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Abstract (251 words) 

Harmful algal blooms (HABs) can produce biotoxins that accumulate in seafood species targeted by 

commercial, recreational, and subsistence fisheries and pose an increasing risk to public health as 

well as fisher livelihoods, recreational opportunities, and food security. Designing biotoxin monitoring 

and management programs that protect public health with minimal impacts to the fishing 

communities that underpin coastal livelihoods and food systems is critically important, especially in 

regions with worsening HABs due to climate change. This study reviews the history of domoic acid 

monitoring and management in the highly lucrative U.S. West Coast Dungeness crab fishery and 

highlights three changes made to these programs that efficiently and adaptively manage mounting 

HAB risk: (1) expanded spatial-temporal frequency of monitoring; (2) delineation of clear 

management zones; and (3) authorization of evisceration orders as a strategy to mitigate economic 

impacts. Simulation models grounded in historical data were used to measure the value of 

monitoring information in facilitating efficient domoic acid management. Power analysis confirmed 

that surveys sampling 6 crabs (the current protocol) have high power to correctly diagnose 

contamination levels and recommend appropriate management actions. Across a range of 

contamination scenarios, increasing the spatial-temporal frequency of monitoring allowed 

management to respond more quickly to changing toxin levels and to protect public health with the 

least impact on fishing opportunities. These results highlight the powerful yet underutilized role of 

simulation testing and power analysis in designing efficient biotoxin monitoring programs, 

demonstrating the credibility of these programs to stakeholders, and justifying their expense to 

policymakers. 

Keywords (6 maximum): harmful algal blooms; Pseudo-nitzschia; domoic acid; amnesic shellfish 

poisoning; Dungeness crab; Metacarcinus magister 

Highlights (3-5 bullet points, 85 characters each) 

● Efficient biotoxin management protects public health at least cost to fishers 

● Evisceration orders offer flexibility during extended contamination events 

● Clearly delineated management zones promote predictable management 

● High frequency monitoring (spatially/temporally) enables efficient management 

● Simulation testing and power analysis can guide survey design and establish credibility 
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1. Introduction 

Harmful algal blooms (HABs) represent an increasingly significant threat to fisheries and 

aquaculture globally. In some, but not all, regions (Hallegraeff et al., 2021), they are increasing 

in size, frequency, and duration due in part to the combined effects of eutrophication and 

climate change (Glibert, 2020; Hallegraeff, 2010, 1993; Van Dolah, 2000) and these trends are 

expected to persist or worsen with continued climate change (“high confidence” in (IPCC, 

2019)). Many HABs are harmful because they produce toxins that accumulate in species 

harvested by fisheries and aquaculture and can cause human illness or mortality when 

consumed in high doses (Grattan et al., 2016). As a result, toxin levels in vulnerable seafood 

species are closely monitored and elevated levels often trigger the closure of fisheries and 

aquaculture operations, which can undermine their economic, nutritional, and sociocultural 

value (Bauer et al., 2010; Ritzman et al., 2018; Trainer et al., 2020a). Designing biotoxin 

monitoring and management programs that effectively protect public health with minimal 

impacts to fishing and aquaculture operations is critical to maintaining the viability of coastal 

communities in a changing ocean. 

On the North American West Coast, diatoms in the Pseudo-nitzschia genus can produce 

the neurotoxin domoic acid, which can cause amnesic shellfish poisoning (ASP) when shellfish 

containing elevated levels of the toxin are consumed by humans. The symptoms of ASP range 

from gastrointestinal issues (e.g., stomach pain, vomiting, diarrhea, etc.) to neurological issues 

(e.g., headaches, dizziness, confusion, memory loss, seizures, etc.) to, in rare cases, death 

(Teitelbaum et al., 1990). The first cases of ASP and its linkage to Pseudo-nitzschia and domoic 

acid were documented in eastern Canada in 1987 (Bates et al., 1989; Perl et al., 1990; Wright 

et al., 1989) and domoic acid contamination has been monitored in several commercially and 

recreationally harvested seafood species on the U.S. West Coast since 1991 (CA-OST, 2016a). 

Domoic acid commonly enters the food web through filter feeders such as mussels, clams, and 

anchovies and is then transferred to predators such as crabs, lobsters, and fish (Lefebvre et al., 

2002). Bivalves and crustaceans generally exhibit the highest risk of contamination, are 

monitored the most frequently, and receive the greatest regulatory oversight in their fisheries 

and farming operations. 

HABs of Pseudo-nitzschia are significantly increasing in the U.S. (Hallegraeff et al., 

2021). In 2015, a marine heatwave known as “the blob” caused a Pseudo-nitzschia bloom of 

unprecedented size and duration (McCabe et al., 2016; McKibben et al., 2017). The bloom 

spanned from southern California to Alaska (McCabe et al., 2016) and resulted in expansive 

and prolonged closures of commercial and recreational fisheries (Ekstrom et al., 2020). The 

Dungeness crab fishery, among the most lucrative fisheries on the U.S. West Coast (hereafter 

West Coast), was hit especially hard (Fisher et al., 2021; McCabe et al., 2016; Moore et al., 

2019). The California season was delayed by 6 months in some regions and was declared a 

federal fisheries disaster with over $25 million in relief aid distributed to impacted fishers, 

dealers, and processors (Bonham, 2018; Holland and Leonard, 2020). In addition to financial 

losses, the individuals living and working in West Coast fishing communities reported losses to 

emotional well-being and sense of place (S. K. Moore et al., 2020; Ritzman et al., 2018). Many 

individuals expressed mistrust in the handling of the closures surrounding the event and 
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skepticism about the severity of the health risk (Ekstrom et al., 2020). Ekstrom et al. (2020) and 

Ritzman et al. (2018) suggest that this mistrust stemmed from the appearance of arbitrary and 

inconsistent management across states. For example, the commercial Dungeness crab fishery 

in northern California remained closed months after southern Oregon had opened, leading 

fishers to believe that agencies were using political boundaries rather than physical ones to 

implement closures (Ritzman et al., 2018). In addition, the commercial Dungeness crab fishery 

was closed in some parts of California while the recreational fishery remained open with an 

advisory to remove contaminated viscera, leading to confusion around the public health risk of 

domoic acid (Ekstrom et al., 2020). This highlights a dual need to demonstrate the credibility of 

the science supporting toxin monitoring and management and to standardize best practices 

across fisheries and management boundaries. 

The monitoring and management of domoic acid in the West Coast Dungeness crab 

fishery (Fig. 1; Tables S1, S2) is based on design principles common to most biotoxin 

monitoring and management programs (Langlois and Morton, 2018; Park et al., 1999). First, a 

level of contamination that triggers management action is specified. The action level for 

Dungeness crab is 20 ppm domoic acid in the meat or 30 ppm in the viscera (guts) based on 

the analysis of data from the 1987 ASP outbreak (Toyofuku, 2006; US-FDA, 2019; Wekell et al., 

2004). Second, criteria for determining when to take or cease management actions based on 

this action level is defined. In all three West Coast states, a fishing area will open if each of six 

crabs collected from the area test below the action level. If one or more of the collected crabs 

test above the action level, management action is taken and is only ceased when two 

successive surveys, conducted at least 7 days apart, test clean (each of six crabs below the 

action level). Third, the spatial-temporal frequency of monitoring and size and arrangement of 

the associated management zones is determined. Decisions related to this third principle are 

arguably the most critical to determining the ability of management to efficiently respond to 

changes in toxin contamination and all three states have employed different approaches to this 

critical dimension of biotoxin monitoring. Finally, management actions for responding to high 

levels of toxin contamination are identified. When the 2015 HAB event hit, the only management 

action available to West Coast states was to employ area closures. 

After the surprise of the 2015 HAB event and its devastating impact on coastal 

communities, all three states made modifications to their biotoxin monitoring and management 

plans (Fig. 1). In Nov 2017, Oregon passed legislation to allow the use of “evisceration orders” 
as an alternative to full fishery closures (ODA, 2017). Evisceration orders require the removal of 

crab viscera, which harbor the greatest domoic acid contamination (Wekell et al., 1994), in the 

event that the viscera tests above the action level but the meat tests below the action level. 

Although eviscerated crabs often receive lower market prices (Hackett et al., 2003), this option 

presents the fishing industry with some flexibility during extended closures. Oregon also more 

than doubled its number of biotoxin monitoring sites for Dungeness crab, presumably increasing 

the efficiency with which management can react to changes in contamination, and delineated 

clear management boundaries, facilitating rapid and objective decision-making for managers 

and increasing predictability for fishers (ODA, 2017). In Oct 2020, California delineated domoic 

acid management boundaries and adopted rules to require sampling at sites that were 

https://www.zotero.org/google-docs/?JCcNx9
https://www.zotero.org/google-docs/?kkJF9s
https://www.zotero.org/google-docs/?wSytWY
https://www.zotero.org/google-docs/?EXfYpo
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previously sampled voluntarily, though consistently (CDFW, 2020a). In Oct 2021, it legalized 

evisceration orders as a management option (McGuire, 2021). In Feb 2021, Washington 

adopted an emergency rule temporarily allowing evisceration orders (WDFW, 2021) and is 

currently considering legislation to grant long-term authority for issuing evisceration orders and 

to fund expanded testing of crab harvested in the Puget Sound (Chapman and Pollet, 2021). 

Although intuitively beneficial, these expansions come with increased costs. Understanding the 

benefits of these expansions is therefore necessary to justify increased spending on biotoxin 

monitoring and to increase stakeholder trust in the effectiveness of these measures. 

Simulation testing and power analysis are powerful tools for quantitatively measuring the 

ability of monitoring programs to track ecosystem dynamics and to accurately and effectively 

inform management (Field et al., 2007; Legg and Nagy, 2006). Simulation testing leverages 

‘operating models’ that attempt to replicate the dynamics of a system as a platform for 
comparing alternative monitoring and management programs with predefined performance 

metrics. Power analyses are a class of simulation methods used to determine the minimum 

sample size required to detect an effect of a given size, or the corollary, the minimum size of an 

effect that can be determined by a given sample size. Simulation testing and power analysis are 

commonly used to evaluate the performance of wildlife monitoring surveys for fish (Parker et al., 

2016), birds (Thomas, 1996), mammals (Kendall et al., 1992), reptiles (Sewell et al., 2012), and 

amphibians (Barata et al., 2017), but only a few studies have used these approaches to 

evaluate biotoxin monitoring programs. For example, (Solow et al., 2014) used power analysis 

to optimize the number and arrangement of monitoring sites for resting cysts of the harmful alga 

Alexandrium catenella in the Gulf of Maine, and (Fontana et al., 2020) applied a similar 

approach for biotoxin contamination in bivalve aquaculture in Brazil. Wider utilization of tailored 

simulation testing in the design of biotoxin monitoring programs – whether for benthic resting 

cysts, pelagic algal blooms, or contamination in wild, farmed, or sentinel (i.e., placed by humans 

for monitoring) species – could assist in establishing scientific foundations for defining program 

attributes (e.g., sample sizes, site arrangement, etc.) and finding cost-effective solutions that 

protect public health while limiting impacts on fishers. In turn, this could serve to justify the costs 

of monitoring and build stakeholder trust. 

This study used a two-pronged approach to evaluate the value of biotoxin monitoring in 

facilitating efficient and adaptive management that protects public health with the least impact 

on fishing communities. First, a review of historical domoic acid monitoring and management 

programs in the West Coast Dungeness crab fishery is used to identify design principles that 

have promoted efficient and adaptive management. Second, a simulation model and power 

analysis based on this system is used to quantitatively measure the benefits of expanded 

monitoring for jointly achieving public health and fisheries objectives. Although focused on the 

West Coast Dungeness crab fishery and domoic acid contamination, this study reveals 

principles relevant to the design of monitoring and management programs for other regions, 

species, and biotoxins. It also highlights the powerful but underutilized role of simulation testing 

and power analysis in anticipating and comparing the performance of alternative biotoxin 

monitoring programs and management strategies. 
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2. Methods 

2.1 Historical review 

2.1.1 Monitoring history 

Domoic acid testing results from state-run biotoxin monitoring programs were provided 

by the California Department of Public Health (CDPH), Oregon Department of Agriculture 

(ODA), and Washington Department of Health (WDOH). The records were variable in temporal 

coverage but all spanned 2015 to 2021 (Fig. 2B). The test results primarily described domoic 

acid contamination in Dungeness crab (Metacarcinus magister), razor clam (Siliqua patula), and 

California mussel (Mytilus californianus) but included results for 39 other species. The data were 

formatted by: (1) harmonizing common names, scientific names, and other categorical attributes 

(e.g., tissue type, tissue source) across states and years; (2) harmonizing location names and 

georeferencing all locations; and (3) grouping Dungeness crab results into surveys, which were 

defined as samples of crab viscera collected from a given location on the same day. 

2.1.2 Management history 

Fishery closures and other management actions pertaining to the West Coast 

Dungeness crab fishery (Fig. 2A) were reconstructed by extracting information from news 

releases posted on various agency websites (Table S3). The following information was 

extracted from each news release: (1) the date of the action; (2) the type of action (i.e., 

close/open or enact/lift); (3) the category of action (i.e., fishery delay/closure or evisceration 

order); (4) the reason for the action (5) the latitudinal extent of the action; and (6) the fisheries 

(i.e., commercial, recreational, tribal) affected by the action. Reasons for management actions 

include elevated levels of domoic acid, poor quality determined by low meat recovery, and 

increased risk of marine life entanglement in fishing gear (or a combination of these reasons). In 

a few cases, fishery openings were missing for earlier closures (and vice versa), and missing 

actions were filled using information from the other sources or through targeted internet 

searches. The datasets derived from each source were merged to create as detailed a spatial-

temporal history of fishery closures and other management actions as possible. 

2.1.3. Indicators of potential mid-season contamination risk 

Several indicators of historical HAB risk were examined to assess potential 

contamination risk during past Dungeness crab fishing seasons. Consortia of federal, state, and 

tribal agencies, universities, and other research organizations monitor Pseudo-nitzschia 

densities and particulate domoic acid concentrations at piers and beaches coastwide (Fig. 3A). 

These data are collected and collated by the HABMAP partnership in California (Kudela et al., 

2015), the Oregon Department of Fish and Wildlife (ODFW) in Oregon (the MOCHA project; 

(McKibben et al., 2015)), and the ORHAB partnership in Washington (Trainer and Suddleson, 

2005). The California data were accessed through the SCCOOS ERDDAP server and the 

Oregon and Washington data were provided by ODFW and ORHAB. The data were analyzed 

by calculating the maximum weekly density of Pseudo-nitzschia and particulate domoic acid at 

sampling sites on harmonized weekly time steps. Domoic acid contamination in other monitored 

https://www.zotero.org/google-docs/?cFMDTF
https://www.zotero.org/google-docs/?cFMDTF
https://www.zotero.org/google-docs/?ldINNw
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fishery species (Fig. 2C) was examined as another indicator of potential Dungeness crab 

contamination risk. 

2.2 Simulation testing 

2.2.1 Parameterization using historical data 

The first step in simulation testing and power analysis is to leverage historical data to 

parameterize models that mimic conditions likely to be confronted in the real world. The domoic 

acid testing results described above were used to characterize the range of contamination 

profiles encountered by West Coast Dungeness crab biotoxin monitoring and management 

programs in the past. Log-normal distributions were fit to the 741 domoic acid surveys with a 

minimum of 6 samples of crab viscera from 2014 to 2021 using the fitdistrplus package 

(Delignette-Muller and Dutang, 2015) in R (R Core Team, 2021). Log-normal distributions were 

used because contamination results are continuous, greater than zero (i.e., the detection limit is 

>1 ppm), and are generally right-skewed. The centrality and variability of the contamination 

profiles were described using the median and coefficient of variation (CV) of the distributions, 

respectively. These values were used instead of the explicit centrality (μ) and variability (σ) 
parameters of the log-normal distribution because of their ease of interpretation and familiarity 

to readers. These distributions are central to the power analysis described below and the range 

of centrality and variability values and example distributions are illustrated in Fig. 4. 

2.2.2 Power analysis of monitoring survey sample size 

A simple simulation model was used to measure the power of monitoring surveys 

sampling six crabs (the current protocol in all three states) to accurately diagnose contamination 

across a range of contamination profiles. This range was delineated using a generalized 

envelope surrounding the centrality and variability combinations observed in historical surveys 

(Fig. 4). Scenarios within this envelope were defined using pairs of median domoic acid levels 

in 5 ppm intervals and coefficients of variability in 0.25 intervals (Fig. 5A). A thousand 

monitoring surveys (iterations) were simulated for each pair of centrality and variability 

parameters; a survey represents random draws of six crabs from the contamination distribution 

defined by the selected centrality and variability parameters. Both the true and estimated 

contamination profiles were defined as ‘clean’ when <1 in 6 crabs (<16.6% of crabs) had viscera 
contaminated at or above the 30-ppm domoic acid action level and ‘contaminated’ when ≥1 in 6 

crabs (≥16.6% of crabs) had viscera at or above the action level. Performance was measured 

as the percentage of surveys that (1) correctly diagnosed the results as clean or contaminated 

and thus recommended the appropriate management action (power of the test), (2) incorrectly 

diagnosed the results as clean when they were actually contaminated (Type II error) and thus 

riskily opened the fishery; and (3) incorrectly diagnosed the results as contaminated when they 

were actually clean (Type I error) and thus unnecessarily closed the fishery (Table S4). 

2.2.3 Simulation testing the spatial and temporal frequency of monitoring 

A separate simulation model was developed to measure the ability for monitoring 

programs of different spatial-temporal sampling designs to efficiently track and respond to 

changing Dungeness crab contamination rates under a range of potential contamination 

https://www.zotero.org/google-docs/?hAE6Yw
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scenarios. Ideally, the operating model would be based on a statistical model (e.g., a spatio-

temporal autoregressive model) fit to historical observations to most realistically capture and 

represent likely contamination dynamics. However, the lack of historical mid-season sampling in 

California and Washington and lack of extreme contamination events in Oregon during the 2015 

to 2021 time period examined here (Figs. 2B, S1) precludes this best practice as an option. 

Instead, an array of plausible toxin contamination scenarios, informed by but not fitted to data, 

were developed for testing monitoring strategies of various designs. 

The spatial and temporal domain of the model was based on Oregon’s Dungeness crab 
fishery to ground hypothetical simulations in a real-world context. This served the dual purpose 

of providing general insights into the relationship between monitoring and fishery/public health 

outcomes and specific insights into the value of Oregon’s recent investments in expanding the 
spatial-temporal extent of its domoic acid monitoring program. Thus, the model represents a 

coastline spanning 4 degrees of latitude (42-46°N) and simulates toxin dynamics in 0.1° 

latitudinal bands. It runs for 263 days representing Oregon’s Dec 1-Aug 14 (256 days) 

commercial ocean Dungeness crab fishing season plus 1 week (7 days) of pre-season testing. 

Six toxin contamination scenarios were designed based on historical contamination 

events. The scenarios are defined by their size and intensity (small, medium, or large events) 

and whether they include mid-season contamination risk. The small, medium, and large 

contamination scenarios represent events of increasing size, intensity, and duration and are 

modeled after the historical contamination events labeled in Fig. S1. In all six scenarios, early-

season risk increases in intensity along a south-to-north gradient such that the northern portion 

of the contamination event is more intense and prolonged than the southern portion. In the 

scenarios with mid-season contamination risk, additional mid-season contamination events 

were modeled after mid-season events that have been detected in Oregon (Fig. S1). The mid-

season contamination event is smaller, less intense, and less prolonged than the early-season 

event; however, the size, intensity, and duration of the simulated hotspot increases across the 

small, medium, and large contamination scenarios. 

A hundred iterations of each contamination scenario were constructed by randomly 

drawing key characteristics for the simulated early and mid-season contamination events (e.g., 

their intensity, duration, latitudinal span) from the ranges of plausible values listed in Table S5. 

Early season contamination events were defined by their peak intensity, latitudinal span, and 

southern and northern duration. Mid-season contamination events were defined by their peak 

intensity, latitudinal span, duration, and the day and latitude of their peak intensity. intensity 

represents the proportion of crabs contaminated above the 30-ppm action level. Early season 

contamination events were constructed in two steps. First, the initial (day 1) contamination 

profile was constructed by linearly scaling the randomly selected peak intensity at the northern 

limit to zero at the randomly selected southern limit. Second, the remainder of the contamination 

event was constructed by linearly dissipating the initial contamination profile to zero by the days 

randomly selected for the northern and southern limits of the event. Mid-season contamination 

events were also constructed in two steps. First, an ellipse with the randomly selected centroid 

(day and latitude of peak intensity), width (peak duration), and height (peak latitudinal span) was 
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specified. Second, contamination intensity was linearly scaled from zero at the ellipse’s edge to 
the randomly selected peak intensity at the ellipse’s center. See Fig. 6A for an illustration of 

these procedures for simulating toxin contamination. 

The performance of monitoring programs differing in spatial and temporal resolution was 

tested. The spatial resolution of monitoring was tested by varying the number of sampling sites 

(2-12 sites) evenly spaced along the coast. Each monitoring site was assumed to correspond to 

its own management zone (i.e., similar to Oregon but different from California and Washington; 

Fig. 1). The temporal resolution of monitoring was tested by varying the frequency with which 

mid-season “follow up” testing is conducted after a zone tests clean. Seven scenarios were 

evaluated: one where follow up testing was not conducted (i.e., no sampling after a zone tested 

clean) and six scenarios where follow up testing occurred at regular intervals (i.e., sampling 

occurs every 1-6 weeks after a zone tested clean). The simulated monitoring programs followed 

all other standard monitoring protocols: (1) a zone opened if the pre-season test was clean (<1 

of 6 samples tested at or above the 30-ppm action level); and (2) a zone was closed when a test 

was contaminated (≥1 in 6 crabs tested at or above the action level) and only re-opened after 

two consecutive clean tests conducted at least a week apart. For simplicity, it was assumed that 

monitoring occurred on perfect one-week intervals and perfectly diagnosed contamination rates. 

Introducing stochasticity into these two assumptions would increase variability in performance 

but the average impact would likely remain unchanged. Thus, this analysis focused on the 

variability generated by contamination events of differing characteristics. See Fig. 6B for an 

illustration of these procedures for simulating toxin monitoring. 

The management performance facilitated by different monitoring programs was 

measured and compared using two performance measures: (1) lost fishing opportunity, 

measured as the percent of the fishing season closed unnecessarily (Type 1 error; i.e., the 

fishery was closed but crabs were clean) and (2) undetected public health risk, measured as the 

percent of the fishing season opened riskily (Type II error; i.e., the fishery was open but crabs 

were contaminated) (Table S4). To calculate both metrics, the fishing season was 

conceptualized in terms of “latitude-days”, which integrate fishing opportunities across space 

(where fishing can occur) and time (when fishing can occur). Thus, the two metrics represent 

the proportion of latitude-days closed unnecessarily (light red areas in Fig. 6C) or opened riskily 

(light blue areas in Fig. 6C), respectively. See Fig. 6C for an illustration of these procedures. 

3. Results 

3.1 Historical review 

3.1.1 Washington 

Of the three states, Washington experienced the lowest domoic acid contamination and 

least expansive closures during the 2015-16 commercial Dungeness crab fishing season 

because of the 2015 HAB event (Fig. 2AB). However, Washington was the only state to 

conduct mid-season sampling during the 2014-15 season (May 2015), initiated in response to 

elevated domoic acid levels in razor clam samples (Fig. 2C) (Wilson, 2018), and ultimately 

https://www.zotero.org/google-docs/?HgcaLd
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closed its fishery for much of the remaining season. Washington experienced coastwide 

closures again during the 2016-17 and 2020-21 seasons, though the 2016-17 closures were to 

wait for northern Oregon to open following domoic acid delays (Reed, 2016) in accordance with 

the Tri-State Agreement that coordinates management actions across the West Coast 

Dungeness crab fishery (PSMFC, 2018). Washington’s domoic acid monitoring and 

management has remained largely unchanged (Fig. 1), with the exception of adopting an 

emergency rule temporarily allowing evisceration orders in Feb 2021 (WDFW, 2021), which 

were used in the southern portion of the state from Feb-Apr 2021 (#5 in Fig. 2A). The state 

legislature is currently considering an amendment (HB 1508) to extend the Washington 

Department of Fish and Wildlife (WDFW) long-term authority to issue evisceration orders 

(Chapman and Pollet, 2021). Washington’s regular monitoring program is sparser than Oregon 
and California with only two sites regularly monitored coastwide (Fig. 2B) and the lowest 

number of samples per landings and latitude (Fig. S2). However, Washington adjusts its crab 

sampling requirements in response to test results from razor clams, sentinel mussels, and to 

ORHAB Pseudo-nitzschia and particulate domoic acid data. This policy aims to efficiently use 

lab resources and has proved responsive to risk in the past (see 2014-15 example above). 

State and tribal fisheries are subject to the same domoic acid management protocols. 

3.1.2 Oregon 

Oregon experienced high domoic acid contamination and coastwide closures of the 

commercial Dungeness crab fishery during both the 2015-16 and 2016-17 seasons (Fig. 2). In 

response to these closures, Oregon instituted the most dramatic overhaul of their domoic acid 

monitoring and management system. In 2017, Oregon became the first state to pass a rule 

allowing evisceration orders (ODA, 2017) and used them during the 2017-18 and 2018-19 

seasons. The state also increased regular monitoring sites from 5 to 12 locations and 

established clear management zones around these sites before the 2017-18 season (ODA, 

2017) (Fig. 1). These management zones were designed in collaboration with the commercial 

fishing industry and were delineated using easily recognizable natural landmarks to facilitate 

compliance and enforcement (ODFW, 2017). This reduced the average zone size from 0.85° 

latitude to 0.35° latitude (Table S6) and significantly increased the number of samples per 

landings and latitude (Fig. S2). As a result of this investment, contamination was well 

characterized in the southern three zones (J/K/L) during the 2017-18 and 2018-19 seasons, 

which were least sampled during the monitoring regime of earlier seasons (Fig. 2B). This 

enabled more surgical closures (Fig. 2A) than would have been possible under the 5-zone 

monitoring and management regime; the 12-zone system led to closures in only K and L 

whereas the 5-zone system would have prompted closures in J, K, and L. Finally, unlike 

Washington and California, which halt pre-season sampling after a single clean test and only 

restart in response to indicators of elevated risk, Oregon has regularly sampled at monthly 

intervals over the last six seasons (Fig. 2B). This has enabled the detection of high mid-season 

domoic acid contamination and the subsequent enactment of mid-season closures or 

evisceration orders (Fig. 2A). However, monthly sampling has not been universal among 

seasons and zones. It has been most common in the southern region of the state (Fig. 2B) in 

response to high and enduring contamination in razor clams (Fig. 2C) (A. Manderson, pers. 

comm.). 

https://www.zotero.org/google-docs/?eQyNB0
https://www.zotero.org/google-docs/?PQaHnm
https://www.zotero.org/google-docs/?LuLw4w
https://www.zotero.org/google-docs/?LuLw4w
https://www.zotero.org/google-docs/?NEwWK5
https://www.zotero.org/google-docs/?tGkfEP
https://www.zotero.org/google-docs/?z1oR9o
https://www.zotero.org/google-docs/?z1oR9o
https://www.zotero.org/google-docs/?WT0IY3
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3.1.3 California 

California was hit especially hard by the massive 2015 HAB event, experiencing 

considerably higher domoic acid levels in Dungeness crab (#2 in Fig. 2B) and considerably 

longer fishery closures during the 2015-16 season than Oregon and Washington (#2 in Fig. 2A). 

Elevated levels of domoic acid and extended closures of the commercial Dungeness crab 

fishery occurred again during the 2016-17 and 2018-19 seasons. Despite this history of domoic 

acid contamination and closures, California has been slower to adjust its monitoring and 

management regime. The state established management zones for the first time before the 

2020-21 season (Fig. 1) and passed legislative amendments allowing for the capture and sale 

of contaminated crabs under evisceration orders before the 2021-22 season (McGuire, 2021). 

The management zones were designed to be consistent with the management zones used to 

mitigate whale entanglement risk (CDFW, 2020b) and were delineated using easily 

recognizable natural landmarks to facilitate compliance and enforcement (Juhasz, 2020). 

California samples at more pre-season test sites than Oregon or Washington (Figs. 1, 2B, S2) 

but halts sampling at a given site after a single clean pre-season test (Fig. 2B). Furthermore, 

California has never initiated mid-season sampling in response to other indicators of domoic 

acid risk (e.g., elevated contamination in other species or elevated Pseudo-nitzschia or domoic 

acid concentrations in water samples). Thus, unlike Oregon and Washington, it has never 

recorded or responded to mid-season domoic acid risk (Fig. 2AB). Although it is possible that 

domoic acid risk remained low after each season opener, it is difficult to know without mid- and 

late-season testing. 

3.1.4 Indicators of potential mid-season contamination risk 

Indicators of historical HAB and domoic acid risk highlight the potential for mid- to late-

season domoic acid contamination in the West Coast Dungeness crab fishery. Pseudo-nitzschia 

densities generally peak in early spring (Feb-Apr) with the concentration of particulate domoic 

acid peaking a few weeks later (May-Jun) (Fig. 3). This indicates potential risk for contamination 

of Dungeness crab both in the middle and towards the end of the commercial fishing season. 

Indeed, mid-season Dungeness crab contamination has been observed in both Oregon and 

Washington, where some mid-season testing has occurred (#1, #3, and #4 in Fig. 2B). 

Contamination in other species, including razor clam, rock crab, sardines, and anchovies, has 

also been observed during the commercial Dungeness crab fishing season (stars in Fig. 2C), 

highlighting the potential risk of contamination in Dungeness crab at those times. 

3.2 Simulation testing 

3.2.1 Number of sampled crabs 

The current protocol of sampling six crabs per survey has high power to correctly 

diagnose the safety of opening the Dungeness crab fishery across a wide range of possible 

contamination profiles (Fig. 5B). Across all 146 evaluated contamination profiles, the six crab 

sampling program was, on average, 89% effective at recommending the correct decision about 

whether to open or close the fishery. On average, the six crab sampling program risked closing 

the fishery unnecessarily in 7% of contamination scenarios and opening the fishery riskily in 4% 

of contamination scenarios. The six crab sampling program is most vulnerable to recommending 

https://www.zotero.org/google-docs/?Q3I6OZ
https://www.zotero.org/google-docs/?gRFRvb
https://www.zotero.org/google-docs/?72xJc2
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incorrect management actions when the median contamination is low but the variability in 

contamination is high. However, these situations have been, historically, relatively rare (Fig. 

5A). 

3.2.2 Spatial and temporal frequency of monitoring 

In the scenarios with only early-season contamination risk, all monitoring programs 

except the 2-site monitoring program were generally able to protect public health with low 

incidences of lost fishing opportunity due to unnecessary closures. The 2-site monitoring 

program failed to detect, on average, 78%, 6%, and 7% of public health risk in the small, 

medium, and large contamination scenarios, respectively (Fig. 7A). In comparison, the 4-site to 

12-site monitoring programs failed to detect, on average, less than 3% of public health risk, with 

relatively low incidences of unnecessary closures (less than 3.5% across contamination 

scenarios on average) (Fig. 7A). In general, increasing the spatial resolution of monitoring 

programs increased the proportion of public health risk captured by management, although the 

rank order of monitoring programs and magnitude of the benefits varied by contamination 

scenario (Fig. 7A). The 12-site monitoring program provided the greatest benefits to public 

health in the small and medium contamination scenarios and the third greatest benefits to public 

health in the large contamination scenario. Importantly, it achieved these benefits with small 

additional unnecessary losses in fishing opportunities relative to the coarser monitoring 

programs. These results indicate that, on average, Oregon’s transition from 5 to 12 monitoring 
sites detected an additional 1.4%, 2.7%, and 0.1% of public health risk in the small, medium, 

and large contamination scenarios, respectively, with little impact on fishing opportunities (Fig. 

7A). Performance fails to perfectly scale with increasing spatial resolution as an artifact of the 

circumstantial alignment between the monitoring zones and the limited variability in the 

parameterization of the simulated contamination scenarios. A different approach to 

parameterizing the contamination scenarios would result in a different rank order in monitoring 

performance, but with benefits generally increasing with more sites. 

In the scenarios with both early- and mid-season contamination risk, increasing the 

temporal resolution of follow up monitoring dramatically reduced the frequency of undetected 

public health risk, but slightly increased the frequency of unnecessary fishery closures (Fig. 7B). 

The incremental benefits to public health outcomes were considerably larger than the 

incremental losses to fishery outcomes. For example, in the large contamination and 12-site 

monitoring program scenario (Fig. 7B), transitioning from no follow up sampling to weekly follow 

up sampling resulted in a reduction in the proportion of undetected public health risk by 16% 

(from 19% to 3% on average) and increase in the proportion of unnecessary fishery closures of 

only 2% (3% to 5% on average). The tradeoff between increased public health outcomes but 

diminished fishery outcomes weakened with decreasing contamination intensity. For example, 

in the small contamination and 12-site monitoring program scenario (Fig. 7B), transitioning from 

no follow up sampling to weekly follow up sampling resulted in a reduction in the proportion of 

undetected public health risk by 34% (47% to 13% on average) and increase in the proportion of 

unnecessary fishery closures of only 1% (1% to 2% on average). In general, the 4-12 site 

monitoring programs performed similarly to each other while the 2-site monitoring program 

performed considerably worse (Fig. 7B). Across scenarios, Oregon’s transition from 5 to 12 
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monitoring sites and from no follow up monitoring to monthly follow up monitoring prevented, on 

average, an additional 11% of public health risk from going undetected (range: 8% in large to 

14% in small event scenario) while closing, on average, only 1% of the fishing season 

unnecessarily (range: 0.6% in small to 1.2% in large event scenario). These benefits came more 

from the expansion in temporal monitoring than the expansion in spatial monitoring. 

4. Discussion 

After the massive 2015 HAB and subsequent closures of the lucrative commercial 

Dungeness crab fishery, West Coast states increased the efficiency of Dungeness crab domoic 

acid monitoring and management by: (1) expanding the spatial-temporal frequency of 

monitoring; (2) delineating clear management zones; and (3) legalizing evisceration orders as a 

potential mitigation option. These actions have already served to protect public health while 

limiting impacts on fishing communities. In Oregon, expanded spatial sampling allowed 

monitoring to closely track contamination in an emerging domoic acid hotspot (Trainer et al., 

2020b) and management to surgically respond to elevated contamination with targeted closures 

and evisceration orders (#3, #4 in Fig. 2AB). In Oregon and California, the delineation of clear 

management zones (already in place in Washington) provided states with a roadmap for action 

during periods of changing contamination risk and increased the consistency, predictability, and 

transparency of management for fishers. In all three states, the development of legislation and 

infrastructure to allow evisceration orders as a mitigation option added flexibility to a 

management system in which fishery delays and closures were previously the only options. 

Evisceration orders can reduce the burden of HABs by allowing fishing to continue when 

domoic acid exceeds action levels in the viscera but not the meat, but they can also introduce 

new costs and equity challenges. For example, the California State Senate recently passed 

legislation (SB 80) authorizing evisceration orders as a management option (McGuire, 2021). 

The California Departments of Public Health (CDPH) and Fish and Wildlife (CDFW) estimated 

that the new inspection, tracking, and enforcement procedures required by the bill will require 

$1.3 million in upfront costs and more than $500,000 in ongoing seasonal costs (Portantino, 

2021). Furthermore, not all seafood buyers and processors have the capacity for or interest in 

eviscerating crab, which could limit which fishing communities or vessels are able to land and 

sell crab during an evisceration order (Humberstone, pers. comm.). Larger vessels are often 

more supportive of evisceration orders than smaller vessels, because unlike smaller vessels, 

their profits depend more on quantity than on price (Jardine, pers. comm.). Despite these 

challenges, a vast majority of industry, non-profit, and management organizations endorsed SB 

80 and support the consideration of evisceration orders as a management option (Wood, 2021). 

Historical synthesis and simulation testing provide useful tools for demonstrating and 

communicating the credibility of biotoxin monitoring programs and for earning stakeholder trust. 

For example, this study directly addresses three issues that have contributed to stakeholder 

mistrust in West Coast Dungeness crab domoic acid monitoring programs (Ekstrom et al., 

2020). First, it illustrates that the extended closures in northern California relative to southern 

Oregon during the 2015-16 season (#2 in Fig. 2A) were due to actual differences in toxin 

contamination, as determined by the existing five-site monitoring system, and not to differences 

https://www.zotero.org/google-docs/?urhuDn
https://www.zotero.org/google-docs/?urhuDn
https://www.zotero.org/google-docs/?TVrPO1
https://www.zotero.org/google-docs/?vtuN3S
https://www.zotero.org/google-docs/?vtuN3S
https://www.zotero.org/google-docs/?K7BHMc
https://www.zotero.org/google-docs/?06rT4A
https://www.zotero.org/google-docs/?06rT4A
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in management procedures across political boundaries (#2 in Figs. 2B; Fig. S1). Second, it 

reveals that sampling six crabs has high power to accurately diagnose contamination in an area. 

Finally, it shows that investments in expanded biotoxin monitoring limit unnecessary closures to 

the fishery. These results could be used to gain stakeholder trust by demonstrating the 

credibility of state biotoxin monitoring programs. This is especially important given that 

monitoring frequently depends on commercial fishing operators for the collection of samples and 

increasing monitoring will likely depend on strengthened stakeholder trust and participation. 

Simulation testing (including power analysis) is a powerful tool for designing efficient 

biotoxin monitoring programs and can provide either strategic or tactical management advice. 

Tactical advice concerning the absolute number of samples, number and arrangement of 

monitoring sites, and frequency of follow up monitoring required for optimized management 

requires a detailed understanding of a system and can require large amounts of data to 

parameterize realistic operating models (e.g., (Fontana et al., 2020; Solow et al., 2014)). 

Strategic advice concerning the relative benefits of increasing or decreasing the resolution of 

different dimensions of monitoring programs can be provided with a coarser understanding of a 

system and simpler operating models. For example, the power analysis used here leverages a 

detailed understanding of the range of contamination profiles that monitoring programs are likely 

to encounter to provide tactical advice regarding the number of crabs needed to accurately 

diagnose contamination rates and recommend appropriate management actions. On the other 

hand, the simulation testing of the spatial-temporal resolution of monitoring programs used here 

relies on a more limited understanding of spatial-temporal contamination dynamics due to poor 

sampling coverage over the full fishing season and can only provide strategic advice regarding 

the value of a few monitoring sites versus many monitoring sites. Without a more complete 

understanding of spatial-temporal contamination dynamics, it cannot provide exact advice 

regarding the optimal number or arrangement of monitoring sites or frequency of follow-up 

testing. Thus, it may be advantageous to “over monitor” during the initial years of a monitoring 
program to develop a thorough and holistic understanding of the system, then use the acquired 

knowledge to pare back to a more efficient monitoring program through simulation testing. 

Simulation testing confirmed the role of expanded monitoring linked with clearly 

delineated management zones in promoting efficient fisheries and public health outcomes. 

Under a range of potential contamination scenarios, expanded spatial resolution of monitoring 

promoted efficient closures that protected public health while also limiting impacts to fisheries 

resulting from unnecessary closures. Furthermore, expanded temporal resolution of monitoring 

was essential to identifying and responding to mid-season contamination risk and resulted in 

efficient closures when paired with a high resolution constellation of monitoring sites. Although 

mid- to late-season monitoring has been relatively rare, several indicators of mid-season HAB 

risk highlight the potential of undetected mid-season contamination risk in Dungeness crab: 

Pseudo-nitzschia and particulate domoic acid densities peak in the spring and mid-season 

contamination has been observed in Dungeness crab in Oregon and Washington and in 

California for other species. The risk of mid-season contamination and importance of mid-

season monitoring is only likely to increase as a result of climate change, which is increasing 

https://www.zotero.org/google-docs/?VQWfdV
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the frequency, duration, intensity, and unpredictable seeding of HABs in the region (Anderson et 

al., 2021; McCabe et al., 2016; McKibben et al., 2017; Trainer et al., 2020b). 

Regular biotoxin monitoring throughout the fishing season will likely trigger more 

frequent mid-season management actions. However, if mid-season monitoring finds 

contamination above the action level, then such actions are both mandated under federal law 

(US-FDA, 2019) and necessary for protecting public health (Toyofuku, 2006). This study shows 

that high frequency spatial-temporal monitoring can limit the extent of mid-season management 

actions. In Oregon, for example, monthly monitoring has triggered mid-season management 

(both closures and evisceration orders), but continued monitoring has been relatively quick (8, 

14, 17, 42 days) to lift restrictions (#3, #4 in Fig. 2AB). However, even efficient mid-season 

management restrictions could strain the West Coast Dungeness crab fishery and those who 

depend on it, especially if they occur in rapid succession with other management restrictions. 

For example, mid-season restrictions due to domoic acid could further constrain already 

shortened fishing seasons resulting from low meat quality and high risk for marine life 

entanglements in crab fishing gear (CDFW, 2020b). Furthermore, mid-season restrictions could 

disproportionately impact smaller vessels, which rely more heavily on the late season fishery 

than larger vessels (Liu, unpublished data) and can be disproportionately impacted by area 

closures (Jardine et al., 2020). Nevertheless, bad press from a public health outbreak could 

have even larger negative impacts on consumer perceptions of and demand for crab (Mao and 

Jardine, 2020). Thus, protecting public health is also crucial to maintaining a viable fishery, 

especially as the threat of HABs and toxin contamination increases under climate change 

(Anderson et al., 2021; McCabe et al., 2016; McKibben et al., 2017; Trainer et al., 2020b). 

Increasing the frequency of monitoring would increase costs, capacity demands, and 

coordination requirements, all of which already challenge current biotoxin management (CA-

OST, 2016b). At a minimum, demands for both donated (volunteer) and paid (state employees) 

time for the collection and processing of samples would increase. Furthermore, additional 

sample loads could compete with testing for other toxins and species at approved laboratories, 

creating a backlog and potentially increasing wait times between sample collection and results. 

Increased wait times could lead to more recalls of contaminated product if mid-season testing 

triggers a management action, with negative impacts on fishers and processors. In anticipation 

of such challenges, Washington is currently considering increased funding for additional testing 

to support evisceration orders (Chapman and Pollet, 2021). Management strategy evaluations 

that include key components of the social system could help to identify and evaluate trade-offs 

associated with expanded monitoring. 

Simulation testing could be used to optimize biotoxin monitoring programs for other 

fisheries, potentially generating efficiencies by identifying where there is an over investment of 

effort (e.g., spatial-temporal frequency of monitoring and the number of samples could be 

reduced without compromising management goals). For example, razor clam depurate domoic 

acid extremely slowly compared to other shellfish (Dusek Jennings et al., 2020; Schultz et al., 

2008; Wekell et al., 1994), so high contamination levels are unlikely to fall below the federal 

action level over a single week or even two or more weeks; in some cases entire clamming 

https://www.zotero.org/google-docs/?Q0aeli
https://www.zotero.org/google-docs/?Q0aeli
https://www.zotero.org/google-docs/?Pwd0hp
https://www.zotero.org/google-docs/?MvK8Gx
https://www.zotero.org/google-docs/?IJ5Yrv
https://www.zotero.org/google-docs/?4eMcZM
https://www.zotero.org/google-docs/?o6GvOE
https://www.zotero.org/google-docs/?o6GvOE
https://www.zotero.org/google-docs/?v2sOon
https://www.zotero.org/google-docs/?Z4Ko4w
https://www.zotero.org/google-docs/?Z4Ko4w
https://www.zotero.org/google-docs/?voniWc
https://www.zotero.org/google-docs/?J7RUFA
https://www.zotero.org/google-docs/?J7RUFA


 

    

        

          

         

         

            

         

          

         

 

    

         

          

         

           

            

         

           

         

        

      

      

 

       

           

         

       

         

          

        

           

       

    

 

           

    

       

           

         

   

       

         

     

15 

seasons have remained closed (Dyson and Huppert, 2010). Scenarios could be explored where 

razor clam sampling becomes less frequent when contamination levels are high to explore 

potentially deprioritizing the processing of less information-rich samples. However, any such 

reduction in monitoring effort of razor clams would need to be carefully weighed against the 

benefits they provide as a risk indicator for contamination of Dungeness crab that is also 

relatively easy to acquire from coastal beaches (i.e., typically highly abundant and does not 

require a vessel or specialized fishing gear), and also the social, cultural, and economic 

services they provide to coastal communities, especially in Washington and Oregon (Crosman 

et al., 2019; Dyson and Huppert, 2010; Ritzman et al., 2018). 

Strengthened stakeholder partnerships may also significantly lower costs associated 

with expanded biotoxin monitoring of West Coast Dungeness crab (Lomonico et al., 2021). This 

could partially be achieved by partnering more tightly with the phytoplankton monitoring 

programs run by ORHAB (Washington), ODFW (Oregon), and HABMAP (California) (Kudela et 

al., 2015; McKibben et al., 2015; Trainer and Suddleson, 2005). These programs “set the stage” 
for understanding the potential for crab contamination before, during, and after the commercial 

fishing season. These phytoplankton data (Fig. 3) were invaluable for determining the potential 

risk for contamination of Dungeness crab both in the middle and towards the end of the 

commercial Dungeness crab fishing season, when biotoxin monitoring in crab has historically 

been less frequent than during pre-season testing. This monitoring could be used to trigger 

additional testing in crab when Pseudo-nitzschia abundance or particulate domoic acid exceed 

proven threshold levels (Trainer and Suddleson, 2005). 

In a similar manner, knowledge of where HABs develop (e.g., local hotspots for Pseudo-

nitzschia initiation, such as the Juan de Fuca eddy and a site at the Oregon/California border; 

(Trainer et al., 2020b, 2002)) and information about their advection are critical to optimizing 

monitoring programs, especially when resources for sustaining extensive sampling are limited. 

An understanding of seasonal HAB abundance at these initiation sites could improve the 

accuracy of forecasts and reduce the need for extensive coastal monitoring of water and 

shellfish. Indeed, remote sampling using automated underwater vehicles is currently being 

implemented for offshore sampling at initiation sites (Varanasi et al., 2021). These offshore data 

could provide greater confidence in estimating HAB arrival at beaches and an advanced 

warning of crab contamination. 

A centralized repository of biotoxin sampling data across all levels of the food web in the 

California Current Large Marine Ecosystem would accelerate understanding of contamination 

dynamics and ability to forecast and efficiently manage biotoxin risk. Currently, monitoring is 

conducted by a widely distributed network of management agencies (federal, regional, state, 

and tribal), industry members, universities, non-profits, and other scientific institutions. These 

monitoring programs track Pseudo-nitzschia cell densities and particulate domoic acid 

concentrations in the water column, domoic acid contamination in wild and farmed species, and 

incidents of domoic acid poisoning in seabirds and marine mammals. Although much of this 

https://www.zotero.org/google-docs/?39uS7U
https://www.zotero.org/google-docs/?n19Itj
https://www.zotero.org/google-docs/?n19Itj
https://www.zotero.org/google-docs/?45kP5W
https://www.zotero.org/google-docs/?sP9lOB
https://www.zotero.org/google-docs/?sP9lOB
https://www.zotero.org/google-docs/?Av1kfg
https://www.zotero.org/google-docs/?SySFKN
https://www.zotero.org/google-docs/?2WVE5N
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data is collated into monthly HAB Bulletins in California (HABMAP1) and Oregon and 

Washington (Pacific Northwest HAB Bulletin2), there is a need to bridge these regional silos, to 

include data and partners from Mexico and Canada where monitoring and managing HAB risks 

is also a priority (García-Mendoza et al., 2009; Lewitus et al., 2012; McKenzie et al., 2020; 

Sierra-Beltrán et al., 1998), and to make this data easily accessible in a web-based repository. 

Such a comprehensive database would present a platform for catalyzing rapid progress in 

understanding the trophic transfer of domoic acid in food webs, forecasting contamination risk in 

seafood species, and promoting efficient biotoxin management. 

Efficient monitoring and management can limit unnecessary biotoxin closures, but 

necessary closures will remain a reality and may increase in a changing ocean (e.g., (Trainer et 

al., 2020b)). As such, additional measures may be required to increase the resilience of fishing 

communities to HABs, especially communities that have strong dependence on the Dungeness 

crab fishery for their livelihoods (Moore et al., 2019). The most effective adaptive strategies for 

reducing and recovering income loss during the 2015 HAB event were fishing for alternate 

species or in alternate locations, advertising more widely, and taking side jobs (K. M. Moore et 

al., 2020; S. K. Moore et al., 2020). Individuals also adopted a range of short-term coping 

strategies such as taking out loans, borrowing money from family, friends, and employers, and 

applying for social services (S. K. Moore et al., 2020). However, when asked about adaptive or 

coping actions taken in response to the 2015 HAB event, the most common response among 

impacted individuals was “none” (S. K. Moore et al., 2020). Indeed, the vast majority (71%) of 

Dungeness crab fishers in California stopped fishing entirely during the 2015-16 closures 

(Fisher et al., 2021). It is unclear why so few fishers and surveyed individuals undertook any 

adaptive and coping actions to deal with the 2015 HAB event, but it may indicate a lack of 

resources and strategies available to fishing communities (S. K. Moore et al., 2020). If 

increasing the resilience of fishing communities to HABs is a policy goal, then government 

actions that strengthen and streamline access to effective adaptive strategies may be needed. 

Federal and state agencies have already made concerted efforts to improve communication 

between agencies and with stakeholders, enhance forecasting capacity, provide fast and 

equitable disaster relief funding, and support scientific research and coordination across 

jurisdictions (Ekstrom et al., 2020). Continued advancement of these priorities would 

complement efficient monitoring and management in limiting the impacts of HABs on fishing 

communities. 

5. Conclusion 

This study provides a synthetic portrait of biotoxin monitoring and management in the 

U.S. West Coast’s most lucrative commercial fishery and illustrates how states have changed 

their monitoring and management programs in response to mounting HAB risk. This provides an 

instructive template for other regions threatened by increasing risk of contamination in marine 

seafood. Specifically, it highlights the value of (1) designing the spatial-temporal frequency of 

monitoring to reflect the spatial-temporal dynamics of contamination processes; (2) delineating 

1 CA HAB Bulletin: https://sccoos.org/california-hab-bulletin/ 
2 Pacific Northwest HAB Bulletin: https://depts.washington.edu/orhab/pnw-hab-bulletin/ 

https://www.zotero.org/google-docs/?lu05Td
https://www.zotero.org/google-docs/?lu05Td
https://www.zotero.org/google-docs/?8bKe3T
https://www.zotero.org/google-docs/?8bKe3T
https://www.zotero.org/google-docs/?BI5uBR
https://www.zotero.org/google-docs/?BI5uBR
https://www.zotero.org/google-docs/?7s7kRi
https://www.zotero.org/google-docs/?7s7kRi
https://www.zotero.org/google-docs/?3coUho
https://www.zotero.org/google-docs/?7s7kRi
https://www.zotero.org/google-docs/?b763TB
https://depts.washington.edu/orhab/pnw-hab-bulletin
https://sccoos.org/california-hab-bulletin
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clear management zones to provide a roadmap for action during periods of changing 

contamination risk and to increase the consistency, predictability, and transparency of 

management for fishers; (3) exploring the efficacy of alternative management actions -- such as 

evisceration orders -- that allow fishers, processors, and distributors to continue operations 

during extended contamination events; (4) coordinating streamlined data sharing to improve 

understanding of contamination dynamics; and (5) using simulation testing and power analysis 

to design efficient biotoxin monitoring programs, demonstrate the credibility of these programs 

to stakeholders, and justify their expense to policymakers. Together, these actions can advance 

the design of biotoxin monitoring and management programs that reduce public health risk with 

the least impacts to fishing communities in a 21st century ocean. 
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Figure 1. Dungeness crab domoic acid monitoring sites, management zones, and action 

options along the U.S. West Coast before the 2015-16 and 2021-22 seasons. Since the 2015-

16 season, state agencies have added 9 monitoring sites and delineated 20 monitoring zones 

along the coast. Solid black lines indicate state borders, dotted lines indicate biotoxin 

management zones, and the dashed line indicates the boundary between the Northern and 

Central California management regions. In Washington, zones 60B, 60C, and 60D are the semi-

enclosed coastal bays of Grays Harbor, Willapa Bay, and the Columbia River, respectively. At-

sea shaded polygons and italic text indicate Special Management Areas (SMAs) that are co-

managed by state and treaty tribe managers. Plus (+) signs indicate the addition of monitoring 

sites, management zones, or action options since the 2015-16 seasons. 
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Figure 2. History of (A) U.S West Coast Dungeness crab fishery closures and domoic acid 

monitoring in (B) the Dungeness crab fishery and (C) other wild capture fisheries from 2014-

2021. In (B) monitoring surveys (circles) are defined as a group of six or more individual 

samples of crab viscera collected at the same location on the same day. Note: California 

conducted testing before the 2014-15 season but was unable to share these results. In (A) and 

(B), the labeled points highlight the following notable events: (1) late season monitoring and 

closures in Washington, triggered by elevated domoic acid in razor clams; (2) extended 
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contamination and closures in California relative to southern Oregon; mid-season (3) closure 

and (4) evisceration orders triggered by mid-season monitoring in Oregon; and (5) Washington’s 
first evisceration order following early-season contamination. In (C), points represent individual 

samples; black stars mark mid-season periods during which Dungeness crab biotoxin 

monitoring ceased despite elevated domoic acid levels in other monitored species. In all panels, 

solid black lines indicate state borders and the dashed line indicates the border between the 

Northern and Central California management zones. In (A) and (B), gray lines indicate the 

biotoxin management zones established in Washington several decades ago, in Oregon before 

the 2017-18 season, and in California before the 2020-21 season. In (B) and (C), gray shading 

indicates the commercial Dungeness crab fishing season in each region. 
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Figure 3. Historical indicators of potential mid-season domoic acid risk in the commercial 

California Dungeness crab fishery. Panel (A) shows the location of Pseudo-nitzschia and 

particulate domoic acid monitoring at selected piers and beaches along the West Coast. Gray 

shading indicates Dungeness crab fishing grounds (i.e., water <100 fathoms deep north of Point 

Conception). Panels (B) and (C) show historical Pseudo-nitzschia (large cells, >3 μm valve 

width, often Pseudo-nitzschia seriata) and particulate domoic acid densities at selected piers 

and beaches. Colors indicate maximum densities in 2-week intervals. Sites are ordered from 

north to south and lines indicate state boundaries. In all plots, only sites with both Pseudo-

nitzschia and domoic acid observations for ≥5 2-week intervals are shown. 
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Figure 4. Distributions of domoic acid contamination in sampled Dungeness crab viscera in 741 

biotoxin surveys (≥ 6 samples of crab viscera per survey) conducted on the U.S. West Coast 
from 2014-2021. In (A), each point represents the scale (median) and shape (CV) of a log-

normal distribution fit to the results of each survey. Points are colored based on the observed 

percentage of samples testing above the 30-ppm action level (vertical dotted line, in all panels). 

The solid gray lines delineate unlikely contamination distributions based on historical monitoring; 

values above these lines are not considered in the power analysis (Fig. 5). The letters indicate 

the scale and shape of the five example domoic acid contamination distributions illustrated in B-

F. In B-F, percentages indicate the percent of crab viscera samples testing at or above the 30-

ppm action level. 
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Figure 5. The (A) 146 contamination profiles evaluated in the power analysis and the (B) overall 

and (C) profile-specific power for domoic acid monitoring sampling 6 crabs to correctly diagnose 

contamination rates and recommend appropriate management actions when tested on these 

contamination profiles. In (A), each cell represents a pair of centrality-variability parameters 

evaluated in the power analysis. White cells above the gray line were not evaluated because 

they represent unlikely contamination profiles based on historical observations (gray points; see 

Fig. 4 for additional information). Black contours separate contamination profiles that are well 

below (<10% above action level), close to (10-20% above action level), and well above (>20% 

of crabs above action level) the 1 in 6 crab management action trigger. In (B), points represent 

the median performance of 1,000 simulated surveys when sampling each contamination profile. 

Boxplots illustrate the distribution of these performances; the solid line indicates the median, the 

box indicates the interquartile range (IQR; 25th and 75th percentiles), the whiskers indicate 1.5 

times the IQR, and the points beyond the whiskers indicate outliers. In (C), cell color indicates 

performance when tested on individual profiles. Unnecessary closures occur when a survey 

deems that management action is necessary when it is not and risky openings occur when a 

survey deems that management action is not necessary when it is (Table S4). 
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Figure 6. An illustration of the procedure for testing the performance of monitoring programs with varying spatial-

temporal resolutions using simulated contamination events. Panel A illustrates the methods for simulating early and 

mid-season contamination events of small, medium, and large magnitude. Early season contamination linearly 

increases along a south-to-north gradient with initial contamination levels drawn from the ranges listed in Table S5. 

Colors and contours indicate the intensity of the contamination event. The latitudinal height of the contamination 

event is drawn from the range illustrated by the solid vertical lines on the y-axis. Durations of contamination at the 

southern and northern extents of the event are drawn from the ranges illustrated by the solid horizontal lines. Mid-

season contamination linearly increases then decreases within an elliptical contamination event with a peak 

contamination level drawn from the ranges listed in Table S5. The center of the ellipse is randomly drawn from the 

ranges illustrated by the gray dotted box. The height and duration of the contamination event are randomly drawn 

from ranges illustrated by the reference crosses. The black cross indicates the smallest possible event and the red 

cross indicates the largest possible event. Panel B illustrates the results of monitoring programs applied to the 

simulated contamination events and Panel C illustrates management outcomes resulting from the specified 

monitoring program. Monitoring program performance was evaluated in terms of the program’s ability to minimize 
both unnecessary fishery closures (“closed unnecessarily”) and undetected public health risk (“open riskily”). In all 
panels, the vertical dotted line indicates the start of the season. 
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Figure 7. The simulated performance of various domoic acid monitoring programs when tested 

in scenarios with (A) only early season contamination risk and (B) both early and mid-season 

contamination risk. Points indicate the average performance of a monitoring program across 

100 iterations of each contamination scenario. Point color indicates the number of monitoring 

sites in the monitoring program and point size indicates the frequency of follow up testing in the 

monitoring program. The origin indicates optimal performance (no unnecessary closures to the 

fishery and no undetected public health risk) and points closest to the origin represent the most 

efficient monitoring programs. The black lines indicate the average changes in efficiency 

incurred when increasing monitoring from 5 to 12 sites, as Oregon did before the 2017-18 

season, when applied to this particular suite of contamination events. In (A), axes are log-scaled 

to visually stretch the difference between quantitatively similar results. In (B), only the 2, 5, 8, 

and 12 monitoring site results are plotted to preserve clarity. 



 

16  season  values are provided in  parentheses  if  different  from  the  2020-21 season).  
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Supplemental Tables  and Figures  

Supplemental Tables  

Table S1. Dungeness  crab  domoic  acid contamination monitoring  and  management  program  

design1  in California,  Oregon,  and  Washington before the  2020-21  and  2015-16  seasons (2015-

1 See Table S2 for more information on the management of commercial and recreational 

Dungeness crab fisheries in California, Oregon, and Washington. 
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Table S2. “3S”   management   (sex-size-season)  of  commercial  and  recreational  Dungeness crab  

fishing in  California,  Oregon,  and  Washington.   



 

State  Type   Years Link  

PSMFC  Dungeness crab  2004-present  http://www.psmfc.org/crab/  

 WA Dungeness Crab  2009-present  

https://wdfw.wa.gov/fishing/commercial/crab/coa 

stal/letters-notices  

 OR ODFW news releases  2010-present  

https://www.dfw.state.or.us/news/2021/index.as 

 p 

 OR ODA news releases  2016-present  https://odanews.wpengine.com/tag/shellfish/  

 CA CDFW news releases  2015-present  https://cdfwmarine.wordpress.com/2020/  

 CA 

 

 

CDPH shellfish advisories  2014-present  

https://www.cdph.ca.gov/Programs/OPA/Pages/ 

Shellfish-Advisories.aspx  
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Table S3. Sources of  news releases describing  closures,  advisories,  and  other  management  

actions related to biotoxin contamination  on  the  U.S.  West  Coast.  

http://www.psmfc.org/crab/
https://wdfw.wa.gov/fishing/commercial/crab/coastal/letters-notices
https://wdfw.wa.gov/fishing/commercial/crab/coastal/letters-notices
https://www.dfw.state.or.us/news/2021/index.asp
https://www.dfw.state.or.us/news/2021/index.asp
https://odanews.wpengine.com/tag/shellfish/
https://cdfwmarine.wordpress.com/2020/
https://www.cdph.ca.gov/Programs/OPA/Pages/Shellfish-Advisories.aspx
https://www.cdph.ca.gov/Programs/OPA/Pages/Shellfish-Advisories.aspx


 

Table S4. A  guide  to  interpreting  the  results of  the  power analysis.  

 
 
1  Negative test = clean  test; Positive test = contaminated test  
2  Clean   =   <1 in 6 crabs above the   action level; Contaminated   = ≥1 in 6 crabs above the action   level   

35 
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Table S5. Range of  plausible values for  the  key  characteristics  used to construct  the  simulated  

early- and mid-season  contamination  events.*  

 
 

* Lat =  latitudinal/latitude; N = northern; S= southern; intensity  = proportion  of crabs contaminated  above  

the 30-ppm action  level; southern duration = a proportion of the northern duration  
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Table S6. Latitudinal density of domoic acid monitoring sites for Dungeness crab by state. 

State Lat. range Lat. height 2015-16 site density 2020-21 site density 

Washington 46.25° - 48.43°N 2.18° 2 sites, 1 per 1.09°N 4 sites, 1 per 0.55°N 

Oregon 42.00° - 46.25°N 4.25° 5 sites, 1 per 0.85°N 12 sites, 1 per 0.35°N 

California 35.00° - 42.00°N 7.00° 17 sites, 1 per 0.41°N 17 sites, 1 per 0.41°N 
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Supplemental Figures 

Figure S1.  The  maximum proportion  of  crabs contaminated  above the  30-ppm  action  level  in 

surveys falling  with 0.5°  latitude and  4 week intervals along the  West  Coast  from  2014-2021.  

The  (A)  small,  (B)  medium,  and (C)  large contamination  scenarios are  modeled  after  the labeled  

historical  contamination  events.    
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Figure S2.  Number  and density  of  Dungeness  crab  domoic  acid samples by  state and season.  

The  season  labels on  the x-axis indicate the  years during  which seasons  begin (e.g.,  2014  

indicates the  2014-15  commercial  fishing  season).  
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