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Abstract: The global seafood market places humans as apex predators within the marine food web, linking species and ecosystems around the world. Here, we argue that the structure of these seafood systems is in opposition to nature’s common stabilizing structures. We first describe a remarkably repeated structure in nature’s food webs: generalist foraging by large, mobile predators that can make rapid and informed switches between resources in space. Then, we discuss how recent technological developments (e.g., DNA barcoding) have revealed a misinformation market characterized by rampant seafood fraud, substitution and mislabeling that has serious negative repercussions for sustainability. We end by arguing that these same tools have to the potential to grant consumers the ability create a high information market that allows consumers to make more informed decisions. The roles that predators play in nature’s food webs strongly indicate that information is critical to aid global seafood sustainability and the maintenance of marine biodiversity.

Main Text: Ecosystems contain some of nature’s most baroque networks of interactions1. Incredibly, these tangled webs of interacting species exist within a highly “noisy” world in which abiotic conditions can vary wildly2. Yet underneath this maze of interactions is a surprisingly general and regular framework (i.e., biological structure) that transports energy and carbon between all species and thus breathes life into ecosystems in spite of the noise3. Indeed, recent food web theory and empirical work agree: these repeated core structures are fundamental to preserving the stability of highly diverse ecological systems in a noisy world2–4.  This surprisingly non-random structure may be ubiquitous because it plays a key role in stabilizing complex systems5. Importantly, humans have constructed an immensely complex global seafood market, one in which humans are apex predators within the global marine food web. Yet here we argue that the structure of this seafood system does not conform with nature’s common stabilizing structures. If core structural elements in complex systems do indeed impart stability, the consequences of this nonconformity for species and ecosystems may be severe6.
One critical aspect of this multifaceted global seafood system is that it is plagued by misinformation, which likely interferes with consumer choice7. Current market practices obscure species identities and provenance (e.g., seafood fraud, mislabeling, and vague naming conventions), creating a misinformation market for consumers7 that drives human-species interaction strengths8 that are in direct opposition to nature’s structure. In turn, renaming and mislabeling species have cascading negative repercussions for human health, food security, sustainability and economics9. Importantly, the consumer choice that is undermined by misinformation has the potential to mediate this problem; when species are at low densities or at risk, informed consumer choice ought to decline for that same species and thus alter the interaction strength between humans and a given species in a given geographical region at key times. 
While the potential for fraud in the global seafood market has long existed9, recent technological developments, such as DNA barcoding, provide a clear empirical tools for highlighting the presence and extent of misinformation10. These tools have been used in many independent surveys, which in combination unveil seafood mislabeling ubiquitously throughout the supply chain (e.g., a mean of 34% in 34 separate surveys/studies 10). Vague naming conventions add to this substantive problem, impeding seafood traceability while creating a void for illegal, unreported and unregulated (IUU) fisheries activities to thrive 11–13. Current advances in biotechnology coupled to a transparent global policy that increases the transfer of scientific information in the food supply chain promise to add information to the system. This increased information may allow human seafood consumption to more closely mimic nature’s stabilizing food web structures. 
Here, we briefly review nature’s stabilizing structures in food webs. Then, we consider how the current biotechnologies and proper seafood labelling can drive a high information market that allows humans to reinsert themselves within the food web in a manner consistent with nature’s stabilizing structures. While we concentrate on the global seafood market, the problem of misinformation may be prevalent many global natural resource markets. 

Nature’s Structure and Stability in a Noisy World
What is Nature’s Structure?

Food webs tend to have a remarkably repeated structure: generalist foraging by larger, more mobile organisms that feed across space on less mobile resource compartments 14–16 (Fig. 1a). This same structure—as revealed by numerous tools including stable isotopes and stomach contents—is present across vastly different scales, from soils webs comprised of miniscule organisms to marine webs with giant organisms that can move across the globe14 (Fig. 1c). For years, ecologists have argued that this form of resource compartmentation coupled by mobile generalists is a fundamental stabilizing mechanism in ecosystems3,17,18. 

How does this structure stabilize in a noisy world?
This pervasive generalist structure allows nature’s mobile predators to, in a greatly simplified sense, play whack-a-mole. That is, as distinct spatial resource compartments experience productivity differentially in time (e.g., one resource is high productivity and the other low) the mobile well-informed predator rapidly responds (Fig. 1b)3. Like a skilled whack-a-mole player, these predators consume the abundant resource and prevent its runaway growth. Simultaneously, the predator alleviates the compartment that is experiencing low productivity (Fig 1b). This release of the low-abundance resource from predation and the culling of the high productivity resource is precisely what is needed for stability3. The mobile larger predators thus interact with this landscape of variability in resources in a way that prevents any single species from monopolizing space and energy. Nature can thus maintain an intricate balance of bottom-up (driven by variation in habitat productivity over time and space) and top-down (driven by predators and their portfolio response) forces. This means that the predator promotes the balance and maintenance of a diverse and variable assemblage of organisms, which in turn buffers against an ever-changing world3.
The stabilizing generalist structure therefore has three key ingredients: (1) top predators are generalized and capable of consuming from different species and different habitats; (2) the different prey in different habitats are responding differentially through time (i.e., the resources are not synchronized in their responses to abiotic conditions, which is generally true as habitats separate further in space and so often experience differential abiotic histories); (3) these same predators capable of rapid (note lagged behavioral responses are generally destabilizing19) and informed (smart) and behavioral responses. Taken altogether we have an organism–the top predator–that can utilize a “portfolio effect” like a market analyst does, averaging prey harvest over all habitats 20,21. 
This stabilizing ability requires these same mobile higher trophic level organisms to be smart enough to rapidly respond to differential conditions in a way that is informed by the landscape of resources3,22. Higher trophic level, more mobile generalists should therefore possess high cognitive abilities. Curiously, and consistent with this, the relative brain size of fish grows with both trophic position and the degree of generalist coupling of spatially distinct habitats23,24 (Fig. 1d).  This increased cognitive ability occurs precisely where it ought to be in nature’s food webs, allowing mobile organisms the ability to average over a spatially noisy world. Importantly, misinformation in the seafood market directly undermines this third criterion of informed choices by consumers, disconnecting consumer choices from tracking resources as they vary in space and time. 
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Fig. 1. Nature’s remarkably repeated structure: generalist foraging by larger, more mobile organisms that navigate through space and link resource compartments. (A) Conceptual diagram of the gross architecture of food webs, whereby a generalist mobile higher order predator or consumer moves between spatially distinct regions. (B) Conceptual diagram of densities through time, with asynchronous and spatially distinct resources and the mobile generalist predator (C) Isotopic evidence that follows the fate of carbon from two different regions into the Cantabrian Sea food web, forming a hump-shaped structure that mimics the generalist module feeding predictions in A (from 3). (D) Brain size tends to correlate with trophic position in fish from Georgian Bay in Lake Huron (from 25).

Seafood Systems as Food Webs
Seafood harvests occur globally across major relatively distinct spatial regions. For example, sockeye salmon fisheries occur in Russia, Canada, and the United States of America. Thus, harvests that come to the market are taken from relatively spatially distinct resource compartments This spatial resource compartmentation, which is akin to the natural web above, remains true of most seafood, suggesting this aspect of humans as apex predators is consistent with nature. Simultaneously, the historical apex predators in these ecosystems are in precipitous decline due at least in part due to human activities26,27.Our seafood markets make us operate as highly mobile consumers at the global scale, forming a generalist like food web module that parallels natures food webs (Fig. 2a) with the potential to strongly impact marine and freshwater ecosystems. 
The presence of a complex seafood supply chain has the potential to obscure the landscape of resources from human consumers, fundamentally decoupling our responses as from various seafood resource compartments. Seafood fraud (either fraudulent representation of species or fraudulent representation of region), mislabeling, and vague naming conventions actively conceal the identity and origin of harvested fish. These activities, unfolding throughout a complex supply chain, drive disinformation that thwarts consumers at all levels from making informed decisions, destroying the analog to nature’s stabilizing structure (Fig. 2b, c). Recently, there have been calls for internationally harmonized approaches to seafood labelling and improved seafood authenticity testing28. Increased information throughout the supply chain ought to re-establish relatively rapid switches between species and locations (altering human-species interactions) allowing consumers to exercise a consumptive portfolio effect (Fig. 1e). 
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Fig. 2. The seafood systems as a food web, replicating nature’s structure. (A) Conceptual diagram of how human seafood systems mimic generalist module by linking resources across the globe; (B) Conceptual diagram of how human harvesting effort can stabilizing variable resources through time. (C) The poor transfer of information interferes with the ability for smart highly mobile human community to make informed choices at market; (D) How market preference is predicted to change in a high information world, allowing the structure to make informed rapid choices that are stabilizing.

Biotracers and Market Information:  Reinserting Humans in the Food Web
Arguably, one of the longstanding critical impediments to a high information seafood market stems from the historical inability to rapidly and efficiently monitor both species identities and the region of catch29.  Recently, DNA barcoding–a technique for identifying species using tiny tissue samples from market species–has opened the doors for sampling many individuals anywhere throughout the supply chain29,30. Other biotracers (stable isotopes, fatty acids), used alone or in combination with genomic tools, are also becoming increasingly capable of identifying seafood provenance, in effect acting as traceable “geographical fingerprints” that species absorb while foraging and living in different regions of the world. Importantly, the requisite biotechnology for identifying and preventing fraud is therefore in place and continually developing. Additionally, the technology of block chain promises to hone information transfer throughout the supply chain in general. Combining this technology (biological and supply chain) should allow the seafood market to operate more transparently, ultimately allowing consumers to make informed decisions (Fig. 2d). 
Given that we can trace and follow food throughout the complex supply chain enhancing bioinformation transfer, it behooves us to also begin to produce policy that promotes a high information market for consumers, This policy could include labelling in grocery stores that allow consumers the ability to make clear informed decisions. Given that consumer preference is even modestly negatively correlated with species risk (Fig. 2d), then we are in position to reinsert humans into a global food web in a manner that is more consistent with nature’s structure. Indeed, information does appear to play a role in human consumers’ behavior. Human-species interaction strengths weakening when a species in a given region is increasingly impacted (i.e., shows greater risk of local extinction). Rather than an uninformed market that tends to drive marine species imbalance, the addition of a high information market for consumers has the potential to let the free market operate as the checks and balances that aid global seafood sustainability and the maintenance of marine biodiversity.
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