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Managing the threat of infectious disease in 
fisheries and aquaculture using structured 
decision making
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Fisheries and aquaculture provide food and economic security, especially in the developing world, but both face challenges from 
infectious disease. Here, we consider management of disease issues from a structured decision-making perspective to examine 
how infectious disease can threaten seafood production and influence management decisions. For both wild fisheries and aqua-
culture, disease-management objectives generally aim to mitigate the severity and economic burden of outbreaks. General man-
agement strategies include manipulating host densities, reducing system connectivity, conserving or improving habitat, and 
implementing direct treatments or some other biological interventions. To inform decisions, mathematical models can be used to 
explore disease dynamics and to forecast the potential effectiveness of alternative management actions. Developing and imple-
menting disease-management strategies also involve considering uncertainties and balancing competing stakeholder interests 
and risk tolerances. We conclude by outlining several steps for applying structured decision making that are broadly useful to 
decision makers facing issues related to disease.
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Infectious diseases present a persistent threat to food security 
and sustainability because they can reduce the production, 

yield, and marketability of harvested goods (Lafferty et al. 2015; 

Ristaino et al. 2021). In aquatic systems, pathogens can spread 
rapidly through populations and be transported over large dis-
tances, and bidirectional transmission between cultured and 
wild populations is possible (Harvell et al.  1999; Lafferty 
et al. 2004; Krkošek 2017). Fishery and aquaculture managers 
already face a major challenge in keeping up with the demand 
for seafood (Rosenberg  2003; Ripple et al.  2019; Zeller and 
Pauly 2019; FAO 2020), and management decisions are likely 
to be even more complicated when the combined effects of 
harvest and disease lead to population declines (Wilberg 
et al. 2011). To meet these challenges, scientists, stakeholders, 
and managers can work across disciplines to evaluate options, 
produce defensible decisions, and reduce losses caused by 
infectious disease.

We approach disease management for seafood production 
in the context of structured decision making. Although we 
primarily adhere to language familiar to practitioners of struc-
tured decision making, the perspective carried through this 
article parallels attributes of other actionable processes, includ-
ing management strategy evaluation, integrated pest manage-
ment, strategic habitat conservation, and adaptive governance. 
Our organizational structure is similar to the “PrOACT” 
(problem, objectives, alternatives, consequences, trade-offs) 
concept, which Hammond et al. (1999) used to emphasize pro-
activeness when approaching a decision. We identify several 
general types of management alternatives and specific actions 
that sometimes differ in applicability between open aquatic 
systems and more controlled aquatic systems such as aquacul-
ture. The evaluation of management strategies is increasingly 
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In a nutshell:
• Infectious diseases influence population dynamics and the 

value of seafood products
• Structured decision making can be used to organize avail-

able information, identify quantifiable objectives, and 
evaluate alternatives for disease management

• To date, management strategies have aimed to adjust host 
density, reduce disease transmission, or improve host 
health; however, specific alternative actions for wild-capture 
fisheries and aquaculture systems may vary in availability 
and effectiveness

• Within a decision-making process, mathematical modeling 
of host–pathogen dynamics can be integrated into man-
agement strategy evaluation to produce scenario forecasts 
and sensitivity analyses needed for trade-off and risk 
analyses

(continued on last page)
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model-based, and we briefly review how disease dynamics 
might be incorporated into scenario forecasts to predict poten-
tial consequences for harvested species. We highlight how 
some decision-relevant uncertainties might be heightened by 
infectious diseases, and note that some uncertainties might be 
effectively reduced through research, management, and moni-
toring actions. Finally, we discuss how uncertainties may 
translate into risks for a decision maker and how differing or 
dynamic risk tolerances might affect evaluations of available 
options for achieving sustainable seafood production.

Structuring a decision problem

Generally speaking, managers implement policies and reg-
ulations to achieve stakeholder objectives or agency mandates. 
In doing so, they act as decision makers, who are likely to 
rely on imperfect information and encounter constraints 
that limit what can actually be accomplished. Traditionally, 
management of fisheries and aquaculture has operated as 
an extraction or production problem, driven by expectations 
for harvesting or producing sellable yields. Consequently, 
much of modern fisheries management centers on perfor-
mance of harvest strategies (Smith et al.  2008; Dowling 
et al. 2015) and may include explicit evaluation of alternative 
“control rules” for determining allowable take (Deroba and 
Bence  2008; Wiedenmann et al.  2013). In particular, “man-
agement strategy evaluations” for several fisheries demonstrate 
how alternative management strategies can be considered 
relative to their ability to meet objectives (Punt et al.  2016; 
Feeney et al.  2019). Structured decision making is a similar 
process of decomposing a decision problem into more work-
able parts, which include specifying objectives, evaluating 
alternatives, and confronting uncertainties and trade-offs 
(Irwin et al.  2011; Conroy and Peterson  2013). In the con-
text presented here, we frame the decision problem as the 
following: managers are attempting to implement strategies 
that achieve sustainable harvest while considering numerous 
uncertainties or mitigating potential losses, including those 
influenced by disease. From this, a decision process can 
proceed to specifying objectives and evaluating the antici-
pated performance of alternative management options while 
accounting for relevant information gaps.

Specifying and organizing objectives

For fisheries and aquaculture, objectives often relate to 
harvest or production, including maximizing yield or min-
imizing variability of yield (or the associated economics) 
over time. For instance, Brown and Mumby  (2014) spec-
ified that a fishery goal is to maximize long-term profits 
aggregated across populations; they also defined a con-
servation objective as “maximizing the number of habitat 
patches where the fish community meets or exceeds” 
established precautionary reference points related to bio-
mass of species groups. Similarly, Behringer et al.  (2020) 

identified three aims of managing disease through fishery 
regulations: (1) maintaining or improving the stock, (2) 
limiting or reducing disease proliferation, and (3) pro-
tecting human health.

A key characteristic of decision objectives is that they are 
value-based. In other words, objectives represent what is fun-
damentally important to the decision maker for that decision 
(Hammond et al. 1999). For this review article, we view an 
overarching “fundamental objective” (see below for addi-
tional context): “provide safe and sustainable seafood”. This 
high-level objective reflects values about human safety, tem-
poral variability in harvests, population viability, and prod-
uct marketability. Within a given decision context, an 
objective is sometimes distinguished either as “fundamental”, 
if it indicates why a decision is important, or as “means”, if it 
indicates how a fundamental objective may be achieved 
(Keeney  1996). In this regard, determining how to achieve 
the fundamental objective of safe and sustainable seafood 
may be assisted by articulating disease-management alterna-
tives through an objectives hierarchy that includes subordi-
nate means objectives (eg “reduce parasite-induced damage”). 
As a starting point, we illustrate how disease-related objec-
tives could be incorporated into decision support alongside 
conservation- or harvest-focused objectives (Figure  1). 
Alternatively, for some fisheries, disease-related means objec-
tives might be subordinate to other means objectives focused 
on harvest or stock rehabilitation. Such organization would 
imply that avoiding or mitigating disease was important via 
its potential to limit harvests or production rather than inde-
pendently important in its own right.

Identifying alternative management actions

Despite at times sharing similar objectives, fisheries and 
aquaculture systems more often have distinct management 
approaches or specific regulations. Even so, we developed 
a broad classification of general strategies for disease man-
agement or mitigation (Table  1), which can facilitate iden-
tification of more specific alternative actions that could be 
evaluated based on the potential for producing benefits to 
humans and safeguarding the persistence of the target pop-
ulation. These strategies largely attempt to influence disease 
transmission rates by affecting host density, reducing system 
connectivity, or improving host health. Within these cate-
gories, specific alternative actions can vary based on the 
level of management control relative to environmental influ-
ences and stochasticity.

Management strategies that manipulate population den-
sity through harvest or other means typically include actions 
that are expected to reduce pathogen transmission by lower-
ing stock density. For instance, harvest alternatives may dif-
fer in the extent they reduce population density, which could 
alter the frequency of contacts between infected and unin-
fected hosts (ie “fishing out” parasites; Dobson and 
May  1987; Wood et al.  2010). Likewise, managers may 
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manipulate a different host in a parasite’s life cycle in an 
attempt to benefit the species targeted for harvest (Hedegaard 
Clausen et al.  2012). Stock enhancements have also been 
used in attempts to increase population densities, but trans-
location of animals can also introduce disease risks associ-
ated with both the introduction of disease agents and 
reduced genetic variability of the stock (Lafferty et al. 2015). 
Alternatives that influence host density could affect both 

infection containment and harvest sustainability and thereby 
relate back to multiple objectives.

Some management strategies focus on manipulating sys-
tem connectivity to create a spatial or temporal barrier to 
reduce the spread of an infection. Fishing exclusion zones 
generally attempt to spatially control where harvests occur 
(Byers and Noonburg  2007), and area closures have been 
used in response to a viral outbreak in an effort to minimize 

Figure 1. An objectives hierarchy, depicting a fundamental objective (ie values that indicate importance) connected to subordinate means objectives (ie 
how to achieve) and performance metrics to summarize consequences. In this example, performance metrics include the probability of introducing a path-
ogen, the percentage of infected hosts observed through monitoring, the estimated abundance of the target population, the percentage of the host popula-
tion that has reached maturity, the interannual variability in harvests, and the percentage of years when harvests are below a target reference point.

Table 1. Alternatives for managing or mitigating disease for safe and sustainable seafood

General strategy

• Alternative management actions • Examples of specific tactics

Manipulate density or demographics

• Harvest or production policies
• Stocking plans
• Selective or mandatory harvest regulations

• Adjust host density to lower intra-system transmission rates
• Reduce aquaculture production to minimize disease outbreak
• Select for sizes most vulnerable to disease or cull “sick” individuals

Alter system connectivity

• Prevent species invasion
• Fishing exclusion zones
• Minimize inter-system transmission
• Eliminate cross-system stocking
• Disconnect aquaculture from wild stocks
• Quarantine

• Use physical barriers to block spread
• Avoid or ban access to disease-prone or infected areas
• Gear sterilization or dedicated use
• Mandate testing prior to movement of animals
• Regulate ballast water discharge
• Prohibit entry during a disease outbreak

Modify habitat

• Improve water quality
• Limit conditions favorable for disease
• Introduce artificial spawning areas or aggregation devices

• Create cool-water pool habitat to inhibit pathogens
• Pond drainage to eliminate unwanted organisms
• Restore or develop reefs

Implement direct treatment

• Apply chemotherapeutants
• Vaccination
• Temperature manipulation

• Batch or feed-based treatments
• Vaccinate individuals to stimulate immune response
• Alter thermal regime to depress parasite load or alter infectious period

Implement biological intervention

• Modify food web or species composition (biocontrol)
• Selective breeding

• Stocking hosts selected for disease tolerance
• Stock predators of parasite
• Preserve genetic diversity / select for rapid growth (manage growth to achieve 

reproduction to “outpace” disease)
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spread (Prince et al. 2008). In addition, fishing gear or other 
possible vectors might be disinfected or separated for use 
between locations to help minimize unwanted transmission, 
such as in the control of invasive species (Holeck et al. 2004). 
Manufactured barriers that prevent movement of wild 
organisms are a more severe form of altering system connec-
tivity (Zielinski et al. 2019), although this option is perhaps 
most plausible in freshwater systems or aquaculture. 
Alternatives such as quarantine could also reduce the proba-
bility of pathogen introduction, but these require a level of 
population control that may only be feasible in aquaculture 
systems (Behringer et al. 2020).

Other strategies attempt more direct approaches to alter 
disease dynamics or improve host health. For instance, some 
alternatives focus on improving habitat quality, which may 
limit conditions favorable to disease, whereas other alterna-
tives may instead attempt to improve disease tolerance of the 
hosts. Shellfish are sometimes relocated to cleaner habitats for 
depuration that purges contaminants, thereby improving pal-
atability and reducing pathogen and contaminant loads to 
human consumers (Lees et al.  2010). Likewise, direct treat-
ment can alter community or age composition, such as with 
the application of lampricides to reduce parasite load (Irwin 
et al. 2012). The use of biocontrol options, such as cleaner fish, 
may be an option for some systems. More recently, manipulat-
ing the gene pool to affect fitness or improve disease resistance 
is an approach increasingly under consideration by managers 
(Buck et al. 2020).

Modeling approaches to support disease 
management

Within PrOACT, models are used to predict the conse-
quences of management alternatives. Initial model versions 
may begin as simple conceptual influence diagrams and 
then become more mathematically explicit as information 
is gained or assumptions are explained. Mathematical 
models that capture host population dynamics and parasite 
transmission can also improve understanding of the epi-
demiological processes underlying observed infection pat-
terns (Keeling and Rohani  2008). Published examples of 
such models range from system-specific models to more 
general theoretical models, and range in complexity from 
spatially implicit deterministic models to stochastic agent-
based models (several examples are summarized in 
Appendix  S1: Table  S1).

In some cases, using multiple model structures or param-
eterizations to consider alternative hypotheses can aid in the 
estimation of effects of assumptions made during model 
development. For instance, Wilberg et al. (2008) used differ-
ent parameterizations of a spatially explicit stochastic simu-
lation model to evaluate source–sink population dynamics 
within a fishery. In systems where transmission biology is 
not well understood, exploring a suite of transmission rates 

can rule out transmission modes if model simulations indi-
cate that a particular transmission route is unlikely to pro-
duce observed infection prevalence. Rates in these models 
can also be modified to represent the hypothesized effects of 
both management action and disease (Figure 2). Information 
gaps that lead to simplifying assumptions or difficulties in 
estimating model parameters are a challenge for using mod-
els to support management. Nonetheless, predicting the 
performance of management alternatives can occur even 
when disease dynamics within a managed system are imper-
fectly understood (Russell et al. 2017). A collaborative mod-
el-building effort may further help to foster a common 
understanding among participants and reveal otherwise 
hidden assumptions.

Assessing disease consequences and trade-offs

Potential decision outcomes (ie consequences) can be 
assessed using performance metrics associated with each 
measurable objective. A number of performance metrics, 
often based on fishery catch or effort, have been applied 
including average catch, catch variability, and bycatch 
(Bordalo-Machado  2006; Punt  2017). We anticipate that 
several performance metrics might be of interest for disease 
management. Notably, the expected probabilities associated 
with disease introduction or outbreak are likely to be 
informative when evaluating potential policy performance. 
Likewise, the anticipated amount of time a fishery is inac-
cessible or performing poorly due to disease could be com-
pared to other performance metrics. Decision makers may 
also benefit from awareness of potential technical challenges 
to implementation, associated expenses, time to effectiveness, 
or side effects of treatment.

Production of seafood often entails competing objectives; 
therefore, considering trade-offs is a critical step in the struc-
tured decision-making process. Trade-offs are often consid-
ered in pairwise fashion when comparing two potentially 
competing performance metrics (eg yield versus variability in 
yield); however, more complex trade-offs can be analyzed 
graphically. For example, slightly more complex illustrations, 
such as “kite” or “radar” diagrams, can facilitate the visualiza-
tion of performance, and these visual assessments may benefit 
from dedicated communication efforts among managers, 
modelers, and stakeholders (Punt  2017; Feeney et al.  2019). 
Even when such trade-off analyses are well presented, uncer-
tainties may be difficult to assess and the decision maker’s risk 
tolerance may still be unknown.

Sources of uncertainty about disease

Uncertainty about infectious diseases can influence the deci-
sion-making process in multiple ways (Table 2). For instance, 
in harvest management, both observational and implemen-
tation uncertainty are common (Williams et al. 1996; Francis 
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and Shotton 1997). Observational uncertainty (ie assessment 
uncertainty or partial observability) arises when the true 
status and trends of a target population deviate from what 
is being observed or reported. Such conditions may result 
from monitoring constraints (eg limited access to a popu-
lation’s inhabited area) or be intentionally introduced (eg 
deliberate misreporting of catches). Disease may increase 

observational uncertainty if the disease state is not accurately 
recognized or reported. For instance, if infected individuals 
alter behavior or activity rates, then their vulnerability to 
a sampling gear may change. Fishery decision processes 
could also be hampered by observational uncertainty if, for 
example, quotas are set based on the observed status of the 
harvestable stock (Deroba and Bence  2008). Along these 

Figure 2. A generalized model of infection dynamics and the effects of potential management actions. The four central green rectangles represent the 
host stock by infection status: Susceptible, Exposed, Infectious (asymptomatic and symptomatic), and Recovered. The associated green arrows indicate 
transition rates between host infection status (infection, latency, recovery; for simplicity, loss of immunity is not shown). The fifth green rectangle repre-
sents alternative hosts that can also supply parasites to the system apart from the focal stock. Also shown as arrows: exposure to parasites (solid black), 
parasite shedding (dotted orange), mortalities (dashed gray) and stocking (blue). Blue and purple rectangles show potential management actions (blue for 
aquaculture or stocked fisheries, and purple for wild fisheries).

Table 2. Examples of uncertainties that may complicate an evaluation of anticipated performance of alternative actions taken to manage or 
mitigate disease for safe and sustainable seafood

Type of uncertainty General description Disease-management example Operationalize

Process Unknown structure and function of the 
managed system

What are the spatial processes for dispersal 
and transmission of pathogens?

Build multiple model structures to represent 
alternative hypotheses and adjust influence 
of these models as they gain or lose 
empirical support

Parameter Unknown parameterizations for key model 
components

Are different sources of mortality 
compensatory or additive?

Identify plausible parameter values for 
scenario forecasting and refine as new data 
become available

Observational Unknown relationships between samples 
and populations

Do infected individuals have different 
vulnerability to sampling gear?

Represent population assessment in 
scenario-forecasting models; intensify 
sampling

Implementation Unknown effectiveness of actions or 
regulations

What is the response to treatment (ie 
effectiveness)?

Monitor and report responses to 
management action

Decision Unknown objective weights or risk tolerance 
of decision makers

What trade-offs are acceptable and whose 
risks were considered?

Identify decision makers; visualize trade-offs; 
conduct sensitivity analyses; value learning
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same lines, implementation uncertainty (ie partial control-
lability) indicates that the true effect of a management reg-
ulation may deviate from the anticipated consequence. For 
example, uncertainty about the potential effectiveness of a 
treatment to reduce parasites could be modeled using a 
probability distribution to allow managers to see the con-
sequences of a range of potential effectiveness values. A 
more complicated example could occur if infected individuals 
with visible disease were to have lower value at market 
(Lafferty et al.  2015), which could reduce interest in har-
vesting even if some annual allowable catch remained. 
Forecasting such responses to policy implementation would 
likely require more assumptions than a simpler scenario 
where a fixed portion of catch was assumed as harvested.

Emerging diseases may also introduce new forms of “pro-
cess” uncertainty. Disease transmission modes, seasonality and 
rates, potential variation in individual susceptibility, and the 
long-term consequences of disease are all likely to be poorly 
understood, particularly at the onset of a new disease or when a 
naive population is first exposed. A changing climate also may 
influence socioecological systems through different influential 
factors, introducing new questions for disease management 
(Byers  2021). For instance, what are the consequences of 
increased spread of exotic species (which may introduce novel 
pathogens), warming temperatures (which may increase the 
amount of time over the course of a year that is suitable for dis-
ease transmission), or more frequent drought (which may 
increase host stress or density)? Likewise, the potential for 
cross-contamination between aquaculture waters and sur-
rounding waters (Lai et al.  2018) may remain an important 
source of uncertainty as land- or water-use practices change. In 
the Great Lakes of North America, fisheries management has 
recognized and targeted known uncertainties (eg about recruit-
ment dynamics, trapping efficiency) to refine management 
options over time, by completing a cycle of adaptive manage-
ment (Jones et al. 2015), which has demonstrated that manage-
ment-relevant uncertainties can be reduced for large 
open-fishery systems. Reducing uncertainty would similarly be 
critical to developing an adaptive disease-management 
program.

Disease risk assessment

Like Thrush et al.  (2011) and Irwin et al.  (2016), we view 
“risk” as a combination of event severity and probability 
of occurrence. Aquatic fauna can have risks of stock deple-
tion or extinction, which may be influenced by infectious 
diseases. In particular, the risks associated with expansion 
and intensification of aquaculture and a corresponding over-
lap with wild populations are notable. Diana  (2009) listed 
eight negative effects of aquaculture on biodiversity; of these, 
one explicitly refers to disease (“Disease or parasite transfer 
from captive to wild stocks”), although others may connect 
more indirectly through density dependence, genetic diversity, 
or promotion of stressful conditions or antibiotic resistance. 

With respect to human health, risks are expected through 
harvesting, handling, or consuming seafood (FDA  2021).

Disease threats can influence the decision maker. 
Conceptually, a fishery manager may attempt to maintain an 
“acceptable” level of risk by increasing precautions to offset the 
increased uncertainty (Irwin and Conroy  2013) that may be 
introduced by an emerging disease. However, individual deci-
sion makers may vary in their tolerance for risk. At one end, a 
high tolerance for risk may lead to a willingness to accept an 
expected loss in pursuit of an outcome that has low probability 
and high reward (Irwin et al. 2016). Conversely, an intolerance 
for risk leads to a willingness to reject an expected benefit in an 
attempt to avoid possible outcomes that have low probability 
and high cost. Decision makers are likely to be particularly 
concerned with risks of infectious diseases that threaten 
human livelihoods by causing collapses in fisheries and aqua-
culture stocks upon which stakeholders depend (Mardones 
et al. 2011; Gambill et al. 2015).

Challenges to operationalizing disease management

While sharing an overarching objective to “provide safe and 
sustainable seafood”, many fishery and aquaculture examples 
often vary with respect to available information and actions, 
including whether those actions target disease prevention, 
treatment, or mitigation. Thus, challenges remain for oper-
ationalizing disease management. Multiple uncertainties are 
likely to persist, particularly at the outbreak of a novel dis-
ease, when disruptions to the managed system, rates of 
infection and mortality, and effectiveness of available treat-
ments may be even more difficult to anticipate. Such com-
plexities have been observed in both wild systems and 
aquaculture systems, as well as when those systems are 
interconnected (see Appendix  S1: Panels S1–S3 for selected 
case-study examples). Even successful treatments may even-
tually degrade if their effectiveness decreases over time (eg 
development of drug resistance; Kreitzman et al.  2018). 
Moreover, risks may vary in terms of short- and long-term 
benefits or costs. Grant et al.  (2017) suggested that decision 
analysis be used to “improve strategies for countering emerg-
ing infectious disease”. With a focus on a salamander path-
ogen, these authors identified four challenges to successful 
proactive conservation: (1) lack of overarching disease policy; 
(2) fragmented management responsibility and limited author-
ity; (3) competing objectives; and (4) few effective, available 
options for control (Grant et al.  2017). We propose that 
many of these challenges also exist in the context of seafood 
supply, and that decision structuring and scenario forecasting 
can help overcome these challenges in support of disease 
management.

A proposed path forward for disease management

We conclude by reviewing steps and offering questions (sensu 
Irwin et al.  2016) to generate a proposed path forward for 
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fishery disease management. However, these steps can also 
be useful for any manager confronted with the challenges 
associated with infectious disease.

Specify objectives (what do we hope to achieve?)

For the foreseeable future, “provide safe and sustainable 
seafood” is likely to remain a motivating objective. A more 
comprehensive list of subordinate objectives could be cat-
aloged as decision makers increasingly focus on managing 
the threat of emerging disease for specific fisheries. Specific 
objectives, performance metrics, and reference points are 
likely to vary among fisheries, but broadly we expect that 
they are likely to connect to either the “rewards” of exploit-
ing renewable resources or the “risks” associated with those 
activities.

Identify options (what can we do about it?)

To date, more options apparently are available for affecting 
disease transmission than for reducing the probability of 
death given exposure, particularly for wild fisheries. Given 
the vastness of some aquatic habitats, we expect that near-
term available management alternatives will continue to 
target reducing disease transmission. In the future, options 
for maintaining or manipulating genetic diversity or 
age-structure of harvested populations may gain further 
attention. Challenges remain for determining how specific 
disease-management options, which thus far have often been 
imprecise instruments, can be implemented to optimize 
efficacy and efficiency.

Make predictions (what are the likely consequences?)

Capacity is being built to make predictions under different 
policy actions within decision-relevant time frames, while 
considering multiple uncertainties and multiple compo-
nents of a managed system (eg both ecological and eco-
nomic; Deroba et al.  2019). Forecasts are still needed to 
establish the potential trajectories of disease outbreaks 
and to evaluate the potential consequences of alternative 
management options. When applicable, incorporating dis-
ease-induced mortality may reduce the likelihood of overly 
optimistic predictions of potential harvests (Choisy and 
Rohani  2006).

Assess trade-offs (what are the justifiable losses and gains?)

In fisheries management, objectives for consumptive use 
may conflict with objectives for conservation (St Mary 
et al. 2000; Brown and Mumby 2014). Punt (2017) provided 
examples of how to visualize potential trade-offs in a man-
agement strategy evaluation. Inclusion of additional dis-
ease-related metrics in trade-off analyses can add important 
realism to fisheries decision analysis; however, these metrics 
may require increased cost and effort to produce.

Evaluate uncertainties (what are the risks?)

For disease management, important uncertainties are likely 
to be connected to probabilities of disease introduction, 
transmission, and consequences, as well as treatment effec-
tiveness. By incorporating such uncertainties into scenar-
io-forecasting models, managers, scientists, and stakeholders 
may be better able to co-evaluate the sensitivity of projected 
performance metrics to assumptions made about disease 
dynamics and if these change the relative decision influ-
ence of previously recognized uncertainties.

Identify and fill data gaps (what information is needed?)

Structured decisions help reveal what is known and what 
is unknown, and consequently which parts of a management 
process may be based on assumptions. Identifying how or 
when decisions are sensitive to assumptions could help direct 
question-driven monitoring programs to increase the quantity 
and quality of information available to decision makers. 
Likewise, monitoring plays a critical role in determining 
whether implemented policies have produced the intended 
effects.

Update information (what has been learned?)

Learning can occur through the adjustment of actions (eg 
adaptive management) and reduction of model uncertainty 
(eg which hypothesis about system structure has the most 
empirical support?). Responding to reduced parameter 
uncertainty (eg what is the expected disease transmission 
rate?) and implementation uncertainty (eg what is the 
expected efficacy of a disease treatment?) may rise in 
importance for adaptive disease management. We expect 
that a major learning opportunity for disease management 
will include a better understanding of what risks are con-
sidered to be acceptable and whether those risks are equi-
tably distributed.

Conclusions

Infectious diseases can affect dynamics of harvested pop-
ulations in ways that change yields and sustainability of 
stocks. Emerging diseases could make forecasting popu-
lation dynamics and quantifying potential policy perfor-
mance more difficult because more information is likely 
needed to accurately make those projections. Furthermore, 
there may be insufficient data on how a diseased popu-
lation would respond to various management interventions. 
Thus, infectious diseases, and especially newly emerging 
ones, may complicate evaluations of management alter-
natives. If these challenges lead to selection of a suboptimal 
harvest policy, then sustainability of economic benefits 
may wane. Our recommendations for a structured deci-
sion-making approach should allow managers to more 
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purposefully incorporate the influence of disease into 
planning and management efforts, and perhaps will help 
in the development of new methods or models that improve 
mitigation of the effects of disease.

Acknowledgements

Support was provided by a University of Georgia 
Presidential Interdisciplinary Seed Grant. The Georgia 
Cooperative Fish and Wildlife Research Unit is sponsored 
jointly by the Georgia Department of Natural Resources 
(DNR), the University of Georgia, the US Fish and Wildlife 
Service, the US Geological Survey, and the Wildlife 
Management Institute. This study was partially supported 
by an Institutional Grant (#NA18OAR4170084) to the 
Georgia Sea Grant College Program from the National 
Sea Grant Office of the National Oceanic and Atmospheric 
Administration (NOAA, US Department of Commerce), 
and by an Institutional Grant (#NA16NOS4190165) to 
the Georgia DNR from the NOAA Office of Coastal 
Management. MMT also received support from the 
Interdisciplinary Disease Ecology Across Scales (IDEAS) 
Graduate Training Program at the University of Georgia 
through a grant from the US National Science Foundation 
(DGE-1545433). All views, opinions, findings, conclusions, 
and recommendations expressed in this material are those 
of the authors and do not necessarily reflect the opinions 
of the University of Georgia, the Georgia Sea Grant College 
Program, NOAA, or the Georgia DNR. We thank CW 
Osenberg for helpful comments and discussion, as well 
as EHC Grant for helpful comments.

Data Availability Statement

No data were collected for this study.

References

Behringer DC, Wood CL, Krkošek M, et al. 2020. Disease in fisheries 
and aquaculture. In: Behringer DC, Silliman BR, and Lafferty KD 
(Eds). Marine disease ecology. Oxford, UK: Oxford University 
Press.

Bordalo-Machado P. 2006. Fishing effort analysis and its potential to 
evaluate stock size. Rev Fish Sci 14: 369–93.

Brown CJ and Mumby PJ. 2014. Trade-offs between fisheries and the 
conservation of ecosystem function are defined by management 
strategy. Front Ecol Environ 12: 324–29.

Buck JC, Weinstein SB, Titcomb G, et al. 2020. Conservation implica-
tions of disease control. Front Ecol Environ 18: 329–34.

Byers JE. 2021. Marine parasites and disease in the era of global cli-
mate change. Annu Rev Mar Sci 13: 397–420.

Byers JE and Noonburg EG. 2007. Poaching, enforcement, and the 
efficacy of marine reserves. Ecol Appl 17: 1851–56.

Choisy M and Rohani P. 2006. Harvesting can increase severity of 
wildlife disease epidemics. P Roy Soc B-Biol Sci 273: 2025–34.

Conroy MJ and Peterson JT. 2013. Decision making in natural 
resource management: a structured, adaptive approach. Oxford, 
UK: Wiley-Blackwell.

Deroba JJ and Bence JR. 2008. A review of harvest policies: understand-
ing relative performance of control rules. Fish Res 93: 210–23.

Deroba JJ, Gaichas SK, Lee M-Y, et al. 2019. The dream and the real-
ity: meeting decision-making time frames while incorporating 
ecosystem and economic models into management strategy evalu-
ation. Can J Fish Aquat Sci 76: 1112–33.

Diana JS. 2009. Aquaculture production and biodiversity conserva-
tion. BioScience 59: 27–38.

Dobson AP and May RM. 1987. The effects of parasites on fish popu-
lations – theoretical aspects. Int J Parasitol 17: 363–70.

Dowling NA, Dichmont CM, Haddon M, et al. 2015. Guidelines for 
developing formal harvest strategies for data-poor species and 
fisheries. Fish Res 171: 130–40.

FAO (UN Food and Agriculture Organization). 2020. The state of 
world fisheries and aquaculture 2020. Sustainability in action. 
Rome, Italy: FAO.

FDA (US Food and Drug Administration). 2021. Fish and fishery 
products hazards and controls guidance (4th edn). Washington, 
DC: FDA.

Feeney RG, Boelke DV, Deroba JJ, et al. 2019. Integrating manage-
ment strategy evaluation into fisheries management: advancing 
best practices for stakeholder inclusion based on an MSE for 
Northeast US Atlantic herring. Can J Fish Aquat Sci 76: 
1103–11.

Francis RICC and Shotton R. 1997. “Risk” in fisheries management: a 
review. Can J Fish Aquat Sci 54: 1699–715.

Gambill JM, Doyle AE, Lee RF, et al. 2015. The mystery of black gill: 
shrimpers in the South Atlantic face off with a cryptic parasite. 
Curr J Mar Educ 29: 2–8.

Grant EHC, Muths E, Katz RA, et al. 2017. Using decision analysis to 
support proactive management of emerging infectious wildlife 
diseases. Front Ecol Environ 15: 214–21.

Hammond JS, Keeney RL, and Raiffa H. 1999. Smart choices: a prac-
tical guide to making better decisions. New York, NY: Broadway 
Books.

Harvell CD, Kim K, Burkholder JM, et al. 1999. Emerging marine 
diseases – climate links and anthropogenic factors. Science 285: 
1505–10.

Hedegaard Clausen J, Madsen H, Murrell KD, et al. 2012. Prevention 
and control of fish-borne zoonotic trematodes in fish nurseries, 
Vietnam. Emerg Infect Dis 18: 1438–45.

Holeck KT, Mills EL, MacIsaac HJ, et al. 2004. Bridging troubled 
waters: biological invasions, transoceanic shipping, and the 
Laurentian Great Lakes. BioScience 54: 919–29.

Irwin BJ and Conroy MJ. 2013. Consideration of reference points for 
the management of renewable resources under an adaptive man-
agement paradigm. Environ Conserv 40: 302–09.

Irwin BJ, Crawford B, Crawford TC, and Moore C. 2016. Turning 
uncertainty into useful information for conservation decisions. 
Reston, VA: US Geological Survey.

Irwin BJ, Liu W, Bence JR, et al. 2012. Defining economic injury lev-
els for sea lamprey control in the Great Lakes basin. N Am J Fish 
Manage 32: 760–71.

8 of 9  REVIEWS

 15409309, 2024, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/fee.2695 by U

niversity O
f G

eorgia L
ibraries, W

iley O
nline L

ibrary on [13/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Front Ecol Environ doi:10.1002/fee.2695

Managing disease in seafood

Irwin BJ, Wilberg MJ, Jones ML, et al. 2011. Applying structured deci-
sion making to recreational fisheries management. Fisheries 36: 
113–22.

Jones ML, Brenden TO, and Irwin BJ. 2015. Re-examination of sea 
lamprey control policies for the St Mary’s River: completion of an 
adaptive management cycle. Can J Fish Aquat Sci 72: 1538–51.

Keeling M and Rohani P. 2008. Modeling infectious diseases. Princeton, 
NJ: Princeton University Press.

Keeney RL. 1996. Value-focused thinking: identifying decision opportu-
nities and creating alternatives. Eur J Oper Res 92: 537–49.

Kreitzman M, Ashander J, Driscoll J, et al. 2018. Wild salmon sustain 
the effectiveness of parasite control on salmon farms: conservation 
implications from an evolutionary ecosystem service. Conserv Lett 
11: e12395.

Krkošek M. 2017. Population biology of infectious diseases shared by 
wild and farmed fish. Can J Fish Aquat Sci 74: 620–28.

Lafferty KD, Harvell CD, Conrad JM, et al. 2015. Infectious diseases 
affect marine fisheries and aquaculture economics. Annu Rev Mar 
Sci 7: 471–96.

Lafferty KD, Porter JW, and Ford SE. 2004. Are diseases increasing in 
the ocean? Annu Rev Ecol Evol S 35: 31–54.

Lai WW-P, Lin Y-C, Wang Y-H, et al. 2018. Occurrence of emerging 
contaminants in aquaculture waters: cross-contamination between 
aquaculture systems and surrounding waters. Water Air Soil Poll 
229: 249.

Lees D, Younger A, and Doré B. 2010. Depuration and relaying. In: Rees 
G, Pond K, Kay D, et al. (Eds). Safe management of shellfish and 
harvest waters. London, UK: IWA Publishing.

Mardones F, Perez A, Valdes-Donoso P, et al. 2011. Farm-level repro-
duction number during an epidemic of infectious salmon anemia 
virus in southern Chile in 2007–2009. Prev Vet Med 102: 175–84.

Prince JD, Peeters H, Gorfine H, et al. 2008. The novel use of harvest 
policies and rapid visual assessment to manage spatially complex 
abalone resources (genus Haliotis). Fish Res 94: 330–38.

Punt AE. 2017. Strategic management decision-making in a complex 
world: quantifying, understanding, and using trade-offs. ICES J Mar 
Sci 74: 499–510.

Punt AE, Butterworth DS, de Moor CL, et al. 2016. Management strat-
egy evaluation: best practices. Fish Fish 17: 303–34.

Ripple WJ, Wolf C, Newsome TM, et al. 2019. Are we eating the world’s 
megafauna to extinction? Conserv Lett 12: e12627.

Ristaino JB, Anderson PK, Bebber DP, et al. 2021. The persistent threat 
of emerging plant disease pandemics to global food security. P Natl 
Acad Sci USA 118: e2022239118.

Rosenberg AA. 2003. Managing to the margins: the overexploitation of 
fisheries. Front Ecol Environ 1: 102–06.

Russell R, Katz R, Richgels KLD, et al. 2017. A framework for modeling 
emerging diseases to inform management. Emerg Infect Dis 23: 1–6.

Smith ADM, Smith DC, Tuck GN, et al. 2008. Experience in imple-
menting harvest strategies in Australia’s south-eastern fisheries. Fish 
Res 94: 373–79.

St Mary CM, Osenberg CW, Frazer TK, et al. 2000. Stage structure, den-
sity dependence and the efficacy of marine reserves. B Mar Sci 66: 
675–90.

Thrush MA, Murray AG, Brun E, et al. 2011. The application of risk and 
disease modelling to emerging freshwater diseases in wild aquatic 
animals. Freshwater Biol 56: 658–75.

Wiedenmann J, Wilberg MJ, and Miller TJ. 2013. An evaluation of har-
vest control rules for data-poor fisheries. N Am J Fish Manage 33: 
845–60.

Wilberg MJ, Irwin BJ, Jones ML, et al. 2008. Effects of source–sink 
dynamics on harvest policy performance for yellow perch in south-
ern Lake Michigan. Fish Res 94: 282–89.

Wilberg MJ, Livings ME, Barkman JS, et al. 2011. Overfishing, disease, 
habitat loss, and potential extirpation of oysters in upper Chesapeake 
Bay. Mar Ecol-Prog Ser 436: 131–44.

Williams BK, Johnson FA, and Wilkins K. 1996. Uncertainty and the 
adaptive management of waterfowl harvests. J Wildl Manage 60: 
223–32.

Wood CL, Lafferty KD, and Micheli F. 2010. Fishing out marine para-
sites? Impacts of fishing on rates of parasitism in the ocean. Ecol Lett 
13: 761–75.

Zeller D and Pauly D. 2019. Back to the future for fisheries, where will 
we choose to go? Global Sustainability 2: e11.

Zielinski DP, McLaughlin R, Castro-Santos T, et al. 2019. Alternative sea 
lamprey barrier technologies: history as a control tool. Rev Fish Sci 
Aquac 27: 438–57.

This is an open access article under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs License, which permits use and distribution in any medium, 
provided the original work is properly cited, the use is non-commercial and no mod-
ifications or adaptations are made.

Supporting Information

Additional material can be found online at http://onlinelibrary.
wiley.com/doi/10.1002/fee.2695/suppinfo

Medicine, University of Georgia, Athens, GA; 5Warnell School of Forestry  
and Natural Resources, University of Georgia, Athens, GA; 6Shellfish  
Research Laboratory, Marine Extension and Georgia Sea Grant,  
Savannah, GA

REVIEWS  9 of 9

 15409309, 2024, 2, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/fee.2695 by U

niversity O
f G

eorgia L
ibraries, W

iley O
nline L

ibrary on [13/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://onlinelibrary.wiley.com/doi/10.1002/fee.2695/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/fee.2695/suppinfo

	Managing the threat of infectious disease in fisheries and aquaculture using structured decision making
	Structuring a decision problem
	Specifying and organizing objectives
	Identifying alternative management actions
	Modeling approaches to support disease management
	Assessing disease consequences and trade-offs
	Sources of uncertainty about disease
	Disease risk assessment
	Challenges to operationalizing disease management
	A proposed path forward for disease management
	Specify objectives (what do we hope to achieve?)
	Identify options (what can we do about it?)
	Make predictions (what are the likely consequences?)
	Assess trade-offs (what are the justifiable losses and gains?)
	Evaluate uncertainties (what are the risks?)
	Identify and fill data gaps (what information is needed?)
	Update information (what has been learned?)

	Conclusions
	Acknowledgements
	Data Availability Statement

	References


