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Marine ecosystems face many consequential pressures. Yet, we lack an integrative and predictive capacity to understand how marine ecosys-
tems will respond to the cumulative impacts of these pressures, including climate change. It is not enough to detect responses after the fact;
it has become imperative to know in advance where major biological resources or hazards will occur, when they will peak, and how that will
impact economic performance. Although forecasts exist for some components of marine ecosystems, these are disparate and suffer from a
lack of coordination. There is a need for coordinated, cross-ecosystem scale, integrated, marine ecosystem predictions and synthesis products.
The value proposition relative to the blue economy is quite high, positively influencing billions if not trillions of marine sector dollars.
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Marine ecosystems need prediction products

Marine ecosystems are changing in response to climate-
induced oceanic changes and other cumulative impacts. But
our ability to predict these changes is hampered by the lack
of a large ocean regional-level, integrated set of synthesis and
prediction products for marine ecosystems. The questions that
arise are: (1) how are ecosystems changing, (2) how do those
changes affect us, and (3) how can we predict and respond
to them? It has become imperative to know in advance where
major biological resources or hazards will occur, when they
will peak, and how that will impact economic performance. To
make this vision a reality, the United States, Europe, Canada,
or any large oceanic regional jurisdiction, needs cross-
ecosystem scale, integrated, marine ecosystem predictions.
Our ability to assess marine ecosystems for past and current
conditions is pretty fair to good; our ability to predict, project,
and forecast them is not as good (DeYoung et al., 2004; Payne
et al., 2016; Shi et al., 2022). Our current ability to address
these considerations concurrently and as an integrated system
is mostly non-existent and systematically limited. We do not
yet have a large ocean regional, integrated set of synthesis and
prediction products, but we can and need to produce them.
The need for prediction products has become increasingly
clear as climate change impacts are increasingly escalating
in the ocean (IPCC, 2014; Bindoff et al., 2019; Canadell
et al., 2021), impacting its component biota and associated
ecosystem goods and services (Stock et al., 2011; Doney
et al.,2012; IPCC, 2014; Bindoff et al., 2019), and ultimately
marine-derived human benefits and uses (Figure 1). The
ability for society to increase resiliency to future impacts of

climate-induced changes depends on our ability to forecast
these events as early and accurately as possible, both tempo-
rally and geographically (Brandt et al., 2006; Tommasi et al.,
2017; Jacox et al., 2020). As climate change continues to
impact the oceans, assumptions of equilibrium and status quo
as the basis for projections will be increasingly inappropriate
and assumptions about non-stationarity in marine ecosys-
tems will be increasingly challenged by unprecedented and
unobserved conditions and system states (Hoegh-Guldberg
and Bruno, 2010). But most saliently, we have already shifted
from “climate is going to change and impact the ocean and
its component biota, and we need to prepare”, to “it is
already changing and we need to respond, now” (USGCRP,
2017). Yet our capability to predict such dynamics, and
necessary responses, is currently limited. A novel system of
marine ecosystem predictions is warranted to address these
continued challenges of marine ecosystem dynamics.

Marine ecosystems are subjected to a plethora of cumula-
tive pressures. Phenomena like harmful algal blooms (HABs),
sea-level rise, overfishing, habitat loss, offshore energy de-
velopment, changes in shipping patterns, competition among
endangered species and other endangered or targeted species,
hypoxic waters, beach closures, coral reef bleaching, hazard
spills, hurricanes, and floods (Diaz and Rosenberg, 2008;
Doney et al., 2012; O’Neil et al., 2012; IPCC, 2014; Wells
et al., 2015; Bindoff er al., 2019, van Aalst 2006; Jackson
et al., 2001; Figure 1) impact marine ecosystems and their
associated marine-based economies (aka, the blue economys;
OECD, 2016; Spalding, 2016; BEA, 2023). Furthermore,
there are changes occurring that extend beyond anything
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Figure 1. The elements of marine ecosystem predictions, which aim to couple models across a range of pressures, modelling emphases, and
interdisciplinary systems. The outcome would be prediction products of biological, economic, and social importance, as driven by climate and physical
models. Biological impacts or changes can lead to social and economic impacts across a range of ocean-use sectors supporting the blue economy.
TL = trophic level. Icons from: Integration and Application Network, University of Maryland Center for Environmental Science

(ian.umces.edu/imagelibrary/).

that we have detected in our observations to-date (USGCRP,
2017; Bindoff ef al., 2019; Brett et al., 2020). These changes
are affecting marine ecosystems at the global, large ocean
region, and local scales in myriad ways (Hoegh-Guldberg and
Bruno, 2010; Doney et al., 2012; Bindoff et al., 2019).

What would we have known and potentially done differ-
ently if a system of large ocean region, integrated set of syn-
thesis and prediction products already existed? Even just the
past year or two provides poignant examples. The disappear-
ance of crabs in Alaska in response to shifting sea-ice was
completely missed by modelling, resulting in a closure of that
fishery (Alaska Beacon, 2022). Current sea surface tempera-
tures around Florida for example, at what are historically and
unprecedented high levels, were not predicted (Copernicus,
2023) and, by extension, the massive coral bleaching we are
now seeing was also not fully expected (NOAA, 2023). Those
sea temperatures are influencing weather phenomena lead-
ing to extreme heat and precipitation, leading to higher-than-
average flooding well-beyond coastal regions (Wing et al.,
2022). Looking back just a few years, the Pacific blob (Brodeur
et al., 2019; NMFS, 2019), blooms of gelatinous zooplank-
ton (Brodeur et al., 2019), emaciation of pinnipeds (NMFS,
2019), dispersion of coral disease (Burke ef al., 2023), and
the increasing number of fishery disaster declaration requests
(NMFS, 2023) are other events for which a more effective pre-
diction system could have helped. These are just some of the
examples of why we need better marine ecosystem predictions,
and we anticipate that this need will only continue to grow.

Filling in what existing predictions miss

Admittedly, there are several extant and excellent elements of
marine ecosystem predictions (Brandt et al., 2006; Tommasi
et al., 2017; Dietze et al., 2018; Coll et al., 2020; Drenkard
et al., 2021). These cover a wide range of thematic and eco-
nomic sectors (Brandt et al., 2006; Tommasi et al., 2017; Di-
etze etal.,2018; Coll et al.,2020). They are geographically dis-
persed and regionally focused (Brandt et al., 2006; Stock et al.,

2011; Coll et al., 2020; Drenkard et al., 2021, Tommasi et al.
2017). They also cover multiple components of marine ecosys-
tems (Stock et al., 2011; Tommasi et al., 2017; Coll et al.,
20205 Tittensor et al., 2021; Figure 2). But these predictions
are generally disparate, and are not integrated, coordinated,
or made at the large ocean region-level as a cohesive system.
Thus, the predictions suffer from being dispersed and highly
diffuse across geographies, thematic areas, ocean-use sectors,
and even across disciplinary and organizational aspects of
ocean management agencies and their partner communities
(Figures 1 and 2). There is certainly value in those more fo-
cused (i.e. single use, single sector, single taxa, narrower geog-
raphy, and so on) predictions. However, the lack of ecosystem-
level integration has resulted in many undesirable outcomes,
like loss of resource value, unintended degradation of ecosys-
tem components’ condition, inadequate optimization of the
blue economy, inability to reconcile competing societal ob-
jectives, and increased inefficiencies in modelling, forecasting,
and communication efforts (Fulton, 2010; Turschwell et al.,
2022). Systematic marine ecosystem predictions have not had
the degree of focus, emphasis, and integration that the atmo-
spheric prediction system aspects have had. There is a clear
need for coordination, integration, and consistency in these ef-
forts, and the lack thereof has hindered some needed marine
ecosystem predictions (Dietze et al., 2018; Coll et al., 2020;
Drenkard et al., 2021). There is little cross-ecosystem empha-
sis of marine ecosystem predictions, nor is there a consistent,
focusing mechanism to shepherd these much-needed marine
ecosystem predictions and their associated products into co-
hesive products and outlooks. Limitations of the geographies
at which we typically conduct our limited, single sector fore-
casts suggest the need for a larger scale (i.e. broader than local
or LME jurisdictions (Figure 2¢). We highlight herein a poten-
tial approach for many other jurisdictions.

As noted in the introduction, the question becomes what
have we missed—and what are the consequences—because
we have not done these integrated predictions for marine
ecosystems? The cost of climate change just on US fisheries
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Figure 2. The dimensions of predictions and model coupling proposed for
this marine ecosystem modelling and prediction system. (a) The degree
of model coupling spans multiple focal areas. (b) The taxonomic
resolution varies, but tends to miss the more aggregated considerations,
unless at lower trophic levels. (c) The spatial and temporal extent of what
is modelled varies across model domains. What is typically modelled is
short-term (days to week) or long term (decadal to century) scales, and
either global or regional downscale spatial models. Areas of predictions
that tend to be overlooked are the large ocean region spatial scales at the
Continental scope, and seasonal to two years to a decade on the
temporal scope (the gap noted). NIMBY = not in my back yard.

XLME = cross Large Marine Ecosystem. Icons in (b) from: Integration
and Application Network, University of Maryland Center for
Environmental Science (ian.umces.edu/imagelibrary/).

alone are an estimated 3-5 billion $US over the past 25 years
(Bellquist et al., 2021). The economic risks to obtain the
potential value extracted from the top 15 US fisheries (i.e. not
including all species harvested) in an LME-scale are higher
than they should be by tens of millions of dollars per region
(Figure 5d). We posit that there has been foregone value (Lam
etal.,2016; Moore et al., 2020), inefficient economics (Weath-
erdon et al., 20165 Cochrane, 2020; Bakkensen and Barrage,
2021), increased social stress (Otto et al., 2017; Cochrane,
2020; Degroot et al., 2021), loss of (coastal) community re-
silience (Colburn et al.,2016; Yanda et al.,2019; Berman et al.,
2020), ecosystem degradation (Jackson et al., 2001; IPCC,
2014), and loss of human health or even lives (Landrigan et al.,
2020; Meierrieks, 2021). For instance, the impacts from the
deepwater horizon oil spill have run in the hundreds of bil-
lions of dollars (Sumaila et al., 2012; Court et al., 2020), with
broader social impacts to Gulf of Mexico coastal communities
(Gill et al., 2011; Cope and Slack, 2017; Harrison, 2019). The
cost and consequences of such perturbations are only going
to intensify over time (IPCC, 2014; Spalding, 2016). Seeking
to avert these consequences, it is helpful to focus on the bene-
fits of such prediction products. The marine ecosystem predic-
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tion systems we propose will help understand and communi-
cate these costs and benefits to assist in appropriate planning,
management, and responses. The products include: more fre-
quent, more operationally routine, more comprehensive, more
integrated, better coordinated, and better marine ecosystem
forecasting, projection, and prediction products. Such predic-
tion products will enable improved assessments of the status
of our living marine resources (LMR), the human commu-
nities that depend on them, and their associated economies.
By developing and providing a suite of probabilities of major
LMR features, risk estimates of major events, and operational
predictions (Methot, 2009; Craig and Link, 2023; c.f. Graham
et al. 2011), all of which are consistent across multiple ecosys-
tems, expanded in thematic coverage (Figure 2b and c), and
distributed regionally, we will be able to provide the routine
and regular reporting of marine ecosystem predictions that are
sorely needed.

A brief note on scale and terminology

Before proceeding further, as noted by reviewers on previ-
ous versions of this work there are many ways that the gen-
eral population and even scientists can use many of the terms
noted herein. Thus, it seems prudent to define a few scales
and terms. Here, by prediction we mean stating in advance
that an event or phenomena will occur, almost as a statement
of expectation from a hypothesis. By projection we mean the
calculations, using a relatively straightforward mathematical
treatment, to obtain a numerical value of that future event or
phenomena. This is an estimate of future conditions based on
analytical solutions that seek to simply provide a relatively ac-
curate answer with less concern about elements of precision
or delivery. By forecast we mean a probabilistic treatment of
the projection (i.e. with uncertainty) that extends prior obser-
vations or data, predicting the future state of the phenomena
or event (sensu; Saaty and Vargas, 1991). This is essentially an
estimate of future situations based on current trends which as-
similates data and accounts for the many types of uncertainty
(certainly statistical, but also others; Peterman, 2004). In our
experience, forecasts also include some degree of intentional
communication that messages and packages a predictive out-
put into an easily accessible form so that a forecast can be
readily used to inform decision-making. All of these are done
for a particular time and place. For instance, using a weather
analogy we might predict that it will rain tomorrow in our
village, we project it will rain around 1 ¢m during mid-day in
our village, and we forecast that it will rain 1 cm +/— 0.25 cm
between 11 a.m. and 3 p.m. and in over half of the area cov-
ered by our village with a 60-70% probability of occurring.
Herein, we use the more general term “prediction” to encom-
pass the increasingly detailed suite of prediction products (pre-
dictions, projections, and forecasts) to capture both the hi-
erarchical nature of these treatments of future states (Saaty
and Vargas, 1991) and to convey the general need to pro-
vide statements about future conditions of marine ecosystems.
Though these are technical distinctions, fundamentally all re-
fer to providing some determination about the future state of
an ecosystem and have been used interchangeably in the liter-
ature across different disciplines.

To do predictions, projections, and forecasts, we note that
models are crucial tools to provide such outputs (DeYoung
et al.,2004; Fulton, 2010; Link et al., 2017a; Coll et al., 2020).
There are many excellent modelling tools and applications
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thereof, but this work aims not to review any models or model
suites, endorse any particular modelling approach, nor make
the case for certain types of modelling efforts over others.
Rather, we want our forecasting system to be model agnos-
tic, so that it can incorporate the outputs of any appropriate
model into the predictions needed. We also note that there are
many facets of research and use in studying and managing the
ocean. Using the definition of Craig and Link (2023), when
they referred to fisheries management (which can be extended
to any ocean-use sector management or decision-making pro-
cess), as “operational” meaning models and resultant predic-
tions that are “used to support and inform resource manage-
ment, as characterized by (1) use of established methodologi-
cal approaches and best practices during model development,
(2) regular use of the model to provide information in support
of a resource management process, (3) use of the most recently
available data that has been quality-controlled, archived, and
is easily accessible, (4) model outputs that can inform action-
able choices from a defined set of alternatives, and (5) ideally,
evaluation of trade-offs among ecological, socio-economic,
and policy objectives. Operational models are also regularly
updated using established procedures and their outputs are fa-
miliar to decision-makers”. The point is that there are many
research models and even published predictions, but for a
model to formally provide operational prediction products, as
used in a forecasting context, the prediction products need to
be routinely and regularly incorporated in a decision-making
venue.

We also note that the scale and scope of these predictions
are critical to delineate. Whenever such prediction capabili-
ties arise, disparate temporal and especially spatial scales are
implied, but need to be expressly stated to avoid confusion.
It is intriguing that for large countries like Australia, Rus-
sia, Canada, and the United States for example, the term “re-
gional” is sub-national, but for countries in the EU or Africa
or parts of Asia, the term “regional” is multi-national, which
further complicates the matter. Thus, stating that something is
regional can mean very different spatial scales given differing
contexts. There are global, international (in smaller countries,
regional; 10° km? to multiple degrees of latitude and longi-
tude), national (10°~10° km?), sub-national (in larger coun-
tries, regional; 10*~10% km?), and local scales (1-10° km?),
which generally (and decreasingly) correspond to the entire
world ocean, major ocean basins, sub-basins or regional seas,
large marine ecosystems (LME), distinct (enclosed) seas, ma-
jor coastal features and oceanographic processes (e.g. named
currents), estuaries, bays, and harbours. Herein, we largely fo-
cus on the cross-LME (i.e. multiple LME) or sub-basin scales,
as we view that as the primary gap where improved integra-
tion and coordination can provide benefits (Figure 2¢). We rec-
ognize that some earth system and oceanographic features as
well as LMR and economic dynamics (Coll et al., 2020) occur
at even larger scales, which also might need to be considered,
but global scales tend to be modelled more commonly than
sub-basin scales. We use the terms “cross-ecosystem” or “large
ocean region” throughout to clarify the spatial scales we em-
phasize, largely implying either national (for larger countries)
or multi-national (for small countries) jurisdictions. We also
provide examples primarily from the United States given our
affiliation, but recognize the broader, international applica-
bility of what we propose. Regarding temporal scale, it can
vary depending upon what is being forecast, but mostly here
we are referring to seasonal up to at least multi-annual to

J.S. Link et al.

sub-decadal scales (Figure 2c), as the shorter and longer time
frames tend to have more predictive emphasis, but often miss
key elements of what the prediction products we note would
convey.

Marine ecosystem prediction products: a
system-of-systems

Some form of an integrated, large ocean regional capacity for
marine ecosystem prediction is warranted. This would be part
of a system-of-systems, spanning the full range of issues that
can produce and inform such predictions (Figure 3). There
would need to be a suite of linked modelling systems (Wilkin
et al., 2017; Link et al., 2017a; Tittensor et al., 2018). An
expansion of ocean observing systems (Wilkin et al., 2017,
Snowden et al., 2019; Brett et al., 2020) is needed to increase
the data and parameter inputs needed for verification, valida-
tion, and uncertainty quantification of any models used for
forecasting (Link et al., 2017a, b; Brett et al., 2020). This
has been raised previously (Wilkin et al., 2017, Brett et al.,
2020; Levin et al., 2019), and we support it here as well. The
disciplinary scope would cover the range from atmospheric
to oceanic physics and chemistry to biological and ecologi-
cal systems to particularly human dimensions, all with ger-
mane model coupling and appropriate feedbacks (Figure 2a).
Ongoing and proposed efforts on a range of modelling and
forecasting initiatives (Brandt et al., 2006; Rosenzweig et al.,
2017; Link et al., 2017a, b; Dietze et al., 2018; Tittensor
et al., 2018; Coll et al., 2020; Kawamiya et al., 2020; Stef-
fen et al., 2020) speak to this need, and we collectively sup-
port those efforts, but even more so their coupling together to
produce integrated marine ecosystem forecasts. And implied
in all of this is the research to better improve the predictions
and their dissemination. Embedded amongst this system-of-
systems would be a large ocean regional coordinated predic-
tion system emphasized here. The focus of these predictions
would not be on physics, largely because climatological and
oceanic forecasts are already extant and routinely dissemi-
nated, but would rather ensure that any climatological, at-
mospheric, oceanographic, or related physical features would
be linked to a biological, ecological, or otherwise LMR re-
sponse, which would be forecast and presented, along with
the socio-economic responses to these changed biological con-
ditions (Figures 1 and 2a). There would also need to be re-
porting systems, systems for disseminating prediction prod-
ucts, and a system for routine production of outlooks (Figure
3). Finally, there might need to be possible updating or revi-
sion of governance systems to include explicit on-ramps for
these predictions in management and decision support con-
texts (Link et al., 2020, 2021), but we also propose that like
weather forecasts, marine ecosystem predictions would have
broad public appeal apart from any particular governance
venue.

This system-of-systems approach would necessarily require
the full gamut of observations, modelling, projections, com-
munication, and stakeholder feedback (Figure 3; Link et al.,
2017a, b; Capotondi et al., 2019; Link and Marshak, 2019;
Snowden et al., 2019). As such, it would necessarily need
to be assisted by a wide array of oceanographic-, marine
ecosystem-, and marine socio-economic-oriented partners.
These predictions would primarily be public goods. Thus,
such a large-scale marine ecosystem effort would likely be
well-housed in a focused governmental loci. A broad array

202 11dY $,Z uo 1s9nB Aq £10082./2802/8/08/2191HE/SWIS301/W09"dNO"D1WPEDE//:SANY WO} PAPEOJUMOQ



Integrated Marine Ecosystem Predictions

2091

T e e b Ty o 2 i)

Marine

A Ecosystem
- Prediction System |

Figure 3. The system of systems approach to developing marine ecosystem predictions. Most associated initiatives focus on one sub-system or various
aspects thereof, or they conflate modelling with prediction; here we note the need for a full suite of systems to develop and disseminate marine

ecosystem predictions.

of federal, state, academic, private industry, NGO, and foun-
dation partners would be absolutely essential to ensure the
full suite of predictions are scientifically rigorous, scientifi-
cally advancing, and most beneficial to the widest range of the
public.

Elements of marine ecosystem predictions

What would any such prediction capability provide by way
of prediction products for these marine ecosystems? We of-
fer four elements that would be useful and necessary predic-
tion products (Figure 4). The first would be locational predic-
tions. That is, under changing ocean conditions, specifically
where and when will select LMR populations, entire biolog-
ical communities, emergent ecosystem properties, human ac-
tivities, and human responses be; and at what levels of abun-
dance, density, or activity will these occur (Stock et al., 2011;
Tommasi et al., 2017; Drenkard ef al., 2021; Heneghan et al.,
2021; Tittensor et al., 2021)? The applications of these pre-
dictions have impact, now, for turtles, whales, highly migra-
tory species, beach closures, HAB avoidance zones, fishery and
protected species recovery plans, biodiversity, and restoration
plans (e.g. Hawkes et al., 2009; Wells et al., 2015; Weather-
don et al., 2016; Tommasi et al., 2017; NMFS, 2022). Specific
examples might also include projections and forecasts of bio-
diversity hotspots, HAB timing and location, shifts in the loca-
tion of primary productivity and lower trophic level dynam-
ics, changes in distribution and range of commercially, eco-
logically, and socially important targeted taxa, shifts in fish-
ing fleet dynamics in response to the prior elements, shifts in
cross-regional market dynamics due to differential availabil-
ity of LMR products, recommendations for siting of offshore
structures to minimize impact on novel migration or move-
ment routes, or even recommendations for other spatial man-
agement measures. Future projections for multiple mission ap-
plications will continue to arise as distribution and range shifts

of LMRs escalate under climate change, and these shifts occur
across major geographic regions. We already know that ma-
jor taxa groups are generally moving poleward at a rate six
times faster than on land (Lenoir et al., 2020), with the shift
in the centroid of all major surveyed species moving at non-
trivial rates (Figure Sc). There are exceptions to these general
poleward movements. For example, in the US Gulf of Mex-
ico, where geography does not foster a linear, poleward shift,
taxa are moving into deeper waters, which is what tends to oc-
cur when taxa cannot move parallel to a coast (NMFS, 2022;
Lenoir et al., 2020). Being able to better anticipate these pro-
jected movements will assist in the collective ability to adapt
to them.

The second set of predictions would address production
(Figure 4). This refers to estimates of primary production,
secondary production, aggregate production, LMR produc-
tion, fisheries production, and overall ecosystem productiv-
ity (Stock et al., 2011; Friedland et al., 2012; Tommasi et al.,
2017), all leading to facets of seafood production, fisheries
productivity, biodiversity increases, ecosystem resilience, and
economic return (Marshak and Link, 2021). Often these esti-
mates are done on a population level, and we anticipate that
those will continue in their extant, local or LME-regional con-
texts. But what is not routinely and regularly provided are
overall ecosystem levels of production, and what can be ex-
pected for a composite set of LMR taxa or ecosystem goods
and services (Link and Marshak, 2019; Marshak and Link,
2021). Augmenting the list above, specific examples include:
predictions, projections and forecasts of total ecosystem pri-
mary productivity, total (i.e. in aggregate) LMR landings,
ecosystem production potential, total fishery yields, HAB in-
tensity, expected LMR-associated economics, or food web and
ecosystem-level efficiency, redundancy, recovery, and cyber-
netic metrics. Projections to delineate future production con-
ditions, what is available to transfer (and how it is transferred)
through food webs (Friedland et al., 2012; Marshak and
Link, 2021), and what can be reasonably expected for LMRs
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Figure 4. The four main elements of a suite of predictions for marine ecosystems. T + 1 refers to the next time step, with various, possible future
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and utilization thereof would be highly beneficial to pro-
vide. Future projections for multiple mission applications will
continue to arise as production of LMRs will notably change
under climate change. We have known for some time that pri-
mary production ultimately limits the amount of production
of economically and ecologically important taxa, but now we
know that it can have direct implications on regional, LMR-
based economies (Figure 5a; Marshak and Link, 2021). The
relationships among primary productivity and LMRs has been
shown to limit the number of coastal-oriented jobs in a region
(Figure 5b; Marshak and Link, 2021). Being able to better pre-
dict this will have major utility for local economies around any
jurisdiction’s use of its EEZ. Furthermore, we have not man-
aged these sectors systematically, and estimates from portfolio
analysis (Sanchirico et al., 2008; Jin et al., 2016) show that the
gap between what risk is optimal (or minimized) and what is
actually experienced, for any given level of harvest, is actually
much higher than it needs to be (Figure 5d). The difference be-
tween the portfolio efficiency frontier (Sanchirico et al., 2008;
Jin et al., 2016) and what is actually landed in a US fisheries
example demonstrates that in any given region we are 20-50
million US dollars riskier than we need to be to obtain the
value of current landings (Figure 5d). That is not sustainable
given future, anticipated changes. This is true for other ocean-
use sectors as well. Being able to monitor, and lower, the risk
gap percentage is wise and needed.

The third element addresses the need to predict “Black
Swan” events (i.e. difficult to predict phenomena with po-
tentially major consequences), or at least the probability that
they could occur and at what approximate magnitude, or
even bracket the range of such possible occurrences (Bray and
Wang, 2020; Figure 4). It is known that technically we can-
not predict Black Swan events, but there are things we can
do to make better decisions today under such deep uncer-
tainty (Wainger et al., 2021) to mitigate these events. Fur-
ther, we need to be able to assess the consequences of these
events on ecosystems and human communities. Examples in
marine ecosystems usually tend to focus on the physical con-
ditions that can affect LMRs, such as El Nino events, ma-
rine heat waves, shifts in major ocean currents, etc. (Federov
et al., 2003; Smale et al., 2019; Drenkard et al., 2021). But
Black Swan events also include potential oil spills, undesir-
able biotic outbreaks (i.e. not only HABs, but gelatinous zoo-
plankton blooms, fouling coverage, fishery disasters, invasive
species establishments, and so on; Mills, 2001; Molnar et al.,

2008; Sorte et al., 2010; Bellquist ez al., 2021) and related eco-
logical bio-disturbances. Other examples include: probabilis-
tic forecasts of coral bleaching, unusual mortality events of
marine mammals or other charismatic megafauna, unantic-
ipated or unplanned emergency fisheries closures, shellfish
toxin poisoning, disease outbreaks (for marine life or hu-
mans), or even human conflict over resource access and use.
The ability to predict these events, or at least their probability
of occurring, is by definition limited, but is sorely needed—
even if initially crudely projected—given climate change feed-
back loops. Yet, this ability is limited when working at scales
relevant to these outbreaks (Figure 5h). The number of billion-
dollar disasters has increased (Figure Se; NOAA, 2021, 2022),
and is only expected to continue to do so. Being able to at
least provide broader warnings about these highly dynamic
and disruptive features of marine ecosystems is critically
needed.

The fourth set of products is ocean and LMR-oriented eco-
nomic outlooks (Figure 4). These are bio-economic in na-
ture, and combine outputs from portions of the previously
mentioned predictions, albeit translating them into fiscal units
(OECD, 2016; Kubiszewski et al.,2017). The aim of these pre-
dictions is to project likely future conditions of marine ecosys-
tems, LMRs, and ecosystem goods and services as these sup-
port myriad social and economic measures. Specific examples
include: projections and forecasts of blue economy new busi-
ness starts, number and value of coastal jobs and markets,
national and international asset (e.g. LMR) market dynam-
ics, valuation of marine ecosystem goods and services (espe-
cially functional and provisioning), or the combined risk fore-
cast to multiple ocean-use sectors. This blue economic predic-
tion would have multiple facets, multiple uses, and we sus-
pect will have almost immediate generation of high interest,
but apart from the sectoral-specific and retrospective reports,
none currently do so that integrate across the ocean-use sec-
tors for an entire large ocean region. As noted above (Figure
5a, b, and d), the economic aspects of these predictions can
better demonstrate the impacts, and value of mitigating said
impacts, on many of the elements for which we are calling for
predictions.

An ancillary, secondary level of prediction products, and the
true value of a cross-ecosystem, integrated approach, would
be to synthesize and communicate the four main predictions
noted above (Figure 4) into standard reports that have a mild
to moderate degree of interpretation. Chief of these would
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Figure 5. (a) The relationship between primary productivity and fisheries revenue in major regions of the United States. Adapted from Marshak and Link
(2021). (b) The relationship between primary productivity and LMR employments in major regions of the United States. Adapted from Marshak and Link
(2021). (c) The change in latitude as the average shift in the centroid of species caught in surveys conducted in each region. These species represent a
wide range of habitats and species types. As species distributions respond to many environmental and biological factors, combining data from multiple
diverse species allows for a more complete picture of the general trends in marine species distribution. Adapted from NOAA Fisheries (2022) and NOAA
(2021). (d) The risk differential (bars) and risk gap (line) of fisheries for major regions of the United States in 2020 (Townsend, unpublished data). The risk
differential is the amount of actual versus optimized risk of the portfolio frontier, and the gap is the percentage difference (Sanchirico et al., 2008; Jin

et al., 2016). These are for all the taxa representing the top (approximately) 50th percentile of value of all fishery landings for the given revenue in any
given year. Incurring risk beyond the portfolio frontier is, although never feasible to be at 0, (economically) riskier than values that are closer to said
frontier and that have smaller portfolio gaps (relative to the value of what was landed). (e) The number of billion dollar disasters over time. Adapted from
NOAA (2021, 2022). (f) The number of beach closures over time. Adapted from NOAA (2021) and EPA (2022). (g) The proportion of each US ecosystem
noted that has a food web model. (h) The proportion of each US ecosystem noted that is susceptible to HABs that have HAB forecasts. For both (g) and
(h), the spatial scale decreases. The number of ecosystems for both is: Large Marine Ecosystems = 10; Great Lakes = 5; Major Bays and Large
Estuaries = 24; Major Island Systems = 9; National Marine Sanctuaries = 15; National Estuarine Research Reserves = 30; Major Ports = 158; and Major
Marinas = 202.
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be simplified syntheses of the predictions into digestible risk
analysis and probabilistic estimates of events. There is high
demand for such products in multiple sectors, as analogues
to weather reports. We do comparable reporting across the
various aspects of the ocean-use framework (e.g. status of
LMRs, ecosystem status reports, risk tables, and so on; Slater
et al., 2017; Dorn and Zador, 2020) and some forecasts (e.g.
weather, hurricanes, and so on; Uccellini and Ten Hoeve,
2019), but those are typically retrospective and dated reports
or focused primarily on physical phenomena. For example,
that beach closures over the past 20 years show no discern-
able trends apart from two peaks (one undoubtedly related
to COVID-19; Figure 5f), which were not anticipated but
could have better informed a range of coastal tourism-related
industries. The ability to routinely, systematically, and suc-
cinctly report on marine ecosystem predictions with an LMR
emphasis does not exist beyond the usual species-by-species
or issue-by-issue assessments. Currently, there is no larger
scale synthesis of marine ecosystem predictions or their as-
sociated products, though there are nascent reports emerging
(e.g. in the United States the National Marine Ecosystem Sta-
tus report and ICES Regional Seas Ecosystem Overviews have
been developed; NOAA, 2021; ICES, 2023) that track past
trends.

Why marine ecosystem predictions?

The marine ecosystem prediction capability we propose
would also help facilitate the escalation of modelling devel-
opment. As noted above, there are many initiatives proposed
to do so (Brandt ef al., 2006; Rosenzweig et al., 2017; Link
et al., 2017a, b; Dietze et al., 2018; Tittensor et al., 2018;
Coll et al., 2020; Kawamiya et al., 2020; Steffen et al., 2020)
and there are many extant and excellent models to this, but
none are unified into a common modelling system (Link et al.,
2017a, b; Figure 3). This model development would also re-
quire the escalation of fundamental understanding and re-
search focused in the cross-ecosystem elements for marine sys-
tems. There are obvious gaps in what is currently modelled
and predicted (DeYoung et al., 2004; Tommasi et al., 2017;
Baustert et al., 2018; Steffen et al., 2020). For example, food
web models are understood to be the basis for many of the ca-
pabilities to address the complex dynamics of marine ecosys-
tems noted above, and as one increases spatial resolution to
more local jurisdictions, the capacity for said models decreases
(Figure Sg). The same holds for an example of a major coastal
stressor, HABs (Figure 5h); whereby at smaller spatial scales
our ability to predict HABs decreases when the instance of
HABs actually both increases and has higher impact at those
scales. In this instance, filling in the spatial resolution but es-
pecially the spatial extent would help improve HAB predic-
tions. This proposed prediction system would seek to fill in
such gaps at taxonomic, spatial, temporal, and governance
scales that are often missed due to a lack of a systematic ap-
proach (Link et al., 2017a; Fulton et al., 2019; Link and Mar-
shak, 2019; Holsman et al., 2020; Figure 2b). At this point,
most readers are likely saying to themselves, “yes, but which
models?”. We want this system of systems to be model ag-
nostic and able to incorporate outputs as input into the fore-
casting process. This approach is already used in the atmo-
spheric forecasting arena (i.e. weather and climate forecasts
that use model ensembles; e.g. Semenov and Stratonovitch
2010; O’Neill et al.,2016). Hence, again there would necessar-
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ily need to be a range of partners involved with any prediction
effort at the scales noted.

The question then begs: Why now? What has changed to
make us think we can now execute such an aspirational vi-
sion when many similar efforts have been called for in the
past (Brandt et al., 2006; Rosenzweig et al., 2017; Link et al.,
2017a, b; Dietze et al., 2018; Tittensor et al., 2018; Coll et al.,
2020; Kawamiya et al., 2020; Steffen et al., 2020)? We assert
that there are three reasons. First, there is broad, bipartisan
support for this concept, with clear economic and other soci-
etal benefits (noted below; e.g. in the United States; EOP, 2021;
US Congress, 2021). Second, there are more data and observa-
tion systems (Snowden et al., 2019), better computing power
(Megrey and Moksness, 2009), growing capability to integrate
and synthesize massive amounts of information (Harvey et al.,
2021), notable advances in modelling techniques and proven
case studies of applications (Fulton, 2010; Stock et al., 2011;
Evans et al., 2012; Tommasi et al., 2017; Francis et al., 2018;
Drenkard et al., 2021, Park et al., 2019; Tittensor et al., 2021).
Even the recent widespread advances in artificial intelligence
may have application in this context (Agrawal et al., 2019).
In short, the technical challenges are rapidly being overcome.
Third and very simply, there is growing demand for these pre-
dictions, and given the urgency and exigency of the situation
we face, we do not have a choice (Stock et al., 2011; Tom-
masi et al., 2017; Bindoff et al., 2019; Canadell et al., 2021;
Drenkard et al., 2021). Thus, in many respects we need to
find solutions to make such a suite of prediction products ex-
ecutable.

Another question begs: why do we not yet have these pre-
diction products? What barriers remain that impede the ex-
ecution and production of such marine ecosystem prediction
products? We do not think these primarily include technical
barriers, for reasons noted in the previous paragraph. These
also likely do not include limits to our scientific knowledge.
Granted there is always need to better resolve, refine, and esti-
mate more and newer details of major marine ecosystem pro-
cesses and mechanisms, and we are not arrogant enough to
presume we know everything about marine ecosystems. Yet
given what we do know now, and particularly the utility of
scaling, aggregation, emergent features, and hierarchy theory
(Wu, 2013), we likely do not need to know every detail about
every process to start to make these predictions. Rather, bar-
riers that likely do hinder the execution of these prediction
products include the usual tropes of relatively limited resourc-
ing (discussed below), structural impediments across ocean
science and management organizations, and competing inter-
ests among the different ocean-use sectors and their associated
institutions. The latter two may require revisiting how institu-
tions are organized and more so how information is provided
and used across multiple ocean-use considerations. This ele-
ment of competing objectives remains a key feature requir-
ing enhanced coordination as noted in calls to better enable
ecosystem-based management (Dickey-Collas et al., 2022).
Even a synthesis team, which had a modicum of some cross-
jurisdictional influence would be highly beneficial to better fa-
cilitate these prediction products.

Regarding the value proposition of these predictions, there
are two aspects to consider. One is the difference in having
them versus not, which of course is difficult to ascertain since
we do not fully have them. Yet the potential costs of not
having them, as noted above regarding what we may have
missed, gives a rough scale that this value would likely be
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on the order of at least 10s-100s of billions of dollars if
such negative impacts were to be even partially mitigated. The
second aspect of the value proposition is to evaluate the invest-
ment to obtain these predictions relative to the value of what
is being predicted. For instance, in the case of the United States
it seems logical that there would need to be investment com-
parable to what we see in, for example, the Federal Commu-
nications Commission, Department of Transportation, or Na-
tional Weather Service relative to a significant fractional por-
tion of the value of the economic sectors that those organiza-
tions support. When compared to the predictions, governance,
and infrastructure to provide oversight and publicly available
projections of future conditions to support comparably sized
facets of the economy (i.e. the marine economy accounted for
more than 430 billion $US GDP in 2021; BEA, 2023)—for in-
stance telecommunications, federal highways and transporta-
tion, or even terrestrial ecosystem goods and services via agri-
culture or silviculture—the investment in prediction for ma-
rine ecosystem goods and services is notably lower. Any such
cross-LME marine ecosystem prediction capability needs to be
established and proportionately resourced to obtain the bene-
fits of an integrated and coordinated suite of prediction prod-
ucts that influence, in composite for the United States, a value
that is annually nearing half a trillion $US now, which com-
prises nearly 2% of the total US GDP (1.9%; BEA, 2023).

Who would benefit from such regular, routine, marine
ecosystem predictions? That question really could be posed as,
who would not? Beyond the usual parties typically identified,
we particularly note: the business, financial, insurance, and
reinsurance and planning sector, as well as other marine sector
investors beyond those solely utilizing direct ocean assets and
commodities, coastal communities, LMR users and regulators,
multiple marine industry sector stakeholders and partners,
National Security partners, and other, novel and probably as
yet undefined blue economy information users. The interna-
tional applications are also obvious, given both the highly in-
terconnected nature of global economic sectors as well as key
partners in ocean science and modelling [e.g. United Nations
Decade of Ocean Science for Sustainable Development (2021-
2030); UN, 2018]. The interest by such an array of benefitting
parties should make the potential business case for these pre-
dictions stronger, resulting in a demand for such prediction
products as a routine matter of course. The critical point of
these prediction products is that they will assist us in making
decisions about the future state of the ocean, and its marine
ecosystems, by projecting what may or may not happen under
a range of scenarios (both climate change and others) that we
can nominally influence.

Hence, the development and formal establishment of a
large ocean region marine ecosystem prediction capability, to
deal with climate change and cumulative impacts on marine
ecosystems, is timely and germane. Such an effort aligns with
the need for more effective use of science products, the calls
to emplace systems to provide suggestions and forecasts for
mitigation and adaptation (IPCC, 2014; Shi et al., 2022), as
well as the widely held priorities of US national (EOP, 2021;
US Congress, 2021) and international (UN, 2018) leadership.
Furthermore, establishing such a marine ecosystem predic-
tion capability builds on a range of extant efforts, ensuring
that the return-on-investment from those existing efforts is
multiplied. We assert that establishing this predictive capac-
ity would galvanize and focus some much-needed efforts to
address what are critical problems facing marine ecosystems,
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but also place us in a position to take advantage of such
opportunities.
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