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Paralytic shellfish poison (PSP) is a human health concern for shellfish aquaculture and
wild harvest. This paper discusses lessons learned from a forecasting program for PSP in
coastal Maine, USA, designed based on stakeholder input, and run in an operational
mode for the 2021 season. The forecast uses a deep learning algorithm to make site-
specific, probabilistic forecasts at a weekly forecast range for toxin levels measured in
shellfish tissue. Forecasts had high accuracy in the 2021 season, correctly predicting
closure events and locations despite a highly unusual season. Stakeholders reported a
positive view of the forecast system, and stakeholder input continues to be of key
importance as further modifications are made to the system. There are benefits and
challenges to the stakeholder-based design of the system.
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INTRODUCTION

Paralytic shellfish poison (PSP) has long been a concern in coastal Maine (Hurst and Yentsch,
1981), as in other parts of the world (Jin et al., 2020). With aquaculture representing the fastest
growing food production sector globally (Tacon, 2020), the demand for early warning of high
toxicity levels in shellfish has grown as well. Previously, forecasting programs for PSP toxin-
producing species like Alexandrium catenella focused on broad-scale seasonal dynamics, and water
column and cyst bed abundance and distribution, generally driven by hydrodynamic modeling
(McGillicuddy et al., 2011 Valbi et al., 2019). Meetings and conversations with local stakeholders
(growers/harvesters, managers), however, have recently identified different emerging needs. Here
we report on a forecasting program designed based on these expressed needs, with the following
properties: (1) ongoing communication with stakeholders to incorporate feedback; (2) predictions
of toxicity in shellfish, rather than predictions of algal abundance variables; (3) site-specific within
the complex, near-shore sites of shellfish production and harvesting; and (4) near-term (1-2 week)
forecasting range. The shift to a stakeholder-driven approach has benefits as well as new challenges
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as compared with more traditional forecasting paradigms.
Historically, most harmful algal bloom forecasts have been
developed for densely populated areas (Ralston and Moore,
2020). Maine has the highest rural population proportion in
the United States (U.S. Census Bureau, 2010) and can serve as a
model for how to approach forecasting system design as the
technology spreads to less populated communities.
BENEFITS AND CHALLENGES

Maine has a rapidly growing shellfish aquaculture industry with
careful toxin monitoring. Paralytic shellfish toxins (PST) are
sampled in shellfish tissue weekly at multiple sites by the Maine
Department of Marine Resources (DMR) and are processed by
Bigelow Analytical Services (BAS). The toxin testing dataset
dates back to 2014 and follows a chemical analytical technique
that uses high-performance liquid chromatography (HPLC)
approved for regulatory purposes (Rourke et al., 2008),
generating information on 12 congeners of saxitoxin that
contribute to a total toxicity value for each sample (µg SAX eq
100 g-1 shellfish). Prior to the 2021 season, we had developed and
evaluated a forecasting algorithm for the weekly PST
measurements. The forecast used a deep learning neural
network to predict probabilities that toxin levels would exceed
the closure threshold (>80 µg SAX eq 100 g-1 shellfish), and
showed high skill in a simulated forecast mode (Grasso et al.,
2019). In 2021, we conducted the first operational deployment of
the forecasting system, gathering feedback from a focus group of
stakeholders to inform development of the system. There were
some minor modifications from the tested model – evaluation
and inclusion of environmental covariates, and refinement of the
neural network topology – but the core approach was the same.
The first live forecasting season was generally successful, with a
few lessons to carry forward.

Lesson 1: Ongoing communication with stakeholders shaped
the forecasting system in real time. In the design of the system, we
used a knowledge co-production approach (Norström et al., 2020),
which is iterative and collaborative, and allows for ongoing
learning. For example, with accessibility in mind, we developed
a simple, text-based communication system, delivered via email.
Feedback from industry and management stakeholders, however,
indicated a preference for a more complex graphical display of the
forecast. As a response, in collaboration with the DMR, we
developed a map-based communication tool (Figure 1). This
tool has been integrated with the DMR’s other data access tools
and has since received positive feedback in surveys of the
stakeholders. Similarly, feedback from stakeholders helped to
guide modifications in the forecasting window (the span of days
for which a forecast was valid) and the timing of forecast delivery,
in order to better fit with decision making timelines.

In some cases, ongoing communication and feedback
reaffirmed aspects of the forecasting system design. For
example, regardless of the communication approach,
stakeholders from industry and management emphasized that
communicating the forecast as a probability was a useful aspect.
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This is notable, as other ecological forecasting programs have
found that users do not have the same intuition for probabilistic
forecasts that they might have when interpreting weather
forecasts (Pershing et al., 2018). Here, because the closure-level
toxicity is provided as a probability, stakeholders have the
opportunity to develop their own strategies over time
regarding how to manage different levels of risk. As a second
example, stakeholders reaffirmed that a 1-2 week forecast range
and site-specific spatial scales were useful for decision making,
for both industry (operations decisions like harvesting amounts
and locations) and management (prioritizing monitoring
resources). As the pool of users grows, further feedback is
expected to guide refinements of the system design and its
communication. The tradeoff to having on-the-water
knowledge and feedback is that responding in real time can be
difficult. With the potential for such frequent and rapid changes
to the system, it helps to have clear criteria for evaluating changes
and their impacts before implementing them.

Lesson 2: Preparations for low- or no-analogue conditions saved
the forecasting season. The stakeholder need for location-specific
and near term predictions across many sites exceeded the current
capabilities of process-based models in the region. To meet this
need, we used newer deep learning algorithms. One drawback to
these algorithms is that because they are largely empirical, they often
do not perform as well in novel conditions. The 2021 monitoring
season (March-October) was one of the lowest PSP seasons on
record, with only two closure-level events measured out of 741
samples taken, or < 0.3%. This is outside the standard deviation of
the long-term pattern (200 ± 185 closure-level measurements per
year, and 43 ± 28 stations per year registering closure-level toxicity,
since 1975), and occurred despite temperatures being consistently
FIGURE 1 | PSP toxicity forecast communication tool, developed by the
Maine DMR. The tool provides a simple site-clickable map with closure-level
toxicity prediction expressed as a probability (%). Forecasts are available
here: https://mainedmr.shinyapps.io/bph_phyto/.
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warmer than the long term average in coastal Maine, both at the
surface and at depth. Because the algorithm incorporates two weeks
of autocorrelation, it was able to make forecasts for 533 of the
measurements (72%)–thus the two closure-level events represent
<0.4% of forecasts. This represents an extreme class imbalance
problem, where themost crucial class (i.e. closure-level) occurred far
less frequently than the others. There was minimal analogue in the
training data to such an extreme imbalance, providing a very
challenging test for a learning algorithm. To illustrate this
challenge: a hypothetical algorithm that had predicted zero
closures through all of 2021 could still have had an accuracy >
99% but would not have had any practical use and could have hurt
the perceived reliability of the forecast among stakeholders.

The extreme conditions of the 2021 season provided a valuable
test case for the forecasting algorithm in that it pushed the algorithm
beyond the type of season it had been trained on. Because there had
been a focus on the class imbalance problem during development,
both of the closure-level events, which occurred at the Bear Island
site in western Maine, were predicted correctly (Figure 2). There
were two other occasions where closure-level toxicity was predicted
above 50%, but where subsequent measured values were below the
closure level. One instance was during the week following the
closure on Bear Island, where closure-level toxicity was predicted
at a 56% probability, but the measured value had declined just below
the closure level–the sort of near miss that is common in a
probabilistic forecast. The other was at the Gurnet site, also in
western Maine, where the prediction was 95%, but the subsequent
measurement was significantly below the closure threshold. This
outlier case illustrates one drawback to an empirical, machine
learning forecast: it is difficult to trace a missed forecast to a
known mechanism the way one could with a process-based
forecast. Given the challenge of the extreme class imbalance of
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the season, the forecast performed remarkably well. Along the
eastern half of the coast, measured toxicity levels never increased
above classification level zero, and the forecasting system correctly
predicted every case. Nevertheless, in an environment that is rapidly
changing, there is an increased possibility that novel conditions will
challenge a forecast.

Lesson 3: Following a Technology Readiness Levels (TRL)
framework (Héder, 2017) helped to avoid pitfalls. The TRL
approach offers a stepwise sequence for transitioning a
technology from the basic or conceptual level to operational
deployment. In this case, taking a gradual approach to open
access, including a pilot season where stakeholder feedback is
incorporated, has strengthened both the forecast and its
perception among users. Importantly, this approach can help to
avoid some of the pitfalls of forecasting such as reflexivity and
confirmation bias (Record and Pershing, 2021), unintended
consequences (Hobday et al., 2019), or out-of-scope uses
(Grasso et al., 2020). The TRL framework is not specifically
designed with forecasts in mind but can provide helpful
scaffolding. The 2021 season would fall around TRL level 7,
“demonstration in a relevant environment”, where the forecast is
run in an operational mode for a subset of the stakeholder groups.
Moving forward, the 2022 season forecasts will transition to TRL
level 8, “demonstration in the actual environment”–that is, full
access by the stakeholder communities. Because the forecast will
be advertised to stakeholders across the industry and management
communities with feedback collected, further modifications are
expected as the system develops toward TRL level 9, “regular
operational use.” Even at this final stage, a forecasting system
shouldn’t be considered complete, as feedback and input from
stakeholders can continue to improve the system as the
environment, the science, and the needs of stakeholders change.
FIGURE 2 | Toxicity classification levels at all sites/times where a forecast was made for the 2021 season, compared to the probability of a closure predicted one
week ahead of time. Classifications represent toxicity levels measured in shellfish, with level 3 representing a closure-level toxicity (toxicity for classification levels 0-3
are, respectively, 0-10, 10-30, 30-80, and >80 µg SAX eq 100 g-1 shellfish). The circled points represent the two closure-level events that occurred, both correctly
predicted.
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DISCUSSION

Environmental forecasting is often presented as a multi-step
iterative cycle, somewhat similar to a TRL framework, where new
knowledge is periodically incorporated to improve the system.
There are multiple paradigms, and most center a model- or data-
driven approach, with stakeholder input coming in later on, and/or
placed in a separate stage of the cycle (Dietze et al., 2018, Bauer et al.,
2021). An alternative approach centers stakeholder input and
knowledge and couples them with the development and
refinement of the forecasting system from inception (Jones et al.,
2021). Involving stakeholders from inception, and at each stage, can
slow the TRL process and publicly expose vulnerabilities in the
models or approach. On the other hand, this level of collaboration
can build trust, help incorporate local knowledge, and help guide the
forecast design to align with the needs and perceptions of users. As
the field of Ocean Science becomes more deliberate and thoughtful
about modes of engaging and centering human communities
(Schreiber et al., 2022, Liboiron et al., 2021), it is worth putting
thought into the tradeoffs between these frameworks in the design of
ocean forecasting programs. In coastal Maine, where both the
environment and the aquaculture industry are changing rapidly,
involving stakeholders at each step has so far been a net benefit.
Frontiers in Marine Science | www.frontiersin.org 4
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