
A research network and contingency plan for monitoring and 
responding to marine disease emergencies 

 

Authors 

Sarah Gravem, Silke Bachhuber, Jennifer Burnaford , Laurel Field, Katie Gavenus, Alyssa 
Gehman,  Maya Groner, Sara Hamilton, Noah Jaffe, Lauren Schiebelhut, and Melissa Miner 

Contributors 

Rylee Ann Alexander, Michael Behrens, Evonne Collura, Dalin D'Alessandro, Chris Eardley, 
Steven Fradkin, Caitlin Hadfield, Joel Hollander, Camille Hopkins, Corey Garza, Cori Kane, David 
Kushner, Amy Olsen, Melissa Pespeni, Steven Rumrill, Dick Vander Schaaf, Michelle Segal, and 

Stephanie Tsui 

Potential Journals 

Diseases of Aquatic Organisms (DAO) 

Conservation Biology 

Journal of Zoo and Wildlife Medicine 

J American Veterinary Medical Association 

Philosophical Transactions of the Royal Society B 

MEPS 

Frontiers in Ecology and the Environment 

 

1 

https://www.int-res.com/journals/dao/about-the-journal/
https://www.wiley.com/en-us/Conservation+Biology-p-9780JRNL58791
https://bioone.org/journals/journal-of-zoo-and-wildlife-medicine?gclid=CjwKCAjwqJ_1BRBZEiwAv73uwLXn3lc3oP_BXI3Yl8Sb2f9eDIfADBqtIkQmbeUKkQBXR-nfCMtnlRoCtroQAvD_BwE
https://royalsocietypublishing.org/journal/rstb
https://royalsocietypublishing.org/journal/rstb


 

Macrocystis pyrifera forms large kelp beds that are the foundation of their ecosystems. It 

provides carbon sequestration, food for abalone and nursery habitat for rockfish. This species 

has not undergone a disease emergency, but if one occurred it would be devastating to 

nearshore ecosystems and economies. The goal of the PRIMED network and of the contingency 

plan covered here is to prepare for this type of scenario.  Photo by Heather Fulton-Bennett in the 

Channel Islands, California  
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Abstract  
Marine diseases are on the rise worldwide, and the close relationship between ocean 

and human health means that preparing for future marine disease emergencies is crucial. 
Establishing ecosystem health baselines, detecting emerging diseases in marine wildlife, and 
responding in time to manage an outbreak requires a monitoring network to be in place before 
a disease emergency takes place. When an outbreak occurs, having an established responder 
network enables researchers to immediately begin to identify the etiologic agent, track disease 
progression, assess the ecological or economic consequences, and determine the most 
effective management strategies. Here, we first introduce a collaborative marine disease 
outbreak monitoring network PRIMED: Primary Responders In Marine Emergent Diseases 
(www.PRIMEDNetwork.org). The purpose of the PRIMED network is to quickly and effectively 
detect and respond to marine disease emergencies. We then present a marine disease 
outbreak contingency plan aimed to guide coordinating efforts to document, research, and 
potentially mitigate future marine wildlife disease emergencies. We focus on a scenario where 
a suspected infectious disease has caused a sudden increase in mortality of an unfished, 
unprotected, marine wildlife species. But much of the plan is relevant for a non-pathogenic 
mortality event or a protected or economically valuable host species. The contingency plan has 
three sections that align with the three PRIMED working groups: Diagnostics & Disease 
Dynamics, Ecology & Environment, and Mitigation & Remediation. For each section, we 
describe major research and management goals, then detail the action items needed to fulfill 
that goal either before, during, or after an outbreak. Marine disease monitoring and response 
networks like PRIMED are necessary for adequately addressing marine disease emergencies. 
We recommend strategies for mitigation and prevention of outbreaks within and outside of the 
scope of the network, emphasizing challenges associated with executing management 
strategies in the marine environment. Given the expected increase in frequency and severity of 
marine disease outbreaks with climate change, and our dependence on coastal ocean 
resources, we emphasize the importance of infrastructure to address and prevent disease 
outbreaks to policymakers and communities.   
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Introduction 
Marine Diseases Are On The Rise 

Coastal marine ecosystems are intricately linked to human health and well-being. They 
provide valuable ecosystem services including food from fisheries and aquaculture, protection 
of adjacent land from storms, and tourism (Ruckelshaus et al. 2013). These services are 
threatened by marine disease outbreaks, which can permanently alter community structure, 
especially if the host is a top predator or foundation species (Lafferty et al. 2004, Burge et al. 
2014, Harvell et al. 2019, Harvell and Lamb 2020). While disease is a natural component of any 
ecosystem, marine diseases  are increasing globally for many taxa due in part to increased 
human activity and climate change (Lafferty et al. 2004, Ward and Lafferty 2004, Fey et al. 
2015, Tracy et al. 2019). Climate change  can lead to an increase in marine disease through a 
range of mechanisms. Warming water temperatures and more frequent marine heat waves are 
associated with multiple disease outbreaks (Harvell et al. 1999, Lafferty et al. 2004, Burge et al. 
2014, Oliver et al. 2019, Tracy et al. 2019). In general, warming increases pathogen growth, 
virulence and range (Harvell et al. 2002, Cohen et al. 2018). It can also cause both 
immunosuppression or increased immune response in the host (Harvell et al. 2002, 2009, 
Mydlarz et al. 2006, Cohen et al. 2018). Some evidence suggests that warming and 
environmental stress can be linked to marine dysbiosis (an imbalance in the microbiome), 
which is increasingly recognized as a cause of or precursor to many diseases in humans, and has 
been implicated in disease outbreaks in coral, lobsters and sea stars (Meres et al. 2012, Egan 
and Gardiner 2016, Lloyd and Pespeni 2018). Increased vulnerability to disease can also be 
caused by other climate change-related stressors, or these stressors can compound the effects 
of warming temperatures (reviewed by Harvell et al. 2002, Burge et al. 2014). For example, 
ocean acidification may weaken immune function (Doney et al. 2009, Kroeker et al. 2013, 
Brothers et al. 2016), and increased storm events and associated run-off can cause physical 
damage and transport pathogens, which can increase vulnerability to disease (Lafferty et al. 
2004, Mydlarz et al. 2006, Scheibling and Lauzon-Guay 2010, Haapkylä et al. 2011). Finally, 
climate change is driving range expansions of host species and pathogens, bringing pathogens 
into contact with naive populations.  

The rising frequency of disease outbreaks is also linked to increased movement of 
organisms due to human transport and shipping. The aquarium trade transports live organisms 
and their disease agents all over the globe (Williams et al. 2013).  Aquaculture of economically 
valuable species can lead to spillover and spillback of pathogens to and from wild hosts 
(Williams et al. 2013). Shipping transports a multitude of potential disease agents in ballast 
water (Rivera et al. 2012, Pagenkopp Lohan et al. 2016). Intentional movement or remediation 
of previously fished populations for conservation purposes could also increase pathogens and 
parasites (Wood et al. 2010). Finally, the dramatic increase in non-native species’ introductions 
around the world contributes to the rise of invasive pathogens (Crowl et al. 2008). Further, 
marine diseases pose unique challenges to management because marine environments are 
harder to access, pathogens are transported by currents, invertebrates have very different 
immune systems than vertebrates, and the ubiquity of pelagic larval phases has profound 
consequences for both disease and population dynamics (Gravem et al. n.d., McCallum et al. 
2004). The prospect that marine disease outbreaks will increase and that managing is 
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challenging, requires that scientists and managers become proactive about detecting, 
understanding, and addressing disease emergencies (Gravem et al. n.d., Burge et al. 2014, 
Groner et al. 2016).  

Preparing for future disease emergencies is crucial 

While the exact conditions and timing of disease outbreaks are very hard to predict, 
creating response plans for disease emergency scenarios will enable scientists and managers to 
be better prepared should an outbreak occur.  A disease emergency occurs when an infectious 
disease causes large declines in the host population, resulting in endangerment of that taxon, 
or precipitates lasting ecological, economic or social impacts. Therefore, not every disease 
outbreak constitutes a disease emergency (Groner et al. 2016).  During a suspected disease 
emergency, effective data collection and mitigation can be extremely time-sensitive. Thus, 
infrastructure to launch an adequate response must be in place before a disease emergency 
takes place (Gravem et al. n.d., Burge et al. 2014). Having a disease monitoring network 
enables 1) assessing background population densities  for both the affected species and their 
community members, 2) cataloguing the physical signs that may indicate infected versus 
healthy organisms, 3) establishing baseline data on “background levels'' of disease and 
genetic diversity, and 4) employing strategic time-series sampling that could track the rate of 
disease spread that can lend invaluable insight into the cause. When a marine disease 
emergency has been detected, the monitoring network can then notify a responder network. 
Having a pre-identified disease responder network enables  1) determining the urgency of the 
response, 2) rapidly collecting tissue samples for establishing the cause and signs of the 
disease, 3) conducting time-sensitive population health, and ecological surveys, and 4) 
determining what measures are needed and feasible for preventing or mitigating disease 
spread. For these reasons, we have established the Primary Responders in Marine Emergent 
Diseases (PRIMED) Network for the North American West Coast  and developed a contingency 
plan that uses sub-networks to both monitor and rapidly respond to marine disease outbreak 
scenarios.  
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Box 1: Sea star wasting and the need for the PRIMED Network 

The 2013-2015 outbreak of sea star wasting syndrome (Fig. 1) affected over 20 species from 
Baja California to Alaska (Hewson et al. 2014). Mortality rates for the major predator 
Pycnopodia helianthoides were at 99-100%, with no indication of recovery so far (Harvell et 
al. 2019). Some species were well-studied before the outbreak (e.g. Pisaster ochraceus, P. 
helianthoides), so a rapid response by ecologists allowed fairly good estimates of extent and 
severity (Eisenlord et al. 2016, Menge et al. 2016, Montecino-Latorre et al. 2016, Schultz et al. 
2016, Burt et al. 2018, Miner et al. 2018, Moritsch 2018, Schiebelhut et al. 2018). However, 
the effects on many other species (e.g. Pisaster brevispinus, Solaster dawsoni, Orthasterias 
koehleri, Leptasterias spp.) are not well understood. While epidemiological studies started 
shortly after the outbreak (Hewson et al. 2014, Fuess et al. 2015, Gudenkauf and Hewson 
2015) the cause of the outbreak is unresolved and may be multifactorial (Lloyd and Pespeni 
2018, Hewson et al. 2018, Aalto et al. 2020). The event was so widespread that no known 
naive wild individuals remain, so any post-outbreak epidemiological investigations of the 
cause are extremely challenging. Further, very few animals or tissues were properly 
preserved during the outbreak, so understanding the cause using forensic techniques is not 
viable. Ultimately, the response to SSWS was substantial, but we believe many of the 

scientists (including 
many of the 
co-authors) could 
have been much 
more prepared. 
Should another 
similar marine disease 
outbreak occur, we 
believe a cohesive 
monitoring and 
response network like 
PRIMED, would 
enable scientists to 
avoid some of the 
missed opportunities 
that occurred in this 
case.  

Fig. 1. The sunflower 
sea star Pycnopodia 
helianthoides 
exhibiting sea star 

wasting syndrome symptoms in the Puget Sound, Washington in 2013. This species was once 
common in the Puget Sound, but is now very rare.  



The PRIMED Network 
We introduce a collaborative marine disease outbreak monitoring network PRIMED: 

Primary Responders In Marine Emergent Diseases (www.PRIMEDNetwork.org). The purpose of 
the network is to quickly and effectively detect and respond to marine disease emergencies 
using the steps outlined by the contingency plan (Fig. 2). We plan to meet that goal by 1) 
connecting individuals from various research and management entities, including state and 
federal agencies, academic institutions, tribes, NGOs, zoos, aquariums, etc. 2) involving 
scientists and managers with varied scientific expertise, including epidemiologists, 
parasitologists, disease modelers, ecologists, molecular ecologists, aquaculturists, veterinarians, 
microbiologists, immunologists, and wildlife managers. 3) including members that study a 
diversity of taxa, from seaweeds to invertebrates, fish, mammals and seabirds. This is especially 
important since disease in one species can have far-reaching community impacts. Our 
immediate goal is to establish this network on the North American Coast, with the hope that 
our structure could be utilized for expansion of the network to other regions. Collaboration 
across these dimensions can lead to novel insights, and increase scope of the disease response, 
and lead to a better understanding of how we can control disease outbreaks (Johnson et al. 
2015).  

The PRIMED Network consists of two sub-networks: Monitoring and Response, which 
are in turn divided into working groups (Fig. 3). The monitoring sub-network members are 
regularly out in coastal areas conducting research and are supplementing already-existing 
widespread population monitoring to include data collection on marine wildlife health. The 
response sub-network members include those who can be called upon for response during a 
suspected marine disease emergency. The response network is able to rapidly mobilize and can 
draw upon the expertise and resources of members (e.g. UCD Wildlife Health Center, USGS 
Western Fisheries Research Center). Many members are part of both sub-networks, and the 
working groups span both sub-networks. Working groups are focused on diagnostics and 
disease dynamics, ecology and environment, and mitigation and remediation. The diagnostics 
and disease dynamics group is working to define baseline health indices pre-outbreak, identify 
pathogens and transmission dynamics, and understand host disease response. The ecology and 
environment group monitors population metrics and health of host species and assesses and 
responds to the ecological impacts of a disease outbreak (e.g. SSWS, Box 1 and Fig. 1). Finally, 
the mitigation and remediation working group provides plans for management actions that can 
slow or contain a disease outbreak and mitigate the economic, social, and cultural impacts 
during and after the outbreak. This spatially informed network design facilitates coordination of 
individuals, groups and institutions that focus on marine disease research and management. 
This in turn provides infrastructure for preserving biological samples, collecting environmental 
and ecological data, and generating results.  
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Figure 2. This interactive map on the PRIMED website www.PRIMEDNetwork.org shows our 
network of research labs, academic institutions, government agencies, non-profits, aquariums, 
and others. Members of the public can click on each marker to see details about each member 

(example node shown on the left). 
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Diagram showing the network structure of PRIMED.  

Figure 3. While preparation for unknown disease outbreaks is challenging, our goal is to 
develop flexible infrastructure pre-outbreak to enable rapid detection and response following a 
disease outbreak. Communication among researchers (scientists, citizen science organizers, 
state agencies, NGOs) and with stakeholders is essential to this effort, and the network is 
structured to facilitate collaboration. The open, collaborative structure allows for reevaluation 
of the reach and breadth of the developed network to confirm that all groups doing relevant 
work are involved, and new members can be easily added. Yearly workshops with network 
members ensure network members remain in collaboration, improve upon protocols and 
contingency plans, and continue to develop governance structure and vision for the long-term 
goals of the network. While PRIMED is somewhat geographically limited to ensure connectivity 
between members, issues, and events, we hope the contingency plan can serve as a template 
for addressing marine disease emergencies in other geographic regions. For more, please visit 
www.PRIMEDNetwork.org). 
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The Contingency Plan 
Intent and Scope  

We outline a marine disease contingency plan that guides coordinated efforts to 
document, research, and potentially mitigate future marine disease emergencies. It is based on 
a scenario presented to the co-authors, who are marine scientists and managers, at a Marine 
Disease Outbreaks workshop held in November 2018 in Portland, Oregon. The workshop was 
hosted by Oregon State University and funded by the BAND Foundation.  

In the scenario, the public or scientists have noted a sudden increase in sick or dying 
individuals of one or more marine wildlife species. We assume that the severity, expanse and 
time course of the event is unknown. We also assume the cause is unknown, but is suspected 
to be a disease due to a pathogen. While the Marine Disease Contingency Plan is intended to 
address infectious disease outbreaks in an unprotected, unfished marine wildlife species, the 
contingency plan would still be a valuable toolkit for at least three alternate scenarios. These 
include scenarios where 1) the mortality event is not caused by an infectious disease, 2) the 
disease occurs in an endangered or protected species, or 3) the disease occurs in a 
commercially or recreationally harvested species. In each of these alternate scenarios, we 
briefly outline which goals or actions in the contingency plan would become more or less 
important and whether additional considerations would be needed in Box 2. Finally, we have 
noted additional recommendations and criteria for sampling and remediation in areas of 
cultural or environmental significance, especially on Native American, Alaska Native, or First 
Nation lands. 

Building On Existing Disease Emergency Frameworks 

This proposal builds upon recommendations and research by other networks of 
researchers. Recognizing that disease is a natural dynamic in many species, the NSF funded a 
research coordination network on the ecology of infectious marine diseases in 2012 (award 
#1215977). The group  defined a marine disease emergency  as one that has substantial 
negative effects on ecosystems, economic systems, and social systems (Groner et al. 2016). 
These events are distinguished from other naturally-occurring disease events of lesser impact. 
Due to the potential for large direct and indirect impacts, these diseases justify management. 
The five components of the marine disease emergency response are (Groner et al. 2016):  

1) Surveillance, which can lead to earlier detection, definitions of ‘baseline’ states and increase 
opportunity for control.  

2) Research to develop diagnostic tools, identify and model transmission processes, investigate 
host-pathogen-environment dependencies and investigate potential management actions.  

3) Communication of findings to the management community and stakeholders. 

4) Mitigation of direct disease impacts through manipulation of host (e.g., selective breeding, 
culling, medicinal interventions, pathogen (e.g., biosecurity practices, phage therapy) or 
environment (e.g., reduction of stressors).  

5) Mitigation of indirect ‘downstream’ impacts to ecosystems, economic systems or social 
systems.  
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With the formation of the PRIMED network and the development of the below 
contingency plan, we directly address both the surveillance and communication components 
above. We also intend to enable research and mitigation components in the future if and when 
disease emergencies occur. 

Contingency plans have been created for emerging diseases including coral diseases, 
Batrachochytrium salamandrivorans (Bsal) in salamanders, and white-nose syndrome in bats 
(Woodley et al. 2008, Beeden et al. 2012, Hopkins et al. 2018, Canessa et al. 2020). These and 
most other contingency plans address responses to emerging diseases with known etiologic 
agents or a specific taxon, and for which scientists have often developed diagnostic tools. The 
contingency plan described here is unique in its wider breadth: it covers disease outbreaks that 
may be specialist or generalist, for which we may not have diagnostic tools, and which may 
have unknown etiologies. Further, the hosts involved in these marine diseases may be from 
wide taxonomic groups. As a result, information about the timeframe, species affected, and 
progression of the diseases may not be known and surveillance methods for many diseases may 
not be developed.  

Structure of the Marine Disease Emergency Contingency Plan 

The Marine Disease Emergency Contingency Plan is divided into three main sections, 
Diagnostics and Disease Dynamics, Ecology and Environment, and Mitigation and Remediation, 
to address the three overarching questions. Within each section, detailed goals and action 
items have been identified. For each action item, we also indicated whether the action is 
appropriate before, during or after an outbreak. A schematic summarizing the timeline of each 
action is shown in Figure 4.  

Questions Addressed: 

1. What type of biological samples are needed to identify, monitor, and manage an 
outbreak event? (Diagnostics and Disease Dynamics) 

2. What type of ecological or environmental data are needed to identify, monitor, 
and manage an outbreak event?  (Ecology and Environment) 

3. What mitigation and remediation strategies should we consider during and after 
an outbreak event? (Mitigation and Remediation)  
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Box 2. Alternate Scenarios 

1) Mortality event not caused by infectious disease: A disease can cause widespread 

mortality without being infectious or caused by a pathogen. Examples include mortality 

from harmful algal blooms, low oxygen events, marine heat waves, and oil spills. While 

our plan is not targeted to these cases, many of the goals and actions we outline would 

be easily adapted to this scenario. Most fundamentally, the monitoring network would 

provide a baseline to which to compare changes in populations and ecosystems (e.g. DD1, 

EE2). Further, the response network could also be activated to track the mortality event 

itself. While many of the specific action items regarding host-pathogen interactions and 
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disease transmission wouldn’t be relevant (e.g. DD 2.3-2.4), those investigating the cause 

of the outbreak and the consequences for the host or the ecosystem would be easily 

transferable (e.g. Actions DD2.1, DD2.2, DD2.5, EE6.2, EE6.3, Goals DD3, EE3-5, MR2-3).  

2) Disease outbreak in an endangered/protected species: In this case, nearly all of the goals 

in the contingency plan would be actionable, but with additional considerations. First, 

gathering tissue samples, performing diagnostic experiments, and surveying the species 

(Goals DD1-3, EE2) would require increased agency oversight, approved permits, and/or 

may not be possible. The major consideration for these goals would be to “do no harm” 

to the species while responding to the disease. Further, the urgency of the response for 

nearly every mid- and post-outbreak action item would be heightened. Finally, the 

mitigation and remediation goals would become paramount and may need to be pursued 

rapidly and sometimes using little information. For example, containing or slowing the 

disease outbreak would be essential, and an aggressive pursuit of management actions to 

protect or restore host populations would likely be necessary just after the outbreak 

begins.  

3) Disease outbreak in a commercially harvested or aquacultured species: In this scenario, 

the knowledge base for a disease and a host species may be much higher, making some 

actions unnecessary (e.g. identifying the symptoms and immune response (Goals DD3) or 

developing tissue sampling and field survey protocols (Goals DD1 and EE2). The dynamics 

of transmission may also be much more complicated, especially if the pathogen is being 

exchanged between wild and captive populations or influenced by harvesting practices 

(Goals DD2, EE3, EE6 and MR1). Further, many of the other goals would become much 

more urgent, including identifying the cause, determining the consequences of decline, 

modeling disease dynamics, slowing the outbreak, and mitigating the economic, social 

and cultural consequences of host decline (Goals DD2, EE4, EE6, MR1, and MR3). Finally, 

the community members that should be involved in any response actions would certainly 

become more diverse and multi-faceted. 



  

Figure. 4. A schematic showing each action item in the contingency plan. The left boxes 
in blues indicate which working group should pursue each action item and the Goal and Action 
Item index number corresponding to the contingency plan (DD: Diagnostics & Disease Ecology, 
EE: Ecology & Environment, MR: Mitigation and Remediation). The timeline for each action item 
is indicated as pre-outbreak (green), mid-outbreak (yellow), or post-outbreak (orange).   
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Diagnostics and Disease Dynamics 
Overview 

Understanding the cause, consequences and dynamics of disease is the most 
fundamental step in managing a disease emergency. Without understanding the disease itself, 
many subsequent steps in monitoring or responding to a marine disease emergency can be 
challenging or  impossible. The Diagnostics and Disease Dynamics section of the contingency 
plan focuses on 1) establishing baseline health indices before an outbreak, 2) identifying the 
causative agent and transmission dynamics of an outbreak, and 3) understanding the symptoms 
of and response by the host species after exposure. We focus here on the types of samples to 
collect (e.g. Fig. 5) and laboratory experiments needed during different phases of the outbreak 
to address the goals above.  

 

Figure 5. PRIMED member Laurel Field samples a symptomatic Pisaster ochraceus for the 
still-unidentified sea star wasting syndrome pathogen in 2018 near Cape Perpetua, Oregon. 

Photo by Sarah Gravem 

  

14 



Goals and Action Items: Diagnostics and Disease Dynamics (DD) 

Goal DD1: Gather information on the health of target marine species 

Action Item DD1.1: Develop protocols for collecting tissue samples to track health of 
target marine species (see Goal EE1.1 for target species). These protocols would be 
employed before outbreaks for establishing health baselines (DD1.2) and over time to 
track health (DD1.3) and help determine the causal agent (DD2). Types of samples could 
include either 1) collecting and storing (e.g. freezing) whole organisms, 2) sublethally 
collecting samples from live organisms (e.g. blood draws, tissue samples, fin clips), or 3) 
collecting samples associated with those animals (e.g. feces). Types of handling and 
storage techniques could include 1) freezing samples for later DNA and RNA extraction, 
histology, or necropsy 2) preserving samples in ethanol for later DNA or pathogen 
analysis, and 3) fixing samples in reagents that allow transcriptomic analyses (e.g. 
RNALater). (pre-outbreak) 

Action Item DD1.2: Using the protocols established in DD1.1, establish a health baseline 
by collecting samples of healthy targeted species. These baseline samples can be an 
invaluable asset when assessing both the cause and consequences of disease outbreaks. 
Further, collecting these samples after an outbreak has occurred is sometimes 
impossible (Protocols developed in DD1.1). (pre-outbreak) 

Action Item DD1.3: Using the protocols established in DD1.1, collect tissue samples to 
track the health of target marine species during and after an outbreak. Sampling teams 
will need to be rapidly mobilized from areas both within and outside of the geographic 
extent of the outbreak. Samples should include both healthy and diseased animals 
exhibiting differing levels of severity. This should be done in coordination with 
population and health metrics surveys done by the Ecology and Environment Working 
Group (EE2.2). (pre-, mid- and post-outbreak) 

Goal DD2: Conduct field and laboratory experiments to identify the causal agent of disease 
and its transmission dynamics 

Action Item DD2.1. Collect samples in the nearby environment that could harbor or 
transmit the pathogen. This includes abiotic samples (e.g. water and sediment), closely 
related species that could act as reservoir hosts, or potential vectors (e.g. parasites, 
predators, herbivores, prey species, humans, vehicles, or infrastructure). If found, 
communicate this to the Mitigation & Remediation working group to institute measures 
that reduce transmission (Goal MR1). (mid-outbreak) 

Action Item DD2.2: Conduct experimental treatments in the laboratory animals to test 
disease agents and transmission modes using Koch’s postulates where possible. 
Broadly, this includes infection experiments that identify the causal pathogen. (mid and 
post-outbreak) 

Action Item DD2.3: Develop a diagnostic test for the disease to indicate whether an 
organism is infected or uninfected. Identify the sampling and storage protocols and the 
infrastructure requirements for this test to be administered successfully on new 
specimens. Create a sampling protocol and ideally sampling kits that can be distributed 
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to the Ecology & Environment Working Group and others for consistent handling of 
samples (EE2.2, EE5.2). (mid-outbreak) 

Action Item DD2.4: In collaboration with the Ecology and Environment Working Group, 
identify possible stressors that may trigger or exacerbate an outbreak (see EE3.1 for 
details). Then, experimentally test the influence of important potential stressors on 
disease dynamics in laboratory trials. (mid and post-outbreak) 

Goal DD3: Identify the signs of the disease and the immune responses of the host species.  

Action Item DD3.1: Create case definition of disease based on the most common 
susceptible species, most common clinical signs, and disease progression. Determine a 
simple scale of severity based on visible signs, and share this scale with the Ecology & 
Environment Working Group so that consistent assessments can be performed in the 
field (EE2.2). (mid-outbreak) 

Action Item DD3.2: Investigate the immune response of the host to infection using 
laboratory trials. Areas of interest include histopathology, host transcriptomic response, 
microbiome composition, and proteomic immune response to experimental infection. 
(mid-outbreak) 

Action Item DD3.3: Investigate the response of the host microbiome to infection using 
field collections and laboratory trials. If possible compare with pre-outbreak samples 
(DD1.2). Analyze microbiomes of healthy, diseased, exposed and unexposed individuals. 
(mid-outbreak) 

Action Item DD3.4: Investigate ways to support successful resistance, immune response 
or recovery of host to infection. Considerations for this would depend on the nature of 
the pathogen (e.g. bacterial, viral or protist) (see DD2.2), the importance of multiple 
stressors in triggering the disease (e.g. temperature, pollutants) (identified in EE3.1), or 
the transmission mode (e.g. via a vector or due to human activity) (identified in EE3.2). 
Share this information with the Mitigation and Remediation Working Group (Goal MR2). 
(mid- and post-outbreak) 
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Ecology & Environment 
Overview 

Disease outbreaks can have devastating impacts on host species, and can result in 
significant and lasting impacts to an entire ecosystem, particularly when the host is a keystone 
or foundation species. In this section, we focus on: 1) identifying target species, 2) developing 
protocols to assess health and other population metrics for these species 3) determining 
whether environmental factors influence disease dynamics, 4) assessing the ecological, 
economic and cultural consequences of disease, 5) examining resistance, resilience and 
adaptation to disease, and 6) developing models to assess transmission dynamics, extinction 
risk and to forecast future disease. We recognize that establishing a marine disease monitoring 
network for many taxa over a large geographic area (e.g. the North American West Coast) is a 
monumental undertaking. Instead of attempting to build such a network from scratch, we 
suggest leveraging already-existing programs in the region (e.g. Fig. 6) by inviting the program 
leaders to become network members. Importantly, many of the actions recommended below 
to be performed prior to an outbreak will contribute greatly to our overall knowledge of the 
species and ecosystems in question, regardless of whether a disease emergency should occur in 
that system or locale.  

Figure 6. PRIMED 
researchers from 
Oregon State 
University and 
University of 
California Santa 
Cruz are also part 
of the Partnership 
for the 
Interdisciplinary 
Studies of Coastal 
Oceans group 
(PISCO). PISCO 
routinely surveys 
organisms in the 
nearshore 
ecosystem, and 
PRIMED is 
partnering with 
this and similar 
existing monitoring 

programs to track health. Big Sur Coastline, California. Photo by Laurel Field 
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Goals and Action Items: Ecology & Environment (EE) 

Goal EE1: Identify target host species that could trigger a future marine disease emergency. 

Action Item EE1.1: Convene experts to identify target species at highest risk of causing a 
marine disease emergency. Candidate species or populations include those at highest 
risk of an outbreak or for which a major disease event would be catastrophic in terms of 
ecosystem function, or economic, cultural, or social value (Groner et al. 2016). These 
species include keystone species, foundation species, and those that perform critical 
ecosystem services. Inclusion of traditional knowledge holders, including Native 
American Tribes and First Nations as experts is essential (pre-outbreak). 

Action Item EE1.2: Create an inventory of historic and ongoing studies of the target 
species identified in Action Item EE1.1. Summarize these datasets in a database 
accessible to all network members. This database should be used to identify data gaps 
and inform development of standardized surveying protocols (Goal EE2). An example 
database has been developed for the sunflower sea star Pycnopodia helianthoides, 
which was severely affected by sea star wasting syndrome (Gravem et al. in review) 
(pre-outbreak) 

Goal EE2. Develop and carry-out standardized protocols for field surveys of target species.  

Action Item EE2.1: Develop clear descriptions of signs of already known diseases in 
target species. These can be used to draft a case definition for known diseases (DD3.1) 
and to ensure that all field surveyors classify health scores and signs in the same way. 
(pre-outbreak) 

Action Item EE2.2: Develop field survey protocols to track both population metrics and 
general health metrics for target species. Protocols will be “tiered” in their resolution, 
from data that can be collected easily and frequently by the general public to rigorous 
scientific protocols that require training and expertise. Where possible, field surveys of 
both types should capture: 1) health metrics that would establish baseline health and 
inform the dynamics of an emerging disease (e.g., timing of emergence, prevalence, 
severity, symptoms), and 2) population metrics important for assessing impact of and 
recovery from an outbreak (e.g., density, sizes, reproduction, recruitment, survivorship). 
These protocols should be designed so that they are easily incorporated into existing 
monitoring programs. Thus, the scientists, managers, and community-based groups who 
will carry out these protocols should be intimately involved in their development. These 
surveys should be done in coordination with the Diagnostics & Disease Ecology Working 
Group (DD1.2 and DD3.1). (pre-outbreak) 

Action Item EE2.3: Using the protocols established in EE2.2, conduct field surveys to 
track population and general health metrics of target marine species before, during 
and after an outbreak by augmenting existing monitoring programs (identified in Action 
Item EE1.2). Provide training and supplies as appropriate and necessary. During an 
outbreak, survey teams will need to be rapidly mobilized from areas both within and 
outside of the geographic extent of the outbreak to track disease spread. These surveys 
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should be done in coordination with the tissue sampling done by the Diagnostics & 
Disease Ecology Working Group (DD1.3). (pre-, mid- and post-outbreak) 

Action Item EE2.4: Coordinate with educational outreach groups, harvesters, and 
citizen scientist groups (identified in Action Item EE1.2) to track population and disease 
metrics (using the protocols developed EE2.2 and/or DD1.2). For detecting emergent 
marine disease, we have formed an iNaturalist.org collection group 
(https://www.inaturalist.org/projects/primed-network) where members of the general 
public can report any sightings of unhealthy organisms. During and after an outbreak, a 
more rigorous reporting platform like that employed by the MARINe group for sea star 
wasting disease should be developed 
(https://marine.ucsc.edu/data-products/sea-star-wasting/observation-log.html#track-di
sease) (pre- and mid-outbreak). 

Action Item EE2.5: Develop communication strategy with broad and specific 
communication channels (broad: all stakeholders, specific: researchers, citizen science 
organizers, state agencies, NGOs). Develop a website with central availability to 
sampling protocols, location and contact information for network members 
(www.primednetwork.org)(pre-, mid- and post-outbreak). 

Goal EE3: Identify environmental factors that could influence disease dynamics 

Action Item EE3.1: Identify the environmental factors that may influence disease 
dynamics.  Candidate environmental conditions may include water and air temperature, 
salinity, dissolved oxygen, ocean acidification, turbidity, nutrient concentrations, 
harmful algal blooms, and physical damage from factors like storms or sea ice.  For each 
factor, it may be important to consider how these environmental factors vary in space 
and time. Work with the Diagnostics and Disease Dynamics to test the effects of the 
environmental factors on disease dynamics in the laboratory (DD2.4). (mid-outbreak) 

Action Item EE3.2: Identify possible modes of transmission including ocean currents, 
humans, ballast water in ships, river plumes, aquaculture, vectors, etc. This work should 
be in coordination with the Diagnostics & Disease Ecology Working Group (DD2.1) 
(mid-outbreak) 

Goal EE4: Determine consequences of host decline for the ecological community and for 
humans 

Action Item EE4.1: Compile available information about the natural history and 
ecological roles of the host species and on host-disease interactions. This includes 
information on habitat, population dynamics, reproduction, predators, prey, 
competitors for food or space, mutualists, symbionts, and parasites. (mid- and 
post-outbreak) 

Action Item EE4.2: Determine the effects of the disease and host decline on ecosystem 
services. This includes direct impacts from the decline of the host as well as changes in 
the abundance, density, location or behavior of ecologically affected species. Share 
findings with Mitigation and Remediation subgroup (MR3). (mid- and post-outbreak) 
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Action Item EE4.3: Determine the realized or potential impacts of host decline to 
fisheries, aquaculture, tourism, culture, etc. This includes direct impacts from the 
decline of the host as well as changes in the abundance, density, location or behavior of 
other affected species. If necessary, calculate the economic or cultural impacts of the 
disease. Advise Mitigation and Remediation subgroup (MR3). (mid- and post-outbreak) 

Goal EE5: Examine evidence of resistance, resilience or adaptation to disease by host 
populations 

Action Item EE5.1: Identify exposed populations that exhibit increased resistance or 
resilience to the disease through either lower infection rates or higher recovery rates, 
respectively. Share this information with the Mitigation & Remediation Working Group 
to inform their decisions about protective measures or captive breeding (Goals MR1 and 
MR2 ). (mid- and post-outbreak) 

Action Item EE5.2: Using samples collected in Action Item DD1.3, analyze allele 
frequency or other genetic changes in host populations due to the outbreak. 
Population types could include 1) unexposed, 2) suspected exposed, 3) diseased and 4) 
recovered individuals from both the wild and from laboratory trials. These changes may 
indicate adaptation, resilience or selection due to the disease event and help 
understand the immune response or symptoms (Goal DD3). (post-outbreak) 

Goal EE6: Develop models that describe disease dynamics and forecast disease outbreaks 

Action Item EE6.1:  Integrate the findings of Goal EE3 (environmental factors driving 
transmission) with those of the Diagnostics and Disease Dynamics Group Goals DD2 and 
DD3 (transmission dynamics and host response) into a model of disease transmission. 
For a waterborne disease, a ROMS modeling framework (Regional Ocean Modeling 
System) that incorporates water and pathogen movement is recommended. (mid- and 
post-outbreak) 

Action Item EE6.2. If an outbreak has caused widespread and/or locally severe reduction 
in host population sizes, assess the recovery potential and extinction risk at local and 
global scales.  Identify if they should be added to international, federal and/or state 
sensitive, threatened, or endangered species lists.  Important data to incorporate into 
these analyses include the percent decline among locales, rates of continued decline or 
recovery, remaining population demographics, reproductive output, dispersal potential, 
population connectivity, and growth rates (informed by EE2.2, Goal EE3, and EE6.1). A 
useful guide for this process is the IUCN (International Union for the Conservation of 
Nature) criteria for assessing extinction risk (IUCN 2012). If recovery potential is low, 
work with the Mitigation and Remediation working group to consider management 
actions (Goal MR2) (mid and post-outbreak) 

Action Item EE6.3: For target species or regions, assess the likelihood of future disease 
outbreaks. Factors to consider include host population densities, population size 
structure, the presence of disease in the past, the presence of the disease in closely 
related species, or the presence of disease in other regions. Relay this information to 
the Mitigation & Remediation Working Group to inform potential preventative 
management action (Goal MR2). (pre-outbreak)  
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Mitigation & Remediation 
 

Overview 

Marine disease outbreaks, especially for emerging diseases or in populations or 
ecosystems that were previously naive to a disease, can be particularly challenging to contain, 
mitigate or remediate (summarized by Gravem et al. in prep). Mitigation and remediation plans 
are located at the often-uneasy crossroads of human communities and ecological systems (e.g. 
Fig. 7). Choosing appropriate management actions requires not only knowledge of the disease 
and its impacts, but also understandings of the unique cultural, social, spiritual, and/or 
economic ties that human communities have with affected species and ecosystems.  Ultimately, 
every disease outbreak will differ in which containment, mitigation, remediation, and recovery 
actions are most appropriate.  Broadly, the goals of the Mitigation and Remediation Working 
Group are to provide an overarching template for management plans that includes broad and 
reasonably comprehensive potential actions, with important considerations and questions built 
in. In this section we propose: 1) actions to slow or contain a disease outbreak, 2) management 
actions for severely affected host populations, and 3) steps to mitigate the economic, social, 
and cultural consequences of disease.  Not all of these potential actions will be relevant or 
appropriate for any given marine disease outbreak, but our hope is that the goals and action 
items listed in this section will provide a reasonable formula that will aid in the construction 
and implementation of effective Mitigation and Remediation plans.  

 

 

Figure 7. OSU researcher Caitlin Magel takes samples from an eelgrass bed in Netarts Bay, OR. Photo 
by Nick Fisher from Oregon Public Broadcasting 
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Goals and Action Items: Mitigation & Remediation (MR) 

Goal MR1: Contain or slow a disease outbreak with local and regional actions 

Action Item MR1.1: In collaboration with Diagnostics and Disease Dynamics (DD2) and 
Ecology & Environment Working Groups (EE3), identify the potential vectors or 
environmental triggers and develop actions to minimize disease spread. For example, if 
ballast water is a potential vector, special (and temporary) limitations on the uptake or 
discharge of ballast water may be recommended. For a given action needed to minimize 
spread, consult with stakeholders to minimize negative economic, social, and cultural 
impacts of proposed actions (supports Goal MR3). (mid-outbreak) 

Action Item MR1.2: Assess transmission risk of the disease to humans.  If human health 
is affected, determine strategies to reduce public contact with the disease agent. 
Identify appropriate personal protective equipment (PPE) that should be utilized by any 
researchers, managers, workers, or volunteers entering an area with known or likely 
disease presence. (mid-outbreak) 

Action Item MR1.3: If the disease can be transmitted by human movement as a fomite 
(DD2.2, EE3.2), develop protocols for decontamination of equipment and people 
leaving an area with known or suspected disease presence. Include protocols specifically 
for research equipment and footwear such as rubber boots and other surfaces that 
could function as fomites, as well as guidelines for field-washing of personnel. 
(mid-outbreak) 

Action Item MR1.4: If the disease can be transmitted by humans movement as a fomite 
(DD2.2, EE3.2), assess if localized fishery closures, harvest restrictions, or temporary 
closures of public beach access may be necessary to control further spread of the 
disease outbreak. For a given action needed to minimize spread, consult with 
stakeholders to minimize negative economic, social, and cultural impacts of proposed 
actions (supports Goal MR3). Communicate with the public about the necessity of 
potential area closures or restrictions. (mid-outbreak) 
 

Goal MR2: Pursue management actions for host populations with low recovery potential 
(recovery potential determined by EE6.2) 

Action Item MR2.1: Enact protections for resilient and/or surviving host populations 
(detected by Goals EE2, EE5) by protecting habitat or limiting lethal take. The location 
of these protections could be informed by the environmental stressors at the locale (See 
Goal EE5) or genetic characteristics of the resilient populations (See Action DD3.4). The 
populations in these areas should be closely monitored, using similar protocols to other 
locales (Action Items DD1.1, EE2.2). For a given protection, consult with stakeholders to 
minimize negative economic, social, and cultural impacts of proposed actions (supports 
Goal MR3). (mid and post-outbreak) 

Action Item MR2.2: Consider feasibility of a captive breeding and reintroduction 
program to severely affected areas. Identify and work with aquaculture facilities and 
aquaria to pursue captive breeding. Consult with the Ecology and Environment working 
group to identify candidate source populations that exhibit resistance or retain genetic 
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diversity (Action Item EE5.1). Assess the benefits and risks of reintroducing 
captively-bred organisms, including the risk of the disease spreading to/from the 
reintroduced organisms. The reintroduction plan should consider candidate locations, 
ideal seasons and conditions, potential for long-term survival, and disturbance to the 
ecosystem. Communicate with stakeholders and the public about captive breeding and 
reintroduction efforts (supports Goal MR3). After reintroduction, work with 
community-based monitoring programs to collect population data to evaluate the 
success of the program. (mid and post-outbreak) 
 
Action Item MR2.3. Assess feasibility, benefits and risks of translocation programs to 
move survivors from less affected to severely affected areas. Translocation should only 
be considered when the disease agent is known (DD2.2) and the existence of 
asymptomatic transmission is ruled out. The translocation plan should consider 
candidate source and target locations, ideal seasons and conditions, potential for 
long-term survival, and disturbance to the ecosystem. Communicate with stakeholders 
and the public about captive breeding and reintroduction efforts (supports Goal MR3). 
After reintroduction, work with community-based monitoring programs to collect 
population data to evaluate the success of the program. (post-outbreak) 

Action Item MR2.4: Determine the feasibility of quarantining individuals of the affected 
species. Identify proper quarantine facilities and needed capacity for housing of 
quarantined individuals. Develop pathogen and species-specific protocols to maximize 
disease containment. Utilize quarantined species to gather additional information about 
disease and explore potential treatments. When an affected species is rare or the 
disease event is severe, consider isolating uninfected individuals until the outbreak has 
subsided. Work with appropriate Federal and State agencies to obtain requisite permits 
for quarantine activities. (mid-outbreak) 

Action Item MR2.5: If the spread of the disease is strongly linked to host density or 
individual disease carriers can be identified, consider thinning, and/or culling of 
populations to alleviate disease severity. Develop disease-specific protocols to minimize 
the loss of life. Work with appropriate Federal and State agencies to obtain requisite 
permits. Consult with appropriate Federal and State agencies as well as Tribal/First 
Nation entities to ensure proper handling/disposal with respect to legal and cultural 
sensitivities prior to engaging in thinning or culling activities (supports Goal MR3). 
(mid-outbreak) 

Goal MR3: Mitigate the economic, social, and cultural consequences of disease for human 
communities  

Action Item MR3.1. Conduct an economic, social, and cultural impact report of the 
disease at species and community levels to better inform management decisions. 
Convene community knowledge-holders (including Tribal/First Nations governments, 
local governments, industries, community organizations, public health entities, etc. 
throughout), resource economists, sociologists, and experts on the disease outbreak to 
map potential economic, social, and cultural impacts of the disease. As part of this 
effort, identify management projects that could ameliorate some of the long-term 
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societal impacts of the disease. (mid- and post-outbreak) 
 
Action Item MR3.2. Assess potential economic, social, and cultural impacts of enacted 
or proposed mitigation and remediation efforts. Convene community 
knowledge-holders, resource economists, sociologists, and experts on this disease 
outbreak to map potential long-term economic, social, and cultural impacts of the 
mitigation and remediation actions recommended by the working group. (mid- and 
post-outbreak) 
 
Action Item MR3.4. Work with the Diagnostics and Disease Dynamics and the Ecology 
and Environment Working Groups to engage affected community members in 
monitoring, data collection, mitigation, remediation, and adaptation projects 
(supported by Action Items DD1.3, EE2.4, and Goal MR2). When feasible, these efforts 
should prioritize employing affected community members (including necessary training 
and pay, if possible). (mid-outbreak) 

Conclusion 

The spatially explicit structure of the PRIMED network and contingency plan provides an 
essential toolkit for preparing for future marine disease outbreaks or emergencies in any locale. 
We outline a collaborative network that facilitates the coordinated response of community 
members, including researchers, policymakers, fishers, citizen scientists and others to a marine 
disease outbreak. These events are increasing in frequency and severity as anthropogenic 
impacts on the ocean worsen.  

While the plan and network outlined above is an essential first step in understanding 
and managing marine disease outbreaks, many challenges remain. First, our limited 
understanding of marine diseases sometimes makes identifying the causal agent challenging. 
For example, the cause of SSWS remains unknown (Box 1; Hewson et al. 2018). Second, the 
waterborne nature of most marine diseases will likely render containment an ongoing and 
imperfect process rather than an actual end point (Gravem et al. in prep). Third, the common 
reproductive strategy of larval dispersal by marine species poses both challenges and 
opportunities for disease management (Gravem et al. in prep). For example, sponges can 
vertically transmit microbial communities (Sharp et al. 2007), larvae can act as vectors of 
disease (Breuil et al. 2002), and zooplankton can also be vectors of disease (Frada et al. 2014, 
Certner et al. 2017). On the other hand, larvae may be able to escape some disease outbreaks 
in their natal habitat as they disperse [need ref]. Finally, the ocean is facing myriad stressors 
including ocean warming, pollution, acidification and hypoxia. These compound the complexity 
and urgency of disease response efforts. 

Effective disease response in a changing ocean hinges on our preparedness for marine 
disease emergencies. Health baselines can only be established before disease outbreak, and 
rapid effective responses necessitate that a response network also be in place before an 
outbreak takes place. The PRIMED Network and the generalized contingency plan we describe 
here explicitly addresses a strategy for improving surveillance, detection, response and 
mitigation of unpredictable but inevitable disease emergencies. However, we stress that this is 
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only one part of a larger effort to improve global ocean health. Areas of potential interest for 
preventing disease outbreaks include preserving habitats that serve as natural ecosystem filters 
(e.g. mangroves, seagrasses, and bivalve reefs), changes in biosecurity protocols to reduce 
pathogen movement, conserving habitats and biodiversity using Marine Protected Areas 
(MPAs), and identifying and reducing sources of point pollution (reviewed by Gravem et. al. in 
prep). Ultimately, human activity, particularly climate change and pollution, are the ultimate 
driver of increasing marine disease in the changing ocean, and the need for this type of network 
and plan would be much less urgent if we worked to lessen these threats. 

We conclude with the hope that this contingency plan provides an effective framework 
and model for communities to quickly and effectively respond to marine disease emergencies. 
The importance of ecosystem services provided to coastal communities- and the threats posed 
to them by marine diseases- cannot be understated, and these impacts are expected to worsen 
with climate change and increased demands on the ocean for use by people. 
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