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We provide a review of what we consider to be grand research challenges for fish science in an era of human-induced rapid environmental change.
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1 Introduction

It is common knowledge that fishes are the most speciose of the vertebrates with the true bony fishes, the teleosts, having over 34,000 species and still counting. Fishes thrive in water bodies over the entire globe, from polar seawaters at sub-zero temperatures to continental soda springs at 40°C, and a huge diversity of aquatic habitats in between. They include species with extremely short life cycles, such as the azure killifish (Notobranchus furzeri) that inhabits seasonal puddles in equatorial Africa (1), and also the vertebrate with the longest known life span, the Greenland shark (Somniosus microcephalus) that lives in deep cold waters of the Northern Atlantic (2). The biology of fishes is so diverse and such a vast topic that each fish biologist may have their own opinion about what constitute the most interesting characteristics of fishes and the most important priorities for research.


1.1 Fishes and humans

Fishes are profoundly interwoven into the fabric of human societies with evidence of consumption by Pliocene hominins dating back almost 2 million years, and of fishing by Homo sapiens 40,000 years ago in the Upper Paleolithic (3, 4). They remain a pillar of food security for mankind, a source of high-quality protein and essential nutrients. Although aquaculture provides an increasing proportion of fishes for human consumption, wild populations continue to be extremely valuable resources. Emblematic examples include the bluefin tuna, where a single Pacific bluefin (Thunnus orientalis) individual weighing 278 kg commanded a price of over three million US dollars in 2019, or the beluga sturgeon (Huso huso) that is critically endangered because its caviar sells for thousands of dollars per kg. Human predation on fishes is, therefore, a major issue in fish science. Fishes also have an important role in human sense of wellbeing. The beauty of fishes is a source of pleasure that supports major industries, especially in the Global South, whether it be tourism on coral reefs or the aquarium trade in ornamental marine and freshwater species. The joys of angling have been mused about for centuries and recreational fishing is a massive global industry (5). Mankind's interaction with fishes for pleasure is, however, complex. Eco-tourism interactions with fishes, even when these seem harmless, may actually influence their physiology and behavior in negative ways (6). At the same time, recreational fishing may be very stressful for fishes and its impacts on welfare require further research (7). The negative effects of ecotourism or angling on fish welfare seem, however, almost trivial when compared to the welfare concerns related to commercial fishing and intensive aquaculture, and to the unceasing anthropogenic pressure on fish populations worldwide, with the myriad facets of global change that can interact with harvesting pressure and harvest-induced evolution (8–10).



1.2 Fishes and the stability of aquatic ecosystems

Beyond the many services that fishes provide to humankind, they are a key component of aquatic biota with ecological roles that are essential for the stability of their ecosystems, with many of these roles remaining to be discovered. They contribute profoundly to nutrient cycling, with feeding strategies at all levels of the food web, from detritivores and planktivores up to apex predators (11). Their dead carcasses provide a source of nutrients to the base of the food web and, in marine systems, sinking carcasses sequester carbon dioxide into the abyss and contribute to the carbon biological pump in the deep sea (12). Marine fish produce and excrete precipitated (non-skeletal) calcium carbonate in various forms and thus they represent a significant source of carbonate sediments in the oceans (13). We are only beginning to understand patterns of biodiversity within fishes, at all biological levels from individuals to communities. For example, within fish assemblages, it is the functional diversity that plays a major role in the stability of aquatic ecosystems, not simply the species richness. While species richness is linked to several ecosystem processes such as productivity and the efficiency of resource use and nutrient cycling (14), fish species do not all contribute equally to the function of their ecosystems: the diversity of species functional attributes adds another important dimension to ecosystem understanding (15, 16). Such functional diversity enhances long-term stability, through functional redundancy and complementarity, and can help to buffer ecosystems against disturbances (17).

The modern sharks and rays, the Subclass Elasmobranchii, are worthy of a special mention. One of the most ancient and evolutionarily distinct vertebrate clades, comprising more than 1,200 species, sharks and rays are key functional components of marine ecosystems. They can only sustain relatively low levels of fishing mortality because of their particular life history traits, with late maturity and the production of few offspring. Many populations now show signs of rapid depletion and local extinctions, mainly due to overexploitation (18, 19). The Elasmobranchs have many ecological roles, that range from nutrient cycling to habitat engineering to controlling invasive species (20), and there are ongoing debates about whether their decline will ultimately induce trophic cascades in marine ecosystems (21).




2 The grand challenge

The greatest and overriding research challenge that we face is to increase our understanding of the biology of fishes in a context of human-induced rapid environmental change (HIREC). Increasing the knowledge base is our best strategy for understanding and predicting how fish populations, species, and communities will respond to ongoing global change and for identifying potential mitigation measures. This is not an argument against curiosity-driven research, quite the opposite. Basic knowledge is just as valuable as applied studies in, for example, ecotoxicology. The challenge is so vast that we can only provide a few examples of major research areas that, inevitably, reflect our own interests. At times this may betray elements of a checklist, as the diversity of themes defies the tracing of a unifying line of thought.


2.1 Experimental biology

Experimental biology holds the promise of providing a mechanistic understanding of how individual fishes are affected by conditions in their environment, whether these be biotic, abiotic, or xenobiotic. This could be of fundamental importance in projecting effects of HIREC on populations (22, 23) but is a major research challenge because fishes are so diverse and animal experimentation is so costly in terms of infrastructure and manpower. Currently, our knowledge of fish physiology and behavior is restricted to a few hundred mostly teleost species, with a profound bias toward temperate species from the Global North (24). A majority of fishes are, of course, extremely difficult to obtain alive to perform experimental biology, especially cryptic or deep-sea species. There is also a pervasive issue with the ecological validity of methods in experimental biology, and this is an active area of reflection (25, 26). One example would be that fish tend to be studied individually but often actually live in groups, where the physiology of the constituent individuals may be a major determinant of emergent group behaviors (27), for example phenotypic assortment may occur not just among but also within schools of fish (28). There is also a need to understand whether there are universal physiological and behavioral principles that underly how fishes respond to HIREC. For example, the major broadscale responses to global warming, namely changes in distribution, changes in phenology, and declines in adult size, but also responses to major environmental stressors such as heatwaves and hypoxia (25). A particular research effort is required to design experiments that can support robust mechanistic models to project how fishes will cope with current conditions and respond to future climates.

Most studies of the effects of environmental conditions on fishes focus on single species, limiting our forecasting ability to principles of autoecology (29), which aims at predicting how individuals of a given species respond to environmental change based on their specific environmental tolerance. While this approach has been used to model future distributions of ectotherms (30, 31) including those of co-occurring invasive and native species (32), interspecific interactions such as competition and predation are likely to exacerbate the effect of HIREC on fish communities (33, 34). This is particularly true for interacting species in which the effects of HIREC are driven by asymmetric responses (35). For this reason, a promising avenue to increase our predictive power on the ecological consequences of HIREC would be to focus on interacting species with different ecophysiological characteristics, especially of environmental tolerance.

Fish species with different physiologies will respond differently to climate change and this is even more marked when comparing endotherms (such as many predators of fishes, including birds and marine mammals) and ectotherms (such as fishes). For example, hypoxia and ocean acidification play no direct role in the ability of endotherms to prey on ectotherms, but likely cause decreased performance in the latter, increasing their vulnerability. The differential effects of HIREC on a predator vs. those on a prey is likely to shift the overall predator-prey balance with major consequence on species abundance and distribution, with obvious relevance for conservation (35–37). Some of these questions can be addressed by our increased ability to integrate experimental laboratory work with field observations, using techniques of biologging of physiological and behavioral traits, as well as the use of drones to monitor fish movement patterns in the wild.



2.2 Ecology: what fishes actually do in the wild

Among the myriad species of conservation concern and commercial importance, there is a critical knowledge gap about their movements and migration. It is surprising how little we know about the ecology and life cycles of species that we have been fishing for centuries, such as the bluefin tunas (38, 39). This is now becoming increasingly possible through acoustic telemetry networks, such as the European Tracking Network, the Integrated Marine Observing System or the Acoustic Tracking Array Platform, which now allow us to track fish migrations at continental scales. Simply coupling such information with biopsies, to estimate physiological variables such as energy reserves, this can provide much needed knowledge in the future. In fact, studying the physiology and behavior of fishes in their underwater environment remains a major challenge. The field of biologging and biotelemetry is undergoing exciting technological developments, including miniaturization and improved instrumentation, coupled with machine learning and Artificial Intelligence. The rapid development of these technologies will be particularly useful for studying the ecological roles of Elasmobranchs, in the few rare locations on Earth that have escaped the impacts of human activities (40, 41). This can provide a baseline from which to investigate their ability to cope with, and adapt to, areas subject to anthropogenic pressures. For almost all fish species, however, we are still not able to provide more than rough ballpark estimates of patterns of energy use in the wild (42, 43), information that is of great fundamental interest from an ecological viewpoint but also vital in understanding impacts of HIREC (44).

Amongst fishes, freshwater communities are a huge conservation concern related to HIREC, presenting severe population declines (45). Accessible freshwater habitats for fishes account for <0.01% of water on the planet, yet hold about half of all fish species (45, 46). The incessant human exploitation of freshwater, with an ever-increasing demand for agriculture, industrial uses, and drinking water, has led to scarcity, pollution, and massive damming of waterways. The consequent fragmentation limits not only productivity, but also connectivity among populations and habitats. Fish species that migrate over long distances and through different habitats have been hit by a multitude of these effects and have either declined severely or been extirpated (46, 47). These include such emblematic animals as the anadromous salmonids and sturgeons, and the catadromous eels. The importance of inland fisheries for human food security is underappreciated and underestimated, with very poor assessment by comparison to marine fisheries. Although two of the 14 UN Sustainability Goals specifically address water—N° 6 Clean Water and Sanitation, N° 14 Life Below Water—freshwater fishes and ecology are buried in N° 15, Life on Land. This has led some NGOs to describe the world's freshwater fishes as “forgotten” by decision-makers.



2.3 Understanding patterns of biodiversity toward conservation

Taxonomic knowledge is important to catalog and understand biodiversity, and is pivotal for measuring and achieving conservation goals. From a fundamental perspective, however, a pervasive problem for fish ecologists and fishery biologists has simply been knowing “what and how much is out there.” This remains a challenge but, in the so-called “omics era,” patterns of genomic diversity can now be examined and portrayed using cutting-edge and high-throughput DNA techniques and tools to identify fish stocks, assess migration between areas, and investigate local adaptations. Techniques of environmental DNA (eDNA) coupled to other non-destructive methods such as underwater visual census through ROV or AUV for visual species, and the use of deep-learning and automation processes for their recognition, promise advances that can expand the scale of observations at both spatial and temporal levels (48). Validation studies under controlled conditions provide promise in using eDNA to estimate abundance of species in their habitat. Such developments will be particularly useful for understudied freshwater ecosystems and in the vast marine deep-sea realm. Notably, deep-sea ecosystems (below 200 m depth) remain a particular mystery and there is now an urgency to study the “dark diversity” of their denizens, because of increased deep-sea fishery, with mesopelagic fishes as the last remaining frontier of marine fishery exploitation (49), coupled with growing pressure to expand deep-sea mining and oil and gas exploration, plus the creation of deep-sea reservoirs.

Although marine fisheries definitely receive more management attention than freshwater ones, overexploitation is recognized as a primary environmental and socioeconomic problem that menaces biodiversity and ecosystem functioning. Beyond factors such as a lack of political will and simply ignoring management advice, there were unsuitable fish stock management policies applied in the past because of insufficient description of subtle genetic structures in many exploited fish species. In fact, to manage wild populations and protect them from overfishing and climate change, we need to understand their genetic structure, breeding areas, and the factors associated with their adaptive diversity. In the marine environment, it is important to investigate how genetically distinct populations reflect the biogeographic and oceanographic history of a species, particularly the isolation of basins and the emergence of continental shelves during eras with low sea levels, such as during glacial maxima. Although present-day ecological and genetic connectivity among populations can be inferred from the duration of the pelagic larval phase, water's physicochemical characteristics and the sea-surface current patterns, we need to know more about potential inherited movement patterns for larval and juvenile stages. Some fish species can detect the earth's magnetic field to orient their migrations so exploring the contribution of inherited magnetic direction to larval dispersal is a challenging but interesting avenue to complement traditional modeling studies (50, 51).

Understanding the molecular mechanisms of adaptation is a major research challenge, both for fundamental evolutionary biology and for effective conservation of biodiversity. There is a need to determine the genomic background of important fitness traits for survival and reproduction over short evolutionary timescales, and how differences in evolution of gene expression among natural populations are due to genetic and/or environmental influences. Gene expression is highly sensitive to the environment, it is vital to understand how genotype-by-environment interactions elicit variations in gene expression that underly plasticity and can facilitate the early stages of adaptation and/or colonization of new environments. A species may experience spatially variable selection pressure from bioclimatic and/or environmental variables, which may drive adaptive divergence at the genomic level and reveal ecological trade-offs. This is the fascinating world of landscape and seascape genomics, exploring how the terrestrial and marine environment, respectively, influence the genomic diversity and connectivity of organisms, including fishes (52, 53).

Global change is expected to negatively impact fisheries and aquaculture, so research is underway to prepare these sectors for future challenges. This includes abiotic factors such as increased temperatures, but also biotic factors such as the non-indigenous species and viral, microbial and parasitic infections that are expected to thrive in the warmer environments. Non-indigenous species (NIS), especially invasive ones linked to ongoing climate change, represent a major research challenge. New routes for dispersal are being created by warming waters in temperate areas coupled with ice melting, which exacerbates the effects of human activities such as shipping and canal development (54, 55). There are socio-economic implications to the problems of non-indigenous species because, although escapes from aquaculture and the ornamental fish trade are frequently reported, these economic sectors provide a livelihood for many people. In addition, recent work has shown that non-native species are more resistant to extreme weather (56), stressing the importance of studying the relative performance of co-occurring native and non-native species in order to allow for predictions of their future potential habitat suitability (32, 57).



2.4 Integrating across scales of biological organization

An important theme that emerges from this brief review is the need for research that integrates across biological levels, from the genomic basis of individual function to outcomes and predictions at an ecological scale. That is, to develop multidisciplinary approaches that can explore how effects at the level of individuals translate up levels of organization to affect ecosystem processes. A couple of examples are mentioned here. One fruitful research avenue could be the development of databases of functional traits both among and within species, such as metabolic rates and environmental tolerances, to improve understanding of the ecological significance of patterns of phenotypic diversity (58). Innovative mechanistically-based modeling approaches are also beginning to link from individual function to population outcomes, including development of eco-genetic models to integrate information about heritability of traits of environmental adaptation to project short-term evolutionary responses (59–61).




3 Conclusions and the purpose of Frontiers in Fish Science

This partial view of global research priorities in fish science reveals just how vast the challenge is, and the broad scope for progression. There has never been a more important time to support the dissemination of research into the biology of fishes. Frontiers in Fish Science provides a conduit for rapid and open dissemination of high-quality research on all facets of the biology of fishes, from experimental studies on individuals to understanding and modeling processes at ecological and evolutionary levels. In so doing, Frontiers in Fish Science will foster an improved understanding of patterns of biodiversity in fishes, toward sustainable management of fishes and the ecosystems that they inhabit. We are particularly interested in helping to redress global imbalances in research focus, so we hope to promote publications in fish biology from the Global South and in freshwater ecosystems. We are committed to supporting principles of equity, diversity, and inclusion in our global community.



Author contributions

DM: Conceptualization, Writing – original draft, Writing – review & editing. KA: Writing – original draft, Writing – review & editing. PD: Writing – original draft, Writing – review & editing. EF: Writing – original draft, Writing – review & editing. JM: Writing – original draft, Writing – review & editing. CT: Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Cellerino A, Valenzano DR, Reichard M. From the bush to the bench: the annual Nothobranchius fishes as a new model system in biology. Biol Rev. (2016) 91:511–33. doi: 10.1111/brv.12183

 2. Nielsen J, Hedeholm RB, Heinemeier J, Bushnell PG, Christiansen JS, Olsen J, et al. Eye lens radiocarbon reveals centuries of longevity in the Greenland shark (Somniosus microcephalus). Science. (2016) 353:702–4. doi: 10.1126/science.aaf1703

 3. Hu Y, Shang H, Tong H, Nehlich O, Liu W, Zhao C, et al. Stable isotope dietary analysis of the Tianyuan 1 early modern human. Proc Natl Acad Sci USA. (2009) 106:10971–4. doi: 10.1073/pnas.0904826106

 4. Braun DR, Harris JWK, Levin NE, McCoy JT, Herries AIR, Bamford MK, et al. Early hominin diet included diverse terrestrial and aquatic animals 1.95 Ma in East Turkana. Kenya Proc Natl Acad Sci USA. (2010) 107:10002–7. doi: 10.1073/pnas.1002181107

 5. Arlinghaus R, Abbott JK, Fenichel EP, Carpenter SR, Hunt LM, Alós J, et al. Governing the recreational dimension of global fisheries. Proc Nat Acad Sci. (2019) 116:5209–13. doi: 10.1073/pnas.1902796116

 6. Bessa E, Silva F, Sabino J. Impacts of fish tourism. In: Blumstein, D. T., Geffroy, B., Samia, D. S. M., and Bessa, E., editors Ecotourism's Promise and Peril: A Biological Evaluation. Cham: Springer International Publishing (2017). p. 59–72. doi: 10.1007/978-3-319-58331-0_5

 7. Diggles BK, Arlinghaus R, Browman HI, Cooke SJ, Cooper RL, Cowx IG, et al. Reasons to be skeptical about sentience and pain in fishes and aquatic invertebrates. Rev Fisheries Sci Aquac. (2023) 2023:1–24. doi: 10.1080/23308249.2023.2257802

 8. Jorgensen C, Enberg K, Dunlop ES, Arlinghaus R, Boukal DS, Brander K, et al. Ecology: managing evolving fish stocks. Science. (2007) 318:1247–8. doi: 10.1126/science.1148089

 9. Heino M, Díaz Pauli B, Dieckmann U. Fisheries-induced evolution. Annu Rev Ecol Evol Syst. (2015) 46:461–80. doi: 10.1146/annurev-ecolsys-112414-054339

 10. Hutchings JA, Kuparinen A. Implications of fisheries-induced evolution for population recovery: Refocusing the science and refining its communication. Fish and Fisheries. (2020) 21:453–64. doi: 10.1111/faf.12424

 11. Vanni MJ. Nutrient Cycling By Animals in Freshwater Ecosystems. Annu Rev Ecol Syst. (2002) 33:341–70. doi: 10.1146/annurev.ecolsys.33.010802.150519

 12. Mariani G, Cheung WW, Lyet A, Sala E, Mayorga J, Velez L, et al. Let more big fish sink: Fisheries prevent blue carbon sequestration—half in unprofitable areas. Sci Adv. (2020) 6:eabb4848. doi: 10.1126/sciadv.abb4848

 13. Perry CT, Salter MA, Harborne AR, Crowley SF, Jelks HL, Wilson RW. Fish as major carbonate mud producers and missing components of the tropical carbonate factory. Proc Nat Acad Sci. (2011) 108:3865–9. doi: 10.1073/pnas.1015895108

 14. Duffy JE, Godwin CM, Cardinale BJ. Biodiversity effects in the wild are common and as strong as key drivers of productivity. Nature. (2017) 549:261–4. doi: 10.1038/nature23886

 15. Mouillot D, Graham NA, Villéger S, Mason NW, Bellwood DR. A functional approach reveals community responses to disturbances. Trends Ecol Evol. (2013) 28:16777. doi: 10.1016/j.tree.2012.10.004

 16. Leitão RP, Zuanon J, Villéger S, Williams SE, Baraloto C, Fortunel C, et al. Rare species contribute disproportionately to the functional structure of species assemblages. Proc R Soc B Biol Sci. (2016) 283:20160084. doi: 10.1098/rspb.2016.0084

 17. McLean M, Auber A, Graham NA, Houk P, Villéger S, Violle C, et al. Trait structure and redundancy determine sensitivity to disturbance in marine fish communities. Glob Chang Biol. (2019) 25:3424–37. doi: 10.1111/gcb.14662

 18. Dulvy NK, Pacoureau N, Rigby CL, Pollom RA, Jabado RW, Ebert DA, et al. Overfishing drives over one-third of all sharks and rays toward a global extinction crisis. Curr Biol. (2021) 31:4773–4787. doi: 10.1016/j.cub.2021.08.062

 19. Pacoureau N, Rigby CL, Kyne PM, Sherley RB, Winker H, Carlson JK, et al. Half a century of global decline in oceanic sharks and rays. Nature. (2021) 589:567–71. doi: 10.1038/s41586-020-03173-9

 20. Heithaus MR, Frid A, Vaudo JJ, Worm B, Wirsing AJ. Unraveling the ecological importance of elasmobranchs. In: Carrier, J. C., Musick, J. A., Heithaus, M. R., editors Sharks and Their Relatives II: Biodiversity, Adaptive Physiology, and Conservation, CRC Press (2010), p. 608–633. doi: 10.1201/9781420080483-c16

 21. Sherman CS, Simpfendorfer CA, Pacoureau N, Matsushiba JH, Yan HF, Walls RHL, et al. Half a century of rising extinction risk of coral reef sharks and rays. Nat Commun. (2023) 14:15. doi: 10.1038/s41467-022-35091-x

 22. McKenzie DJ, Axelsson M, Chabot D, Claireaux G, Cooke SJ, Corner RA, et al. Conservation physiology of marine fishes : state of the art and prospects for policy. Conserv Physiol. (2016) 4:1–20. doi: 10.1093/conphys/cow046

 23. Seebacher F, Narayan E, Rummer JL, Tomlinson S, Cooke SJ. How can physiology best contribute to wildlife conservation in a warming world? Conserv Physiol. (2023) 11:coad038. doi: 10.1093/conphys/coad038

 24. White CR, Marshall DJ, Chown SL, Clusella-Trullas S, Portugal SJ, Franklin CE, et al. Geographical bias in physiological data limits predictions of global change impacts. Funct Ecol. (2021) 35:1572–8. doi: 10.1111/1365-2435.13807

 25. Lefevre S, Wang T, McKenzie DJ. The role of mechanistic physiology in investigating impacts of global warming on fishes. J Exper Biol. (2021) 224:jeb238840. doi: 10.1242/jeb.238840

 26. Desforges JE, Birnie-Gauvin K, Jutfelt F, Gilmour KM, Eliason EJ, Dressler TL, et al. The ecological relevance of critical thermal maxima methodology for fishes. J Fish Biol. (2023) 102:1000–16. doi: 10.1111/jfb.15368

 27. Killen SS, Cortese D, Cotgrove L, Jolles JW, Munson A, Ioannou CC. The potential for physiological performance curves to shape environmental effects on social behavior. Front Physiol. (2021) 12:754719. doi: 10.3389/fphys.2021.754719

 28. Killen SS, Marras S, Nadler L, Domenici P. The role of physiological traits in assortment among and within fish shoals. Philosoph Trans R Soc B. (2017) 372:20160233. doi: 10.1098/rstb.2016.0233

 29. Walter GH, Hengeveld R. Autecology: Organisms, Interactions and Environmental Dynamics. London: CRC Press. (2014). doi: 10.1201/b16805

 30. Sunday JM, Bates AE, Dulvy NK. Global analysis of thermal tolerance and latitude in ectotherms. Proc Biol Sci. (2011) 278:1823–30. doi: 10.1098/rspb.2010.1295

 31. Deutsch C, Ferrel A, Seibel B, Portner HO, Huey RB. Climate change tightens a metabolic constraint on marine habitats. Science. (2015) 348:1132–6. doi: 10.1126/science.aaa1605

 32. Marras S, Cucco A, Antognarelli F, Azzurro E, Milazzo M, Bariche M, et al. Predicting future thermal habitat suitability of competing native and invasive fish species: from metabolic scope to oceanographic modelling. Conserv Phhysiol. (2015) 3: cou059. doi: 10.1093/conphys/cou059

 33. Milazzo M, Mirto S, Domenici P, Gristina M. Climate change exacerbates interspecific interactions in sympatric coastal fishes. J Anim Ecol. (2012) 82:468–77. doi: 10.1111/j.1365-2656.2012.02034.x

 34. Ohlund G, Hedström P, Norman S, Hein CL, Englund G. Temperature dependence of predation depends on the relative performance of predators and prey. Proc R Soc B Biol Sci. (2015) 282:20142254. doi: 10.1098/rspb.2014.2254

 35. Dell AI, Pawar S, Savage VM. Temperature dependence of trophic interactions are driven by asymmetry of species responses and foraging strategy. J Anim Ecol. (2014) 83:70–84. doi: 10.1111/1365-2656.12081

 36. Domenici P, Allan BJ, Lefrançois C, McCormick MI. The effect of climate change on the escape kinematics and performance of fishes: implications for future predator–prey interactions. Conserv Physiol. (2019) 7:coz078. doi: 10.1093/conphys/coz078

 37. Grady JM, Maitner BS, Winter AS, Kaschner K, Tittensor DP, Record S, et al. Biodiversity patterns: Metabolic asymmetry and the global diversity of marine predators. Science. (2019) 363:eaat4220. doi: 10.1126/science.aat4220

 38. Kitagawa T, Kimura S. Biology and Ecology of Bluefin Tuna. London: CRC Press. (2015). doi: 10.1201/b18714

 39. Aarestrup K, Baktoft H, Birnie-Gauvin K, Sundelöf A, Cardinale M, Quilez-Badia G, et al. First tagging data on large Atlantic bluefin tuna returning to Nordic waters suggest repeated behaviour and skipped spawning. Sci Rep. (2022) 12:11772. doi: 10.1038/s41598-022-15819-x

 40. Mourier J, Maynard J, Parravicini V, Ballesta L, Clua E, Domeier ML, et al. Extreme inverted trophic pyramid of reef sharks supported by spawning groupers. Current Biology. (2016) 26:2011–6. doi: 10.1016/j.cub.2016.05.058

 41. MacNeil MA, Chapman DD, Heupel M, Simpfendorfer CA, Heithaus M, Meekan M, et al. Global status and conservation potential of reef sharks. Nature. (2020) 583:801–6. doi: 10.1038/s41586-020-2519-y

 42. Chung M-T, Trueman CN, Godiksen JA, Holmstrup ME, Grønkjær P. Field metabolic rates of teleost fishes are recorded in otolith carbonate. Commun Biol. (2019) 2:24. doi: 10.1038/s42003-018-0266-5

 43. Schiettekatte NMD, Conte F, French B, Brandl SJ, Fulton CJ, Mercière A, et al. Combining stereo-video monitoring and physiological trials to estimate reef fish metabolic demands in the wild. Ecol Evol. (2022) 12:e9084. doi: 10.1002/ece3.9084

 44. Treberg JR, Killen SS, MacCormack TJ, Lamarre SG, Enders EC. Estimates of metabolic rate and major constituents of metabolic demand in fishes under field conditions: Methods, proxies, and new perspectives. Compar Biochem Physiol A. (2016) 202:10–22. doi: 10.1016/j.cbpa.2016.04.022

 45. Su G, Logez M, Xu J, Tao S, Villéger S, Brosse S. Human impacts on global freshwater fish biodiversity. Science. (2021) 371:835–8. doi: 10.1126/science.abd3369

 46. Birnie-Gauvin K, Lynch AJ, Franklin PA, Reid AJ, Landsman SJ, Tickner D, et al. The RACE for freshwater biodiversity: Essential actions to create the social context for meaningful conservation. Conservat Sci Prac. (2023) 5:e12911. doi: 10.1111/csp2.12911

 47. Parasiewicz P, Belka K, Łapińska M, Ławniczak K, Prus P, Adamczyk M, et al. Over 200,000 kilometers of free-flowing river habitat in Europe is altered due to impoundments. Nat Commun. (2023) 14:6289. doi: 10.1038/s41467-023-40922-6

 48. Marques V, Castagné P, Polanco A, Borrero-Pérez GH, Hocdé R, Guérin P, et al. Use of environmental DNA in assessment of fish functional and phylogenetic diversity. Conserv Biol. (2021) 35:1944–56. doi: 10.1111/cobi.13802

 49. Pauly D, Piroddi C, Hood L, Bailly N, Chu E, Lam V, et al. The biology of mesopelagic fishes and their catches (1950–2018) by commercial and experimental fisheries. J Mar Sci Eng. (2021) 9:1057. doi: 10.3390/jmse9101057

 50. Putman NF, Scanlan MM, Billman EJ, O'Neil JP, Couture RB, Quinn TP, et al. An inherited magnetic map guides ocean navigation in juvenile pacific salmon. Current Biology. (2014) 24:446–50. doi: 10.1016/j.cub.2014.01.017

 51. Naisbett-Jones LC, Putman NF, Stephenson JF, Ladak S, Young KA. A magnetic map leads juvenile european eels to the gulf stream. Curr Biol. (2017) 27:1236–40. doi: 10.1016/j.cub.2017.03.015

 52. Riginos C, Crandall ED, Liggins L, Bongaerts P, Treml EA. Navigating the currents of seascape genomics: how spatial analyses can augment population genomic studies. Curr Zool. (2016) 62:581–601. doi: 10.1093/cz/zow067

 53. Grummer JA, Beheregaray LB, Bernatchez L, Hand BK, Luikart G, Narum SR, et al. Aquatic Landscape Genomics and Environmental Effects on Genetic Variation. Trends Ecol Evol. (2019) 34:641–54. doi: 10.1016/j.tree.2019.02.013

 54. Walther G-R, Roques A, Hulme PE, Sykes MT, Pyšek P, Kühn I, et al. Alien species in a warmer world: risks and opportunities. Trends Ecol Evol. (2009) 24:686–93. doi: 10.1016/j.tree.2009.06.008

 55. Azzurro E, Sbragaglia V, Cerri J, Bariche M, Bolognini L, Ben Souissi J, et al. Climate change, biological invasions, and the shifting distribution of Mediterranean fishes: A large-scale survey based on local ecological knowledge. Glob Chang Biol. (2019) 25:2779–92. doi: 10.1111/gcb.14670

 56. Gu S, Qi T, Rohr JR, Liu X. Meta-analysis reveals less sensitivity of non-native animals than natives to extreme weather worldwide. Nat Ecol Evol. (2023) 2023:1–24. doi: 10.1038/s41559-023-02235-1

 57. Barker BD, Horodysky AZ, Kerstetter DW. Hot or not? Comparative behavioral thermoregulation, critical temperature regimes, and thermal tolerances of the invasive lionfish Pterois sp. versus native western North Atlantic reef fishes. Biol Invas. (2018) 20:45–58. doi: 10.1007/s10530-017-1511-4

 58. Green SJ, Brookson CB, Hardy NA, Crowder LB. Trait-based approaches to global change ecology: moving from description to prediction. Proc R Soc B. (2022) 289:20220071. doi: 10.1098/rspb.2022.0071

 59. Teal LR, Marras S, Peck MA, Domenici P. Physiology-based modelling approaches to characterize fish habitat suitability: Their usefulness and limitations. Estuar Coast Shelf Sci. (2015) 201:56–63. doi: 10.1016/j.ecss.2015.11.014

 60. Dercole F, Rossa FD. A deterministic eco-genetic model for the short-term evolution of exploited fish stocks. Ecol Modell. (2017) 343:80–100. doi: 10.1016/j.ecolmodel.2016.10.016

 61. Morell A, Shin Y-J, Barrier N, Travers-Trolet M, Halouani G, Ernande B. Bioen-OSMOSE: A bioenergetic marine ecosystem model with physiological response to temperature and oxygen. Prog Oceanogr. (2023) 216:103064. doi: 10.1016/j.pocean.2023.103064







OPS/images/crossmark.jpg
(®) Check for updates





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Grand challenges at the frontiers of fish science



		1 Introduction



		1.1 Fishes and humans



		1.2 Fishes and the stability of aquatic ecosystems







		2 The grand challenge



		2.1 Experimental biology



		2.2 Ecology: what fishes actually do in the wild



		2.3 Understanding patterns of biodiversity toward conservation



		2.4 Integrating across scales of biological organization







		3 Conclusions and the purpose of Frontiers in Fish Science



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Fish Science

Grand challenges at the frontiers
of fish science





OPS/images/logo.jpg
& frontiers | Frontiers in Fish Science





