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[bookmark: _3znysh7]Despite great promise for understanding the impacts and extent of climate change and extreme weather events on aquatic animals, their species, and ecological communities, it is surprising that electronic tagging and tracking tools, like biotelemetry and biologging, have not been extensively used to understand climate change or develop and evaluate potential interventions that may help adapt to its impacts. In this review, we provide an overview of methodologies and study designs that leverage available electronic tracking tools to investigate aspects of climate change and extreme weather events on aquatic ecosystems. Key interventions to protect aquatic life from the impacts of climate change, including habitat restoration, protected areas, conservation translocations, mitigations against interactive effects of climate change, and simulation of future scenarios can all be greatly facilitated by using electronic tagging and tracking. We anticipate that adopting animal tracking to identify phenotypes, species, or ecosystems that are vulnerable or resilient to climate change will help in applying management interventions such as fisheries management, habitat restoration, invasive species control, or enhancement measures that prevent extinction and strengthen resilience of communities against the most damaging effects of climate change. Given the scalability and increasing accessibility of animal tracking tools for researchers, tracking of individual organisms will hopefully also facilitate research into effective solutions and interventions against the most extreme and acute impacts on species, populations, and ecosystems.
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1. [bookmark: _1t3h5sf]Introduction

Anthropogenic-driven climate change will likely continue to intensify, at least in the near-term, regardless of international agreements to cut harmful emissions. Indeed, the climate system has a time lag such that the effects of emissions cuts now will not be able to completely mitigate the future amount of these gases in the atmosphere (Samset et al. 2020). Evolutionary adaptation of animals to future climate scenarios is therefore needed as ecosystems continue to change (Nagelkerken et al. 2023). The consensus is that climate change will generally lead to a net loss of biodiversity, which yields biotic homogenization in most areas (Malhi et al. 2020). Extreme habitats where specialists have evolved will likely accept more generalist species, driving a loss of endemism and further homogenization (Gordó-Vilaseca et al. 2023). Physiological tolerance to stressors, phenotypic plasticity and capacity to adapt, both physiologically and behaviourally, in response to climate stress will determine the winners and losers of climate change (Somero 2011; Pecl et al. 2017; Webster et al. 2017; Andreasson et al. 2022). Identifying the likely losers, and managing for their resilience is one of few options available to mitigate or forestall the impacts of climate change (Schuurmann et al. 2022). Tackling the climate crisis is an enormous challenge but the focus must be on adaptation to the new realities imposed by the changes. In actionable terms, this means identifying the phenotypes, species, or ecosystems that are most vulnerable to climate change, and using tools and actions such as fisheries management, habitat restoration, invasive species control, or enhancement measures to forestall extinctions and fortify ecological communities against the most damaging impacts.
Essential to managing under the constraints of a changing climate in inland and marine waters are data that accurately describe the responses of biological units to change. In water, behavioural changes play a key role because the initial response of individuals to human-induced environmental change is often behavioural (Toumainen and Candolin 2011). In many ways, behaviour is the first line of defense for most aquatic organisms. Such responses can then initiate a predictable sequence of observable changes (e.g. alteration of individual fitness and population dynamics) that manifest as changes in population abundance (Cerini et al. 2023). The role of aquatic animal electronic tagging and tracking tools (including both biotelemetry and biologging; herein E3Ts) in informing how wild animal populations react to these global changes occurring in lakes, rivers, and seas is therefore important, allowing researchers to identify, and understand and preview the resilience of species and ecosystems to climate change.  Investigating how aquatic tagging and tracking can make an actionable and enduring contribution to climate research requires a suitable framework of climate change impacts with which to consider the study designs that could be implemented. Pörtner and Peck (2010) provided a simple framework to scale climate change impacts from individuals to communities, which was created for causal inference about the impacts of climate change on fish. In their framework, they suggest three scales at which climate affects fish: the individual (physiology and behaviour), its population, and their ecosystem. Other researchers have drawn similar frameworks based on these fundamental levels of organization (also Nagelkerken et al. 2023), including the hierarchical response framework proposed by Smith et al. (2009), where individual, within-ecosystem, and between-ecosystems effects of climate are considered. Here, we consider the role of aquatic E3Ts within existing climate change impact frameworks, focusing on aquatic animals that are at particularly high risk due to climate change and extreme weather events (Pinsky et al. 2022; Figure 1).

2. [bookmark: _4d34og8]Applying animal tracking to studying climate change

[bookmark: _2s8eyo1]2.1 Impacts of climate change on the performance of individuals

Background for linking the framework to electronic tagging and tracking: Physiological rates controlled by the environment (aka the Fry Paradigm; Fry 1959) dictate progress towards life history checkpoints. Laboratory experiments have demonstrated the importance of temperature as a mediator of individual life histories; in fact, temperature is often referred to as the ‘master factor’ controlling biological rates (Fry 1971; Hochchka and Somero 2002; Sunday et al. 2012; Nakayama et al. 2016). However, field data from tracking can offer a much more comprehensive view of individual ecologies (Metcalfe et al. 2012, 2016; Šmejkal et al. 2021). Major effects of climate change include extremification of water temperature (including cold shock; Szekeres et al. 2016) and pH, and hypoxia in many areas, which determine vital rates (including rates of physiological functioning and rates of movement), and constrain activities to hospitable water conditions. All of these processes may in turn drive competition for space and access to resources, as well as vulnerability to capture by people and predators. For example, Vedor et al. (2021) demonstrated that climate-induced hypoxia will promote habitat compression for blue sharks (Prionace glauca) and enhanced vulnerability to surface-oriented fisheries. Better individual data from tagging may provide insights into the maturation of fish as they initiate spawning migrations inferred from movement patterns (Griffin et al. 2022) and lifespans of species based on tag detections that can be linked to environmental experiences. E3Ts can also be used to explain how exploitation removes high-performing metabolic phenotypes from populations (Duncan et al. 2019). Animal tracking can also help identify mortality events and specific responses of animals to extreme scenarios that operate at a population scale (floods, heat waves, warm winters, swells, etc.; Clark et al. 2020; Jarić et al. 2022; Sarkar and Borah, 2018; Šmejkal et al. 2023; Williams et al., 2017; Lempidakis et al. 2022) as well as the impacts of more gradual changes (e.g. increased accumulated thermal units) on life histories. Such questions can be directly answered by logging the environmental temperatures experienced by fish throughout their lifespans. Using individual tagging data, analysts can query: where are the animals, how do they use micro- and macro-habitats, how does their behaviour change during extreme weather (e.g. heat waves, drought, natural disasters), how heritable are the phenotypes that persist through climatic bottlenecks, and how does behaviour affect competition, predation, reproduction, and senescence? Beyond behaviour, E3Ts can also help to assess the physiological constraints and demands that environmental conditions pose, including for example, measures of metabolism (Metcalfe et al. 2016).
Examples: Several studies have combined track and sensor data to investigate climate vulnerabilities of individual animals. Depth-temperature records have been used to identify environmental windows where loggerhead turtles (Caretta caretta) thrive (Patel et al. 2021), and to compare chinook salmon (Oncorhynchus tshawytscha) and lake trout (Salvelinus namaycush) habitat partitioning in a lake (Raby et al. 2020). Combining habitat, temperature and tracking data, Freitas et al. (2016) showed that given favourable sea surface temperatures, Atlantic cod (Gadus morhua) individuals selected shallow, food-rich vegetated habitats; however, with warmer surface waters such as those predicted under future climate scenarios, individuals remained at deeper waters in less productive habitats. Matching the thermal niche of species to the future available thermal habitat using climate models can provide projections for species’ ranges under climate change using species distribution modeling (e.g. Legrand et al. 2021; Patel et al. 2021). Movement tracks can be used to link abiotic features to energetically sensitive behaviours, for example, revealing the importance of moderate ice cover to the foraging behaviour of bowhead whales (Balaena mysticetus) in Nunavut, Canada (Pomerleau et al. 2011). Similarly, Hamilton et al. (2017)  found that sea ice decline effectively reduced the degree of spatial overlap between polar bears (Ursus maritimus) and their prey, ringed seals (Pusa hispida). Payne et al. (2018) used accelerometer loggers to reveal that tiger sharks (Galeocerdo cuvier) had peak activity and, consequently, were more vulnerable to fisheries bycatch at 22 °C.  Kneebone et al. (2018) observed juvenile sand tiger sharks (Carcharias taurus) in a bay (Massachusetts, USA) with acoustic transmitters outfitted with accelerometer sensors and implemented Gaussian Markov random fields to model areas with high activity and energy expenditure. Direct calibration of acceleration metrics to oxygen consumption can provide estimates of oxygen consumption and energy landscapes, revealing how habitat and climate interact to shape the metabolic demands and life course (aka pace of life) of individuals. Such methods must be extended beyond temperature for aquatic species to see how other water parameters affect energetics, to fully appreciate how climate change affects aquatic animals across a range of climate-related impacts, including water volume loss (i.e. drought), flow regimes, cyclones/hurricanes, pH extremification, or hypoxia. E3Ts can also be used to study winter ecology, under the assumption that cold-water adapted fish show elevated fitness in harsh winters and lose performance as winters warm (McMeans et al. 2020).
Designing studies: With careful planning and the availability of environmental data at relevant spatial and temporal scales, it is possible to assess relationships between individual animal movement and environmental change. Simulations can facilitate projections describing how niches (estimated from computer models) correspond to expected changes in distributions (e.g., Patel et al. 2021). However, direct manipulations including habitat alterations, such as studies with experimentally warmed outflows (e.g. from power plants), and experimental displacement can be useful to test resilience and climate vulnerability across species or phenotypes within species. There is a need to seek tools that will help make more thorough assessments of the individual’s status and fitness (e.g., survival) when exposed to climate stressors, such as heart rate loggers and transmitters that measure indicators of physiology (i.e., stress) that may be independent of other metabolic demands (e.g., movement). Studying the impacts of climate change on individuals requires some control over the habitat or the animals, which can be achieved using ponds or lakes to better understand climate change impacts at this scale (Lennox et al. 2021). If combined with physiological metrics of thermal performance and tolerance, E3Ts could provide us with a powerful tool to predict climate impacts on individuals and species. Physiological measures of performance and tolerance have predominantly been undertaken in the lab, creating opportunities to expand the testing of temperature-mediated performance hypotheses in the field (Rezende et al. 2014). In this regard, E3Ts could be pivotal in elucidating whether these metrics are, in fact, relevant in the wild.
[bookmark: _17dp8vu]
[bookmark: _3rdcrjn]2.2 Species responses to climate change

Background for linking the framework to electronic tagging and tracking: Detecting responses to climate change at the species level depends on distributional models that treat individual replication, the inherent unit at which E3Ts is conducted, as a means to understand a representative sample of a species. Using tracking data and models that account for individual variation (i.e. mixed effects), it can be possible to assess the species-scale responses of animals to climate change. It is logical that inferences made at the individual level can be extrapolated to the species scale, but specific approaches and aims will guide researchers to use E3T data at the species scale. Indeed, the changing habitats and the impact climate change will have on physiological processes will influence mass movements of animals, transferring matter and nutrients in bulk across boundaries (Nathan et al. 2008). Warmer water temperatures will force poleward or vertical changes in distribution as animals seek thermal refuge (Perry et al. 2005). Changes in river hydromorphology or ocean currents will alter species assemblages (Vannote et al. 1980) or species distributions (e.g. Gardner et al. 2015). Diel vertical behaviour might also be influenced, as the northward distribution will lead to shifts in seasonal variability in light availability, both impacting foraging for food and predation risks, an impact on one of the planet’s major biological pumps (Ljugstrøm et al. 2021). Beyond species-specific effects, climate change can cause spatiotemporal alterations to the interactions between species or populations, which ultimately affect the structure of ecosystems and their functioning (van Zuiden et al. 2016; Tunney et al. 2014). 
Examples: To be relevant at the species scale, E3T experiments should aim to identify broad-scale movement and behavioural shifts representative of the species, including spatial or temporal shifts, meaning data series that are broad in geographic scale or long in term are most robust. Models using E3Ts can be used to generate distribution or niche models that are built on representatives of a population and focus less so on intraspecific variation. This can be accomplished by using individual data to generate models or predictions, such as in Aspillaga et al. (2017) where a general northward shift of common dentex (Dentex dentex) was projected based on mechanistic niche data established from tracking. Spatial shifts at the species level have been revealed from tracking data in a lake, where Říha et al. (2022) identified a collective shift in the depth use of wels catfish (Silurus glanis) in response to bottom hypoxia. As the climate continues to change, the centroid of animal distributions may shift over time, which can be tracked from E3T data using archived data in a time series. Moreover, migration routes could also shift; however, Horton et al. (2020) found that 15 years of satellite tracking data did not reveal any significant changes in the migration routes of humpback whales (Megaptera novaeangliae) despite changes in the oceanography and magnetic fields during that period. This contrasts with 15 years of bluefin tuna (Thunnus thynnus) tracking data from the Pacific, where tunas were observed to adapt their distributions according to marine temperatures, including an extreme anomaly during a heatwave (Carroll et al. 2022). In terms of timing of key life history events, Douglas et al. (2011) observed phenological shifts in striped bass (Morone saxatilis) in the Miramichi River, while Hauser et al. (2017) used time series data from satellite telemetry of beluga whales (Delphinapterus leucas) to identify changing migration timing in the Arctic. 
Designing studies: Understanding how species are responding (and will respond) to climate change using E3Ts likely needs a reliance on temporal comparisons with long-term time series for tracking changes at a relevant scale. Time series can identify gradual or stepped changes in the phenology of key events, or may simply provide insights from aberrant events such as heat waves or extreme weather that cannot be planned for (e.g. Heupel et al. 2002; Carroll et al. 2021). Projects with several years of data sampling are likely to include some periods of abnormally warm temperature or extreme weather, and data sampled during such events are valuable to explain or even predict potential shifts in behaviour (e.g., refuge seeking, foraging areas) that a population/species will face in the future (Westrelin et al. 2022, 2023). Experiments at the population scale using tracking may include randomized control treatment trials in which control fish are systematically released and compared to a treatment group that is reared under projected future environmental scenarios such as warming. Such designs are possible using E3Ts to track the fate of a suitable fraction of a population to draw inferences at scale using experimental rearing or challenge tests combined with fate tracking. Interventions that could be considered include acute exposure or chronic immersion in warm temperatures or acidified water, simulating the rearing conditions likely to be encountered by fish experiencing climate change. Long-term tracking of these fish and comparison with a control group will be instructive to understand the magnitude of the challenges faced by these animals and proactively adopt management actions. For most studies aiming to generate results at the population scale, customisation of battery lifetime to be long enough to detect animals later in life, or addition of sensors to the tags for tracking days or total activity, can greatly improve current data collection. 
One important methodological possibility at the population scale is to track offspring and assign them to different parents, thereby tracking how exposure to different environments affects reproduction and fitness. In Caspian terns (Hydroprogne caspia), cultural transmission of migration routes was inferred from tracking birds with their own offspring and with fosters (Byholm et al. 2022). Genotyping tagged individuals could then allow us to also follow the temperature preferences across intraspecific genetic lines, and study evolutionary adaptations to climate change over time. Although designs using electronic tagging to better understand population responses to climate change are promising, caution is warranted when attempting to scale observations of individuals to establish trends about species or populations.

[bookmark: _26in1rg]2.3 Global influence of climate change on ecosystems and communities

Background for linking the framework to electronic tagging and tracking: Climate change has the potential to induce ecosystem-level changes, such altering the ecology, density, and phenotypic structure of keystone species, creating mismatches between the migration phenology of keystone species and their prey (Renner and Zohner, 2018), changing the outcome of interspecific competition (Helland et al., 2011; Carmona-Catot et al., 2013), increasing ecosystem vulnerability to invasive species (Ilarri et al., 2022; Souza et al., 2022), shifting temporal and spatial niches of thermal specialists (Santiago et al., 2016), affecting parasite-host interactions (Lõhmus and Björklund, 2015; Cable et al., 2017), increasing the frequency and intensity of ecosystem perturbations, and ultimately causing interconnected cascading effects that can disrupt ecosystem functioning (Durant et al., 2007; Thackeray et al., 2010). Climate change impacts can be further exacerbated through synergistic interactions with other stressors such as eutrophication, pollution, water regulation, and biological invasions (Woodward et al. 2010). Climate change can also create novel heterogeneity through asymmetrically altering environmental conditions in space, which can alter mobile generalist consumer species behaviour and broadly reorganize food webs (Bartley et al. 2019). However, to fully track impacts, detailed ecosystem information has to be collected, starting with abiotic variables, food resources, and various organismal responses, representing a subset of taxa and trophic levels in the ecosystem (recognizing that not all species are suitable for tagging). Detailed animal tracking, in combination with other monitoring tools, can provide valuable insights into the extent of resulting changes in reproductive phenology, the level of their synchronization across different animal taxa, and how they affect the timing of food supply (Reglero et al., 2018; Renner and Zohner, 2018; Beltran et al. 2019, 2022). For larger organisms, E3Ts can effectively track responses to climate change that affect migration timing, nesting behavior, or small-scale habitat shifts due to migration. 
Examples: Despite a broad agreement that ecosystem approaches are needed to understand and manage environmental resources, incorporating animal tracking into whole-ecosystem research is still quite rare, and only a few ecosystem studies have used E3Ts. Yet, the movements and distributions of animals are crucial, as evidenced by the little auk (Alle alle), which deposits guano in lakes that yield such eutrophic conditions that invertebrates and fish are excluded; climate-induced range shifts would therefore induce landscape-scale changes in freshwater ecosystems (González-Bergonzoni et al. 2017). However, the highlighted examples demonstrate the enormous potential of tracking data to reveal ecosystem consequences of climate change-induced alterations of animal behaviour. Guzzo et al. (2017) combined long-term acoustic telemetry with diet analysis to show that warming reduced lake trout use of the nearshore areas, and thus reduced exploitation of limnetic food resources. This resulted in a reduction in the growth and condition factor of lake trout and significant changes in carbon flux throughout the lake ecosystem. Caldwell et al. (2020) examined the effects of earlier ice breakup on water temperatures and habitat production, as well as the consequences for habitat use, behaviour, and fitness of brook trout (Salvelinus fontinalis). The study showed that earlier ice breakup created resource-rich littoral-benthic habitat compared to pelagic habitat. Nevertheless, movement data revealed that brook trout did not exploit the littoral habitat due to warm temperature avoidance, which reduced their fitness. Thus, changes in ice break-up drive multi-directional results for resource production within lake habitats and have important consequences for predators. 
The effects of climate change on the coupling between terrestrial and aquatic ecosystems were studied by Hamilton et al. (2016) and Deacy et al. (2017). Hamilton et al. (2016) used satellite telemetry to show that polar bears (Ursus maritimus) spent more time on land during periods of reduced sea ice, spatially isolated from their preferred prey, ringed seals (Pusa hispida). While on land, polar bears spent more time near ground-nesting bird colonies and predated more on nesting seabirds. Deacy et al. (2017) used GPS telemetry in Kodiak brown bears (Ursus arctos) to examine the response of bear behaviour to global warming-induced changes in the availability of two important food resources, red elderberry (Sambucus racemosa) and sockeye salmon (Oncorhynchus nerka). Climate warming advanced the elderberry blooming to align with the spawning of sockeye, causing bears to prioritize elderberry, and weakening the link between salmon and its contributions to the surrounding land by fertilizing the earth and enhancing local biodiversity.
Designing studies: The ecosystem approach can be challenging because it requires consideration of other trophic levels and how changes in focal animal behavior translate to population, species, or community scales. Behavioral changes can alter ecological interactions (e.g., predator-prey dynamics, competition, social behaviors), and these consequences can be tracked using a suite of complementary tools that link tracking data to metrics collected at different levels of the ecosystem. For example, approaches may require examining population and life history parameters of key species, system productivity, and the strength or direction of ecological interactions prior to, or during, movement tracking. In this way, the impacts of climate change can be comprehensively studied using animal tracking. Effects of climate change on ecosystems and communities could be studied through experiments involving islands or small pond ecosystems using telemetry where manipulations can be undertaken, including experimental warming. Space or time replication (e.g., across lakes) and reciprocal transplant studies can be used to study evolutionary adaptation to climate change at an ecosystem scale. For example, ponds could be warmed at different temperatures, exposed to different water levels or fluctuations, different nutrient loads, as well as different levels of pH and dissolved oxygen. Alternative designs could involve tracking in replicated tracts, such as whole lakes, along a latitudinal gradient that would treat climatic variation as a component of the behavioural variation (Lennox et al. 2022). Experiments could additionally address changes to physiological and behavioural phenotypic frequencies related to changing environments, including activity, phenology, and interspecific interactions (e.g., predation rates). Of special relevance would be multi-species experiments that integrate fish behaviour with physiology (Cooke et al. 2008; Komoroske and Birnie-Gauvin 2022), to infer responses at the level of communities, as well as effects on ecosystem metabolism. Where possible, there should be an increasing emphasis on building models with multiple species to better understand how different species respond when confronted by changes not in isolation, but in the presence of competitors or predators. Experiments using predation tags—tools that continue to be developed for identifying the fate of animals and a key ecological interaction—should become a tool that helps reveal some of the most important aspects of ecological dynamics symptomatic of climate change in both experimental and observational studies (Lennox et al. 2023).

3. [bookmark: _lnxbz9]Testing climate resilience and management
[bookmark: _35nkun2]	
[bookmark: _1ksv4uv]3.1 Habitat restoration

Physicochemical habitat is linked to climate and therefore measures aimed at improving habitat suitability or availability can play a key role in buffering climate change effects for individuals (Timpane-Padgham et al. 2017). For aquatic species reliant on physical habitats, the most important mitigation effort is to conserve or restore essential habitats that minimize impacts of climate change. Some of the most concrete examples are canopy shelters in rivers (Fullerton et al. 2022; Kirk et al. 2022), artificial reef construction in the sea (Getz and Kline 2019), or artificial nests for seabirds (Burke et al. 2022). Indeed, animals may find refuge in the landscape that helps them cope with climate change, but how this process operates in nature may be challenging to understand for aquatic species. In an effective illustration of this, Freitas et al. (2021) tracked several species of a fish community in a Norwegian fjord to find that their depth distribution responded to environmental temperatures, showing that they were allocating their time to spatial areas in the landscape that provided thermal refuge. Tracking animals and their temporal and spatial use of habitat in various climate scenarios is therefore an important avenue of research to inform restoration efforts that can be engineered in a way to minimise climate effects. Indeed, our knowledge of what constitutes an effective refuge for aquatic species may be biased or incomplete without empirical data from the field. Opportunistic data may be key to generating new knowledge where experiments are not feasible. For example, tracking animals can help identify areas of high use during weather anomalies that provide refuge, or strategic use of areas that help maintain homeostasis and that are key to protect, restore or even expand to face climate change (e.g. Henesy et al. 2022). Amat-Trigo et al. (2022) suggested that behavioural thermoregulation may provide an innate mechanism of resilience to fish encountering a changing climate. Effective behavioural thermoregulation, however, depends on the availability of suitable habitat, which may require spatial planning measures in rivers, lakes, and coasts. Using this knowledge, action can be taken to generate heterogeneity that buffers warming and protects important inflows and seeps and upwellings. 

[bookmark: _44sinio]3.2 Protected areas to facilitate persistence of vulnerable species

Protected areas (PAs) are often used as a management intervention to protect species against disturbance (Agardy 1994; Edgar et al. 2014). Although marine PAs are widely known, freshwater PAs are equally valuable and actionable (Saunders et al. 2002). PAs are globally used to buffer exposure of animals to stressors, but their role in mitigating climate change effects should be further explored (Hannah et al. 2008; Soares-Filho et al. 2010; Roberts et al. 2017). Adapting PAs to buffer vulnerable species from climate change may be a viable option to mitigate the effects of temperature warming. Most advice suggests that marine PAs need to be larger and better connected (McLeod et al. 2009) to effectively benefit species experiencing climate change. However, there is an opportunity for gathering additional evidence using tracking tools. Animal tracking is vital to understand how the functionality of PAs will change as animals migrate and change their movements according to climate, especially in open aquatic systems, where range shifting can alter the protection afforded by area-based measures. In a climate change scenario, where the conditions in the ecosystems are in constant change, the effectiveness of PAs might be challenged, as temperature fluctuations can alter the suitability of certain habitats for constituent species (Hooker et al., 2011; Sahri et al. 2022: Freitas et al., 2016). E3T studies can be designed to monitor how species respond to warming conditions with and without protections from potential synergistic stressors, which in turn can inform conservation efforts and potentially lead to reconsideration and reallocation of PAs and even the option for dynamic PAs based on seasonally changing needs of animals (Sequeira et al. 2019). 
[bookmark: _2jxsxqh]
[bookmark: _z337ya]3.3 Translocations or assisted migration

Climate change is challenging species to respond to rapidly changing conditions in their local environments. Species may not have the capacity to adapt at a sufficient pace to these changes (i.e. evolutionary adaptational lag) or may lack the dispersal capacity to colonise suitable habitats (Schloss et al., 2012; Fréjaville et al., 2020). To overcome these limitations, “assisted migration” (see Twardek et al. 2023 for definition) of animals to more suitable areas has been proposed as a means of facilitating the resilience of a population impacted by climate change by providing suitable habitats faster than they could reach them by natural range expansion (Hällfors et al., 2014). Typically, these movements occur into areas where those individuals would be predicted to move, provided they had sufficient time and connectivity between the habitats, as they might be expected to in a slower climate change scenario (Hällfors et al., 2014). Assisted migration is gaining increased attention as a potential conservation tactic (Twardek et al. 2023; Benomar et al., 2022), though much uncertainty and controversy remains regarding the potential ecological risks and benefits (Ricciardi and Simberloff 2009; Aitken and Whitlock 2013; Bucharova 2017). Thus far, successful cases of assisted migration for conservation have been very limited, with most movements pertaining to trees and other vascular plants in the context of forestry (Pedlar et al. 2012). Aquatic animals have rarely been the subjects of assisted migration studies (Twardek et al. 2023), though there is recognition of the values these movements may have in supporting fisheries (Green et al. 2010), and it seems likely that these movements will be increasingly considered to abate the impacts of climate change on highly valued species, possibly at the cost of less economically valued counterparts. Careful study and monitoring will be critical to this endeavour given that it would not be desirable to have assisted migration become a broad-scale invasion (Mueller and Hellmann 2008). Electronic tagging and tracking will be uniquely positioned to inform how introduced species are using their newfound environments, expanding their ranges, and interacting with the broader aquatic ecosystem. As a unique example of this, western swamp turtles (Pseudemydura umbrina), Australia’s rarest herptile, were outfitted with radiotelemetry transmitters and temperature loggers and were introduced into a wetland located 300 km south of the species’ native range (Bouma et al. 2020). Over a six month period, researchers gained insights into habitat use, movement, growth rates, mortality rates, and microclimate conditions, providing important knowledge for future assisted migration efforts for the species. Although fish have not been the focus of many assisted migration studies, humans have inadvertently conducted assisted migration of fish at a large scale through the stocking of fish throughout freshwater systems around the world (Halverson 2010). Whereas most of these movements would not constitute assisted migration, there is great potential to study these movements in the context of assisted migration (see Banting et al. 2021). As E3Ts continue to revolutionize how we understand aquatic animal movements and species interactions (e.g. predation tags), it will undoubtedly be at the forefront of efforts to study and monitor assisted migration. 

[bookmark: _3j2qqm3]3.4 Mitigation of interactive effects

Although the intensity of future climate change can be mitigated, aquatic temperatures will continue to warm, with limited potential for direct intervention for abatement. Climate change may, however, be an exacerbating factor for other stressors such as invasive species or pollution (Bertram et al. 2022), that is operating interactively with warming; in many cases, the other factors may be easier to address than the climate impacts (Brook et al. 2008). Litchman and Thomas (2023) reviewed the role of several exacerbating factors that affect species’ metabolism and can interactively affect the vulnerability to warming. In such cases, identification and removal of the interactive stressor will be an efficient remedy for the species or population. For such interactive effects, it may be possible to mitigate the impact of climate change on species by removing or addressing the interacting stressor, for example invasive species removal or pollution remediation could enhance climate resilience of species exposed to warming. In general, appreciation that climate vulnerability can be interactive is still developing and we submit that animal tracking can help to reveal where interactions exist and what actionable solutions can intervene to buffer the impacts of climate change. Such approaches will necessarily rely on multi-disciplinary methods, and likely experimentation, to identify and test how interactive effects operate.

[bookmark: _1y810tw]3.5 Simulation of future scenarios

At a larger spatial scale, some studies suggest using global change projections together with predictive species distribution models (Santos et al. 2020). To predict species distributions using models, a first step is to understand the tolerance of individuals and populations to different environmental conditions, including for instance how individual performance (e.g. survival, reproduction) is affected by warming temperatures. Remote observation of thermal experiences by animals can be more important than theoretical or laboratory challenge tests for understanding the temperature selections made by aquatic animals, in large part because of plasticity that they may exhibit to cope with such changes (e.g. Levy et al. 2019). The relevance of thermal tolerance metrics derived from laboratory experiments have been debated (Rezende et al. 2014). The collation of animal tracking data into large databases allows for such synthetic modelling exercises and should be an important product of such open access products (Iverson et al. 2019). This is already being put into practice to prepare for climate change with a stronger understanding of likely animal responses (e.g. Hückstädt et al. 2020;  Reisinger et al. 2022a,b; Chambault et al 2022).

4. Future directions

Aquatic E3Ts are part of a rapidly advancing field in movement ecology, with continually expanding use in ecological research and management (Hellström et al. 2022; Nathan et al. 2022). Examples of these technological advances include continuous improvements in battery technology that enable the miniaturisation of transmitters, permitting researchers to track smaller species (Hazen et al. 2012) and younger age-classes of aquatic organisms (Li et al. 2020). Emerging technologies such as self-powered tags that can harness the biomechanical energy of the host animal may allow for the study of individual fish over their entire life-span in the wild, across ontogenetic shifts, maturation, and eventual death (Liss et al. 2022). Parallel advances in on-board processing capabilities coupled with artificial intelligence programming make the next generation of transmitters able to remotely analyse large amounts of high-resolution sensor data to identify complex behaviours and physiological states, which can be quantified, summarised, and transmitted. Such on-board data-processing would bypass the current bottleneck posed by the narrow bandwidth in underwater communication, and further integrate big data science with animal tracking (Figure 2; Nathan et al. 2022; e.g. Adachi et al. 2023). In addition, new communication protocols and transmission techniques are being developed to reduce false detections and signal collisions, making it possible to track large numbers of fish simultaneously with very high spatial and temporal resolution (Lennox et al. 2023). Technological advances, in combination with real-time transmission of detection data, creates the potential for automated tracking systems that function at resolutions comparable to terrestrial GPS (Yang et al. 2022). Such real-time tracking can be applied in experimental contexts to facilitate manipulation treatments, as well as improving adaptive management by allowing for data-driven decision making with minimal delay when data are made available and accessible to end-users efficiently. It would also allow the expanded capacity to detect routinely-tagged animal behavioral responses to unpredicted climate-change related events, such as extreme weather regional/localized events.
Innovative use of acoustic tags capable of both transmitting and receiving signals, particularly in combination with GPS technology, will generate exciting opportunities to study social interactions and predation dynamics between tagged animals across scales and contexts not previously possible (Krause et al. 2013; Lidgard et al. 2014; Nathan et al. 2022). Autonomous underwater and surface vehicles can be used for mobile tracking of tagged fish outside receiver arrays (Nash et al. 2021). There have also been solutions introduced to facilitate remote off-loading of data from deployed receivers, such as using autonomous vehicles and daisy-chained receiver links (Dagorn et al. 2007), which promise to drastically cut maintenance costs of remote receiver networks and increase the update frequency of detection data. At the same time, expanding networks of receiver infrastructure globally, organised via data-sharing hubs such as the Ocean Tracking Network (Iverson et al. 2019), are increasing the areas of the world’s oceans where aquatic species can be tracked and studied. Extremely high-power transmitters that can be detected thousands of kilometres away may in the future reduce the need for dense receiver networks when tracking large-bodied fish across oceans (Bronger and Sheean 2019). All of these developments will enable long-lived and highly migratory species such as whales, seabirds, pelagic sharks, billfishes, and tunas, that cross vast expanses of water, and potentially experience very different climate-impacted habitats over their life-span, to be tracked with increased detail, including into areas of the deep-sea to track their use of oxythermal habitat at a global scale. Overall, the continued advancement of E3T tools has the potential to revolutionise research on the impacts of climate change on aquatic wildlife and prepare for implementing solutions and interventions where possible. By harnessing the full capabilities of these technologies, researchers can gain a better understanding of how climate change is affecting these species and develop strategies to protect and conserve them.
 
5. Limitations

Whereas tracking the movements of aquatic animals can provide valuable insight into their spawning aggregations, migration routes, and barriers to movement, aquatic E3Ts have mostly been applied to adult organisms, due to the limitation of the tag size with decreasing body size until quite recently. Many aquatic species have a planktonic stage, during which they disperse and inhabit different habitats before reaching adulthood. By mainly having tracked adult aquatic animals, we have missed crucial information about the connectivity between metapopulations and shifts mediated by climate change in dispersion and nursery areas. In order to fully understand the movements and behaviours of aquatic species, we must also track the movement of these earlier, smaller stages.
The importance of tracking all life stages can be extended to further scales, including investigations of different personalities within a life stage. Indeed, larger variations in behaviour among individuals could be expected with warming temperatures as a function of differences in personality, but it has been found that seabirds encountering stressful conditions may become more homogenous in their behaviour (Gillies et al. 2023), as do fish exposed to certain pollutants (Tan et al. 2020; Polverino et al. 2021). To capture the whole spectrum of behaviours and gather an unbiased representation of responses of the population to environmental changes, it is then of utmost importance to track a representative sample of all personalities and thermal preferences within the considered population (Villegas-Rios et al. 2018 ; Cooper et al. 2018), strengthening the importance of obtaining affordable tracking technologies adapted to large samples. For acoustic telemetry, this may mean adopting more CDMA (code division multiple access) or BPSK (binary phase shift key) systems to allow for more animals to be tagged simultaneously within an area, without false detections (e.g. Aspillaga et al. 2017)

6. Conclusions

Here, we have presented a case for how animal trackers can design studies to reveal how aquatic organisms respond to climate-related changes in their environment while providing a useful tool to inform management and human adaptation strategies. Climate change will result in more dynamic environmental conditions that span warming waters, cold shock events, changing ocean currents, varied runoff conditions, and extreme weather events (e.g., storms, hurricanes, blizzards), which will undoubtedly impact aquatic animals in diverse ways, many of which are unpredictable without empirical data. E3T data are able to provide unprecedented information on animal-environment interactions, and these baseline data are already being used to understand contemporary climate change impacts, and to predict how future climate change may impact aquatic animals.
Simply documenting changes in the distribution, timing, and survival of aquatic animals in the face of climate change will not fully realise the potential of E3T data to support climate change adaptation efforts. Moreover, waiting for decades to do so will mean that we will continue to invest in management strategies that may be ineffective. Reliance on observational data as the climate gradually changes will nevertheless be valuable, and there should be investment in long-term data series for tracking key species in climate-sensitive areas. Indeed, despite the high-throughput nature of E3T data and the capacity to provide immensely valuable and highly detailed data from remote observations of animals that are otherwise very hard to observe, there seems to be a lack of long-term time series using tracking of electronic tags that could be used to identify inter-annual or decadal responses to climate, as well as the magnitude of changes to behaviour in anomalous years. Fortunately, time series can be assembled post hoc from international databases, albeit with limitations of study design interoperability to overcome. Notwithstanding, time series alone will provide limited power unless there is a great adoption of manipulative experiments that reduce uncertainty and accelerate our understanding of climate change impacts on aquatic species, populations, and ecosystems.
There is a dire need to future-proof today’s management initiatives so that they provide resilience to aquatic systems and resource users in the face of a more dynamic future. Consequently, it is necessary to develop science-based climate change human adaptation strategies from tracking data that will provide decision makers with a new management toolbox to ensure that aquatic animals are managed in a sustainable manner. We are confident that biotelemetry and biologging tools for tracking aquatic animals can be used to generate novel information to support such efforts and do so at scales relevant to environmental decision makers.

[bookmark: _4i7ojhp]Acknowledgements

The project was conceived through the project “Multi-Lake Research of Fish Ecology and Management using High-Resolution 3D Telemetry Systems”, funded by ALTER-Net within the MultiSite Research (MSR) initiative. Afonso was supported by the European Union’s Horizon Europe research and innovation programmes ‘MEESO’ (contract number 817669) and ‘Mission Atlantic’ (862428), and by the Azorean Regional Government program ‘MoniCo’. Reubens acknowledges support by the Research Foundation Flanders (FWO) as part of the Belgian contribution to LifeWatch. This work is supported by the COST Action - The European Animal Tracking Network (CA18102), supported by COST (European Cooperation in Science and Technology). Vollset and Dahlmo were supported by the Norwegian Research Council project LOST (325840). Nilsen was supported by the Norwegian Research Council project LaKES (320726). Lennox and Birnie-Gauvin were supported by the European Union’s Horizon Europe research and innovation programme STRAITS project (grant agreement No. 101094649). Villegas-Ríos was supported by the Ramón y Cajal programme from the Spanish Ministry of Science and Innovation (RYC2021-032594-I). There is no particular order of the author names aside from the first and last authors.

Competing Interests

The authors have no interests in competition

Data Availability

There are no data in this manuscript.

[bookmark: _2xcytpi]References

Abecasis, D., Steckenreuter, A., Reubens, J., Aarestrup, K., Alós, J., Badalamenti, F., ... & Afonso, P. (2018). A review of acoustic telemetry in Europe and the need for a regional aquatic telemetry network. Animal Biotelemetry, 6(1), 1-7.
Adriaan D. Rijnsdorp, Myron A. Peck, Georg H. Engelhard, Christian Möllmann, John K. Pinnegar, Resolving the effect of climate change on fish populations, ICES Journal of Marine Science, Volume 66, Issue 7, August 2009, Pages 1570–1583.
Adachi, T., Lovell, P., Turnbull, J., Fedak, M.A., Picard, B., Guinet, C., Biuw, M., Keates, T.R., Holser, R.R., Costa, D.P., Crocker, D.E. & Miller, P.J.O. (2023) Body condition changes at sea: Onboard calculation and telemetry of body density in diving animals. Methods in Ecology and Evolution.
Agardy, M. T. (1994). Advances in marine conservation: the role of marine protected areas. Trends in ecology & evolution, 9(7), 267-270.
Altieri, A.H. and Gedan, K.B., 2015. Climate change and dead zones. Global Change Biology, 21(4), pp.1395-1406.
Amat‐Trigo, F., Andreou, D., Gillingham, P. K., & Britton, J. R. (2022). Behavioural thermoregulation in cold‐water freshwater fish: Innate resilience to climate warming?. Fish and Fisheries.
Andreassen, A. H., Hall, P., Khatibzadeh, P., Jutfelt, F., & Kermen, F. (2022). Brain dysfunction during warming is linked to oxygen limitation in larval zebrafish. Proceedings of the National Academy of Sciences, 119(39), e2207052119.
Bartley, T. J., McCann, K. S., Bieg, C., Cazelles, K., Granados, M., Guzzo, M. M., ... & McMeans, B. C. (2019). Food web rewiring in a changing world. Nature ecology & evolution, 3(3), 345-354.
Beltran et al (2019) Reproductive success delays moult phenology in a polar mammal. Scientific Reports, 9, 5221.
Beltran, R. S., Yuen, A. L., Condit, R., Robinson, P. W., Czapanskiy, M. F., Crocker, D. E., & Costa, D. P. (2022). Elephant seals time their long-distance migrations using a map sense. Current Biology, 32(4), R156-R157.
Bertram, M. G., Martin, J. M., McCallum, E. S., Alton, L. A., Brand, J. A., Brooks, B. W., ... & Brodin, T. (2022). Frontiers in quantifying wildlife behavioural responses to chemical pollution. Biological Reviews, 97(4), 1346-1364.
Bouma, A., Kuchling, G., Zhai, S. Y., & Mitchell, N. (2020). Assisted colonisation trials for the western swamp turtle show that juveniles can grow in cooler and wetter climates. Endangered Species Research, 43, 75-88.
Brook, B. W., Sodhi, N. S., & Bradshaw, C. J. (2008). Synergies among extinction drivers under global change. Trends in ecology & evolution, 23(8), 453-460.
Bucharova. Assisted migration within species range ignores biotic interactions and lacks evidence. Restor. Ecol., 25 (1) (2017), pp. 14-18.
Burke, B., O'Connell, D. P., Kinchin‐Smith, D., Sealy, S., & Newton, S. F. (2022). Nestboxes augment seabird breeding performance in a high‐density colony: Insight from 15 years of monitoring data. Ecological Solutions and Evidence, 3(3), e12171.
Byholm, P., Beal, M., Isaksson, N., Lötberg, U., & Åkesson, S. (2022). Paternal transmission of migration knowledge in a long-distance bird migrant. Nature communications, 13(1), 1566.
Cable, J., Barber, I., Boag, B., Ellison, A. R., Morgan, E. R., Murray, K., ... & Booth, M. (2017). Global change, parasite transmission and disease control: lessons from ecology. Philosophical Transactions of the Royal Society B: Biological Sciences, 372(1719), 20160088.
Cagnacci, F., L. Boitani, R. A. Powell & M. S. Boyce, 2010. Animal ecology meets GPS-based radiotelemetry: a perfect storm of opportunities and challenges. Philosophical Transactions of the Royal Society B-Biological Sciences 365:2157-2162 doi:10.1098/rstb.2010.0107.
Caldwell, T.J., Chandra, S., Feher, K., Simmons, J.B., Hogan, Z., 2020. Ecosystem response to earlier ice break‐up date: Climate‐driven changes to water temperature, lake‐habitat‐specific production, and trout habitat and resource use. Glob. Chang. Biol. 26, 5475-5491.
Carmona-Catot, G., Magellan, K., García-Berthou, E., 2013. Temperature-specific competition between invasive mosquitofish and an endangered cyprinodontid fish. PLoS One 8, e54734. 
Carroll, G., Brodie, S., Whitlock, R., Ganong, J., Bograd, S. J., Hazen, E., & Block, B. A. (2021). Flexible use of a dynamic energy landscape buffers a marine predator against extreme climate variability. Proceedings of the Royal Society B, 288(1956), 20210671.
Cerini, F., Childs, D. Z., & Clements, C. F. (2023). A predictive timeline of wildlife population collapse. Nature Ecology & Evolution, 1-12.
Chambault, P., Kovacs, K. M., Lydersen, C., Shpak, O., Teilmann, J., Albertsen, C. M., & Heide-Jørgensen, M. P. (2022). Future seasonal changes in habitat for Arctic whales during predicted ocean warming. Science Advances, 8(29), eabn2422.
Chmura, H.E., Glass, T.W., and Williams, C.T. (2018). Biologging physiological and ecological responses to climatic variation: new tools for the climate change era. Frontiers in Ecology and Evolution, 6, 92.
Clark, N.J., Kerry, J.T., Fraser, C.I., 2020. Rapid winter warming could disrupt coastal marine fish community structure. Nat. Clim. Chang. 2020 109 10, 862–867. https://doi.org/10.1038/s41558-020-0838-5
Cooke, S. J., Bergman, J. N., Twardek, W. M., Piczak, M. L., Casselberry, G. A., Lutek, K., ... & Lennox, R. J. (2022). The movement ecology of fishes. Journal of Fish Biology.
Cooke, S. J., Hinch, S. G., Farrell, A. P., Patterson, D. A., Miller‐Saunders, K., Welch, D. W., ... & Van der Kraak, G. (2008). Developing a mechanistic understanding of fish migrations by linking telemetry with physiology, behavior, genomics and experimental biology: an interdisciplinary case study on adult Fraser River sockeye salmon. Fisheries, 33(7), 321-339.
Cooper, B., Adriaenssens, B., & Killen, S. S. (2018). Individual variation in the compromise between social group membership and exposure to preferred temperatures. Proceedings of the Royal Society B, 285(1880), 20180884.
Deacy, W. W., Armstrong, J.B., Leacock, W. B., Robbins, C.T., Gustine, D.D., Ward, E.J., Erlenbach, J.A, Stanford, J.A., 2017. Phenological synchronization disrupts trophic interactions between Kodiak brown bears and salmon. Proc. Natl Acad. Sci. 114, 10432–10437.
Douglas, S.G., Chaput, G., Hayward, J., Sheasgreen, J., 2011. Prespawning, spawning and postspawning behavior of striped bass in the Miramichi River. Transactions of the American Fisheries Society 138, 121-134.
Duncan, M. I., Bates, A. E., James, N. C., & Potts, W. M. (2019). Exploitation may influence the climate resilience of fish populations through removing high performance metabolic phenotypes. Scientific reports, 9(1), 11437.
Durant, J.M., Hjermann, D., Ottersen, G., Stenseth, N.C., 2007. Climate and the match or mismatch between predator requirements and resource availability. Clim. Res. 33, 271–283.
Edgar, G. J., Stuart-Smith, R. D., Willis, T. J., Kininmonth, S., Baker, S. C., Banks, S., ... & Thomson, R. J. (2014). Global conservation outcomes depend on marine protected areas with five key features. Nature, 506(7487), 216-220.
Frazão Santos, C., Agardy, T., Andrade, F., Calado, H., Crowder, L. B., Ehler, C. N., ... & Rosa, R. (2020). Integrating climate change in ocean planning. Nature Sustainability, 3(7), 505-516.
Freitas, C., Olsen, E. M., Knutsen, H., Albretsen, J., & Moland, E. (2016). Temperature‐associated habitat selection in a cold‐water marine fish. Journal of Animal Ecology, 85(3), 628-637.
Freitas, C., Villegas‐Ríos, D., Moland, E., & Olsen, E. M. (2021). Sea temperature effects on depth use and habitat selection in a marine fish community. Journal of Animal Ecology, 90(7), 1787-1800.
Fry, F. E. J. (1971). The effect of environmental factors on the physiology of fish. In Fish physiology (Vol. 6, pp. 1-98). Academic press.
Fullerton, A. H., Sun, N., Baerwalde, M. J., Hawkins, B. L., & Yan, H. (2022). Mechanistic Simulations Suggest Riparian Restoration Can Partly Counteract Climate Impacts to Juvenile Salmon. JAWRA Journal of the American Water Resources Association.
Gardner, C. J., D. C. Deeming & P. E. Eady, 2015. Seasonal water level manipulation for flood risk management influences home-range size of common bream Abramis brama L. in a lowland river. River Research and Applications 31:165-172 doi:10.1002/rra.2727.
Gardner, C.J., Deeming, D.C., Eady, P.E., 2013. Seasonal Water level Manupilation for Flood Risk Management Influences Hom-Range Size of Common Bream Abramis brama L. in a Lowland River. River Research and Applications 31, 165-172.
Gillies, N., Weimerskirch, H., Thorley, J., Clay, T. A., Martín López, L. M., Joo, R., ... & Patrick, S. C. (2023). Boldness predicts plasticity in flight responses to winds. Journal of Animal Ecology.
Gilman, S. E., Urban, M. C., Tewksbury, J., Gilchrist, G. W., & Holt, R. D. (2010). A framework for community interactions under climate change. Trends in Ecology & Evolution, 25(6), 325-331.
González-Bergonzoni, I., Johansen, K. L., Mosbech, A., Landkildehus, F., Jeppesen, E., & Davidson, T. A. (2017). Small birds, big effects: the little auk (Alle alle) transforms high Arctic ecosystems. Proceedings of the Royal Society B: Biological Sciences, 284(1849), 20162572.
Gordó-Vilaseca, C., Stephenson, F., Coll, M., Lavin, C., & Costello, M. J. (2023). Three decades of increasing fish biodiversity across the northeast Atlantic and the Arctic Ocean. Proceedings of the National Academy of Sciences, 120(4), e2120869120.
Green, B.S., Gardner, C., Linnane, A. and Hawthorne, P.J., 2010. The good, the bad and the recovery in an assisted migration. PloS One, 5(11), p.e14160.
Griffin, L. P., Brownscombe, J. W., Adams, A. J., Holder, P. E., Filous, A., Casselberry, G. A., ... & Danylchuk, A. J. (2022). Seasonal variation in the phenology of Atlantic tarpon in the Florida Keys: migration, occupancy, repeatability, and management implications. Marine Ecology Progress Series, 684, 133-155.
Grimm, N. B., Chapin III, F. S., Bierwagen, B., Gonzalez, P., Groffman, P. M., Luo, Y., ... & Williamson, C. E. (2013). The impacts of climate change on ecosystem structure and function. Frontiers in Ecology and the Environment, 11(9), 474-482.
Guzzo, M.M., Blanchfield, P.J., Rennie, M.D, 2017. Behavioral responses to annual temperature variation alter the dominant energy pathway, growth, and condition of a cold-water predator. Proc. Natl Acad. Sci. 114, 9912-9917.
Halverson, A. (2010). An entirely synthetic fish: how rainbow trout beguiled America and overran the world. Yale University Press, New Haven, CT.
Hamilton, C.D., Kovacs, K.M., Ims, R.A., Aars, J., Lydersen, C., 2017. An Arctic predator–prey system in fux: climate change impacts on coastal space use by polar bears and ringed seals. J. Anim. Ecol. 86, 1054–1064.
Hannah, L. (2008). Protected areas and climate change. Annals of the New York Academy of Sciences, 1134(1), 201-212.
Hauser, D. D., Laidre, K. L., Stafford, K. M., Stern, H. L., Suydam, R. S., & Richard, P. R. (2017). Decadal shifts in autumn migration timing by Pacific Arctic beluga whales are related to delayed annual sea ice formation. Global Change Biology, 23(6), 2206-2217.
Hays, G. C., Bailey, H., Bograd, S. J., Bowen, W. D., Campagna, C., Carmichael, R. H., ... & Sequeira, A. M. (2019). Translating marine animal tracking data into conservation policy and management. Trends in Ecology & Evolution, 34(5), 459-473.
Hazen, E. L., Maxwell, S. M., Bailey, H., Bograd, S. J., Hamann, M., Gaspar, P., ... & Shillinger, G. L. (2012). Ontogeny in marine tagging and tracking science: technologies and data gaps. Marine Ecology Progress Series, 457, 221-240.
Helland, I.P., Finstad, A.G., Forseth, T., Hesthagen, T., Ugedal, O., 2011. Ice-cover effects on competitive interactions between two fish species. J. Anim. Ecol. 80, 539–547. https://doi.org/10.1111/J.1365-2656.2010.01793.X
Hellström, G., Lennox, R.J., Bertram, M.G., Brodin, T., 2022. Acoustic telemetry. Curr. Biol. 32, R863–R865. 
Henesy, J., Goetz, D., & Mullican, J. E. (2022). Seasonal Movement Patterns and Summertime Use of Thermal Refuge Areas by Muskellunge in the Nontidal Potomac River, Maryland. North American Journal of Fisheries Management, 42(5), 1144-1154.
Heupel, M. R., Simpfendorfer, C. A., & Hueter, R. E. (2003). Running before the storm: blacktip sharks respond to falling barometric pressure associated with Tropical Storm Gabrielle. Journal of fish biology, 63(5), 1357-1363.
Hochachka, P. W., & Somero, G. N. (2002). Biochemical adaptation: mechanism and process in physiological evolution. Oxford university press.
Holyoak, M., Casagrandi, R., Nathan, R., Revilla, E., & Spiegel, O. (2008). Trends and missing parts in the study of movement ecology. Proceedings of the National Academy of Sciences, 105(49), 19060-19065.
Horton, T. W., Zerbini, A. N., Andriolo, A., Danilewicz, D., & Sucunza, F. (2020). Multi-decadal humpback whale migratory route fidelity despite oceanographic and geomagnetic change. Frontiers in Marine Science, 414.
Hückstädt, L. A., Piñones, A., Palacios, D. M., McDonald, B. I., Dinniman, M. S., Hofmann, E. E., ... & Costa, D. P. (2020). Projected shifts in the foraging habitat of crabeater seals along the Antarctic Peninsula. Nature Climate Change, 10(5), 472-477.
Ilarri, M., Souza, A. T., Dias, E., & Antunes, C. (2022). Influence of climate change and extreme weather events on an estuarine fish community. Science of The Total Environment, 827, 154190.
Iverson, S. J., Fisk, A. T., Hinch, S. G., Mills Flemming, J., Cooke, S. J., & Whoriskey, F. G. (2019). The Ocean Tracking Network: Advancing frontiers in aquatic science and management. Canadian Journal of Fisheries and Aquatic Sciences, 76(7), 1041-1051.
Pedlar, J. H., McKenney, D. W., Aubin, I., Beardmore, T., Beaulieu, J., Iverson, L., ... & Ste-Marie, C. (2012). Placing forestry in the assisted migration debate. BioScience, 62(9), 835-842.
Polverino, G., Martin, J. M., Bertram, M. G., Soman, V. R., Tan, H., Brand, J. A., Mason, R. T., & Wong, B. B. M. (2021). Psychoactive pollution suppresses individual differences in fish behaviour. Proceedings of the Royal Society B: Biological Sciences, 288, 20202294.
Mueller, J. M., & Hellmann, J. J. (2008). An assessment of invasion risk from assisted migration. Conservation Biology, 22(3), 562-567.
Jarić, I., Říha, M., Souza, A.T., Rabaneda-Bueno, R., Děd, V., Gjelland, K., Baktoft, H., Čech, M., Blabolil, P., Holubová, M., Jůza, T., Muška, M., Sajdlová, Z., Šmejkal, M., Vejřík, L., Vejříková, I., Peterka, J., 2022. Influence of internal seiche dynamics on vertical movement of fish. Freshw. Biol. 67, 1543–1558. https://doi.org/10.1111/FWB.13959
Kirk, M. A., Hazlett, M. A., Shaffer, C. L., & Wissinger, S. A. (2022). Forested watersheds mitigate the thermal degradation of headwater fish assemblages under future climate change. Ecology of Freshwater Fish, 31(3), 559-570.
Kneebone, J., Winton, M., Danylchuk, A., Chisholm, J., & Skomal, G. B. (2018). An assessment of juvenile sand tiger (Carcharias taurus) activity patterns in a seasonal nursery using accelerometer transmitters. Environmental Biology of Fishes, 101(12), 1739-1756.
Komoroske, L. M., & Birnie-Gauvin, K. (2022). Conservation Physiology of fishes for tomorrow: Successful conservation in a changing world and priority actions for the field. In Fish Physiology. Elsevier.
Leblond, M., St-Laurent, M. H., & Côté, S. D. (2016). Caribou, water, and ice–fine-scale movements of a migratory arctic ungulate in the context of climate change. Movement Ecology, 4, 1-12.
Legrand, B., Benneveau, A., Jaeger, A., Pinet, P., Potin, G., Jaquemet, S., & Le Corre, M. (2016). Current wintering habitat of an endemic seabird of Réunion Island, Barau’s petrel Pterodroma baraui, and predicted changes induced by global warming. Marine Ecology Progress Series, 550, 235-248.
Lempidakis, E., Shepard, E. L., Ross, A. N., Matsumoto, S., Koyama, S., Takeuchi, I., & Yoda, K. (2022). Pelagic seabirds reduce risk by flying into the eye of the storm. Proceedings of the National Academy of Sciences, 119(41), e2212925119.
Lennox, R. J., Westrelin, S., Souza, A. T., Šmejkal, M., Říha, M., Prchalová, M., ... & Arlinghaus, R. (2021). A role for lakes in revealing the nature of animal movement using high dimensional telemetry systems. Movement Ecology, 9, 40.
Lennox, R. J., Dahlmo, L. S., Ford, A. T., Sortland, L. K., Vogel, E. F., & Vollset, K. W. (2023). Predation research with electronic tagging. Wildlife Biology, 2023(1), e01045.
Levy, O., Dayan, T., Porter, W. P., & Kronfeld‐Schor, N. (2019). Time and ecological resilience: can diurnal animals compensate for climate change by shifting to nocturnal activity?. Ecological Monographs, 89(1), e01334.
Litchman, E., & Thomas, M. K. (2023). Are we underestimating the ecological and evolutionary effects of warming? Interactions with other environmental drivers may increase species vulnerability to high temperatures. Oikos, 2023(2), e09155.
Ljungström, G., Langbehn, T. J., & Jørgensen, C. (2021). Light and energetics at seasonal extremes limit poleward range shifts. Nature Climate Change, 11(6), 530-536.
Loarie, S. R., Duffy, P. B., Hamilton, H., Asner, G. P., Field, C. B., & Ackerly, D. D. (2009). The velocity of climate change. Nature, 462(7276), 1052-1055.
Lõhmus, M., Björklund, M., 2015. Climate change: what will it do to fish—parasite interactions? Biol. J. Linn. Soc. 116, 397–411. https://doi.org/10.1111/BIJ.12584
Lowerre-Barbieri,S., Ganias, K., Saborido-Rey, F., Murua, H., Hunter, J.R., 2011. Reproductive Timing in Marine Fishes: Variability, Temporal Scales, and Methods, Marine and Coastal Fisheries, 3:1, 71-91, DOI: 10.1080/19425120.2011.556932
Malhi et al. (2020): Climate change and ecosystems: threats, opportunities and solutions.
McLeod, E., Salm, R., Green, A., & Almany, J. (2009). Designing marine protected area networks to address the impacts of climate change. Frontiers in Ecology and the Environment, 7(7), 362-370.
McMeans, B. C., McCann, K. S., Guzzo, M. M., Bartley, T. J., Bieg, C., Blanchfield, P. J., ... & Shuter, B. J. (2020). Winter in water: differential responses and the maintenance of biodiversity. Ecology Letters, 23(6), 922-938.
Metcalfe, J. D., Le Quesne, W. J. F., Cheung, W. W. L., & Righton, D. A. (2012). Conservation physiology for applied management of marine fish: an overview with perspectives on the role and value of telemetry. Philosophical Transactions of the Royal Society B: Biological Sciences, 367(1596), 1746-1756.
Metcalfe, J. D., Wright, S., Tudorache, C., & Wilson, R. P. (2016). Recent advances in telemetry for estimating the energy metabolism of wild fishes. Journal of Fish Biology, 88(1), 284-297.
Milner-Gulland, E.J., Fryxell, J.M. and Sinclair, A.R. eds., 2011. Animal migration: a synthesis. OUP Oxford.
Mourier, J., Vercelloni, J., & Planes, S. (2012). Evidence of social communities in a spatially structured network of a free-ranging shark species. Animal Behaviour, 83(2), 389-401.
Muška, M., Tušer, M., Frouzová, J., Draštík, V., Čech, M., Jůza, T., ... & Kubečka, J. (2013). To migrate, or not to migrate: partial diel horizontal migration of fish in a temperate freshwater reservoir. Hydrobiologia, 707, 17-28.
Nagelkerken I, Allan BJM, Booth DJ, Donelson JM, Edgar GJ, Ravasi T, et al. (2023) The effects of climate change on the ecology of fishes. PLOS Clim 2(8): e0000258. https://doi.org/10.1371/journal.pclm.0000258
Nakayama, S., Laskowski, K. L., Klefoth, T., & Arlinghaus, R. (2016). Between-and within-individual variation in activity increases with water temperature in wild perch. Behavioral Ecology, arw090.
Nathan, R., Getz, W. M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D., & Smouse, P. E. (2008). A movement ecology paradigm for unifying organismal movement research. Proceedings of the National Academy of Sciences, 105(49), 19052-19059.
Nathan, R., Monk, C. T., Arlinghaus, R., Adam, T., Alós, J., Assaf, M., ... & Jarić, I. (2022). Big-data approaches lead to an increased understanding of the ecology of animal movement. Science, 375(6582)
Nathan, R., Monk, C.T., Arlinghaus, R., Adam, T., …, and Jaric, I. (2022): Big-data approaches lead to an increased understanding of the ecology of animal movement. Science, 375(6582), eabg1780.
Patel, S. H., Winton, M. V., Hatch, J. M., Haas, H. L., Saba, V. S., Fay, G., & Smolowitz, R. J. (2021). Projected shifts in loggerhead sea turtle thermal habitat in the Northwest Atlantic Ocean due to climate change. Scientific Reports, 11(1), 1-12.
Payne, N. L., Meyer, C. G., Smith, J. A., Houghton, J. D., Barnett, A., Holmes, B. J., ... & Halsey, L. G. (2018). Combining abundance and performance data reveals how temperature regulates coastal occurrences and activity of a roaming apex predator. Global change biology, 24(5), 1884-1893.
Pecl, G. T., Araújo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, I. C., ... & Williams, S. E. (2017). Biodiversity redistribution under climate change: Impacts on ecosystems and human well-being. Science, 355(6332), eaai9214.
Perry, A. L., Low, P. J., Ellis, J. R., & Reynolds, J. D. (2005). Climate change and distribution shifts in marine fishes. science, 308(5730), 1912-1915.
Pinsky, M.L., Comte, L. and Sax, D.F., 2022. Unifying climate change biology across realms and taxa. Trends in Ecology & Evolution.
Pomerleau, C., Patterson, T. A., Luque, S., Lesage, V., Heide-Jørgensen, M. P., Dueck, L. L., & Ferguson, S. H. (2011). Bowhead whale Balaena mysticetus diving and movement patterns in the eastern Canadian Arctic: implications for foraging ecology. Endangered Species Research, 15(2), 167-177.
Pörtner, H. O., & Peck, M. A. (2010). Climate change effects on fishes and fisheries: towards a cause‐and‐effect understanding. Journal of fish biology, 77(8), 1745-1779.
Raby, G. D., Johnson, T. B., Kessel, S. T., Stewart, T. J., & Fisk, A. T. (2020). Pop‐off data storage tags reveal niche partitioning between native and non‐native predators in a novel ecosystem. Journal of Applied Ecology, 57(1), 181-191.
Reglero, P., Ortega, A., Balbín, R., Abascal, F. J., Medina, A., Blanco, E., ... & Fiksen, Ø. (2018). Atlantic bluefin tuna spawn at suboptimal temperatures for their offspring. Proceedings of the Royal Society B: Biological Sciences, 285(1870), 20171405.
Reisinger, R. R., Brooks, C. M., Raymond, B., Freer, J. J., Cotté, C., Xavier, J. C., ... & Hindell, M. (2022). Predator-derived bioregions in the Southern Ocean: Characteristics, drivers and representation in marine protected areas. Biological Conservation, 272, 109630.
Reisinger, et al (2022b) Habitat model forecasts suggest potential redistribution of marine predators in the southern Indian Ocean. Diversity and Distributions, 28, 142-159.
Renner, S. S., & Zohner, C. M. (2018). Climate change and phenological mismatch in trophic interactions among plants, insects, and vertebrates. Annual review of ecology, evolution, and systematics, 49, 165-182.
Reppert, S.M. and de Roode, J.C., 2018. Demystifying monarch butterfly migration. Current Biology, 28(17), R1009-R1022.
Rezende, E. L., Castañeda, L. E., & Santos, M. (2014). Tolerance landscapes in thermal ecology. Functional Ecology, 28(4), 799-809.
Ricciardi, D. Simberloff. Assisted colonization is not a viable conservation strategy
Říha, M., Rabaneda-Bueno, R., Jarić, I., Souza, A. T., Vejřík, L., Draštík, V., ... & Peterka, J. (2022). Seasonal habitat use of three predatory fishes in a freshwater ecosystem. Hydrobiologia, 849(15), 3351-3371.
Říha, M., Rabaneda-Bueno, R., Jarić, I., Souza, A. T., Vejřík, L., Draštík, V., ... & Peterka, J. (2022). Seasonal habitat use of three predatory fishes in a freshwater ecosystem. Hydrobiologia, 849(15), 3351-3371.
Ripple, W. J., Wolf, C., Gregg, J. W., Levin, K., Rockström, J., Newsome, T. M., ... & Lenton, T. M. (2022). World scientists’ warning of a climate emergency 2022.  Bioscience.  72: 1149–1155.
Roberts, C. M., O’Leary, B. C., McCauley, D. J., Cury, P. M., Duarte, C. M., Lubchenco, J., ... & Castilla, J. C. (2017). Marine reserves can mitigate and promote adaptation to climate change. Proceedings of the National Academy of Sciences, 114(24), 6167-6175.
Aitken, S. N., & Whitlock, M. C. (2013). Assisted gene flow to facilitate local adaptation to climate change. Annual review of ecology, evolution, and systematics, 44, 367-388.
Sahri, A., Jak, C., Putra, M. I. H., Murk, A. J., Andrews-Goff, V., Double, M. C., & Van Lammeren, R. J. (2022). Telemetry-based home range and habitat modelling reveals that the majority of areas important for pygmy blue whales are currently unprotected. Biological Conservation, 272, 109594.
Samset, B. H., Fuglestvedt, J. S., & Lund, M. T. (2020). Delayed emergence of a global temperature response after emission mitigation. Nature Communications, 11(1), 1-10.
Santiago, J. M., Garcia de Jalon, D., Alonso, C., Solana, J., Ribalaygua, J., Pórtoles, J., & Monjo, R. (2016). Brown trout thermal niche and climate change: Expected changes in the distribution of cold‐water fish in central Spain. Ecohydrology, 9(3), 514-528.
Sarkar, U. K., & Borah, B. C. (2018). Flood plain wetland fisheries of India: with special reference to impact of climate change. Wetlands ecology and management, 26, 1-15.
Saunders, D. L., Meeuwig, J. J., & Vincent, A. C. (2002). Freshwater protected areas: strategies for conservation. Conservation Biology, 16(1), 30-41.
Schofield, O., Ducklow, H. W., Martinson, D. G., Meredith, M. P., Moline, M. A., & Fraser, W. R. (2010). How do polar marine ecosystems respond to rapid climate change?. Science, 328(5985), 1520-1523.
Schuurman, G. W., Cole, D. N., Cravens, A. E., Covington, S., Crausbay, S. D., Hoffman, C. H., ... & O'Malley, R. (2022). Navigating ecological transformation: Resist–accept–direct as a path to a new resource management paradigm. BioScience, 72(1), 16-29.
Semmens, D. J., Diffendorfer, J. E., López-Hoffman, L., & Shapiro, C. D. (2011). Accounting for the ecosystem services of migratory species: quantifying migration support and spatial subsidies. Ecological Economics, 70(12), 2236-2242.
Šmejkal, M., Bartoň, D., Brabec, M., Sajdlová, Z., Souza, A. T., Moraes, K. R., ... & Kubečka, J. (2021). Climbing up the ladder: male reproductive behaviour changes with age in a long-lived fish. Behavioral Ecology and Sociobiology, 75, 1-13.
Šmejkal, M., Bartoň, D., Blabolil, P., Kolařík, T., Kubečka, J., Sajdlová, Z., Souza, A.T., Brabec, M. (2023). Diverse environmental cues drive the size of reproductive aggregation in a rheophilic fish. Movement Ecology 11 (16).
Smith, M. D., La Pierre, K. J., Collins, S. L., Knapp, A. K., Gross, K. L., Barrett, J. E., ... & Yarie, J. (2015). Global environmental change and the nature of aboveground net primary productivity responses: insights from long-term experiments. Oecologia, 177, 935-947.
Soares-Filho, B., Moutinho, P., Nepstad, D., Anderson, A., Rodrigues, H., Garcia, R., ... & Maretti, C. (2010). Role of Brazilian Amazon protected areas in climate change mitigation. Proceedings of the National Academy of Sciences, 107(24), 10821-10826.
Somero, G. N. (2011). The physiology of climate change: how potentials for acclimatization and genetic adaptation will determine ‘winners’ and ‘losers’. Journal of Experimental Biology, 213(6), 912-920.
Souza, A. T., Argillier, C., Blabolil, P., Děd, V., Jarić, I., Monteoliva, A. P., ... & Kubečka, J. (2022). Empirical evidence on the effects of climate on the viability of common carp (Cyprinus carpio) populations in European lakes. Biological Invasions, 1-15.
Stott, P., 2016. How climate change affects extreme weather events. Science, 352(6293), 1517-1518.
Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2012). Thermal tolerance and the global redistribution of animals. Nature Climate Change, 2(9), 686-690.
Szekeres, P., Eliason, E. J., Lapointe, D., Donaldson, M. R., Brownscombe, J. W., & Cooke, S. J. (2016). On the neglected cold side of climate change and what it means to fish. Climate Research, 69(3), 239-245.
Tan, H., Polverino, G., Martin, J. M., Bertram, M. G., Wiles, S. C., Palacios, M. M., Bywater, C. L., White, C. R., & Wong, B. B. M. (2020). Chronic exposure to a pervasive pharmaceutical pollutant erodes among-individual phenotypic variation in a fish. Environmental Pollution, 263, 114450.
Thackeray, S. J., Sparks, T. H., Frederiksen, M., Burthe, S., Bacon, P. J., Bell, J. R., ... & Wanless, S. (2010). Trophic level asynchrony in rates of phenological change for marine, freshwater and terrestrial environments. Global Change Biology, 16(12), 3304-3313.
Timpane-Padgham, B. L., Beechie, T., & Klinger, T. (2017). A systematic review of ecological attributes that confer resilience to climate change in environmental restoration. PLoS One, 12(3), e0173812.
Tuomainen, U., & Candolin, U. (2011). Behavioural responses to human‐induced environmental change. Biological Reviews, 86(3), 640-657.
Twardek, W. M., Taylor, J. J., Rytwinski, T., Aitken, S. N., MacDonald, A., Van Bogaert, R., & Cooke, S. J. (2023). The application of assisted migration as a climate change adaptation tactic: An evidence map and synthesis. Biological Conservation, 280, 109932.
Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J. B., Pe’er, G., Singer, A., ... & Travis, J. M. (2016). Improving the forecast for biodiversity under climate change. Science, 353(6304), aad8466.
Vedor, M., Queiroz, N., Mucientes, G., Couto, A., da Costa, I., Dos Santos, A., ... & Sims, D. W. (2021). Climate-driven deoxygenation elevates fishing vulnerability for the ocean's widest ranging shark. Elife, 10, e62508.
Villegas‐Ríos, D., Réale, D., Freitas, C., Moland, E., & Olsen, E. M. (2018). Personalities influence spatial responses to environmental fluctuations in wild fish. Journal of Animal Ecology, 87(5), 1309-1319.
Webster, M. S., Colton, M. A., Darling, E. S., Armstrong, J., Pinsky, M. L., Knowlton, N., & Schindler, D. E. (2017). Who should pick the winners of climate change?. Trends in Ecology & Evolution, 32(3), 167-173.
Westrelin, S., Boulêtreau, S., & Santoul, F. (2022). European catfish Silurus glanis behaviour in response to a strong summer hypoxic event in a shallow lake. Aquatic Ecology, 56(4), 1127-1142.
Westrelin, S., Moreau, M., Fourcassié, V., & Santoul, F. (2023). Overwintering aggregation patterns of European catfish Silurus glanis. Movement Ecology, 11(1), 9.
Williams, J., Hindell, J. S., Jenkins, G. P., Tracey, S., Hartmann, K., & Swearer, S. E. (2017). The influence of freshwater flows on two estuarine resident fish species show differential sensitivity to the impacts of drought, flood and climate change. Environmental Biology of Fishes, 100(9), 1121-1137.
Williams, S. E., Shoo, L. P., Isaac, J. L., Hoffmann, A. A., & Langham, G. (2008). Towards an integrated framework for assessing the vulnerability of species to climate change. PLoS biology, 6(12), e325.
Wilson, S. M., Hinch, S. G., Eliason, E. J., Farrell, A. P., & Cooke, S. J. (2013). Calibrating acoustic acceleration transmitters for estimating energy use by wild adult Pacific salmon. Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 164(3), 491-498.
Woodward, G., Perkins, D. M., & Brown, L. E. (2010). Climate change and freshwater ecosystems: impacts across multiple levels of organization. Philosophical Transactions of the Royal Society B: Biological Sciences, 365(1549), 2093-2106.
Wright, S., Metcalfe, J. D., Hetherington, S., & Wilson, R. (2014). Estimating activity-specific energy expenditure in a teleost fish, using accelerometer loggers. Marine Ecology Progress Series, 496, 19-32.

Figure Captions


Figure 1. Illustration of the complexity of aquatic ecosystems down to the individual level. The features likely to be affected by climate change and into which telemetry can give insight are highlighted in ellipses. Each ellipse presents a feature (larger font) and the variables that can be estimated by acoustic telemetry (smaller font). The features listed on the figure are coloured according to the level they are concerned with (ecosystem in black, community in orange, population in blue, and individual in red). The pyramid displays the hierarchical order of the levels with arrows to show the interactions among them. Artwork by Zuzana Sajdlová.


Figure 2. Currently available sensors for acoustic tags and their study objectives. The types of tags are indicated in the inner circles with uppercase text and colour coded. The features that can be studied in the context of climate change using one or more of these tags are detailed in the smaller outer circles with lowercase text.



