands.  In both processes, the sanctuary 

worked with stakeholders and other regulatory agencies to advance policy (Kirlin et al. 

2013, Fox et al. 2013).  
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In the case of MPAs, CINMS collaborated with the State of California and the 

National Marine Fisheries Service (NMFS) to synthesize biogeographic data to plan 

protected areas spanning a wide range of diverse ecosystems (Airamé et al. 2003). Managers 

then used stakeholder inputs to refine these boundaries to negotiate trade-offs to better align 

with stakeholder interests (Kirlin et al. 2013, Fox et al. 2013); however this was difficult as 

the Marine Resources Working Group, the stakeholder group meant help to design MPAs, 

was completed without reaching consensus (Hastings, pers comm.).  Despite the lack of 

consensus, government agencies went forward to establish a network of 13 MPAs around 

the Channel Islands, which is now co-managed between the state of California, National 

Park Service, NMFS and CINMS (Channel Islands National Marine Sanctuary 2009a).  This 

process served as the progenitor for the State’s Marine Life Protection Act Initiative (1999) 

that established a large network of MPAs across California’s coastline.  

CINMS implemented similar participatory processes to address shipping impacts on 

local cetacean populations.  Ship strikes are a major source of cetacean mortality in 

California (Berman-Kowalewski 2010) and the high densities of shipping traffic around 

CINMS increases noise pollution, which further affects marine mammals (McKenna et al. 

2012). The CINMS SAC has addressed shipping through two working groups: the Marine 

Shipping Working Group (Marine Shipping Working Group Final Report 2016) and the 

Subcommittee on Large Cetaceans and Shipping (Polefka 2004). Through these processes, 

the SAC has influenced the U.S. Coast Guard and International Maritime Organization 

(IMO) to spatially adjust shipping lane traffic (Segue 2010), and spearheaded the 

implementation of an Incentivized Vessel Speed Reduction Program (IVSR; Freedman et al. 

2017).  These processes considered a wide suite of environmental impacts including noise 
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pollution, air emissions, and ship strikes when conducting decision-making (Marine 

Shipping Working Group Final Report 2016, Polefka 2004). The Marine Shipping Working 

Group even utilized a participatory live GIS tool that allowed managers to compare tradeoffs 

between costs to vessels and extent of overlap with modeled high-quality cetacean habitat 

(Marine Shipping Working Group Final Report 2016).  By involving shipping companies 

into MSP, CINMS was able to create a series of innovative non-regulatory approaches to 

environmental management that exhibited high compliance. 

As a result of these participatory MSP processes, CINMS and partner agencies have 

implemented two high profile spatial management measures: MPAs and the IVSR. MPAs 

restrict fishing in specified areas around the Channel Islands to leave areas where targeted 

species can recover, habitat damage can be limited, and ecosystems can benefit from 

increased resilience to broader environmental impacts. The IVSR aims to slow ship traffic to 

reduce ship strike risk for large cetaceans and improve regional air quality. These strategies 

had substantial community support; but now managers have to understand the efficacy of 

these efforts and if these measures are well equipped to handle future ecological scenarios.  

If these measures are successful, strong science-based support for their efficacy is critical to 

maintaining public support and compliance.  If they are not successful or need 

improvements, then scientific information could be used to guide management adjustments.   

In response to these management needs, my dissertation aims to test the efficacy of 

recent CINMS spatial management measures.  I intend to use new analysis techniques to 

provide a comprehensive approach to understanding two management measures created in 
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conjunction with MSP processes: the Channel Islands Marine Reserves and Vessel Speed 

Reduction Program. My goals include: 

1. Investigating the potential for incentives to adjust shipping behavior to meet 

multiple conservation targets and understanding possible unintended impacts of 

incentivized spatial management 

2. Developing an indicator to track community shifts in response to climate change 

and testing for ecological resiliency to marine heatwave 

3. Apply newly developed big data techniques to quantify biogeographic patterns 

and forecast predicted ecological shifts with long term climate change 

My research intends to quantify the full impact of spatial protections from the secondary 

ecological effects to the changes in human behavior that precipitate from management 

action. By contributing to a holistic understanding of management strategies, I aim to inform 

adaptive management of sanctuary resources. 
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II. Vessel Speed Reduction to Prevent Ship Strikes 

A. Introduction 

Shipping is an important industry to southern California, with the Ports of Los 

Angeles (POLA) and Long Beach (POLB) experiencing steady, substantial growth over the 

last 20 years. Currently, these ports facilitate over 470 billion $US in trade annually (Port of 

Long Beach and Port of Los Angeles websites). However, this lucrative and expanding 

industry is associated with a number of environmental impacts, including ocean noise 

pollution, air pollution and whale ship strikes (Redfern et al. 2013, McKenna et al. 2012; 

National Research Council of the US National Academies 2003, Andrew et al. 2002). The 

level at which shipping adversely impacts local ecosystems has often been linked to ship 

speed, with conventional wisdom being that faster ships lead to increased pollutant 

emissions (Psaraftis et al. 2009), increased noise pollution and higher whale mortality risk 

(Wiley et al. 2011, Vanderlaan and Taggart 2007, Wang et al. 2007; Laist et al. 2001). 

Ocean noise is important to track as it has been associated with increased stress, reduced 

feeding, and potentially increasing susceptibility of whales to ship strikes (Redfern et al. 

Forthcoming; Gedamke et al. 2016, McKenna et al. 2015, Clark et al. 2009).  

While the industry is global in scale, some regions of the world have significantly 

higher concentrations of ship traffic. Via POLA and POLB, the Southern California Bight 

contains approximately 50% of seaborne cargo into the US (Louttit, pers comms.) but is also 

home to The Channel Islands National Marine Sanctuary (CINMS) serves as a federal 

designated marine protected area in an otherwise heavily urbanized Southern California 

Bight marine ecosystem. In Santa Barbara County alone (one of the counties surrounding 



 

 10 

the sanctuary), emissions from ships account for over 50% of the total NOx emissions 

(SBCAPCD 2016). Ship emissions contribute to worsening air quality and can even increase 

the prevalence of lung-related disease rates (Bone et al. 2016, Corbett et al. 2007, Bailey and 

Solomon 2004). In addition, the Santa Barbara Channel ranks among some of the noisiest 

ocean regions worldwide, with just 6% of the Sanctuary experiencing noise pollution levels 

below estimated pre-industrial conditions (Gedamke et al. 2016).  

Beyond contributing to ambient noise pollution, ships commonly collide with whales 

in the SCB; leading to injury or mortality. Whale ship strikes have been in the public 

spotlight in the SCB after four blue whales (Balaenoptera musculus), an ESA-designated 

endangered species, washed ashore and were ruled as likely to be ship strike mortalities in 

2007 (Berman-Kowalewski 2010). While managers cannot be sure of the exact numbers of 

ship strikes per year due to the low chances of discovering an event, this number greatly 

exceeded recorded confirmed or presumed ship strike fatalities in previous years. This 

prompted the National Oceanic and Atmospheric Administration (NOAA) to declare an 

Unusual Mortality Event (UME). Given that the Eastern Tropical Pacific Blue Whale stock 

has been slower to recover than other large baleen whale populations (Irvine 2014) and that 

recent research has indicated that blue whales do not exhibit rapid avoidance behavior to 

avoid ship strikes (McKenna  et al. 2015), a number of policy actions taken by NOAA have 

been focused on their recovery.  Ship strikes are known to also affect fin (Balaenoptera 

physalus) and humpback (Megaptera novaeangliae) whales as well in southern California at 

relatively consistent rates annually (Calambokidis 2011, Vanderlaan & Taggart 2007).  

Based on a review of NMFS marine mammal stranding data there has been on average 1-3 

large baleen whales likely struck by ships along the California coast.  All of these species 
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are afforded the same protections by the Marine Mammal Protection Act (50 C.F.R. Part 

218) and when in sanctuary waters the National Marine Sanctuaries Act (Title 16, Chapter 

32, Sections 1431 et seq. United States Code). 

Local, state and federal agencies are working together to mitigate impacts of the 

shipping industry on air quality and whale populations in Southern California through a 

number of spatial exclusion and speed reduction efforts.  In 2008, the California Resources 

Board (CARB) adopted fuel regulations that required the use of cleaner fuels out to 24 nm 

from the coast to reduce the amount of shipping emissions nearshore. Later, in 2010, the 

United States Environmental Protection Agency (EPA) enacted the North American 

Emission Control Area (referred to ECA for the remainder of this manuscript), which 

limited the sulfur content of shipping fuels within 200 nm of the coastline (EPA 2010). Both 

regulations had unintended consequences of altering the spatial patterns of traffic in SCB, 

with over 50% of the ships deciding to not use the nearshore shipping lanes in the SBC 

when the CARB rule went into effect. The establishment of the ECA likely pushed ships to 

slow down to improve fuel economy as they had to use more expensive cleaner fuels. This 

created a somewhat scattered pattern of shipping traffic, with a lot of the traffic going south 

of the Northern Channel Islands; an area with a scarcity of available cetacean habitat data 

compared to other parts of the SBC. In 2014 and 2015, 34% and 40%, respectively, of 

arrivals to POLA and POLB used the SBC Traffic Separation Scheme (TSS), a designation 

used to organize shipping traffic into lanes. Comparatively, 28% (2014) and 21% (2015) of 

transits approach the ports from a western approach south of the sanctuary, which has no 

shipping lane (Loutitt, unpublished data). While these efforts have likely reduced air 



 

 12 

pollution in Santa Barbara and Ventura coastal communities, a high density of traffic and its 

respective level of impacts remains in the greater SCB.  

In response to the highly variable traffic patterns, there have been a number of efforts 

to understand how re-routing ship traffic and changing placement of shipping lanes in the 

SCB could reduce risk to whales from ship strikes.  Based on recommendations from 

NOAA, the International Maritime Organization (IMO) shifted the TSS in the SBC in 2013 

following a US Coast Guard Port Route Access Study to determine alternate routes for 

shipping lanes (Segee 2010, US Coast Guard 33 CFR Part 167).  In 2008 and again in 2015, 

the Channel Islands National Marine Sanctuary Advisory Council (SAC) investigated 

potential management alternatives to better protect whales in the CINMS region.  The 

SAC’s 2015 Marine Shipping Working Group proposed a number of alternatives, including 

adjustments to the TSS, an extension of the IMO-declared Area To Be Avoided (ATBA) 

around the islands, a new western route transiting south of the sanctuary into the POLA and 

POLB, a seasonal VSR zone, and an expanded VSR incentive-based trial (Marine Shipping 

Working Group Final Report 2016). With available whale distribution data and increasingly 

sophisticated population and habitat modeling, managers are considering to what degree the 

SAC's recommendations would reduce ship strike impact (Marine Shipping Working Group 

Final Report 2016).  

Given the high density of traffic in the SCB, fuel regulations alone do not directly 

reduce ship strike risk.  Even though the existing TSS had recently been adjusted to reduce 

the co-occurrence of ships and whales, overlap of shipping activities and critical whale 

habitat still occurs. Because of the remaining overlap, agencies and conservation groups are 

still pursuing VSR programs to further reduce risk to large cetaceans and decrease air 
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emissions. Large vessels that travel at slower speeds burn less fuel as long as they remain 

above a specific speed threshold.  Thusly, these slow-going vessels emit fewer pollutants 

compared to those traveling at greater speeds (Psaraftis et al. 2009). In addition to these air 

quality benefits, evidence also shows a decrease in cetacean mortality risk in ship collision 

events with decreases in speed (Wiley et al. 2011, Vanderlaan and Taggart 2007, Wang et al. 

2007, Laist et al. 2001).  

VSR programs have been instated in other areas with success. Both POLA and 

POLB use monetary incentives to slow ships coming into the ports through dockage fee 

reimbursements (POLA 2009, POLB 2009). The program has been widely deemed a success 

with large reductions in emissions around the port and surrounding areas (POLB 2013). 

However, emissions measurements still exceed state and federal standards outside of the 

program’s incentive areas (40 nm) and it is possible that ships will increase speed to make 

up time lost from participating in a VSR. This speed adjustment could spatially alter where 

impacts are the greatest and simply pass along increased ship strike risk farther along the 

coast. 

Voluntary VSR (e.g. non-incentivized) programs have never been compared to 

incentivized VSR approaches in the same spatial area and under identical emissions 

regulations. Comparing these approaches is important because while voluntary incentivized 

programs may come at a cost to conservation groups or taxpayers, they may have improved 

efficacy over voluntary measures without incentives. In response to regional shipping issues 

in the Santa Barbara Channel, Channel Islands National Marine Sanctuary (CINMS) and 

Santa Barbara County Air Pollution Control District (SBCAPCD) implemented a trial 

incentivized VSR Program in the Santa Barbara Channel TSS in the summer of 2014. Since 
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2008 the National Marine Fisheries Service and CINMS have implemented a voluntary 

speed reduction program in this same area. This allows CINMS and SBCAPCD to test the 

efficacy of an incentivized approach to vessel speed reduction along an open coastline and 

compare that approach to a voluntary measure under similar conditions.  

B. Materials and Methods 

1. Study Area 

The Santa Barbara Channel and the northern Channel Islands are a biological hotspot for 

cetaceans and are known for high cetacean density during summer months (Gedamke et al. 

2016, Calambokidis et. al. 2015, Calambokidis and Barlow 2004, Mate et al. 2009). There is 

an existing Traffic Separation Scheme (i.e. north and south bound shipping lanes) between 

the mainland coast and the Channel Islands as well as an Area To Be Avoided (ATBA) 

around the Channel Islands National Marine Sanctuary (Fig 1).  The ATBA effectively 

keeps large traffic outside of the majority of sanctuary waters and the Sanctuary has 

additional regulations prohibiting large vessels over 300 gross tons from within 1 nm of the 

islands. Over the last few years shipping traffic has split around the ATBA with 

approximately 2400 transits going through the shipping lane and approximately 1400 

transits traveling south of the islands annually. 

 



 

 15 

 

2. Incentivized VSR Trial (IVSR) 

The IVSR area extended from POLA and POLB’s incentive area (40 nm from the port 

entrance) to the end of the shipping lane around Point Conception (Fig 1) creating a trial 

area that spans approximately 100 nm. The trial was conducted from July-November 2014 

as this is the time when whale abundance and air pollution is highest in the region. In order 

to participate, ships must have had an average speed over 14 knots in the 4 months leading 

up to the trial period and must also participate in POLA/POLB’s VSR program.  Seven 

shipping companies (i.e. COSCO, Hapag-Lloyd, K Line, Maersk Line, Matson, Mitsui 

Figure 1: A map of the region, the CINMS boundary and spatial extents of both 
the WAZ and IVSR. 
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O.S.K. Lines, and United Arab Shipping Company) enrolled in the trial and agreed to slow a 

total of 35 individual transits down to an average speed of 12 knots or less through the IVSR 

zone for an incentive purse of $2,500 per transit. Twelve knots was chosen as this was the 

speed believed to maximize emission reduction, reduce the lethality of ship strikes on 

whales, and it matched the speed required by the neighboring Port’s speed reduction 

program.  

 Vessel speed data were collected from an Automatic Identification System (AIS) 

receiver that CINMS maintains on Santa Cruz Island (33° 59.667' N, 119° 37.941' W). 

CINMS maintains and owns this data stream to monitor ship traffic around the sanctuary 

and implement management strategies for vessel traffic. Vessels 300 gross tons or more are 

required by law to carry AIS transmitters that emit a VHF radio signal to a series of land-

based receiving stations containing a variety of data, including the ship’s position and speed. 

CINMS’ receiver on Santa Cruz Island has coverage as far north as Point Conception and 

has coverage on the south side of the islands to approximately 33° N. The program 

shipplotter is used to store AIS transmissions as log files which were then stored in a SQL 

database. Data was extracted from the SQL database and analyzed in ESRI’s ArcGIS or R 

(R Core team 2012). 

 Ship speeds during incentivized transits were calculated by averaging the speeds 

from the transmission data (a datum point transmitted every 2-15 seconds) from all the 

detections that occurred in the IVSR zone. CINMS and SBCAPCD independently computed 

average transit speeds for vessels and cross-checked to verify calculations. Ships that 

maintained an average speed of 12 knots or less qualified for the incentive payment, while 

those traveling at speeds greater than 12 knots did not qualify. Ship trips and speeds from 
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the IVSR trial and qualifying period were also plotted in ArcGIS to identify if a spatial trend 

in speeds existed along the route. Speeds were averaged within 5 km2 blocks along the IVSR 

route and compared among blocks with a Chi-square.  

 Also of interest to resource managers was whether ships that participated in the 

IVSR were speeding up just northwest of the IVSR zone to compensate for the slower than 

historical transit in the TSS. As our IVSR zone ran against POLB and POLA’s IVSR to the 

south east, we did not have the same concern for the area south of the IVSR. For analysis 

outside of the SCB area, we used satellite collected AIS data (sAIS) and subset it to the area 

shown in Fig 2A.  This satellite AIS data has spatial and temporal gaps compared to 

terrestrial AIS data but provided data from beyond the extent of our terrestrial receiver. 

Because of the sizable temporal gaps in sAIS, we needed to select data from a large area. 

The area we drew ensured that ships traveling north along the coast to other west coast ports 

as well as those moving west along the “Great Circle Route” (aka the route from the US 

west coast to Asian ports) would be included with the temporal gaps of sAIS data in mind. 

We received data from SpaceX for the 24 ships that participated in the trial as well as 24 

randomly selected vessels (to match the number of vessels participating in the IVSR) that 

did not participate in the IVSR. SpaceX maintains a series of satellites that collect AIS data 

and they shared this data with SBCAPCD. The satellite data coverage lasted from June to 

early October 2014 but did not include all incentivized transits in the IVSR. In the sAIS 

dataset, there were 17 incentivized transits and 136 non-incentivized transits. We compared 

vessel speeds in the post IVSR area of interest (Fig. 2A) between non-incentivized and 

incentivized transits with Wilcoxon rank sum test (Figure 2B).  
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Figure 2: A. Map of the area of interest north east of the IVSR. This area was 
selected to be large enough to capture vessels traveling north to other west coast 
ports and those traveling across the “Great Circle Route” to Asian ports B) 
Boxplot of transit speeds in this area of interest for vessels incentivized by our 
VSR and vessels not participating in our VSR. 

 

A 
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3. Non-Incentivized VSR 

 

From 2008 to the present, CINMS and the National Marine Fisheries Service (collectively 

NOAA) have enacted a seasonal voluntary Whale Advisory Zone (WAZ) similar to the one 

described in McKenna et al. (2012). For the purposes of this study, we have chosen to 

analyze the WAZ in 2015 because it was under the same emission standards, similar 

economic conditions and similar overall traffic patterns to 2014. Also, we chose not to use 

2014 as an example year because the implementation of the IVSR may have altered traffic 

patterns in the SBC. Via the Coast Guard’s Notice to Mariners, NOAA Weather Channel 

broadcast, and direct communications to shipping agents, NOAA recommended ships over 

300 gross tons reduce speed to 10 knots in the shipping lane between Point Conception to 

San Pedro Point, Santa Cruz Island (Fig 1).  We used AIS data from the Santa Cruz Island 

Station to assess speed compliance within the WAZ zone in the Santa Barbara Channel TSS.  

We calculated daily average speeds of each cargo ship in the WAZ from June to November 

and noted how many of those ships had average speeds below 10 knots on a given calendar 

day. We compared the number of WAZ compliant daily average ship speeds among months 

to see if compliance changed through time with a Chi Square. We also compared average 

speeds by vessel for pre-WAZ (Jan 1, 2014-May 30, 2014), WAZ (June 1, 2014-Nov 15, 

2014) and post WAZ (Nov 16, 2014-Dec 31, 2014) time periods. To see if the WAZ was 

effective, we compared these average speeds among these time periods with a Kruskal 

Wallis Chi-Square with Campell and Skillings multiple comparisons. Finally, we compared 

annual average ship speeds in the SBC between 2014 and 2015 test whether overall ship 

speeds were not largely different between years to ensure that behavior was not different. 
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C. Results 

Participation with IVSR was high with 27 of the 35 transits that were enrolled qualifying 

for an incentive by having a mean transit speed at or below 12 knots. We calculated an 

average of a 5.1 knot reduction from ship’s average baseline speeds for the prior 4 months. 

The maximum speed reduction from a baseline speed was 8.6 knots. Seven enrolled transits 

were not eligible to receive an incentive due to average speeds in excess of 12 knots, 

although we calculated a 0.48 knot average speed reduction for these failed transits. One 

additional transit failed because its route was modified and it did not transit through the 

SBC.  Five vessels with failed transits had speeds during intended IVSR transit that were 

higher than their baseline average speeds with the highest increase in speed being 3.5 knots 

over that ship’s baseline.  

 The average speed of all non-incentivized transits in the post IVSR area of interest 

(Fig 2A) was 16.8 knots and the median speed was 17.3 knots. Transits incentivized by the 

IVSR had significantly lower speeds in the same area north of the IVSR zone with an 

average speed of 12.64 knots and a median of 12.9 knots (Wilcoxon rank sum test, 

W=1276900, p < .0001, Fig 2). Only one incentivized transit sped up above the 16.82 knot 

average. Even though the continued slow speed was not required, 3 transits of the 17 transits 

covered in the satellite data continued the required IVSR slow transit speed of 12 knots or 

below; however, the majority of IVSR transits maintained speeds just slightly above 12 

knots.  

In the IVSR zone, both incentivized and non-incentivized transit speeds appear to be 

spatially homogeneous (Fig 3). This means that speeds appear to be consistent throughout 

the IVSR zone and ships are not making large changes in speed during their transit. During 
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the qualifying period, ships participating in the IVSR did not have significant differences in 

average speeds across 5 km2 blocks along the IVSR area (X2= 1.545, df=67, p=1). 

Incentivized transits maintained a relatively consistent speed across all blocks during their 

incentivized transits as well (X2= 6.15, df=67, p=1).  

 

 

Figure 3: Average speed across 5km2 blocks are shown for A) IVSR 
participating transits and B) transits not incentivized by our IVSR. Ships 
appear to maintain relatively consistent speeds and are not making large 
changes in speed throughout the IVSR zone regardless of participation in the 
program. 
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 During the 2015 WAZ, vessel traffic had a mean daily average ship speed of 14.18 

through the WAZ area, approximately 4 knots over the recommended WAZ speed.  Of the 

1334 daily average ship speeds, only 174 daily average ship speeds were below 10 knots for 

about a 13% compliance rate.  Out of 383 ships detected, 85 ships had daily average speeds 

below 10 knots at some point during the WAZ.  However, only 19 ships appeared to have 

consistently participated with WAZ and never had a daily average speed over 10 knots in the 

dataset Participation did not differ by month and remained consistent from June to 

November (Chi-square, X2= 6.73399, df=5, p=0.15).  Average ship speeds during the WAZ 

(13.5 knots) were significantly faster compared to pre-WAZ (13.0 knots) and post-WAZ 

speed (13.1 knots; Kruskal-Wallis chi-squared = 33.503, df = 2, p-value < 0.005); albeit 

differences were less than 0.4 knots. About 13.3% of ships Pre-WAZ and 12.2% Post-WAZ 

traveled below 10 knots. During the WAZ however, ships only 7% of ships had speeds 

below 10 knots. 

 Cargo ship speeds in the SBC do not appear to be different between years. In 2014, 

ships had a median speed of each ship’s average speeds was 12.62 knots with a mean speed 

of 12.92 knots and a standard deviation of 2.44 knots. Speeds were similar in 2015 with an 

average speed of 13.20 knots, median speed of 12.79 knots, and a standard deviation of 2.98 

knots. 

 

D. Discussion 

We found that our voluntary incentivized approach had a higher percentage of 

participation when compared to voluntary measures without incentives applied in the SBC.  

Shipping companies are constantly trying to find the economic balance between fuel costs, 
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operational costs and scheduling, which could be a large reason why incentivized 

approaches are more effective. The cash incentive in the trial IVSR likely helps spur 

participation; however, a number of factors may influence these results. One example is that 

the industry itself is beginning to push for self-imposed slow speed measures to improve 

fuel efficiency for maximizing financial gains (McKenna et al. 2012).  Despite this increased 

interest in the benefits of speed reduction, the data show that most large vessels typically 

travel at a speed that incurs significant risks to whales and at faster rates than the optimum 

speed for pollution minimization (Rodrigue 2017, Laist et al. 2014, Conn and Silber 2013, 

Notteboom and Carriou 2009). 

 The non-incentivized WAZ had low participation overall but there appears to be 

some improvement over time.  McKenna et. al. (2012) found that the ship speeds were not 

affected by a voluntary speed reduction scheme broadcast over the Notice to Mariners from 

2007-2009.  While McKenna et al. showed 0% participation in a non-incentivized VSR, the 

WAZ in our study showed 13% of daily average ship speeds traveling at the requested speed 

or below appear to signal greater participation. Participation may have improved due to 

increased attention on ship strikes after VSR implementation and effective outreach to the 

shipping industry. This is difficult to understand however, as other factors like scheduling 

issues at POLA and POLB, cost benefits of reduced speeds, and other external economic 

drivers are likely to have a big role in the speed reduction as well.  Another confounding 

factor could be the difference in maximum speed set by the two efforts (12 knots for IVSR 

and 10 knots for the WAZ). Ten knot speeds may decrease large vessel maneuverability, and 

this could have affected percentage of vessels able to or willing to comply with the WAZ. 
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Additionally, compliance with the IVSR is biased, as ships agreed to participate and 

demonstrated buy-in to the effort prior to their incentivized transit. The trial IVSR generated 

participation demand that exceeded expectations (with over 7 shipping companies seeking to 

enroll 80+ transits in the pilot effort), but the available funding could cover only 35 transits 

in 2014.  Recognizing this demand, we do believe the IVSR could be scaled up to 

incorporate a larger percentage of the faster transits taking place.  However, it is important 

to note that it is unknown whether these participating transits are representative of the 

majority of vessel activity; it is possible that faster ships, or those on tighter schedules, may 

be more difficult to motivate to travel at reduced speeds.  Future work should focus on what 

other potential issues may hinder scaling up IVSRs in the SCB, and potentially along the 

whole California coast. 

Programs like IVSR and POLA and POLB’s VSR require relatively small incentive 

purses per transit compared to total operational costs for these major shipping lines. CINMS 

paid out $2,500 US per transit for the IVSR in 2014. By providing this financial incentive 

and providing positive public relations benefits, agencies and conservation groups can 

influence shipping companies to meet best environmental practices and improve cooperation 

with non-regulatory conservation efforts.  However, the financial burden of scaling up and 

sustaining these programs may also be prohibitive for non-profits or agencies with tight 

budgets in areas where traffic is dense like the SCB.  Future work should investigate 

different payout schemes, such as paying for a season of compliance (e.g. summer), to test 

their efficacy and drive down costs of running a larger scale IVSR. Additionally, positive 

publicity from participating in these programs may be a stronger incentive for shipping 

companies to participate.   
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One of the major questions for all VSR programs is if the localized mitigation of 

environmental impacts caused increased air pollution and ship strike risk in other areas if 

ships speed up once they exit the prescribed VSR zone to meet static schedules.  The IVSR 

program here did not appear to have this issue as the majority of ships either returned to 

approximately the average speeds of other transiting vessels or continued to steam at 

reduced speeds. Only one ship went a full knot over the average speed of other vessels 

transiting in the area once it exited the IVSR zone.  The results from our program suggest 

that ships are building in the increased transit times of participation to their respective routes 

instead of trying to increase speed to make up for lost time. 

It is important to consider that the limited sample of ships of the VSR may not be an 

accurate representation of the entire fleet that transit in the SCB. Depending on the cargo 

type, schedule limitations and other schedule factors, a number of ships may not opt to 

participate in VSR programs.  We also saw a few compliance failures in the IVSR. A 

number of potential reasons for this were found from follow-up conversations including: the 

shipping company failed to communicate to the captain, the captain failed to comply, or 

scheduling issues superseded participation for a particular transit. Given the limited number 

of vessels involved in the IVSR, it is possible that this subset of ships is biased towards 

ships that can easily participate.  If true, scaling up a VSR to the majority of the fleet or 

more may be difficult. That being said, the ports have extremely high compliance with 90% 

or more of ships participating in their VSR programs.  
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E. Conclusion 

Cooperation with non-incentivized vessel speed reductions appears to be limited. 

Although cooperation with the WAZ did appear to improve compared to prior examinations, 

relative participation was still low compared to incentivized approaches and it is unclear 

whether the slight improvement in slower speeds in the WAZ reflects true participation with 

the effort.  Financial rewards, even minimal ones, and positive publicity in a structured 

program appears to be more effective at achieving industry buy-in and slowing down vessel 

traffic.  Scaling up an IVSR program to capture a significant portion of the transits taking 

place could be expensive. However, future work should attempt to discover the “floor” of 

what the shipping companies are willing to accept and adjust payout schemes based on how 

much money will be required to achieve desired behaviors. 

With the implementation of the CARB and ECA rulings, more ships are traveling 

south of the Channel Islands and not using the TSS. The general thought was that ships 

traveled outside of boundaries where expensive cleaner fuels were required, like the TSS, to 

reduce operational costs.  Getting ships to slow down outside of a designated route may be 

more difficult as dispersed traffic patterns could lead to unforeseen transit issues. For 

example, slower speeds may decrease maneuverability, increase risk and could increase 

costs or cause scheduling issues at ports. 

 While whale sightings data are concentrated in a geographically smaller region than 

the study region, and sparse in much of the region due to lack of effort, modeling does 

suggest that there is high quality potential whale habitat south and west of CINMS (Becker  

et al. 2016, Marine Shipping Working Group Final Report 2016, Redfern et al. 2013) and 

this habitat is not covered by the current ATBA. In fact, the current ATBA may not be as 
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effective at protecting large cetaceans in the region because important habitats are spread out 

throughout the SCB and beyond the ATBA boundaries. To add to the challenge, data on 

ships strikes are limited: the number of strikes per year, conditions that increase strike risk, 

potential cetacean avoidance behavior and the impact of strikes on population recovery all 

require additional research.  For this reason, it is difficult to quantify exactly how this IVSR 

trial minimized risk to local whales. However, a number of cetacean populations (namely 

blues, fins, and the Central American humpback population segment) are still in recovery 

and despite the data gap, managers are treating ship strikes as a major impediment to 

recovery. The reduction in air pollution with speed decreases has been documented in other 

studies (Psaraftis et al. 2009) and has been used to justify other speed reductions in the 

region. To estimate air emissions reduction, future IVSR-type programs could require a fuel 

log from participating vessels. To date, the most utilized management tools for addressing 

these conservation concerns are limiting spatial over lap and reducing speed. Testing an 

incentive program in this southern region will be critical to effective management of whales 

in the SCB, due to the fact that approximately 25-30% of traffic to the ports use this area. 
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III. Using Robust Thermal Classifications to Track Ecological 
Responses to Acute Climate Effects 

 

A. Introduction	
	

Climate	change	is	one	of	the	greatest	challenges	resource	managers	will	face	

over	the	next	century.	While	species	are	generally	predicted	to	shift	their	ranges	in	

response	to	warming	conditions,	individual	ecosystems	will	have	unique	responses	

depending	on	local	environmental	variables	and	species’	sensitivities	to	environmental	

conditions	(Fogarty	et.	al.	2017,	Garcia	Molinos	et	al.	2016,	Chueng	et	al.	2009).	As	

species	locally	extirpate	or	newly	colonize	into	ecosystems	as	a	function	of	shifting	

climate,	the	ecosystem	services	provided	will	likely	be	altered	and	managers	will	need	

to	adjust	expectations	of	resources	available	for	use	(Fogarty	et.	al.	2017,	Wernberg	et	

al.	2013,	Perry	et	al.	2005,	Vergés	et	al.	2014).	In	order	for	resource	management	to	be	

timely	and	responsive	to	climate	changes,	effective	methodologies	must	be	available	to	

rapidly	track	changes	in	community	structure	or	function.	Classifying	species	by	their	

perceived	or	measured	affinities	for	environmental	drivers	improves	understanding	of	

how	local	ecological	communities	are	changing	in	response	to	acute	and	chronic	

climatic	events.	For	example,	a	common	classification	scheme	is	to	apply	species	

thermal	tolerances	to	range	extensions	(Bates	et	al.	2017,	Bowler	and	Böhing-Gaese	

2017,	Wernberg	et	al.	2013).	Other	researchers	have	used	classification	schemes	based	

on	life	history	traits	to	simplify	vegetations’	responses	to	potential	environmental	

drivers	affected	by	climate	(e.g.	drought,	temperature	and	nutrient	availability)	and	

make	predictions	of	potential	impacts	to	forest	succession	(Bugmann	1996).		

Classification	schemes	can	be	utilized	on	readily	available	datasets	such	as	abundance	
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or	distribution	data	which	allows	for	rapid	information	generation	and	quick	

management	decision-making.	Good	ecosystem	classification	schemes	to	track	and	

monitor	community	shifts	will	be	those	that	are	easily	understood	and	can	be	

implemented	by	managers	(Enquist	et	al.	2017).		

In	order	to	be	successful,	classification	schemes	need	to	be	flexible	enough	to	

address	distinctive	resource	management	goals	and	targets.	Different	management	

agencies	have	unique	lenses	through	which	they	tackle	resource	issues	including	

conservation,	biodiversity,	ecological	resilience,	as	well	as	fisheries	and	other	

ecosystem	services	(Jennings	2005).	Ideally,	classification	schemes	should	be	

adaptable	to	address	multiple	management	goals	but	also	easily	understandable	by	

decision-makers	and	stakeholders	alike	(Enquist	et	al.	2017,	Levin	et	al.	2010,	Jennings	

2005).	Additionally,	classification	schemes	should	enable	managers	to	evaluate	how	

current	management	strategies	may	or	may	not	mitigate	impacts	from	a	changing	

climate	(Levin	et	al.	2010).	For	example,	Ekstrom	et	al.	(2015)	ranked	shellfish	

fisheries’	vulnerability	to	ocean	acidification	into	five	classes	(highest,	medium	high,	

medium,	medium	low,	and	low)	using	a	mix	of	available	data	for	a	series	of	bioregions.	

These	simplified	classification	schemes	were	then	spatially	overlapped	with	predicted	

future	pH	levels	used	to	make	regionally	specific	recommendations	to	reduce	the	

impacts	to	vulnerable	shellfish	fisheries	(Ekstrom	et	al.	2015).		

While	oceanographic	indicators	of	climate	change	are	comparatively	more	

established	compared	to	biological	ones,	there	is	a	dearth	of	biological	metrics	that	

accurately	and	directly	reflect	climate	perturbations.	However,	resource	managers	are	

typically	more	concerned	with	biological	resources’	response	to	oceanographic	
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indicators	(Levin	et	al.	2010).	Ideally,	researchers	could	use	lab-	or	field-measured	

physiological	thermal	tolerances	of	individual	species	to	create	ecological	

classifications	(Tomanek	2008,	Pörtner	and	Knust	2007),	but	these	data	are	lacking	for	

most	marine	organisms.	Community-wide	measures,	such	as	community	temperature	

indices	(CTI,	a	single	metric	that	gauges	an	ecological	community’s	collective	thermal	

affinity;	Bates	et	al.	2017,	Bowler	and	Böhning-Gaese	2017,	Devictor	et	al.	2008),	offer	

an	alternative;	but	are	only	as	strong	as	data	used	to	classify	species.	CTI	typically	use	

species’	range	limits,	presence	or	absence	spatial	patterns	or	another	measure	of	

biogeographic	pattern	to	develop	an	individual	score	for	community’s	thermal	affinity	

that	can	then	be	tracked	through	time	(Bates	et	al.	2017,	Bowler	and	Böhning-Gaese	

2017,	Devictor	et	al.	2008).	However,	natural	periodic	(e.g.	ENSO,	PDO)	and	extreme	

events	(e.g.,	marine	heat	waves)	can	artificially	inflate	ranges	and	bias	biogeographic	

patterns	(Bowler	and	Böhing-Gaese	2017,	Lea	and	Rosenblatt	2000,	Pearcy	and	

Schoener	1987,	Cowen	1985).	Additionally,	presence/absence	data	have	comparatively	

limited	utility	for	conservation	planning	as	species	can	become	functionally	extinct	

long	before	they	become	locally	extirpated.	Comparatively,	long-term	monitoring	

datasets	can	show	where	populations	are	concentrated	but	are	expensive	and	may	not	

cover	the	entire	species	range.		To	alleviate	these	shortcomings	of	individual	datasets,	

the	strongest	classification	schemes	will	utilize	multiple	data	sources	including	non-

traditional	information	sources	such	as	the	expert	opinion	of	local	researchers,	

naturalists	and	traditional	knowledge	holders	to	build	thermal	classification	schemes.	

Kelp	forests	are	a	high	value	ecosystem	for	recreational,	commercial	and	

aesthetic	reasons	including	food	production,	carbon	sequestration,	sport	fishing,	
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tourism	and	scuba	diving	(Allen	2006,	Love	2011).	However,	these	ecosystems	have	

been	shown	to	be	susceptible	to	climate	impacts	as	the	temperate	waters	that	are	a	

defining	feature	of	these	ecosystems	warms.	This	risk	is	especially	prevalent	in	marine	

transition	zones	(e.g.	the	interface	of	two	water	bodies	with	contrasting	temperatures)	

where	species	typically	are	at	the	edge	of	their	ranges	(Bates	et	al.	2017,	Krumhansl	et	

al.	2016,	Wernberg	et	al.	2016,	Bates	et	al.	2014,	Wernberg	2013).	Prior	work	has	

found	that	marine	heatwaves	(>	5	days	of	temperatures	over	the	90th	percentile	of	the	

30-year	historical	baseline,	Hobday	et	al.	2016)	and	acute	climate	impacts	are	causing	

community	structure	changes	globally	(Wernberg	et	al.	2016,	Bates	et	al.	2014,	

Wernberg	et	al.	2013,	Perry	et	al.	2005,	Vergés	et	al.	2014).	As	these	events	become	

more	common,	understanding	how	kelp	forest	communities	respond	and	recover	will	

become	critical.	

The	Santa	Barbara	Channel	off	the	coast	of	California,	USA,	is	home	to	a	

relatively	heavily	studied	kelp	forest	habitat	in	a	marine	transition	zone	(Caselle	et	al.	

2015,	Hamilton	and	Caselle	2015,	Miller	et	al.	2018),	which	makes	it	an	ideal	place	to	

explore	climate	impacts	on	marine	ecosystems.	The	region	also	supports	a	wide	

variety,	and	high	intensity,	of	human	activities	including	both	commercial	and	

recreational	fisheries	(Office	of	National	Marine	Sanctuaries	2016).	In	response	to	

ecosystem	degradation	from	fishing	pressure,	including	reduced	fish	biomass	and	

density,	the	state	of	California	and	federal	government	established	a	number	of	no-take	

Marine	Protected	Areas	(MPAs)	to	protect	whole	ecosystem	(Office	of	National	Marine	

Sanctuaries	2016).	It	has	been	suggested	that	these	MPAs	may	boost	ecological	

resilience	to	climate	change,	but	these	claims	remain	to	be	proven.		
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To	understand	the	complex	ecology	in	the	Santa	Barbara	Channel,	annual	

monitoring	programs	collect	data	on	fish	density,	biomass,	biodiversity	and	

recruitment	around	the	region	(Office	of	National	Marine	Sanctuaries	2016,	Caselle	et	

al.	2015,	Gosnell	et	al.	2014).	Each	of	these	population	or	community	variables	

addresses	aspects	of	an	ecosystem	that	resource	managers	with	different	targets	

would	care	about	and	could	potentially	be	affected	by	climate.	Additionally,	the	Santa	

Barbara	Channel	recently	experienced	a	marine	heatwave	that	exposed	the	local	

ecosystem	to	elevated	temperatures	for	approximately	three	years	(Gentemann	et	al.	

2017,	Cavole	et	al.	2016,	Reed	et	al.	2016,	Bond	et	al.	2015).	This	marine	heatwave	

event	created	an	in	situ	experiment	we	used	to	test	community	sensitivity	to	

oceanographic	drivers	and	quantify	the	efficacy	of	existing	spatial	management	

strategies	(i.e.	MPAs)	to	mitigate	climate	pressures.	In	order	to	help	regional	resource	

managers	understand	climate	impacts,	we	developed	a	robust	thermal	classification	

for	kelp	forest	fish	fishes	that	sorted	fish	species	into	warm-affinity	and	cool-affinity	

(hereafter	‘warm’	and	‘cool’)	species	classifications	using	information	from	four	

different	data	sources	(i.e.	Expert	Opinion,	Range	Limits,	Museum	Collections,	and	In	

Situ	Density,	see	methods	for	detailed	explanation).	Species	were	classified	as	warm	or	

cool	using	each	data	source	separately,	and	then	a	final	aggregate	classification	was	

given	to	each	species	based	on	the	majority	agreement	of	classifications	across	the	four	

data	sources.	An	agreement	score	between	the	classification	based	on	the	four	different	

sources	was	quantified	to	assess	potential	biases	in	the	classification	scheme.	

As	temperatures	warm	beyond	their	physiological	preferences,	cool	species	

abundance	and	biomass	is	expected	to	decline,	while	warm	species,	benefiting	from	
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increasingly	favorable	conditions,	are	expected	to	increase	in	abundance	and	biomass	

(Bates	et	al.	2017,	Bowler	et	al.	2017,	Wernberg	et	al.	2012).	Warming	climates	in	other	

parts	of	the	world	have	been	shown	to	increase	some	metrics	of	diversity	(Bates	et	al.	

2013)	and	in	the	Santa	Barbara	Channel,	we	expect	diversity	for	warm	species	to	

increase	as	new	species	arrive	from	southern	latitudes	(McDonald	2012,	Sorte	et	al.	

2010)	or	previously	rare	warm	species	increase	in	abundance.	We	used	warm	and	cool	

species	groups	to	quantify	how	the	different	communities	have	changed	in	response	to	

the	marine	heatwave	event	using	four	metrics:	fish	density,	biomass,	biodiversity	and	

recruitment.		

Although	spatially	variable,	evidence	exists	to	show	that	MPAs	increase	the	

stability	of	biodiversity	in	the	face	of	climate	drivers	(Bates	et	al.	2014)	and	can	

mitigate	the	loss	of	kelp	from	increased	sea	temperature	by	facilitating	ecological	

interactions	(Bates	et	al.	2017).	As	MPAs	have	been	shown	increase	resiliency	to	acute	

environmental	stressors	in	some	instances	(Bates	et	al.	2014,	Micheli	et	al.	2012),	we	

expect	MPAs	to	mitigate	the	predicted	shifts	in	species	abundance	spurred	by	the	

marine	heat	wave.		We	tested	the	effects	of	fishing	pressure	and	MPA	protection	in	

altering	community	responses	to	the	marine	heatwave	in	the	Santa	Barbara	Channel	

for	both	cool	and	warm	species	groupings.	

	
B. Methods	

	
1.	Study	Area	

	The	Santa	Barbara	Channel	is	an	established	marine	thermal	transition	zone	

between	the	cooler	California	Current	and	the	warmer	California	Countercurrent.	The	

region	extends	from	Point	Conception	in	the	north,	a	well-established	biogeographic	



 

 34 

break	along	the	Northeast	Pacific	to	approximately	Pt.	Dume	in	the	south.	The	

mainland	coast	is	primarily	south-facing	with	a	series	of	nearshore	kelp	forest	reefs.	

Four	islands	with	rocky	reef	habitat	are	situated	offshore,	separated	from	the	mainland	

by	a	deep	basin.	The	two	water	bodies	mix	in	approximately	the	middle	of	the	Santa	

Barbara	Channel	and	water	temperatures	can	differ	as	much	as	10	°C	across	the	extent.	

Fishing	activity	occurs	heavily	in	the	region	with	three	major	fishing	ports	in	the	Santa	

Barbara	Channel	and	variety	of	targeted	species.	The	channel	has	a	complex	of	spatial	

management	protections	and	jurisdictions	including	the	Channel	Islands	National	

Marine	Sanctuary,	the	Channel	Islands	National	Park,	two	California	State	Parks	and	a	

series	of	No	Take	MPAs.	The	MPAs	were	put	in	place	in	2003	and	expanded	into	deeper	

waters	in	2007.	Kelp	forest	monitoring	studies	in	the	Santa	Barbara	Channel	showed	

rapid	biomass	recovery	post	MPA	implementation,	but	this	was	primarily	in	the	

eastern	warmer	islands	(Caselle	et	al.	2015).	

The	Santa	Barbara	Channel	has	been	subjected	to	a	series	of	temporal	climatic	

drivers	that	could	potentially	impact	the	ecosystem	including	El	Niño	Southern	

Oscillation	Index,	Pacific	Decadal	Oscillation,	a	marine	heatwave	beginning	in	2014	and	

variable	upwelling	strength.	There	was	a	moderate	El	Niño	in	2009-2010	that	raised	

water	temperatures	and	dampened	upwelling.	This	was	followed	by	a	strong	La	Niña	in	

2010-2011	that	reversed	conditions.	There	was	an	additional	weak	El	Niño	from	2006-

2007	which	was	followed	by	a	weak	La	Niña	in	2008-09.	In	2014,	a	marine	heatwave	

spiked	temperatures	and	persisted	over	the	following	two	years.	

	

2.	Classification	Scheme	
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Fish	species	were	classified	as	warm	or	cool	based	on	the	species’	

biogeographic	distribution	and	abundance	patterns	relative	to	Point	Conception	(warm	

species	South	of	the	Point	and	cold	species	North	of	the	Point).	Three	types	of	

quantitative	data	were	used	to	assign	a	thermal	classification:	densities	from	field	

surveys,	museum/aquarium	collection	events,	and	the	geographic	range	midpoints	

from	literature	sources.	If	no	trend	was	apparent	north	or	south	Point	Conception,	the	

species	was	considered	Eurythermal.	In	addition	to	quantitative	data,	an	expert	

opinion	poll	was	used	to	further	classify	species.		

Density	data	used	for	classification	were	from	the	Partnership	for	

Interdisciplinary	Studies	of	Coastal	Oceans	(PISCO)	and	Vantuna	Research	Group	

(VRG)	subtidal	diver	surveys	from	2008-2009,	two	years	in	a	longer	time	series	for	

both	groups	where	sites	across	the	California	Coast	were	sampled.	If	densities	were	

greater	to	the	north	of	Point	Conception,	the	species	was	classified	cool;	if	the	reverse	

was	true	the	species	was	considered	warm.	

Locations	of	museum	and	aquarium	collections	were	gathered	from	Vertnet.org,	

a	public	online	database.	Vertnet	has	museum	and	aquaria	collection	data	from	many	

institutions	worldwide;	the	major	collecting	groups	in	the	California	Current	region	are	

Birch	Aquarium,	California	Academy	of	Sciences,	Aquarium	of	the	Pacific,	Seattle	

Aquarium,	Monterey	Bay	Aquarium,	and	the	Natural	History	Museum	of	Los	Angeles.	

The	number	of	collection	events	above	and	below	Point	Conception	were	counted	and	

compared	to	classify	species.	

Range	limits	were	collected	from	Fishbase	and	from	field	guides	when	range	

limits	were	not	specified	on	Fishbase.	The	midpoint	was	calculated	to	be	the	average	
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between	the	upper	and	lower	latitudes	making	up	the	range.	Species	with	midpoints	

North	Point	Conception	were	classified	as	“cool”	while	those	below	Point	Conception	

were	classified	as	“warm.”	

In	addition	to	biogeographic	data,	this	study	used	expert	opinions	from	two	

Google	polls	that	were	distributed	to	ichthyologists	along	the	US	west	coast	at	a	

number	of	academic	institutions	(i.e.,	University	of	California	Santa	Barbara,	University	

of	California	Santa	Cruz,	California	State	University	Northridge,	California	State	

University	Long	Beach	and	Scripps	Institute	of	Oceanography)	and	a	professional	

society,	the	Southern	California	Association	of	Ichthyological	Taxonomists	and	

Ecologists	(SCAITE).	Expert	opinions	are	an	additional	source	of	information	that	can	

be	incorporated	without	limitations	of	lacking	data	or	potential	bias	from	artificially	

extended	range	limits.	The	first	survey	focused	on	species	recorded	in	subtidal	diver	

surveys	and	received	seven	completed	surveys	from	fish	biologists	across	four	

institutions.		The	second	survey	was	for	species	counted	in	artificial	recruitment	

collectors	but	not	present	in	subtidal	dive	surveys	and	had	four	participants	from	

SCAITE.	Online	expert	survey	participants	were	asked	to	select	one	option	from	five	

available	to	categorize	each	species:	Temperate,	Sub-Temperate,	Central,	Sub-Tropic,	

Tropic	and	Cosmopolitan.	Terms	were	intentionally	not	defined	for	participants	to	

limit	bias.	Species	classifications	were	then	simplified	to	warm	and	cool.	Temperate	

and	Sub-Temperate	species	were	condensed	into	one	label	of	“cool”.	Subtropic	and	

Tropic	species	groups	were	combined	into	“warm”.	The	remaining	two	groups	were	

labeled	as	eurythermal.	
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Data	from	each	of	the	four	information	sources	were	combined	to	create	a	

single	composite	thermal	classification	for	each	fish	species.	Equal	weight	was	given	to	

each	data	type	and	fish	were	considered	to	be	warm	or	cool	based	on	the	dominant	

classification	(i.e.	the	one	it	was	most	often	assigned	to).	If	classifications	from	different	

data	sources	were	evenly	split	between	warm	and	cool,	the	species	was	considered	

eurythermal.	Seventy-four	species	were	considered	cool,	fifty-nine	species	were	

considered	warm	and	nineteen	species	were	considered	eurythermal.	

For	the	additional	species	in	the	recruitment	(SMURF,	see	Monitoring	Data	

below)	data	(n	=	18)	that	were	not	counted	in	the	dive	surveys,	range	limits,	collection	

events,	and	expert	opinion	were	used	to	classify	species	as	diver	survey	data	was	not	

available	for	these	species.		

	

3.	Monitoring	Data	

Kelp	forest	survey	data	from	the	Partnership	for	Interdisciplinary	Studies	

Coastal	Oceans	(PISCO)	subtidal	dive	surveys	(<	70	ft)	and	recruitment	data	from	

Standard	Monitoring	Units	for	Recruitment	of	Fishes	(SMURFs).	Full	techniques	for	

subtidal	dive	surveys	can	be	found	online	at	www.piscoweb.org.	Dive	surveys	have	

been	conducted	in	the	Santa	Barbara	Channel	annually	beginning	in	1999.	The	data	

used	in	this	study	were	collected	from	59	sites	that	were	sampled	annually	from	June	

to	October;	however,	not	all	sites	were	surveyed	in	all	years.	The	number	of	sampling	

sites	increased	in	2003	to	be	able	to	capture	the	effects	of	the	newly	established	MPAs.	

At	each	study	site	divers	conducted	8	to	12	transects	that	were	30x2x2m	at	each	of	

three	levels	in	the	water	column:	benthic,	midwater	and	kelp	canopy	(when	the	canopy	
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was	present	at	a	site).	Transect	locations	were	selected	through	a	stratified	random	

design	with	multiple	non-permanent	transects	located	in	fixed	strata	(e.g.	outer,	

middle,	and	inner	rocky	reef).	On	each	transect,	a	single	SCUBA	diver	counted	and	

estimated	the	total	length	in	centimeters	for	each	fish,	excluding	small	cryptic	fishes.		

Recruitment	of	larval	fishes	to	the	kelp	forest	was	measured	using	artificial	

larval	fish	collectors	known	as	SMURFs.	Rates	of	settlement	to	SMURFs	provide	

quantifiable	measures	of	larval	delivery	independent	of	availability	and	quality	of	

nearby	settlement	habitat.	At	each	of	seven	sites	at	the	Channel	Islands,	three	replicate	

SMURFs	were	sampled	bi-weekly	and	individual	recruit	fish	were	identified	to	the	

lowest	taxonomic	level	possible.	Further	methods	for	PISCO	SMURF	collections	can	be	

found	in	Hamilton	et	al.	2010.		

	

4.	Tracking	Community	Change	

Species	densities	and	biomass	at	a	given	site	were	averaged	across	all	diver	

transects.	and	then	summed	by	site	annually	for	each	thermal	group	(i.e.	warm	and	

cool).	In	order	to	estimate	biomass,	length	estimates	of	fishes	were	converted	to	

weights	based	on	allometric	relationships	in	published	and	web-based	sources	

(www.fishbase.org).	When	length-weight	relationships	did	not	exist,	parameters	from	

similar-bodied	congeners	were	used.	Shannon’s	diversity	was	calculated	by	site	

annually	for	warm	and	cool	species	assemblages	and	transformed	into	effective	species	

numbers,	also	known	as	Hill	Numbers	(Hill	1975),	by	taking	the	exponential	function	of	

Shannon’s	diversity.	SMURF	collections	for	warm	and	cool	species	were	summed	by	

year	as	a	metric	of	recruitment.	Recruitment	to	SMURFs	was	first	calculated	as	the	
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number	of	fish	per	SMURF	per	day	in	order	to	standardize	for	slight	variations	in	

sample	frequency.	That	measure	was	then	summed	by	site	and	year	for	warm	and	cool	

species	separately.	

In	order	to	identify	when	a	community	shifts	from	a	baseline	reference,	

Bayesian	Highest	Density	Internals	(HDI)	and	Region	of	Practical	Equivalence	(ROPE)	

testing	was	conducted	on	density,	biomass,	diversity	and	recruitment	for	warm	and	

cool	species	separately.	A	95%	HDI	value	was	determined	for	each	parameter	(e.g.,	

annual	density,	biomass,	effective	species	number,	recruitment)	and	compared	to	that	

parameter’s	ROPE;	ROPE	sizes	were	determined	by	the	variability	of	the	full	timeseries	

for	each	dataset.	When	a	parameter’s	HDI	fell	within	the	ROPE,	all	the	most	credible	

parameter	values	were	practically	equivalent	to	the	accepted	value	(i.e.,	the	community	

at	that	time	point	was	practically	equivalent	to	others	in	the	timeseries).	A	parameter	

value	was	rejected	when	its	95%	HDI	falls	entirely	outside	the	ROPE,	which	means	that	

all	of	the	most	credible	parameter	values	in	the	time	series	were	not	practically	

equivalent	to	those	of	the	rejected	value	(i.e.,	the	community	at	that	time	point	was	

different	from	others	in	the	timeseries).	This	methodology	also	allows	for	undecided	

determinations,	where	HDI	was	neither	completely	within	or	outside	the	ROPE.	HDI	

and	ROPE	testing	was	conducted	on	each	data	type	for	warm	and	cool	species	

independently	with	site	as	a	random	effect.	

	

5.	Assessing	MPA’s	Ability	to	Mitigate	Acute	Climate	Drivers	

Managers	have	a	responsibility	to	determine	if	and	how	resource	conservation	

actions	mitigate	climate	change.	In	2014,	the	Santa	Barbara	Channel	experienced	a	
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marine	heatwave	characterized	by	anomalously	high	water	temperatures	that	

persisted	until	2016.	Using	the	marine	heatwave	as	an	in	situ	experiment,	we	truncated	

the	subtidal	survey	data	to	the	years	immediately	before	(2013),	during	(2014-2015),	

and	after	(2016)	the	marine	heatwave.	To	test	if	MPAs	had	an	effect	on	density	changes	

during	the	marine	heat	wave	period,	we	used	linear	mixed	models	for	warm	and	cool	

species	independently	with	year,	MPAs	status	(inside/outside	an	MPA)	and	the	

interaction	between	the	two	as	fixed	effects	on	density	with	site	as	a	random	effect.	

The	linear	mixed	models	were	built	stepwise	and	the	best	fitting	models	were	

compared	with	Akaike	Information	Criterion	(AIC).	To	test	if	targeted	status	(i.e.,	if	a	

fish	species	is	targeted	by	fishing	effort)	effects	density	changes	during	the	marine	heat	

wave	period,	we	used	linear	mixed	models	for	warm	and	cool	species	with	year,	

targeted	status	and	the	interaction	between	the	two	as	fixed	effects	on	density	with	site	

as	random	effect.	Linear	mixed	models	were	built	stepwise	and	compared	with	AIC	to	

determine	models	of	best	fit.	ANOVAs	were	run	on	the	results	of	each	best	fitting	model	

to	determine	significant	effects,	using	Tukey’s	post-hoc	comparison	between	groups	

when	ANOVAs	were	significant.	

	
C. Results		
 

1.	Classification	Scheme	

We	measured	the	level	of	agreement	between	the	thermal	affinity	(warm	versus	

cold)	measures	for	each	species	across	the	four	different	data	sources	(i.e.,	Expert	

Opinion,	Range	Limits,	Museum	Collections,	and	In	Situ	Density).	Agreement	was	

variable,	highlighting	the	need	for	multiple	metrics	to	classify	species.	While	most	



 

 41 

species	had	perfect	classification	agreement	across	all	four	sources	(n=78),	a	number	

of	species	had	Moderate	(1	data	source	is	in	disagreement	from	the	others,	n=	27)	or	

Low	agreement	(2	sources	disagree	from	the	others,	n	=	47).	In	the	composite	

classification	used	for	analysis,	59	species	were	considered	warm	and	74	species	were	

considered	cool.		

	

	

	

2.	Tracking	Community	Change	

Figure 4: Time series of density (A), biomass (B), effective species number (C), 
and recruitment (D) are shown for warm species (red) and cool (species). 
Region of Practical Equivalence and Highest Density Interval (ROPE + HDI) 
tests results are denoted by circles below panels. Darker shaded circles identify 
years that fall outside the ROPE and are significantly different than others in 
the time series. Numbers inside the circle are the approximate percentage of 
data that fall within the ROPE within that year. The effects of the marine heat 
wave beginning in 2014 lead to significant increases in warm species across all 
datasets but biomass. 
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	Warm	species	densities	significantly	increased	for	the	first	two	years	

immediately	following	the	onset	of	the	marine	heatwave	(2015,	2016;	Fig	4A).	Warm	

species	densities	were	also	high,	falling	above	the	ROPE,	in	2009	during	a	moderate	El	

Niño	event.	Conversely,	cool	species	densities	experienced	declines	during	that	marine	

heat	wave	period,	however	values	were	still	with	the	ROPE	(e.g.	not	significantly	

different	from	other	years	in	the	time	series).	Only	in	2003	did	cool	species	density	fall	

outside	the	ROPE,	likely	due	to	an	increase	in	sites	monitored	that	year	(Fig	4A).	

Biomass	was	not	as	responsive	as	density	to	the	marine	heatwave	in	the	Santa	

Barbara	Channel.	Warm	species’	biomass	fell	below	the	ROPE	in	2002	and	from	2004-

2008;	potentially	due	to	a	lag	in	biomass	gains	following	MPA	implementation	in	2003.	

Warm	species	biomass	did	increase	after	the	onset	of	the	marine	heatwave	but	did	not	

significantly	so.	Cool	species	biomass	was	comparatively	unresponsive	with	just	2002	

and	2011	(a	year	with	La	Niña	cool	water	conditions)	falling	outside	the	ROPE.		

Species	diversity	lagged	in	response	to	the	marine	heat	wave	compared	to	

density.	Only	in	2017,	after	three	years	of	warm	water	exposure,	did	the	diversity	of	

warm	species	significantly	rise.	Diversity	of	cool	species	rose	outside	the	ROPE	in	2010	

after	strong	La	Niña	conditions	began.	Both	warm	and	cool	effective	species	numbers	

were	outside	the	ROPE	in	2002	as	well.	

Warm	species	recruitment	in	SMURFs	following	the	marine	heat	wave	spiked	

beyond	the	ROPE	(2014-2016)	and	cool	species	did	the	same	in	2016.	Recruitment	for	

cool	species	also	spiked	beyond	the	ROPE	in	2008	during	the	cool	La	Niña	event.	
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3.	Assessing	MPA’s	Ability	to	Mitigate	Acute	Climate	Drivers	

	MPAs	did	not	mitigate	community	shifts	in	density	from	the	marine	heatwave.	

Year	was	found	to	be	significant	in	both	best	fitting	General	Linear	Models	with	warm	

species	densities	increasing	over	time	(ANOVA,	X2=	36.11,	df	=	3,	p	<	0.001,	Fig	5A)	and	

cool	species	densities	decreasing	(ANOVA,	X2=	26.23,	df	=	3,	p	<	0.001,	Fig	5B)	

regardless	of	MPA	status.		

Figure 5: Linear mixed models tested for effect of MPA status on density of 
warm species (top panel) and cool species (bottom panel) in the years before 
(2013) during (2014-15) and after (2016) the marine heat wave. Warm and cool 
species were tested independently with year, MPA status [inside (green) and 
outside (purple) MPAs] and the interaction between the two as fixed effects on 
density with site as a random effect. Only year was considered to be significant 
(warm species: ANOVA, X2= 36.11, df = 3, p < .0001; cool species ANOVA, X2= 
26.23, df = 3, p < .001), while MPA status (warm species: ANOVA, X2= 0.79, df 
= 1, p = 0.37; cool species ANOVA, X2= 0.07, df = 1, p = 0.79) and the 
interaction between year and MPA status (warm species: ANOVA, X2= 4.41, df 
= 3, p = 0.22; cool species ANOVA, X2= 0.31, df = 3, p = 0.96)) were non-
significant. Post-hoc comparisons show that warm species increased and cool 
species decreased regardless of MPA status. 
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Even	though	MPAs	had	no	effect,	warm	and	cool	species	responded	differently	

depending	on	whether	they	were	targeted	by	fishing	or	not.	Year,	targeted	status	and	

the	interactions	between	the	two	were	all	significant	(Fig	6).	Non-targeted	species	

were	more	responsive	to	the	marine	heat	wave	with	warm	species	exhibiting	increased	

densities	and	cool	species	exhibiting	decreased	densities	(Fig	6).	Targeted	species	had	

lower	densities	overall	in	comparison	to	non-targeted	and	did	not	display	a	response	

to	the	marine	heatwave.	

Figure 6: According to linear mixed models, targeted status (warm species: 
ANOVA, X2= 118.69, df = 1, p < .001; cool species ANOVA, X2= 23.43, df = 1, p 
< .001), year (ANOVA, X2= 30.55, df = 3, p < .001; cool species ANOVA, X2= 
26.20, df = 1, p < .001) and the interactions between the two (ANOVA, X2= 
19.68, df = 3, p < .001; cool species ANOVA, X2= 9.89, df = 3, p = .019) were 
significant to the communities’ response to the marine heat wave. Post-hoc 
comparisons show that density of non-targeted species changed during the 
marine heat wave with warm species (top panel) increasing and cool species 
(bottom panel) decreasing. No significant change in targeted species density 
was detected in respond to the marine heat wave. 
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D. Discussion	
Across the variety of important population and community metrics (i.e. density, 

biomass, effective species number and recruitment), I found that warm and cool species 

displayed differential responses to the marine heatwave event. Density, recruitment, and 

diversity of warm species all positively responded to the marine heat wave. Warm species 

density did display increases during El Niño as well; however, the response did not persist 

for as long compared to the marine heatwave. Cool species appeared less responsive overall 

to warm water conditions, but did display non-significant decreases during the marine 

heatwave. Cool species did show evidence of responding positively to cool water La Niña-

like conditions.  

When comparing responses across variables, density and recruitment appear to 

respond to climatic drivers with short time lags; while diversity took longer to respond to 

temperature stressors. Diversity may require multiple years of anomalous temperature 

conditions to respond or be detected due to sampling methodology missing rare species, 

time needed for adult migration or multiple years of strong larval recruitment needed to 

affect diversity. Biomass displayed similar trends to density and recruitment post marine 

heatwave but values did not differ significantly from the time series pre-heatwave. Warm 

species biomass had multiple early years below the ROPE, likely due to low biomass prior 

to and shortly after MPA implementation. The variability caused by this low starting 

biomass may affect the statistical power to detect the impact of the marine heatwave. Other 

work in the region has found biomass increases were spatially variable after MPA 

implementation with fishes around the western, cooler Channel Islands displaying slower 

biomass increases compared to warmer eastern islands (Caselle et al. 2015). Cool fishes (e.g. 

many rockfishes, genus Sebastes), are typically larger and longer-lived species (Garcia 
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Molinos et al. 2016, Caselle et al. 2015) and this may make them less sensitive to extreme, 

rapid changes in environment. Other studies have found that fishery productivity responses, 

both positive and negative, to warming climate are quicker for fishes with faster life 

histories (Free et al. 2019). Species with faster life histories also shift ranges more rapidly 

(Perry et al. 2005). Comparatively, rockfishes, which compose over 20% of the number of 

cool classified species in this study, have been found to respond slowly to management 

actions due to their slow life history traits (Leaman 1991). Because life histories are so 

intertwined with biomass production, it may not be sensitive enough to be an effective 

metric for acute rapid climate change impacts that only persist over short periods.  

Using a thermal classification technique based on multiple information criteria, like 

catch, expert opinion, monitoring surveys, and collection events is likely more sensitive than 

using purely range limits to classify species. Forty-seven species in our study had low 

agreement among the different dataset sources to create the composite classification which 

means that using a single data source to classify these species would have a high risk of 

misclassification. Managers need to be careful of community indices based on a single 

source of information as they are potentially error prone. For example, range limits could be 

altered by temporary range expansions from natural events (e.g. El Nino Southern 

Oscillation Index and Pacific Decadal Oscillation) or climatic events spurred by climate 

change. Only using densities of species is often limited by sampling design and “double 

dipping” by using the same dataset to classify species as to track them can be problematic. 

Public databases, like VertNet or IOBIS, have many contributors and can have long time 

series but lack an experimental design to understand species absence. By combining 

multiple quantifiable sources with expert opinion, there can be a balance of quantitative 
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observations with trends observed by naturalists that are not yet studied, quantified or 

published. Many of these data types are collected similarly by programs in other regions and 

the methodology used here could be easily replicated in areas with monitoring programs by 

agencies, academics, and citizen science programs. At the very least, range limits and public 

collection databases are available at a global scale for managers to replicate this approach as 

best as possible. 

 

 

Conducting separate analyses for each thermal affinity grouping provides an 

advantage over single community metrics such as Community Thermal Indices. Separating 

affinity groups provides a more precise picture of ecological responses to acute and chronic 

climate change, as groups of warm and cool species could respond differently to 

environmental stressors. Community Thermal Indices simply show that the system is 

Figure 7: Visual comparisons between CTI and our thermal classification are 
depicted in the infographic above. The single trend line for CTI confounds how 
groups of species respond to environmental drivers which make management 
decision-making difficult. Our technique allows for management actions to be 
tailored to specific groups of species and their responses to environmental 
drivers. 
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responding to drivers (Bowler and Böhning-Gaese 2017) while our approach clearly shows 

which group or groups are driving the observed changes (Fig. 7). Even if researchers use a 

Community Thermal Index to identify changes, they would then need to follow up with 

additional research to confirm what drives these patterns for managers. Our technique 

improves the efficiency of tracking community change by identifying how a shift in 

community structure occurs and potential drivers for that change in a concise way. In 

contrast, traditional ecological community analysis metrics (e.g. PCA, CCA, regression 

trees) may be too complex for managers to make actionable conservation decisions as they 

can create too many groups that may confound responses to drivers of interest. 

In order to be successful and useful, classification groupings need to be easily 

understood and concisely inform management decisions (Enquist et al. 2017, Levin et al. 

2010, Jennings 2005). By giving managers discrete groups of species that are intuitively 

understood by non-scientists, ecologists are providing information that is easily digestible by 

managers and their non-scientific stakeholders. By providing information in groups like 

warm and cool, managers can tailor strategies to increase use of groups with anomalously 

increasing abundance or decrease co-occurring pressures (e.g. habitat loss, habitat quality) 

on declining resources (Fig. 7). For example, typical Community Thermal Index measures 

mask the differential responses of warm and cool species, which means managers would not 

know to apply unique conservation measures to each group without further information. For 

example, rising warm species abundance may give managers a reason to relax fishing 

regulations while declining cool water species may spur the need for added protection; 

however knowing which conservation avenue to take is dependent upon information beyond 

what a Community Thermal Index typically provides. 



 

 49 

Just as species groups may differentially respond to climate drivers (Filbee-Dexter et 

al. 2018, Harris et al. 2018, Hamilton et al. 2010), they may also react uniquely to different 

conservation measures (Caselle et al. 2015, Hamilton et al. 2010, Hanson et al. 2001). Prior 

work has shown that single species recovery after an acute climate event is larger within an 

MPA (Micheli et al. 2012), but our work suggests that MPAs do not appear to dampen the 

magnitude of community changes for either cool or warm species. In our case, ecosystem 

recovery did not appear to be rapid either, as densities inside and outside MPAs remained 

altered in 2015 and 2016 and overall warm species abundance did not fall after 2016. It is 

important to note that using an acute event may not be indicative of long-term change, but it 

appears that MPAs are unlikely to act as a ‘silver bullet’ to mitigate the effects of climate 

change (Bruno et al. 2019).  

The reason MPAs did not appear to mitigate climate impacts in our study may be 

that non-targeted species respond significantly to the marine heatwave while targeted 

species only displayed non-significant, muted responses. Targeted species in this, and many 

marine systems are typically larger, longer-lived and higher on the food chain (Essington et 

al. 2006, Pauly et al. 1998), which may make them resilient to climate events of this 

magnitude (Free et al. 2019). Marine heatwaves with higher temperature maximums or that 

endure for longer than a few years may be required to trigger targeted species to respond. 

Because targeted species already have such low abundance due to fishing, it is possible that 

we won’t detect changes due to climate stressors. Other work has shown that a number of 

fisheries stocks see increases in Maximum Sustainable Yield from warming (Free et al. 

2019) which would allow for greater catch. The complex synergies of management 

strategies, fishing and climate are still poorly understood. Further research will be needed to 
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disentangle these effects, but our work shows that MPAs are likely not the only tools 

managers should be utilizing if they wish to mitigate the effects of marine heatwaves. 

This study showed that our classification scheme was responsive to acute climate 

impacts and that fish communities changed after exposure to a marine heatwave. Managers 

should use this and similar species classification techniques to track changes in resources in 

response to distinct environmental drivers (e.g. temperature, pH, hypoxia, drought) and to 

test if implemented management actions are effectively mitigating large-scale climate 

events. Managers may need to explore other avenues to locally mitigate effects of climate 

change in conjunction with MPA measures such as restoration or stock enhancements. As 

the majority of community change was driven by non-targeted species, adjusting fishing 

pressure may not be a viable avenue to address community level effects of acute temperature 

events unless fishing pressure is switched to previously untargeted warm species. Whatever 

management decision is made, the classification methodology developed here provides 

resource managers an easily understood and flexible method to quantify resource change 

and assess the efficacy of management strategies. 
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IV. Communities in Marine Transition Zones are Structured by 
Temperature and At Risk from Climate Change 

 

A. Introduction	
	
Many	species	found	in	Marine	Transition	Zones	(MTZs)	are	at	their	range	limits	

either	due	to	physiological	limitations	(Horn	et	al.	2006)	or	larval	transport	limitations	

(Zacherl	et	al.	2003,	Gaylord	and	Gaines	2000).	Thus,	any	small	temperature	shifts	or	

changes	in	water	flow	could	have	disproportionate	effects	on	community	composition	

in	MTZs	(Vergés	et	al.	2014,	Wernberg	et	al.	2012,	Pörtner	and	Knust	2007,	Perry	et	al.	

2005,	Horn	et	al.	2003,	Zacherl	et	al.	2003).	Generally,	climate	change	is	thought	to	shift	

species	ranges	poleward	in	response	to	changing	temperature;	although	some	species	

may	expand	or	contract	their	ranges	and	all	species	will	not	necessarily	shift	in	the	

same	way	(Fogarty	et	al.	2017,	Garcia	Molinos	et	al.	2016,	Chueng	et	al.	2009).	Climate	

driven	range	expansion	via	recruitment	becomes	more	complex	in	regions	where	

thermal	envelopes	shift	in	the	reverse	direction	of	dominant	water	flow	patterns;	

which	may	stymy	how	fast	species	can	shift	in	these	ecosystems	unless	flow	reversal	

events	and	anomalous	warm	temperatures	coincide	regularly	(Sanford	et	al.	2019,	

Zacherl	et	al.	2003).		

	 Our	understanding	of	how,	and	the	degree	to	which,	community	composition	

may	be	affected	by	climate	change	is	still	limited,	especially	for	climate	drivers	other	

than	temperature.	For	instance,	recent	studies	use	single	species	ranges	responding	to	

thermal	envelopes	(aka	temperature	isolines)	to	predict	distributional	changes	across	

taxonomic	groups	(Garcia	Molinos	et	al.	2016,	Wernberg	et	al.	2012,	Chueng	et	al.	

2009,	Devictor	et	al.	2008,	Worm	et	al.	2006).	Using	only	isolines	may	bias	predictions	
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as	a	number	of	other	non-temperature	related	climate	effects	can	impact	species	

densities	(Bowler	et	al.	2017,	Bowler	and	Böhning-Gaese	2017,	Byrnes		et	al.	2011,	

Pearson	and	Dawson	2003)	and	species	ranges	can	also	be	set	by	other	factors	such	as	

barriers	to	dispersal,	habitat	breaks,	and	species	interactions	(Sanford	et	al.	2019,	

Edelsparre	et	al.	2018,	Caselle	et	al.	2017,	Staniczenko		et	al.	2017,	Louthan	et	al.	2015,	

Zacherl	et	al.	2003).	Additionally,	most	climate	forecast	models	are	built	for	scales	of	1-

3°	in	latitude	and	longitude	which	is	generally	too	course	of	a	spatial	resolution	to	

inform	regional	management	decisions	(Schiermeier	2010).	This	is	especially	

problematic	if	there	is	a	large	spatial	gap	between	where	critical	isolines	fall	and	the	

available	ecological	data	points	as	spatial	variability	of	environmental	parameters	

would	be	oversimplified.	

Compounding	these	issues,	many	studies	simply	use	the	more	widely	available	

‘presence/absence’	data	to	quantify	community	change	(Wernberg	et	al.	2012),	but	this	

approach	ignores	the	fact	that	species	can	become	functionally	extinct	or	cease	to	

provide	ecosystem	services	long	before	they	extirpate;	which	has	large	implications	for	

community	functionality	(Valiente-Banuet	et	al.	2015).	Without	some	idea	of	relative	

density,	managers	won’t	be	able	to	properly	assess	community	functionality	or	the	

number	and	type	of	ecosystem	functions	tied	to	species	density	(Simpson	et	al.	2011).		

Marine	Transition	Zones	are	ideal	ecosystems	to	quantify	oceanographic	

structuring	of	marine	communities	and	forecast	climate	change	impacts,	because	so	

many	species	will	be	sensitive	to	small	changes	in	environmental	conditions,	if	those	

environmental	conditions	determine	species’	range	boundaries.	The	steep	

environmental	gradients	in	MTZs	should	create	strong	gradients	of	species	presence	
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and	density	over	small	spatial	scales.	Well-studied	MTZs	with	long-term	datasets	-	

allow	researchers	to	understand	how	climate	change	may	shift	communities	from	

established	baselines	across	multiple	environmental	gradients.	One	example	of	such	a	

well-studied	MTZ	is	the	northern	Channel	Islands	off	the	coast	of	California,	USA.	The	

northern	Channel	Islands	are	in	the	Santa	Barbara	Channel,	an	MTZ	in	the	California	

Current	Large	Marine	Ecosystem	(CCLME).	The	Partnership	for	Interdisciplinary	

Studies	of	Coastal	Oceans	(PISCO)	has	over	18	years	of	biological	monitoring	data	on	

rocky	reefs	in	the	region	during	which	the	ecosystem	experienced	a	range	of	

oceanographic	conditions	(i.e.	El	Niño-Southern	Oscillation,	Pacific	Decadal	Oscillation,	

marine	heatwaves)	that	exposed	the	islands	to	differing	ambient	temperatures	and	

upwelling	conditions	(Office	of	National	Marine	Sanctuaries	2018).	Typically,	there	is	a	

large	thermal	gradient	across	the	Channel	Islands	with	temperatures	displaying	as	

much	as	a	15	°C	difference	at	either	end	of	the	island	chain	(approx.	70	kms)	(Gosnell	

et	al.	2014,	Hamilton	et	al.	2010).	For	these	reasons,	this	area	is	an	ideal	microcosm	of	

the	CCLME	to	study	the	role	that	multiple	environmental	gradients	have	on	structuring	

communities	in	space	and	forecast	community	change	in	the	face	of	climate	

predictions.		

We	used	PISCO’s	long-term,	rocky	reef	monitoring	data	to	assess	current	

biogeographic	patterns	across	the	northern	Channel	Islands	and	used	models	to	

predict	community	shifts	with	climate	change	under	the	assumption	that	current	range	

boundaries	are	determined	by	temperature.	Biogeographic	patterns	were	determined	

using	two	methodologies:	an	unsupervised	machine	learning	Self	Organizing	Map	

(Kohnen	1982)	and	the	fish	species	thermal	classification	scheme	defined	in	the	prior	
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chapter.	In	order	to	understand	the	environmental	drivers	of	biogeographic	patterns,	

fish	species	densities	were	linked	to	satellite	and	model-derived	measures	of	ocean	

conditions	separately	for	warm-tolerant	and	cold-tolerant	fish	species,	and	then	

forecasted	until	2100	using	IPCC	projections	of	those	environmental	drivers.	

	

	
	

B. Methods	
	
1.	Site	

The	four	northern	Channel	Islands	(San	Miguel,	Santa	Rosa,	Santa	Cruz,	and	

Anacapa)	are	located	near	the	well-known	biogeographic	break	at	Pt.	Conception,	

where	the	California	coastline	shifts	from	a	primarily	north-south	orientation	to	east-

west	(Fig	8).	This	change	in	the	coastline	places	the	islands	across	an	interface	between	

Figure 8: A map of the study site is shown below with the locations of 
PISCO study sites and annual average Sea Surface Temperature for 2009. 
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the	cooler	water	of	the	California	Current	and	the	warmer	water	of	the	California	

Counter	Current,	creating	a	steep	gradient	of	multiple	environmental	conditions.	

Upwelling	is	prominent	in	the	region	but	is	driven	by	variable	wind	conditions,	which	

causes	spatial	heterogeneity	in	subsurface	water	temperature,	nutrient	levels	and	

primary	production	at	smaller	spatial	scales	(Doney	et	al.	2012).	The	area	contains	

biologically	rich	kelp	forest	and	rocky	reef	communities	with	species	that	exhibit	a	

mixture	of	thermal	preferences.	Colder	conditions	dominate	the	western	islands	(San	

Miguel	and	Santa	Rosa)	while	warmer	conditions	are	prominent	at	eastern	islands	

(Anacapa	and	Santa	Cruz;	Caselle	et	al.	2015,	Gosnell	et	al.	2014).		

	

2.	Survey	Techniques		

The	Partnership	for	the	Interdisciplinary	Studies	of	Coastal	Oceans	(PISCO)	has	

been	conducting	annual	subtidal	kelp	forest	community	surveys	at	39	sites	throughout	

the	Channel	Islands	National	Marine	Sanctuary	since	1999.	Full	methodology	of	PISCO	

surveys	is	available	online	(http://www.piscoweb.org)	and	is	briefly	described	here.	At	

each	study	site,	divers	enumerate	and	size	(to	the	nearest	cm)	all	non-cryptic	fishes	on	

eight	to	twelve,	30	x	2	x	2	m	transects	at	multiple	levels	in	the	water	column	(i.e.	

benthic,	midwater,	and	kelp	canopy	when	present).	Additionally,	divers	visually	survey	

benthic	transects	for	invertebrates	and	algae.	For	benthic	transects,	divers	quantify	

densities	of	large	and	mobile	invertebrates,	understory	algae	and	giant	kelp	

(Macrocystis	pyrifera)	stipes	on	9,	30m	x	2	m	band	transects	at	each	site.	On	the	same	

transect,	sessile	invertebrates,	small	low-lying	algal	species	and	morphological	groups	

are	quantified	as	percent	cover	using	a	uniform	point	contact	method	every	meter	
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along	the	transect.	Transects	are	laid	out	in	a	stratified	random	design	with	multiple	

non-permanent	transects	located	throughout	fixed	strata.	

	

3.	Environmental	Data	

	Environmental	data	for	each	site	were	mined	from	existing	data	sets	for	each	

year	(2002-2017).	Sea	Surface	Temperate	(SST)	and	Chlorophyll-a	content	(Chl-a)	

were	derived	from	the	MODIS	Aqua	satellite	via	NOAA’s	Coastwatch	data	archive.	Data	

were	available	as	weekly	averages	at	a	resolution	of	approximately	1	x	1km,	which	

were	then	converted	into	summer	and	annual	mean	and	max	values	at	each	site	

location.	As	a	proxy	for	upwelling	strength,	measurements	of	daily	wind	energy	in	the	

U	(east/west)	and	V	(north/south)	vector	direction	were	collected	from	the	National	

Centers	for	Environmental	Prediction	North	American	Regional	Reanalysis	Dataset.	

Daily	wind	energies	in	both	directions	were	converted	into	summer	and	annual	mean	

and	max	values.	Mean	annual	kelp	biomass	was	derived	from	LANDSAT	aerial	imagery	

and	was	provided	by	University	of	California	Santa	Barbara’s	Earth	Research	Institute	

(Bell	et	al.	2015,	Cavanaugh	et	al.	2010).	

	

4.	Self-Organizing	Map	

Kohonen	Self	Organizing	Maps	(SOMs)	are	a	type	of	artificial	network	analysis	

that	allows	for	the	classification	of	ecological	communities	by	similarity	to	each	other	

in	species	density	(Mazzocchi	et	al.	2013,	Chon	2011,	He	et	al.	2011,	Chon	et	al.	1996,	

Kohonen	1982).	SOMs	create	a	two	or	more	dimensional	surface	(also	known	as	the	

output	layer)	made	of	nodes	(i.e.	aggregates	of	communities	with	similar	species	
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compositions).	Community	density	data	(also	known	as	the	input	layer)	are	related	to	

nodes	through	a	series	of	“weights.”	Weights	are	a	measure	of	similarity	between	a	

single	community	in	the	input	layer	and	all	nodes	in	the	output	layer.	Weights	are	

initially	randomly	assigned	but	are	allowed	to	iteratively	adjust	to	minimize	distance	

between	the	input	layer	and	the	output	layer	until	the	community	rests	within	the	

node	that	contains	other	communities	that	most	closely	resemble	itself.	Communities	

within	nodes	most	closely	resemble	each	other	and	are	more	similar	to	communities	in	

nearby	nodes.	Similarity	between	nodes	on	the	SOM	is	represented	by	spatial	

proximity	on	the	output	layer.	After	the	model	converges,	a	feature	map	is	produced	on	

the	output	layer	with	communities	being	spatially	arranged	by	similarity	(Chon	et	al.	

1996,	Kohonen	1982).	

Percent	cover	of	sessile	invertebrates	and	algae,	density	of	large,	mobile	

invertebrates	and	fish	were	summed	annually	by	site	and	standardized	by	the	mean	

values	across	sites	of	each	species.	Data	were	entered	into	a	16	node	SOM	grid	using	an	

unsupervised	approach	with	the	Kohonen	package	in	R	(Wehrens	and	Kruisselbrink,	

2018;	version	3.0.7).	A	16	node	grid	was	selected,	because	it	was	the	largest	grid	that	

did	not	create	empty	nodes.	Plots	of	neighbor	distance	(i.e.	a	measure	of	similarity	

between	neighboring	nodes),	counts	of	communities	in	each	cell	and	relative	influence	

of	each	species	to	a	node	were	produced	and	qualitatively	analyzed.	The	resultant	SOM	

has	no	assumptions	of	spatial	patterns,	so	to	assess	the	ability	of	the	SOM	to	represent	

biogeographic	patterns,	for	each	node,	we	calculated	the	number	of	sites	present	from	

each	island.	
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5.	Biogeography	and	Environmental	Drivers	

To	assess	biogeographic	patterns	in	the	context	of	species	thermal	affinity,	we	

used	the	thermal	affinity	index	described	in	the	previous	chapter.	Classification	

schemes	using	species’	perceived	or	measured	affinities	for	environmental	drivers	

both	simplifies	and	improves	the	understanding	of	how	local	ecological	communities	

are	changing	in	response	to	climatic	events.	This	is	critical	for	management	as	species	

by	species	analyses	are	too	fine	resolution	for	managers	and	stakeholders,	yet	total	

community	measures	like	CTI	may	confound	management	decision	making.	This	

analysis	was	done	for	fish	only.	Each	individual	fish	species	was	classified	as	“warm	

water-”	or	“cool	water-”	affiliated	and	total	annual	density	for	each	grouping	of	species	

was	calculated	for	each	site	from	1999	-	2017.	Density	of	warm	fish	and	cool	fish	

groups	were	compared	among	islands	using	ANOVA.	General	Linear	Models	(GLMs)	

were	used	to	link	warm	and	cool	group	densities	to	the	environmental	drivers	

described	above	(i.e.	SST,	Chl-a,	V	wind,	U	wind	and	kelp	biomass).	Best	fitting	GLMs	

were	determined	by	reducing	the	full	model	(all	the	environmental	parameters	used)	

stepwise	by	one	environmental	parameter	at	a	time.	At	each	stepwise	reduction,	

Akaike	Information	Criterion	was	used	to	determine	which	model	was	the	better	fit.	

Models	were	reduced	until	further	reduction	no	longer	produced	a	better	fitting	model	

using	the	‘stats’	package	in	R.		

	

6.	Forecasting	Climate	Change	

	In	order	to	forecast	future	fish	density,	climate	prediction	data	were	used	from	

one	of	NOAA	Geophysical	Fluid	Dynamics	Laboratory	(GFDL)’s	global	coupled	carbon–
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climate	Earth	System	Models	(ESM2M;	Dunne	et	al.	2013).	Environmental	data	used	to	

build	the	GLMs	were	correlated	with	similar	variables	in	the	ESM2M	climate	prediction	

model	for	years	where	predicted	data	overlapped	with	observed	data,	to	ensure	

congruence	between	the	data	types.	This	is	important,	because	feeding	GFDL	

parameters	that	are	not	congruent	with	parameters	used	to	construct	the	GLM	model	

would	lead	to	an	inaccurate	forecast.	GLMs	with	SST	and	relevant	wind	metrics	for	

warm	and	cool	groups	were	used	to	forecast	changes	as	strong	correlations	were	

present	between	GFDL	predicted	metrics	and	satellite	derived	data	used	to	build	the	

GLMs.	Chlorophyll	was	not	used	in	forecasting	despite	its	significance	in	one	of	the	best	

fitting	models,	because	the	GFDL	model	does	not	predict	chlorophyll	and	no	similar	

metrics	were	found	to	have	a	strong	correlation.	

	

GFDL	data	from	two	point	locations	(South	Point:	33.5	N,	119.5	W	North	Point:	

34.5	N,	120.5	E)	were	processed	similarly	to	empirical	input	data,	creating	annual	and	

summer	means	and	maximums.	GDFL	data	from	the	two	points	closest	to	the	northern	

Channel	Islands	were	then	fed	back	through	the	wind	and	SST	GLMs	for	which	

parameters	were	available	to	produce	long-term	forecasts	through	2100.	Data	were	

used	for	Representative	Concentration	Pathway	(RCP)	8.5	and	4.5	scenarios,	which	

represent	increased	and	continual	carbon	emissions	respectively	(Dunne	et	al.	2013).	

To	partition	the	effects	of	wind	versus	temperature,	forecast	models	using	only	SST	

(e.g.	typical	forecasts	used	in	other	studies)	were	compared	to	better	fitting	models	of	

SST	and	wind	metrics.	
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C. Results	

	
1.	Self-Organizing	Map	

Of	the	352	site-year	records,	the	majority	of	sites	sorted	into	four	nodes	that	

were	marked	by	low	species	influence	across	all	species,	meaning	no	individual	species	

had	an	outsized	effect.	These	nodes	were	in	close	spatial	proximity	to	each	other	on	the	

SOM	surface	and	had	low	neighbor	distances,	which	suggests	that	the	species	

composition	was	similar	across	sites	(Fig	9).	Overall,	only	three	nodes	exhibited	large	

neighbor	distances	and	those	nodes	were	relatively	sparsely	populated	with	sites	(e.g.	

‘outlier’	sites	for	a	given	year).	These	markedly	different	nodes	all	came	from	Anacapa	

and	Santa	Cruz	Island	and	have	large	influences	from	multiple	species,	which	mean	a	

number	of	species	had	outsized	roles	in	classifying	sites	in	each	node.	Most	nodes	

outside	of	the	3	most	populous	ones	were	comprised	of	communities	from	a	single	

Figure 9: Plots with the results of the SOM. A) the counts of communities 
within each node of the SOM. The more yellow a grid cell is, the more 
communities fall in that node. B) the neighbor distance or how similar 
communities in a given node are to adjacent nodes. The higher the neighbor 
distance the less similar communities in that node are to the surrounding 
nodes. 
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island	(Fig.10),	indicating	some	of	the	most	unique	communities	were	regionally	

restricted	and	not	widespread	throughout	region.			

	

	

Within	the	4	most	populous	nodes	(node	7,	5,	2,	10),	there	were	some	distinct	

biogeographic	patterns	(Fig.	10).	Based	on	these	results	from	the	SOM,	community	

biogeography	followed	a	longitudinal	gradient	with	sites	segmenting	across	western	

(San	Miguel	and	Santa	Rosa)	and	eastern	(Santa	Cruz	and	Anacapa)	islands.	Node	10	

was	comprised	of	sites	found	only	at	San	Miguel	Island	(n	=	26	sites).	Node	7	was	a	

western	island	node	comprised	mostly	of	sites	from	Santa	Rosa	Island	(n	=	47	sites)	

Figure 10: Plots with the results of the SOM. A) the counts of communities 
within each node of the SOM. The more yellow a grid cell is, the more 
communities fall in that node. B) the neighbor distance or how similar 
communities in a given node are to adjacent nodes. The higher the neighbor 
distance the less similar communities in that node are to the surrounding 
nodes. 
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and	San	Miguel	Island	(n	=	47	sites)	but	with	some	sites	from	the	western	end	of	Santa	

Cruz	Island	(n	=	18	sites).	Node	5	is	an	eastern	community	node	with	sites	from	

Anacapa	(n	=	32	sites)	and	eastern	Santa	Cruz	(n	=	54	sites).	Node	2	represents	sites	

from	the	center	of	the	region	with	the	majority	of	communities	from	Santa	Cruz	(n	=	32	

sites)	and	Santa	Rosa	(n	=	28	sites),	but	some	communities	from	Anacapa	(n	=	16	sites)	

are	represented.		

	

	

2.	Biogeography	and	Environmental	Drivers	

We	further	delineated	the	biogeographic	patterns	of	entire	kelp	forest	

communities	seen	in	the	SOM,	for	the	fish	assemblages	only.	To	do	this,	we	utilized	a	

fish	species	thermal	indicator	developed	prior	in	this	dissertation.	Warm	and	cool	fish	

species	densities	were	significantly	different	among	islands	(Fig.	11,	ANOVA,	cool	

Figure 11: The summed densities (fish/m2) of fishes for A) warm-affinity 
species and (B) cool affinity species are shown by island. Islands are 
oriented from West to East. Western islands have high density of cool water 
fishes that decrease towards the east. The opposite was observed for warm 
water fishes. 
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species	F1,6	=	88.52,	p	<	0.0001;	warm	species	F1,6		=	115.2,	p	<	0.0001)	and	followed	

a	longitudinal	pattern.	Warm	water	associated	species	were	more	abundant	in	the	east	

and	declined	in	density	to	the	west.	Cool	species	followed	the	opposite	pattern	with	

higher	densities	at	western	islands	and	lowest	densities	at	eastern	islands.	

	

	

3.	Forecasting	Climate	Change	

	Sea	surface	temperature	and	wind	had	significant	effects	on	both	warm-	and	

cool-water	fish	species	density	(Table	1)	with	chlorophyll	also	entering	the	best	fit	

model	for	cool	species.	The	best	fitting	model	for	warm	species	included	mean	summer	

SST,	max	annual	wind	energy	in	the	V	direction	and	mean	summer	wind	energy	in	the	

V	direction.	However,	only	mean	summer	SST	and	max	annual	wind	have	significant	

effects	on	warm	species	densities	(Table	1).	For	cool	fish	species,	the	best	performing	

model	included	mean	summer	SST,	mean	summer	wind	in	the	V	direction,	max	annual	

Chl-a	and	mean	annual	Chl-a.	All	of	these	factors	were	significant	in	the	cool	species	

Table 1: The summed densities (fish/m2) of fishes for A) warm-affinity 
species and (B) cool affinity species are shown by island. Islands are 
oriented from West to East. Western islands have high density of cool water 
fishes that decrease towards the east. The opposite was observed for warm 
water fishes. 
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model	(Table	1).	As	wind	drives	upwelling,	stronger	winds	play	an	important	role	in	

bringing	cool,	nutrient-rich,	deeper	water	to	the	surface.	Both	strong	winds	and	high	

Chl-a	are	likely	to	co-occur	with	cooler	water	temperatures	and	may	be	proxies	for	

cooler,	subsurface	water	temperatures	from	upwelling.	

	

	

In	the	SBC,	forecasted	increases	in	SST	will	likely	cause	changes	to	fish	density	

but	we	found	that	stronger	projected	winds	may	buffer	SST	effects,	likely	through	a	

concomitant	increase	in	upwelling	associated	with	winds.	Utilizing	GFDL	modelled	SST	

Figure 12: Forecast models for both warm (red colors) and cool (blue 
colors) fish species groupings are shown in the graphs below. Forecasts 
from the southern point are on the top while forecasts from the northern 
point on the bottom. Dashed lines represent forecasts that include wind 
metrics while solid lines represent forecasts that just include SST. In the 
warm species scenario, both the 8.5 RCP (maroon lines) and the 4.5 RCP 
(orange lines) show lower warm water species densities when wind metrics 
are included. Addition of wind metrics also slow the losses of cool water 
species in both the 8.5 RCP (purple lines) and the 4.5 RCP (blue lines) 
scenarios. Predictions of increased wind will likely buffer predicted SST 
increases by bringing cooler water from depth to the surface through 
upwelling. 
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data	only	into	the	GLMs	forecasted	increases	in	warm	fish	species	and	decreases	in	

cool	fish	density	(Fig	12).	Both	the	forecasted	increases	and	decreases	were	more	

pronounced	in	the	higher	emissions	scenario	(RCP	8.5)	compared	to	RCP	4.5.	However,	

the	addition	of	forecasted	wind	into	the	model	with	SST-only	created	a	buffering	effect,	

reducing	the	magnitude	of	warm	species	density	increases	and	cool	species	density	

declines.	Notably,	the	effect	of	wind	on	projected	increases	in	warm	species	almost	

completely	mitigates	the	potential	increase	(Fig.	12).	

	
D. Discussion	

Our	findings	show	that	kelp	forest	communities	along	the	northern	Channel	

Islands	are	latitudinally	structured	with	water	temperature	having	a	strong	influence	

on	biogeographic	patterns.	Patterns	in	both	the	SOM	on	whole	communities	and	from	

an	analysis	of	the	fish	assemblage	using	thermal	affinities	match	with	what	naturalists	

have	long	observed	in	the	region:	that	communities	at	each	island	are	unique	likely	due	

to	ambient	temperatures	(Claisse	et	al.	2018,	Caselle		et	al.	2018,	Hamilton	et	al.	2010,	

Caselle	et	al.	2015).	However,	the	SOM	allows	for	pattern	classification	on	smaller	

spatial	scales	than	other	studies	have	been	able	to	achieve	(Lamy	et	al.	2018,	Claisse	et	

al.	2017).	The	four	nodes	with	the	most	communities	on	the	SOM	show	longitudinal	

patterns	but	high	node	similarity	and	low	species	influence,	which	is	probably	due	to	

the	high	biodiversity	of	the	region.	But,	differences	between	nodes	still	elucidate	

biogeographic	patterns.		Most	nodes,	although	sparsely	populated,	comprised	

communities	from	a	single	island	and	the	4	most	populous	nodes	had	communities	

from	multiple	islands	but	sorted	in	distinct	regions:	far	west,	west,	central	and	east	
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island	communities.	These	results	highlight	the	extraordinary	diversity	and	small-scale	

variation	in	MTZs.	

While	thermal	affinity	indices	for	southern	California	invertebrates	and	algae	

have	not	yet	been	developed,	the	fish	community	exhibited	similar	community	

gradients	to	the	SOM	classification	as	warm	and	cool	fish	densities	were	significantly	

different	by	island.	If	distributions	are	truly	dependent	on	environmental	drivers	and	

not	simply	circulation	patterns,	our	analysis	suggests	that	both	SST	and	wind	are	

significant	factors	in	warm	and	cool	fish	density.	It	is	important	to	note	that	the	

relationship	between	upwelling	and	wind	in	southern	California	is	more	complex	

compared	to	north	of	Point	Conception	because	of	east-west	orientation	of	the	

coastline	(Caselle	et	al.	2010,	Oey	et	al.	2001,	Davis	1985).	In	the	SBC,	wind	driven	

upwelling	and	other	circulation	processes	interact	with	local	geomorphology	to	create	

complex	and	variable	circulation	patterns	(Fewing	et	al.	2016,	Harms	and	Winant	

1998);	which	means	wind	strength	is	not	the	sole	proxy	for	upwelling	strength	and	

anthropogenically	increased	winds	may	not	directly	cause	increased	upwelling	in	

Southern	California	(Brady	et	al.	2017,	Gracia-Reyes	and	Largier	2010).	Further	work	

will	be	needed	to	understand	how	localized	upwelling	will	respond	to	climate	driven	

changes	in	wind	in	Southern	California	and	how	that	might	differ	from	other	upwelling	

regions.	Additionally,	this	study	does	not	consider	the	potential	limitation	from	

circulation	patterns,	which	may	also	be	influenced	by	wind	and	which	have	been	

shown	to	be	an	important	factor	in	species	range	limitation	elsewhere	in	the	California	

Current	(Sanford	et	al.	2019,	Zacherl	et	al.	2003).	Therefore,	as	with	all	forecasting	

models,	some	caution	is	needed	when	interpreting	results.	
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At	approximately	16.2	°C	SST,	fish	communities	appear	to	shift	from	cool-water	

species	dominated	to	warm-water	species	dominated.	This	16.2	°C	SST	degree	break	

historically	falls	between	Santa	Cruz	Island	and	Santa	Rosa	Island	(Office	of	National	

Marine	Sanctuaries	2018,	Broitman	et	al.	2005,	Browne	1994)	but	recent	acute	warm	

water	stressors	have	pushed	that	boundary	much	further	to	the	west	and	north	

(Cavole	et	al.	2016,	Leising	et	al.	2015).	Other	work	has	shown	that	this	acute	

temperature	shift	has	already	altered	community	structure	in	the	region	and	the	

community	has	yet	to	return	to	a	pre-heat	wave	state.	In	2014-2015,	the	northern	

Channel	Islands	were	exposed	to	a	4°C	anomaly	during	the	warm	water	blob	event	that	

pushed	the	region	well	above	the	typical	summer	water	temperatures	of	13-17	°C	

(Office	of	National	Marine	Sanctuaries	2018,	Cavole	et	al.	2016).	This	16.2	°C	mark	may	

represent	a	tipping	point	for	fish	communities	in	the	area.	

Long-term	climate	change	will	almost	certainly	affect	kelp	forests	communities	

in	this	marine	transition	zone	region.	All	forecasts	with	GFDL	projected	data	show	cool	

water	species’	densities	declining	and	warm	water	species’	densities	increasing.	

Barring	species’	ability	to	adapt	to	increasing	temperatures	(Valladares	et	al.	2014,	

Garzón	et	al.	2011,	Chevin	et	al.	2010),	global	climate	change	will	likely	directly	alter	

local	biodiversity	and	community	structure	(Bowler	et	al.	2017,	Bates	et	al.	2013)	and	

potentially	through	effects	on	ecological	interactions	(Valiente-Banuet	et	al.	2014,	

Schweiger	et	al.	2008).	However,	over	the	long	term,	our	region	may	experience	a	

natural	buffer	to	predicted	increases	in	SST	increases	due	to	upwelling	(Doney	et	al.	

2012).	Globally,	predicted	increases	in	upwelling	via	wind	energy,	will	likely	buffer	

increasing	temperatures	for	marine	ecosystems	where	upwelling	occurs	(Sydean	et	al.	
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2014,	Doney	et	al.	2012,	Rykaczewski	and	Checkley	2008).	It	is	important	to	note	that	

there	could	be	other	negative	effects	of	upwelling	that	may	not	be	captured	by	our	

forecast.	For	example,	upwelling	can	carry	low	oxygen	levels	in	deep	water	to	the	

surface	(Roegner	et	al.	2011)	and	the	effects	of	this	on	kelp	forest	organisms	will	

require	additional	research.	However,	the	potential	buffering	effect	of	increasing	winds	

may	make	the	northern	Channel	Islands	unique	compared	to	other	MTZs	where	wind	

driven	upwelling	is	absent.	Since	upwelling	has	a	significant	effect	on	predicted	fish	

densities,	this	study	argues	for	consideration	of	upwelling	in	future	forecast	models	

where	appropriate.	As	most	forecast	studies	to	date	use	primarily	species	thermal	

envelopes	to	predict	climate	impacts,	our	study	demonstrates	that	other	relevant	

environmental	factors	can	affect	predictions	and	interpretations	in	forecast	models	

(also	see	Bowler	et	al.	2017,	Pearson	and	Dawson	2003).	Local	mitigating	

environmental	conditions	could	potentially	have	significant	roles	in	shaping	climate	

change	outcomes	for	regional	ecological	communities.	

Over	the	long	term,	community	change	brought	about	by	warming	ocean	

temperatures	will	likely	force	resource	managers	to	adjust	human	uses	and	

conservation	strategies	(Green	et	al.	2014,	Magris	et	al.	2014,	McLeod		et	al.	2008).	

Resource	managers	will	have	to	plan	for	the	loss	and	emergence	of	ecosystem	services	

as	species	with	particular	thermal	affinities	are	pushed	into	or	out	of	a	region.	Here,	

warm	species	did	not	show	extreme	increases	in	the	forecast	in	response	to	increasing	

temperatures	(Bates	et	al.	2017,	Bowler	et	al.	2017),	which	may	mean	management	of	

those	species	can	remain	constant.	However,	this	study	does	not	account	for	the	

introduction	of	new	warm	water	species	that	have	not	been	previously	observed	at	the	
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Channel	Islands	(Tuckett	et	al.	2017,	Hellman	et	al.	2008,	Occhipinti-Ambrogi	2007).	

Community	change	occurring	at	the	western	islands	(San	Miguel	and	Santa	Rosa)	could	

be	indicative	of	future	scenarios	for	more	northern	locations	in	the	CCLME.	As	waters	

warm	around	the	western	islands,	the	cool	water	communities	identified	by	the	SOM	

and	thermal	classification	scheme	will	decline	and	be	replaced	by	warmer	water	

species.	Managers	and	scientists	can	use	the	western	islands	to	test	climate	mitigation	

strategies	because	cooler	ecosystems	on	the	edge	of	MTZs	will	likely	be	affected	sooner	

than	those	in	more	thermally	stable	waters	(Assis	et	al.	2017,	Wernberg	et	al.	2016,	

Frasier	et	al.	2014).	It	is	important	to	note	while	this	study	predicts	that	environmental	

drivers	will	shift	the	densities	of	warm	and	cool	species,	it	does	not	consider	impacts	to	

species	interactions	and	one	could	assume	that	the	interactions	between	the	warm	and	

cool	species	will	diminish	as	climate	changes.	New	species	interactions	may	arise	in	the	

place	of	interactions	lost	or	ecosystems	may	experience	additional	shifts	if	species	

interactions	aren’t	there	to	stabilize	them	(Caselle	et	al.	2018,	Filbee-Dexter	and	

Wernberg	2018,	Perry	et	al.	2005).	

Because	the	dominant	water	flow	direction	in	areas	north	of	the	Channel	

Islands	is	from	pole	to	equator,	it	is	difficult	for	species	to	shift	ranges	poleward	

against	the	primary	flow	direction.	Warm	species’	expansion	north	past	Point	

Conception	(a	well-known	biogeographic	break;	Horn	et	al.	2003)	through	larval	

dispersal	will	require	a	number	of	flow	reversal	events	(Huyer	et	al.	2002,	Korso	2002)	

to	establish	northern	populations	that	will	then	be	able	to	act	as	source	populations	for	

reefs	further	south.	There	have	been	a	few	recorded	instances	where	warm	waters	and	

water	flow	reversals	have	co-occurred	in	the	California	Current	and	allowed	the	



 

 70 

establishment	of	warm	species	populations	beyond	their	typical	habitats	both	during	

El	Niño	and	marine	heatwave	events	(Sanford	et	al.	2019,	Zacherl	et	al.	2003).	Because	

climate	predictions	to	date	have	not	included	these	acute	climate	events	in	long-term	

forecasts	and	the	frequency	at	which	these	events	will	occur	is	unknown,	we	cannot	be	

sure	how	these	co-occurring	flow	reversals	and	warm	water	events	will	impact	species	

range	shifts.	Adult	migration	may	also	contribute	to	predicted	expansion	of	warm-

water	species	as	individuals	move	into	reefs	north	of	Point	Conception	that	have	

warmed	to	tolerable	temperatures	(Sanford	et	al.	2019).	Cool	water	species	in	the	

region	may	be	locally	extirpated	if	their	larvae	cannot	successfully	recruit	to	reefs	that	

become	warmer	than	years	prior.	This	likely	means	fisheries	will	shift	and	managers	

should	consider	prioritizing	the	take	of	warm	water	targets	over	cooler	water	species	

or	encourage	the	creation	of	new	fisheries	for	warm	water	species	(Pörtner	and	Peck	

2010,	Chueng	et	al.	2009,	Perry	et	al.	2005).	Although	this	strategy	will	likely	not	save	

cold	species	over	the	long	term,	it	will	help	fishery	communities	become	more	resilient	

to	long	term	climate	change.	Resource	managers	also	need	to	understand	the	utility	of	

current	conservation	strategies	to	combat	climate	change	effects	and	continually	

perform	management	strategy	evaluations	as	prior	work	shows	that	MPAs	alone	are	

likely	not	a	silver	bullet	to	manage	climate	impacts	(Allison	et	al.	1998).	

	

From	a	global	perspective,	this	study	shows	the	utility	of	MTZs	to	understand	

change	in	Large	Marine	Ecosystems	(LMEs).	Our	work	in	the	northern	Channel	Islands	

MTZ	shows	that	upwelling	may	help	limit	temperature-related	ecosystem	change	and	

upwelling-dominated	LMEs	may	be	more	resilient	to	climate	change	(Doney	et	al.	
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2012).	As	climate	change	progresses,	loss	of	species	interactions,	localized	

extirpations,	invasions	of	new	species,	and	changes	in	environmental	factors	that	

mitigate	or	act	synergistically	with	rising	temperatures	will	shape	local	ecology	in	ways	

current	thermal	envelope	forecasts	cannot	predict.		Focus	should	be	given	to	creating	

monitoring	programs	in	MTZs	and	using	them	as	“sentinel	sites”	as	they	provide	the	

one	of	the	best	opportunities	to	understand	change	in	LMEs	over	the	next	century.	

Defining	the	important	environmental	co-factors	with	increasing	temperature	is	

critical	to	resource	management	and	best	done	in	MTZs	where	large	environmental	

gradients	structure	diverse	communities	over	small	spatial	scales.	
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