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It is hard to find a definition of gill health in the literature although there is a lot of information on changes to gill structure as a result of infectious and non-infectious challenge. How these changes relate to overall fish health is sometimes not clear. Interaction between the gill, the fish, and a range of anticipated changes in the environment will have a currently unknown effect on marine health and aquaculture production. To a degree, fish will likely be able to ameliorate certain changes, such as compensating for slightly elevated carbon dioxide; however, these actions may come at the cost of compromising other functions such as osmoregulation. Compensation will also depend on gill epithelial health and other environmental factors like external nitrogen and ammonia sources which can rise depending on the direction future culture and levels of eutrophication take. Fish can also remodel gill structure in response to salinity, hypoxia, or acidification but it appears that increased temperatures may be associated with increased pathology observable in the gill, and certain fishes may be more susceptible to change. There is a need for more targeted research into climate change-specific gill physiology and a need to recognise gill health as being a key component of food security and not just fish health.
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INTRODUCTION

Gill diseases represent a significant challenge in marine and freshwater finfish aquaculture globally (Iva et al., 1999; Adams and Nowak, 2003; Teruo et al., 2005; Griffin et al., 2009; Lovy et al., 2011; Mitchell and Rodger, 2011; Kim et al., 2016; Oldham et al., 2016; Bloecher et al., 2018), and may involve infectious or non-infectious agents (Rodger et al., 2011; Shi et al., 2015). Fish gills are responsible for a number of critical functions in addition to respiration: osmoregulation, excretion of nitrogenous waste, pH regulation, and hormone production (Herrero et al., 2018). Anticipated climatic change represents a big unknown in many respects, and it is not fully understood how infectious agents will be impacted by predicted oceanic changes or how agents will interact with their hosts with changing environmental parameters and natural phenomena, such as jellyfish swarms and phytoplankton blooms (Rodger et al., 2011; Vezzulli et al., 2013; Yao and Somero, 2014). In particular, the effect of predicted climate change on gill health is not understood. Temperature change, or climate change on a broad scale, is also thought likely to impact aquaculture through changes in the supply of fishmeal, fish oil, and ingredients derived on land as well as potentially increasing rates of eutrophication, harmful algal blooms, storminess, acidification, and disease (Klinger et al., 2017). Other anticipated impacts, around the British Isles, for example, include risks to infrastructure as a result of changes in the frequency and strength of storms, shifting shoreline morphology if sea levels rise, and altered rainfall patterns affecting turbidity and nutrient loading of rivers that, in turn, may trigger harmful algal blooms (Callaway et al., 2012) and presumably risk gill disease and subsequent fish health. Indeed, emergence, translocation, and virulence of diseases, parasites, and pathogens are some of the more serious but least predictable effects of climate change (Callaway et al., 2012; Vezzulli et al., 2013). There is growing concern over the role of jellyfish in gill disease with multiple reports of fish kills from several species and from biofouling organisms (Purcell et al., 2007; Baxter et al., 2011a, b, 2012; Marcos-López et al., 2016; Bosch-Belmar et al., 2017). Although there are likely to be multifactorial causes to population changes in jellyfish, such as anthropogenic “fishing down the food chain” and changes in eutrophication, there seems to be evidence in Japan, the Mediterranean, and the Irish Sea that, as a result of warming conditions and climate change, some species of jellyfish are becoming more abundant in some areas although not in others (Richardson et al., 2009). The United Nations describes climate change as the defining issue of our time…[with] weather patterns that threaten food production (Anon, 2019). The projected increase of the average temperature could also warm oceans to depths of at least 3000 m, which may have direct and indirect effects on aquatic organisms, such as their metabolism and migration to other geographical areas, as well as the formation of harmful algal blooms that could form marine biotoxins and contaminate, for example, mussels used for food production (Miraglia et al., 2009). The same United Nations report warns of predicted sea level rises of 24–30 cm by 2065 compared to pre-Industrial Revolution levels and reports an increase in global temperature of 0.85°C in the period from 1880 to 2012. By 2100, the concentration of atmospheric carbon dioxide is expected to exceed 500 parts per million with global temperatures expected to rise by at least 2°C (Hoegh-Guldberg et al., 2007). The authors report these values significantly exceed those of at least the past 420,000 years during which most extant marine organisms evolved. What effect this will have on gill health and subsequently on fish health remains to be seen.



WHAT IS GILL HEALTH?

In order to begin to understand the effect of anticipated climate change on a fish’s health, understanding what gill health is and what affects it is probably a good start. The central tenet of homeostasis in most health sciences is that physiological function in the face of stressors should be maintained within safe operational limits. How important the gill is to fish and how far limits can be stretched before health is compromised is not well understood. Aristotle (350 Bc), within his work Historia Animalium, noted that the fish gill was an “exceptional organ,” but it was not until the late 1800s and early 1900s that the true multifunctional nature of the fish gill was established. Fish are the most diverse vertebrate group on Earth with approximately 25,000 species, all with marked anatomical and physiological differences at different latitudes and in different niches, and this review cannot generalize the situation for all fish that have evolved diverse gill function for different modes of life, active or sedentary, and physicochemical environments, such as temperature, oxygen, salinity, turbidity, and ammonia.

Attributing fish health to gill health is not always immediately obvious, and measuring the health of the gill can be problematic. Obtaining a definition of health itself in veterinary medicine is surprisingly difficult. A very simple definition of health in veterinary medicine might essentially be a dichotomous one, the presence or absence of disease (Gunnarsson, 2006)—a view popular in epidemiological studies in which disease frequency is often calculated based on whether the animal or population has or has not got the disease in question. This is, in turn, subject to case definitions, inclusion and exclusion criteria, and subsequent sensitivity and specificity impacts. Within the context of veterinary medicine, Gunnarsson found definitions of health in only 8% of 500 relevant publications. He described five categories of health definition: health as normality, as biological function, as homeostasis, as physical and psychological well-being, and as productivity including reproduction. Defining gill health itself is more elusive.

Although there are many excellent descriptions of lesions encountered in gills and how branchial tissue responds to infectious and non-infectious injury, the concept of gill health is not explicitly defined, but rather assumed based on reference made to normal and abnormal anatomical structure, disruption of branchial function, and further effects on the individual and population including altered production parameters (Wildgoose, 2002; Ferguson, 2006; Noga, 2010; Roberts, 2012). Presence of detectable change is more clearly described than the health of the gill per se, and based on current descriptions, gill health might, therefore, be framed around the presence or absence of detectable change—an opinion consistent with health as a function of normality and presumably biological function that Gunnarsson (2006) describes. However, gill disease should also be interpreted through a combination of behavior, clinical signs, gross pathology, histopathology (Mitchell et al., 2012), and other laboratory findings, an approach familiar to veterinary and fish health care practitioners. Other data have also been used to assess overall health status, including Fulton’s condition factor (CF), hepatic somatic index (HSI), and hematocrit and also gill histopathology (Saraiva et al., 2015). Histological indicators of gill disease include hypertrophy and hyperplasia of the epithelial and mucus cells, presence or absence of mast cells, lymphocytic and eosinophilic granular cell (EGC) infiltration, hyperemia and necrosis of gill tissue, and sequential progression of histopathology lesions (Ferguson et al., 1992; Dyková and Novoa, 2001; Bermingham and Mulcahy, 2004; Andrews et al., 2010; Saraiva et al., 2015). A disadvantage of histopathology is the subjective nature of interpretation, and a number of workers have devised evaluation schemes similar to those used to assess gross lesions to transform qualitative histological observations into semi-quantitative indices (Bernet et al., 1999; Mitchell et al., 2012; de Lima Cardoso et al., 2018). Behavioral changes and clinical signs, such as “coughing,” gasping, and excessive mucus production can indicate direct branchial tissue irritation or damage, and flared opercula and gilling can indicate a reaction to adverse environmental conditions (Roberts and Smith, 2011). Inspecting grossly apparent pathology allows the examiner to assess changes in anatomical structure at the macroscopic level and to avoid the subjective nature of interpretation; attempts to standardize and semi-quantify lesions with scoring regimes that can be non-specific or specific to a particular infection, like amoebic gill disease (AGD), have been created (Adams and Nowak, 2001; Wildgoose, 2002; Ferguson, 2006; Taylor et al., 2009; Noga, 2010; Mitchell and Rodger, 2011; Rodger et al., 2011; Roberts, 2012; Saraiva et al., 2015; Bloecher et al., 2018). Macroscopic or gross examination is commonly used to assess the need to treat significant gill conditions like AGD (Taylor et al., 2009) and is taken as an indicator of gill health and as a proxy for fish health—at least in the early stages of disease progression; in the latter stages of “disease,” there will likely be a number of other signs contributing to the overall assessment of fish health. In addition, diagnostic tools, like quantitative PCR, are used for initial diagnosis and as a method of “scoring” the severity of infection as in the case of Paramoeba peruans, Ca. Brachiomonas cisticola, and Desmozoon lepeophtherii, which, together and in combination with harmful algal and zooplankton, have given rise to the term “complex gill disease” (CGD) (Gjessing et al., 2019). In the case of CGD, macroscopic gill scoring may not necessarily reflect the gill pathology associated with any individual agent. Thus, although only semi-quantitative, tools like PCR are useful. Other technologies, like shape recognition, expression of inflammatory cytokines and gill mucus proteins, and assessment of immune status, have also been used at a laboratory level to assess health of the animal by the presence or absence of changes in the gill (Powell et al., 2014; Valdenegro-Vega et al., 2014; Saraiva et al., 2015; Shi et al., 2015; Sweidan et al., 2015). In channel catfish Ictalurus punctatus, gill pathology associated with Henneguya spp. appeared to be secondary to pre-inflammatory destruction of collagen and gill cartilage (Lovy et al., 2011), suggesting that, at least in some cases, gill health may already be compromised before the observable changes we assume have been caused by the identifiable agent. Ironically, the initial presence of Paramoeba perurans could be taken as a sign of a healthy gill because the ameba are known to infect or re-infect healthy tissue only (Adams and Nowak, 2003). The effect of various lesions, including hyperplasia and hypertrophy, is not always easy to translate into a meaningful assessment of branchial function, and the multifactorial nature of determinants causing gill disease appears highly likely. Because correct clinical interpretation of findings is complex and includes recognizing that a healthy gill condition is not just characterized by the complete absence of any histopathological changes, it appears that healthy gills do not always have to be completely “normal” in appearance, and apparently, clinically healthy fish may have gills displaying moderate alterations, such as epithelial hyperplasia or mild inflammatory reactions or even the presence of a primary determinant of disease (Adams and Nowak, 2003; Bernet et al., 2004; Wiik-Nielsen et al., 2017). It seems intuitive that visible changes to gill tissue are going to be influenced by and, in some cases, caused by the environment the fish is raised in and that this, in turn, must be affected by any climate change. The influence of environment also depends largely on the method of culture, meaning production methods in aquaculture affect gill health and, presumably, as a result, fish health.



FISH IN FISHERIES AND AQUACULTURE

Fish culture techniques vary widely but can be described as involving the use of open systems (including wild fish capture and ranching, pond aquaculture, and net-pen cage systems), semi-closed systems (enclosed net-bag, sea-tank systems, pump-ashore flow-through tank systems), and fully closed recirculating aquaculture systems (RAS). These types of production impose different demands on fish welfare, stress, and physiology. For example, open systems typically use relatively low stocking densities of approximately < 20 kg/m3 in marine net-pens compared with > 50 kg/m3 in closed RAS (Figure 1).
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FIGURE 1. Qualitative comparison of the characteristics of open, semi-closed, and closed aquaculture systems with the qualitative range of complexity indicated by the blue triangle (used with permission, M. Powell).


There are different demands for water flow and water quality mitigation (filtration, nitrification, oxygenation, and disinfection) in closed systems compared to open systems in which water quality is a direct function of the environment. In terms of gill pathology, closed systems are more likely to be affected by water quality issues rather than external influences, such as plankton or pathogens (Holan et al., 2019). Consequently, RAS-based aquaculture is generally thought to be less susceptible to climate change impacts that might affect plankton or pathogen loads externally. Interactions between aquacultured and wild fish and their environment are a significant challenge in marine farming, but it should be emphasized that open-system farming represents both a risk to the (wild fish) environment and from the (wild fish) environment although the full import of that argument is beyond this review. Land-based farms are not always able to escape either. Wiik-Nielsen et al. (2017) find that the intake of seawater in an enclosed (land-based) system might be a route of entry for gill bacterial infections, such as Candidatus Branchiomonas cysticola, which can then be horizontally transmitted within the system. This translocated pathogen then has welfare and economic effects later in the cycle because it primarily affects Atlantic salmon pre-smolts and impacts smolt “quality” and future survival once transferred to sea, where a plethora of challenges and stressors await them. Although total bacterial loading on its own has not been directly linked to specific gill health issues, the presence of specific bacterial communities does appear to be important for larval fish performance, at least, with attendant repercussions to welfare and economic return (Munro et al., 1994; Salvesen et al., 1999; Verner-Jeffreys et al., 2003). In freshwater, conditions of poor water quality due to poor hygiene, increased temperature, and reduction in oxygen levels are significant risk factors for bacterial gill disease (BGD) caused by Flavobacterium branchiophilum, resulting in the proliferation of gill tissue and mucus that compromise gas exchange (Speare and Ferguson, 2006; Good et al., 2015). In marine systems, on the other hand, Tenacibaculum maritimum infections are acutely necrotic and often opportunistic, invading mechanically damaged gills, including those compromised by algae (Powell et al., 2004, 2005; Rodger et al., 2011). A rise in environmental temperature and organic carbon or eutrophication (Cochrane et al., 2009; De Silva and Soto, 2009; Koehn et al., 2011) seems likely to increase organic load and algae communities and could, therefore, result in further increases in total bacterial communities, which may increase levels of certain pathogens and disease outbreaks. Although T. maritimum is tolerant of a wide salinity range (10–35 ppt) and rarely occurs at temperatures below 15°C (Avenano-Herrera et al., 2006), the effect of environmental change on the progression of such infections and the consequence of their observable lesions is unknown. In light of this, and as an alternative to open production systems, mitigating the effects of an uncertain climate, such as temperature change, seems to be feasible through the use of highly intensive land-based facilities equipped with recirculation aquaculture technology (Ahmed et al., 2019). This would appear less applicable to open systems where environmental impacts of climatic change are likely to have a significant effect on production with the need for fish to be raised in locations of good water quality with lower levels of phyto- and zooplankton blooms. The environmental effect of having aquaculture in these zones with lower levels of phyto- and zooplankton blooms may be increased eutrophication—a problem thought likely to occur already with anticipated change, reducing the benefit of such pristine sites (Townhill et al., 2018). This is being addressed in some sectors of the aquaculture industry with the implementation of semi-closed and fully closed aquaculture systems, particularly for high-value cold-water species such as salmonids. However, for more temperate or tropical species, reliance remains on open systems. Semi-closed systems in marine aquaculture are driven by the need for a required freshwater stage in a semi-controlled environment (e.g., Atlantic salmon smolts, barramundi fry). If time held at sea can be reduced, the impact of infection from ectoparasites, such as the sea louse Lepeophtheirus salmonis, Caligus rogercressi, and P. perurans, can be somewhat reduced. Although closed systems appear to provide a distinct advantage as discussed previously, they may result in environments that facilitate severe gill pathology and fish mortality (Mouton et al., 2013). Closed systems may exclude agents, such as sea lice; however, they pose a risk for entrapment of other agents (including P. perurans) and harmful algae and jellyfish that are already a significant cause of gill morbidity and will presumably be more so as a result of environmental changes (O’Neil et al., 2012). An alternative strategy in order to escape the pathogens and harmful agents associated with inshore open-system aquaculture has been to move operations offshore into open ocean culture (Klinger et al., 2017). Unlike land-based production systems, aquaculture is constrained by variables that are less predictable and are influenced by climate change, including temperature and oceanographic parameters. However, despite this and depending on geographical location, open-ocean farming in the face of climate change predictions may remain a commercially viable option although, in order to exploit the benefits of offshore farming and circumnavigate climate change stressors in coastal waters, substantially larger and more robust infrastructure are required (Klinger et al., 2017). This could be in the form of larger structures capable of holding more fish, and the infrastructure capital cost per ton of fish produced will decrease. Unlike inshore aquaculture in relatively sheltered and, in some cases, shallow bays, where the maximum permitted biomass is regulated as a function of the impact on the sea bed, offshore environments with deep water and strong currents, are likely to be less impacted by stringent environmental regulation because fish-borne sediments are more likely dispersed with, presumably less environmental impact.


The Economic Sensitivity of Fish Production to Climate Change: Open Versus Closed Production

Although RAS technology is economically feasible and widely used in a number of different fish production environments, it is not without significant operational and economic risk. Perhaps the biggest limitations are the scale of production, poor design, overambitious production scheduling, and ineffective operations that compromise financial sustainability and longevity (DeIonno et al., 2006; Jeffrey et al., 2011). The extent to which RAS can replace open-ocean farming is currently being debated. Estimating the feasibility and cost of replacing open-ocean net-pen aquaculture with land-based RAS, therefore, makes for an interesting comparison (Table 1). The intensification of production on land leads to a significant increase in the cost of production compared to open-ocean net-pen farming, and this is a significant vulnerability (Warrer-Hansen, 2015) with potential social welfare connotations. However, a significant benefit of RAS-based culture is allowing fish to be farmed in a range of environments not limited to the coastal regions or to the natural range of a given species. Tvete (2016) reported that the costs for a marine farm of 5000-ton capacity in Norway would be in the range of 325–470 million NOK ($42.7–$53.5 million USD), and a land-based facility with the same level of production would cost, on average, slightly less at 300–450 NOK ($34.1–$51.2 million USD). After performing a modeled analysis of land-based salmon farming, Bennich (2015) concluded that, under ideal conditions, the production cost was approximately 21 NOK/kg, 8 NOK lower than the equivalent net-pen sea culture cost, meaning that production on land was viable. However, if production costs exceeded net-pen production by 8 NOK/kg (to 35 NOK/kg), then earnings before interest and taxes were negative, and the cost of recovering initial investments was not possible. Land-based production is, therefore, very sensitive to the cost of production, and this is heavily influenced by the need to maintain optimal water quality within the production system. This is important because unforeseen costs could arise from fish gill health in land-based operations in the form of treatment costs, production losses, and intangible costs, and these could tip the balance of optimality from land-based operations back to open production systems with all the increased susceptibility to oceanic changes that entails. Gill health is, therefore, an important component within the economics of fish food production and climate change mitigation potentially, and this should not be ignored. In addition, poor food conversion from impaired gill function, increased mortalities, cost of disposal, the cost of medication if required, and altered management practices can become significant (Shinn et al., 2015; Rodger, 2016; Herrero et al., 2018). In the case of P. paramoeba in particular, it is thought that increased temperature may affect the host response and favor higher attachment/growth capacity of the amebae (Benedicenti et al., 2019) influencing the development of AGD and possible progression of CGD. In addition to the significant cost of AGD, parasitism, such as amyloodiniosis, kudoa, Myxobolus spp., and Pleistophora spp., are known to have major economic impacts exacerbated by temperature increases (Shinn et al., 2015). How climate change impacts these costs will depend on many parameters, but as described above, it will also be influenced heavily by the production system, which needs to be taken into account. The role of gill health in the production of fish under climate change scenarios in different production systems is central and complex, but what do we know about how predicted change will impact gill function?


TABLE 1. Comparison of production requirements for 1.3 M tons of Atlantic salmon (Salmo salar), currently produced in Norway in ocean net-pen farming with that same production in recirculating aquaculture systems (RAS).
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GILL FUNCTIONS IMPACTED BY CLIMATE CHANGE

The epithelial surface area of the fish gill is similar to that of the total skin area, and in some species, it is larger (Roberts, 2012). The gill is, therefore, extremely important to fish because it is known to be the dominant site for (i) gas exchange, (ii) osmoregulation, (iii) acid–base regulation, and (iv) excretion of nitrogenous waste (Evans, 1993; Evans et al., 2005) and is likely to have a profound influence over fish physiological performance during any climate change. The research literature for climate change has increased dramatically in recent years, but it usually ignores the effect of simultaneous stressors that have compounding impacts and/or complex interactions (e.g., Heuer and Grosell, 2014; Kreiss et al., 2015; Huth and Place, 2016; Lefevre, 2016; Michael et al., 2016; Nilsson and Lefevre, 2016). Experiments examining stressors in isolation do not, therefore, represent real-world conditions with multiple stressors, such as warming seas that are also acidified, particularly when stress is presented acutely and usually well above tolerance limits or end-of-century projections (Bresolin de Souza et al., 2014; Heuer and Grosell, 2014; Lefevre, 2016). Published experiments, however, do highlight potential areas of biological sensitivity and important pathways for future focus with respect to fish gill function; gill function in gas exchange, osmoregulation, acid–base regulation, and excretion of nitrogenous waste is reviewed extremely well elsewhere (Heisler, 1990; Evans, 1993; Brauner and Randall, 1996; Claiborne et al., 2002; Perry and Gilmour, 2002; Evans et al., 2005), so this section only attempts to distill key facts and unknowns with respect to fish gill function under the two main and direct climate change stressors of warming and acidification.


The Role of the Gills in Gas Exchange

Fish gills have an elaborate structure–function relationship with the environment and are usually the main gas-exchange organ where oxygen is taken up into the body and carbon dioxide is removed via diffusion, creating useable ATP energy through aerobic metabolic pathways, meaning the gills serve as an important conduit for these processes to occur. Fish gills though are multifunctional, and even under optimal conditions, marine fish face an osmo-respiratory compromise in which a balance must be struck between diffusing more gases (oxygen and carbon dioxide) across a highly perfused gill against the efflux of water and ion gain in saltwater fish. Climate change stressors place an increasing demand on this balancing act as rising temperature raises metabolic rates and requires more gill perfusion for the transfer of oxygen and carbon dioxide, possibly even more so when fish gills are remodeled with greater lamellar surface area (Sollid et al., 2005; Sollid and Nilsson, 2006). Rising temperature also causes ionoregulatory disturbances on its own (Gonzalez and McDonald, 2000). At the same time, ocean acidification leads to marked acid–base disturbances and is thought to place an increasing demand on osmoregulatory processes (ion exchange) at the gills (Evans, 1986; Heuer and Grosell, 2014). The interplay of all these functions in the context of climate change stressors remains relatively unstudied, but it is clear that the role of the fish gill and the response of different species to stressors is highly complex with multifunctional processes in terms of gas exchange, osmoregulation, acid–base regulation, and nitrogenous waste excretion all interlinked (McDonald et al., 1991). There is also the additional challenge of dealing with stressors, such as metal exposure not directly related to climate change (Dornelles Zebral et al., 2019). Fish physiologists, therefore, face the challenge of disentangling the multidimensional impacts of multiple climate change stressors across the myriad different fish species.


Susceptibility of Gill Gas Exchange to Rising Temperature

Most fish are poikilothermic, so global climate change and the associated rise in temperature will raise their rate of metabolism (Schulte, 2015). This not only means that oxygen and carbon dioxide need to move across the gills in larger volumes at a faster rate, but the extra oxygen demand occurs at a time of reduced oxygen availability in the environment due to the lower oxygen solubility of water at elevated temperatures (Schulte, 2015). Rising temperatures will, therefore, inevitably place pressure on gaseous exchange across the gills. Subtle compensatory adjustments to heart rate and opercular ventilation under normal conditions can maintain the level of oxygen and carbon dioxide in the blood and, thus, also maintain acid–base status within tight controlled limits (Perry and Gilmour, 2002). However, the peak level of whole body oxygen uptake, notably aerobic metabolic scope (AMS)—the difference between basal and maximal rates of oxygen uptake (Lefevre, 2016) is apparently reduced in some species at elevated temperatures (Khan et al., 2014; Rodgers et al., 2019). This concept of “oxygen and capacity limited thermal tolerance (OCLTT)” that dictates whether fish survive and perform optimally at elevated temperatures, particularly if temperatures approach lethal limits (Pörtner and Knust, 2007), is now not thought to apply to all species or conditions (Lefevre, 2016). For example, barramundi (Lates calcarifer) continue to increase AMS with increasing temperatures right up to its critical thermal maxima (Norin et al., 2014)—evidence that this species is not limited in its ability to extract oxygen across its gills under critically warm aquatic conditions up to its maximum tolerance. Although some authors report major gill histopathology such as aneurism, lamellar fusion, and gill oxidative stress (Jeffries et al., 2013; Madeira C. et al., 2016; Madeira D. et al., 2016; Rodgers et al., 2019) in response to elevated temperatures, it seems that factors other than oxygen uptake capacity across the gills influence survival of fish approaching their upper thermal limits. Fish hearts, for example, appear to fail well before oxygen flux becomes limiting during thermal stress, suggesting that cardiac health is potentially more important than respiratory and gill health under global warming scenarios (Iftikar and Hickey, 2013). Pauly and Cheung (2017) also recently proposed that fish body size will be reduced under conditions of ocean warming because the functional surface area of the gills cannot keep pace with the oxygen demand of large, three-dimensional bodies [Gill-Oxygen Limitation Theory (GOLT)]. However, this requires further testing to validate (Lefevre et al., 2017; Pauly and Cheung, 2018). Given that oxygen uptake across the gills may be limited in a warming world, possibly lowering fish growth and threatening food security, further scrutiny should be prioritized.



Susceptibility of Gill Gas Exchange to Ocean Acidification

Ocean acidification creates acid–base disturbances, which are usually fully compensated for in fish (Esbaugh et al., 2012), often at a cost to osmoregulation (Heuer and Grosell, 2014). The effect on osmoregulation is thought to alter metabolic oxygen consumption by increasing the resting basal metabolic rate (BMR; loading stress) or reducing the maximal metabolic rate (MMR; performance-limiting stress). However, evidence from the literature is not entirely supportive of either (Heuer and Grosell, 2014; Lefevre, 2016), and measuring the whole-animal oxygen consumption rates of fish is notoriously difficult. The rate at which oxygen is extracted across the gills from an acidified environment will not be fully understood until respirometry methods are improved and standardized across different studies.



The Role of the Gills in Acid–Base Regulation

Metabolic enzymes are highly sensitive to pH change and are controlled through acid–base regulation (Heisler, 1990; Claiborne et al., 2002). Aerobic and anaerobic metabolism yields carbon dioxide and acid–base relevant end products, such as H+ and lactic acid, and these must be regulated (eliminated) so that toxic accumulation is avoided and a steady state between pH (H+), pCO2, and HCO–3 is maintained (Esbaugh et al., 2012). Exogenous factors, such as temperature (global warming), carbon dioxide (ocean acidification), and hypoxia, all place a demand on acid–base regulation (Tresguerres and Hamilton, 2017), so assessing these factors in light of climate change would seem to be prudent. The mechanisms available for fish acid–base regulation include adjusting the partial pressure of carbon dioxide, pCO2, by a change in ventilation although this may be of less importance to climate change as small environmental-arterial pCO2 differences exist for fish in their normal aquatic environments (Claiborne et al., 2002). Fish can and do minimize transient pH changes within the body quite effectively through the use of non-bicarbonate buffers that transfer surplus H+ ions into a non-dissociated state. However, the tightest control of body pH is arguably achieved via the transfer of acid–base relevant ions (i.e., H+, OH–, and HCO–3) across the epithelial surface of the fish gill (McDonald et al., 1989; Heisler, 1990; Claiborne et al., 2002).


Susceptibility of Gill Acid–Base Regulation to Rising Temperature

Fish are subject to temperature-dependent changes to intracellular buffering characteristics and pH with body pH declining with increasing body temperature. A new steady state in plasma pH, pCO2, and HCO–3 will inevitably be reached and have to be maintained by poikilothermic fish facing climate warming. The temperature-dependent drop in plasma pH is associated with an increase in pCO2 and an efflux of HCO–3 across the gill epithelia into the water. The efflux of HCO–3 in exchange for Cl– is not immediate, occurring over hours, and any temperature change associated with climate change will occur over a much greater time scale, precluding the need for fast compensation (Heisler, 1993). According to Heisler (1993), the pH optima of energy-producing enzymes is apparently wide enough to support modest short-term disruptions to plasma pH. Each fish species presumably has a low-end limit to plasma pH, beyond which metabolic enzymes are unable to operate optimally, but to our knowledge, the plasma pH “tipping point” for different fish species is not known. Nor is it known when any temperature-dependent change in acid–base status has severe disrupting effects on other functions, such as osmoregulation or nitrogenous waste excretion, presuma bly due to conflict in the direction of acid–base ion movements across the gill epithelia. With the prospect of raised temperatures, long-term thermal acclimation studies are clearly required to address this issue.



Susceptibility of Gill Acid–Base Regulation to Ocean Acidification

Elevated ambient carbon dioxide either reduces or reverses the pCO2 gradient between the environment and fish body reducing the ability to excrete it. In the absence of compensation, the buildup of carbon dioxide will acidify the tissue fluid compartment (Heuer and Grosell, 2014; Tresguerres and Hamilton, 2017). For fish experiencing severe, acute environmental hypercapnia, carbon dioxide is generally transferred straight across the gill to the fish resulting in a similar increase in pCO2 with a correlated decrease in plasma pH. However, this decline in blood pH usually returns to normal levels due to an elevation in bicarbonate concentration, which compensates for, or even completely negates, the initial rise in pCO2 (Heisler, 1993; Esbaugh et al., 2012). This bicarbonate appears to be mainly supplied from the environment as a result of acid–base ion transporters on the gill epithelia (Esbaugh et al., 2012). Full pH compensation is remarkably efficient in fish and can be achieved even under an extreme hypercapnia level exceeding 10,000 μatm via the uptake or retention of HCO–3 and/or via the net excretion of acid (Heuer and Grosell, 2014). This is clearly in excess of the 1000 μatm level predicted in the year 2100 (Bernie et al., 2010), suggesting that some fish at least should be able to cope with rising carbon dioxide levels. Fish are remarkable acid–base regulators, but such stringent control and shift in ion regulatory capacity probably comes at a cost to osmoregulation and, therefore, potential gas exchange and metabolism (Deigweiher et al., 2008, 2010). Acid–base regulation during hypercapnia, for example, has a potential conflict with osmoregulation as ion transport typically needs to run in the opposite direction (e.g., Cl–/HCO–3 and Na+/H+ exchange in marine teleosts). However, as most studies have generally utilized extreme levels of hypercapnia, how these processes will be impacted at the end of the century (i.e., 1000 μatm level of carbon dioxide) remains to be seen.



The Role of the Gills in Osmoregulation

The gills of all fish are integral to the process of osmoregulation; branchial epithelium is generally the site for osmosis and ionic diffusion and is also the site of active ion transport. The role of the gill differs across different species: conformers versus strict osmoregulators versus partial osmoregulators, for example, and particularly between freshwater and marine species for which the salt and water gradients across the body are opposing. Further complexity exists for diadromous species. Freshwater fish generally gain water via osmosis and lose salts via diffusion, so the mitochondrion-rich cells (MRCs) or “chloride cells” of the branchial epithelium are active in the process of transporting ions back into the body against a concentration gradient via Na+/H+ and Cl–/HCO–3 exchange in the MRC. Water loss through osmosis and extreme salt gain is the problem faced by marine species, so again, the MRCs of the branchial epithelium play a major role in expelling excess ions, particularly the monovalent salts Na+ and Cl–. Basolateral Na+/K+-ATPase generates an electrochemical gradient that pulls Cl– into the MRC from the blood via a Na–K–Cl cotransporter (NKCC channel) and out to seawater via apical channels. The electrochemical gradient created by Cl– efflux from the MRC is what drives Na+ out of the blood to seawater via leaky, paracellular junctions in the branchial epithelium (Evans et al., 2005). As osmoregulation is a highly energetic process comprising approximately 20–50% of total energetic expenditure (Boeuf and Payan, 2001), there is great potential for climate change stressors to place extra metabolic demands on fish as a result of disturbed gill function.


Susceptibility of Gill Osmoregulatory Function to Rising Temperature

Acute rising temperature has been shown to affect gill osmoregulatory functions of fish differently with freshwater fish experiencing greater Na+ efflux and marine damselfish, for example, showing higher levels of plasma osmolality—both of which indicate higher gill permeability and a passive diffusion of ions (Gonzalez and McDonald, 2000; Tang et al., 2014). Interestingly, Gonzalez and McDonald (2000) showed that the stenothermal rainbow trout (Oncorhynchus mykiss) recovered ion balance after a 2-week period, whereas the eurythermal shiner (Notropis cornutus) did not. This questions whether different species need to defend osmolality and ionic composition around a strict steady-state set point in order to survive. The ramifications of ionoregulatory disturbances with climate change stressors may, therefore, need careful assessment. With respect to the effect of temperature on ion transporters, gill Na+/K+-ATPase activity was raised in response to an acute temperature increase in Atlantic cod (Gadus morhua) and a stenothermal Antarctic Nototheniid species (Kreiss et al., 2015; Michael et al., 2016; Kandalski et al., 2018). This correlated with improved osmoregulation in warmed cod but not for the Nototheniids. In another study, Na+/K+-ATPase protein activity was downregulated and presumed to downregulate energetic costs in heat-shocked, wild-caught adult pink (Oncorhynchus gorbuscha) and sockeye (Oncorhynchus nerka) salmon (Jeffries et al., 2013). Marked species-specific effects in the gill osmoregulatory response to temperature would seem to exist, and this would need further exploration in the context of climate change.



Susceptibility of Gill Osmoregulatory Function to Ocean Acidification

Heuer and Grosell (2014) proposed that environmental hypercapnia could theoretically interfere with osmoregulation and increase basal metabolic costs as a result of several processes (Deigweiher et al., 2010; Kreiss et al., 2015). Exposure to elevated carbon dioxide appears to increase the drinking rate of marine teleosts, compounding uptake of salt into the body, and second, the abundance and activity of branchial transporters (e.g., Na+/K+-ATPase) appears to increase in a range of carbon dioxide-exposed fish species, either responding to the need to excrete excess ions across the branchial epithelium and/or to maintain acid base status via Na+/H+, Cl–/HCO–3, and Na+/HCO–3 exchange (Heuer and Grosell, 2014; Esbaugh et al., 2016). Carbon dioxide exposure did not, however, affect the osmoregulatory ability of Atlantic salmon smolts in their transition from fresh water to seawater (McCormick and Regish, 2018). There is still a paucity of literature examining the effects of acidification on osmoregulation (Kreiss et al., 2015; Michael et al., 2016), and the situation remains complex because of the entwined processes involved in osmo- and acid–base regulation (Esbaugh et al., 2016). Focused research in the future will, we hope, disentangle the impact of climate change on these functions.



The Role of Gills in Nitrogenous Waste Excretion

When amino acids from food are catabolized, the amino group (–NH2) must either be released by deamination or transferred by transamination to another molecule for removal or reuse. If the amino groups are not recycled into amino acids, they must be dissolved in water and then excreted to avoid a toxic buildup of nitrogenous waste in the body (Evans et al., 2005; Randall, 2011). Most fish are considered ammonotelic, so >80% of nitrogenous waste is excreted across the gills, predominantly as ammonia, and indeed, up to 60% of nitrogen intake is excreted across the gills within 24 h, highlighting the crucial and active role the gills serve in this process (Evans et al., 1989; Wood, 1993; Wilkie, 2002; Evans et al., 2005). For the majority of teleosts, ammonia excretion is linked with pH because the unionized ammonia molecule (NH3) in solution typically combines with a proton to form an ammonium ion (NH4+), and more NH4+ will form under acidic conditions (Evans et al., 2005; Randall, 2011). However, at normal physiological levels of pH in living tissues, a plentiful amount of NH3 still exists, and the gaseous form is free to diffuse and be excreted across the gills (Wilkie, 2002; Randall, 2011).


Susceptibility of Nitrogenous Waste Excretion to Climate Change Stressors

Acidified waters enhance the ability of fish to excrete ammonia because NH3 diffusing into the environment across the gill readily combines with a proton and is trapped as NH4+ (Randall, 2011). Ammonium is unable to diffuse back across the gill into the fish. In this scenario, ocean acidification as a result of climate change may actually help to maintain the gradient for NH3 movement across the gill as a result of “acid trapping” (Randall, 2011). While acidified waters might not pose a major threat to NH3 excretion, active NH4+ excretion could theoretically occur with Na+ uptake, which may lead to a conflict between osmoregulation and waste excretion in some marine teleosts. Examining the costs associated with this interaction and whether Na+/NH4+ exchange is a more likely mode of ammonia excretion for fish facing global climate change is a fruitful area for future research.

To our knowledge, there is no specific literature that examines the impact of elevated temperatures on nitrogenous waste excretion, but because temperature elevates the rate of metabolism of ectothermic fish, it is likely that the catabolism of dietary and/or structural protein would increase, leading to heightened levels of ammonia production and excretion. Whether fish can raise their rate of ammonia excretion in the face of other interacting climate change stressors, such as ocean acidification, remains unstudied but it appears that rising temperatures combined with acidified waters is unlikely to threaten nitrogenous waste excretion across the gill of fish in a major way. This is not the case for ammonia loading in the environment, for example, as a result of sewerage breakdown, because high environmental ammonia provides the biggest obstacle for nitrogenous waste excretion across the fish gill (Randall, 2011). Elevated ammonia in the environment reduces the rate of NH3 excretion and can lead to toxic buildup as a result of NH3 uptake into the body (Randall, 2011). Some fish, such as mudskippers, are adapted to this condition (Randall et al., 1999; Evans et al., 2005) but, for the majority of species, gill function may be threatened by climate change stressors, particularly with an increase in fish density and high nitrogen loading—a situation likely to be commonplace in future aquaculture under climate change.



GILL REMODELING IN RESPONSE TO CLIMATE CHANGE

Gill remodeling may play an important role in the resilience and acclimation of fish to future environmental conditions given the link between gill morphology and gill function (Laurent and Perry, 1991; Evans et al., 2005). Gill remodeling relates to changes in the abundance and distribution of epithelial cell populations in the gills in response to endogenous (e.g., oxygen demand) and exogenous factors (e.g., rising temperatures).


Gill Remodeling in Response to Rising Temperatures

Some species display a remarkable capacity to remodel key morphological traits that influence gill function, such as gill surface area and gas diffusion distance (i.e., the distance between water and blood sinus, Figure 2). A large gill surface area paired with a small gas diffusion distance is generally associated with enhanced diffusion of gas and ions across the branchial epithelium (Bindon et al., 1994; Lappivaara et al., 1995, reviewed in Sakuragui et al., 2003; Gonzalez, 2011; Gilmour and Perry, 2018). Crucian carp (Carassius carassius), in particular, are well known to use the growth of epithelial cells to modify their gill surface area and gas diffusion distance to regulate gill function (Sollid et al., 2005). At low temperatures (10–20°C), crucian carp grow an “inter-lamellar cell mass” in between their lamellae, leading to the fusion of adjacent lamellae, the reduction of gill surface area, and an increase in gas diffusion distance (Sollid et al., 2005; Gilmour and Perry, 2018). This reduction in surface area reduces diffusive ion loss across the branchial epithelium and allows crucian carp to reduce energetic costs associated with osmoregulation at times when oxygen demand is low (Sollid et al., 2005; Gilmour and Perry, 2018). This process can be reversed to where the inter-lamellar cell mass is rapidly shed in response to rising temperatures in the summer (>25°C) thereby increasing gill surface area by up to 7.5-fold and enhancing oxygen uptake (Sollid et al., 2005). Over a dozen species to date have been found to exhibit a similar capacity for gill remodeling like crucian carp (e.g., LeBlanc et al., 2010; Blair et al., 2016). Although those species have been found to have specific adaptations allowing them to tolerate extreme reductions in gill surface area and associated reductions in oxygen uptake, numerous other species have also been observed to undergo modifications in gill morphology in response to environmental changes, albeit to a lesser extent (e.g., Wu et al., 2007; Uliano et al., 2010; Anni et al., 2016; Esbaugh et al., 2016). The majority of studies, however, have focused on describing morphological changes observed in response to pollution (including toxins, heavy metals, and suspended particulate matter), parasites, and pathogens (e.g., Mueller et al., 1991; Ahmed et al., 2013; Zarha and Mobarak, 2015; Marcon et al., 2016), and little is known about whether gill remodeling may also occur in response to rising temperatures in these species. It is important to note, however, that modest changes in gill surface area or gas diffusion distances may not directly translate into changes in oxygen uptake and carbon dioxide excretion rates or other gill functions as these processes are influenced by numerous other factors as well (Robertson et al., 2015; Gilmour and Perry, 2018, see also Cumming and Herbert, 2016; Esbaugh et al., 2016; Hess et al., 2017). Findings in coral reef fish indicate that fish living at low latitudes and high average summer temperatures may generally have little capacity for gill remodeling in response to rising temperatures as many species already exhibit small gas diffusion distances, leaving little room for further decreases (Bowden et al., 2014). Further, it appears that elevated (>30°C) temperatures may increase the occurrence of gill damage with observed changes including necrosis, aneurysms, and disorganization of lamellae (Rojas et al., 2013; Liu et al., 2015; Takata et al., 2018; Rodgers et al., 2019). Gill damage may negate any benefits of morphological changes that occur to regulate gill function in response to rising temperatures, and it will, thus, be important to better understand the potential impacts of elevated temperatures on gill tissues.


[image: image]

FIGURE 2. Gill filament. (A) Micrograph of a primary lamella, sagittal section through cartilaginous support (Bouin’s solution, H&E), (B) scheme of the tip of a secondary lamella, and (C) gas diffusion distance (red line). SL, secondary lamella; FE, filament epithelium; EC, epithelial cell; BM, basal membrane; VS, vascular space; PC, pillar cell; BC, blood cell; W, water.




Gill Remodeling in Response to Ocean Acidification

Gill remodeling has been suggested to play a role in the acclimation of acid–base regulation to ocean acidification (Esbaugh et al., 2012, 2016). As discussed previously, environmental hypercapnia reduces the carbon dioxide diffusion gradient across the branchial epithelium, leading to a reduced capacity for carbon dioxide excretion and potential acid–base disturbances (Strobel et al., 2012; Green and Jutfelt, 2014). In red drum (Sciaenops ocellatus), a 32% reduction in gas diffusion distance has been observed following exposure to 1000 μatm for 14 days (Esbaugh et al., 2016). A reduction in gas diffusion distance would be expected to enhance carbon dioxide excretion and may, thus, potentially compensate for a reduction in the carbon dioxide diffusion gradient. However, although a 30% reduction in plasma carbon dioxide was observed in red drum following 14 days exposure compared to acutely challenged fish (which did not have the chance to undergo gill remodeling), this difference was not statistically significant nor sufficient to fully offset the observed acid–base disturbance (Esbaugh et al., 2016). Identifying other species that may use gill remodeling to respond to ocean acidification and quantifying its benefits, if any, to acid–base regulation will be an interesting avenue for future research.

Fish have been observed to remodel MRC populations in the gills in response to hypercapnia, which may contribute to the acclimation of osmoregulatory functions to ocean acidification. As already discussed, the capacity for active ion transport at the gills has been linked to the fractional surface area or the proportion of the total gill surface area occupied by the MRCs (Goss et al., 1992; Bindon et al., 1994; Chang et al., 2001). The MRC fractional surface area is well known to be actively regulated by fish in response to various stressors via changes in the density of MRCs (Pandey et al., 2008; Paulino et al., 2012; Pereira et al., 2013), altering individual apical surface area folding or flattening of microridges in the apical membrane (Laurent et al., 1995; Matey et al., 2008; Aldoghachi et al., 2016), and exposure of MRCs to water (Rind et al., 2017; Carmo et al., 2018). The latter is modified by the migration of MRCs within the filament epithelium (e.g., from deeper cell layers to the surface; Carmo et al., 2018) and by neighboring pavement cells shifting or expanding to cover or uncover MRCs (Laurent et al., 1995; Baker et al., 2009). In freshwater fish, studies have documented decreases in density and individual apical surface area of MRCs in response to environmental hypercapnia (Goss et al., 1992; Goss and Perry, 1993; Baker et al., 2009) while the opposite has been observed in marine fish (Hayashi et al., 2013). These changes reflect the different compensation strategies of freshwater and marine fish (Hayashi et al., 2013). Although what remodeling of MRC populations means for osmoregulation has not been determined, the results highlight that changes in MRC populations in the gills and the effects of disease on the gills should be considered when examining the underlying physiological responses of fish to ocean acidification.



CONCLUSION

It is apparent that fisheries and aquaculture, in particular, face challenges in any climate change scenario. Anthropogenic influence seems to be central to the discussion, and the complexity envisaged means it is not possible to predict with certainty what effects change will have. Eutrophication will reduce the ability of zooplankton to control algae because it leads to cyanobacteria dominance, which is harder to feed on and digest (Moss et al., 2011), and together, climate change and eutrophication will limit the ability of zooplankton to control algae, reinforcing the potential for harmful blooms that have already been demonstrated as an emerging problem in gill health and in fish health more generally. Reactions to agents that cause insult to the gill include hypertrophy and hyperplasia among others, and fishes may be able to maintain homeostasis regardless of surface area and thickness of the respiratory epithelium. Of more relevance to climate change, they may be able to cope with rising carbon dioxide levels to a degree, but it comes quite likely at the expense of osmoregulation. Although smaller fish with a smaller respiratory epithelium surface area will have less diffusive ion loss reducing osmoregulatory stress, oxygen uptake by these smaller fish will be less efficient because of that smaller surface area. If this is compounded by respiratory epithelial thickening encountered during disease, the outcome is unlikely to be positive—all of this, and there appears to be some, albeit non-validated, evidence that oxygen uptake across the gills may be limited in a warming world, possibly lowering fish growth and even threatening food security. Our lack of understanding of the multifactorial nature of gill disease and the role of gill health within the context of overall fish health means we may be missing the true influence of gill disease on health and production. This is compounded with no clear way of assessing fish health based on gill health other than overt clinical disease with altered function and production in latter stages of presentation. Mortalities arising from AGD may also be related to cardiac function rather than just the primary gill lesion, and cardiac health is potentially more important than gill health under global warming scenarios (Powell et al., 2002; Leef et al., 2005; Iftikar and Hickey, 2013). Despite being able to accurately describe gross and microscopic changes in the gills, interpreting those changes and any agent associated with those lesions requires the involvement of multiple disciplines. In addition to secondary infections by bacteria like T. maritimum, agents such as Nolandella sp. in the presence and absence of Nolandella perurans, and the consequence of various other potential pathogens in CGD remains challenging (Bowman and Nowak, 2004; English et al., 2019; Rozas-Serri, 2019). The role of Candidatus B. cysticola in gill disease in farmed Atlantic salmon was not clear despite being found in high densities with Desmozoan lepeophtherii, and only D. lepeophtherii and Ichthyobodo spp. were associated with poor-conditioned fish while Paramoeba spp. and other pathogens in the study were not (Gunnarsson et al., 2017). Merely identifying an organism does not necessarily answer any questions. Examination of the gill at the microscopic level is useful to reveal changes, such as chloride cell dynamics, and perhaps overall, histopathology is the most useful tool, particularly in the initial stages of assessing gill health (Mitchell et al., 2012). Nonetheless, in order to properly interpret results from histopathological evaluations, the literature shows that a healthy condition is not characterized by the complete absence of any histologically apparent traits, and an apparently healthy gill may display moderate alterations, such as minor structural disorders or mild inflammatory reactions (Bernet et al., 2004), prompting the question of what does a healthy gill look like? In addition to assessing the gill’s normal or abnormal physical function, physiological function of the gills is going to be a prime concern for fish production in a changing environment, especially in light of the four very important roles that the fish gill serves: gas exchange, osmoregulation, acid–base regulation, and nitrogenous waste excretion. Fish gill function is already subject to excellent reviews (Heisler, 1990; Evans, 1993; Brauner and Randall, 1996; Claiborne et al., 2002; Perry and Gilmour, 2002; Evans et al., 2005), but the specific impact of key climate change stressors on the physiological function of the fish gill remains relatively un-researched, especially under the relevant time scales of environmental change of decades to centuries and not hours, and when multiple stressors, such as warmed, acidified seas, and the influence of disease are combined. It is understood that eutrophication can have many effects in the anticipated future, but high environmental loading with nitrogenous compounds, such as ammonia and ammonium, will also affect osmoregulation, which would be expected to be exacerbated by gill tissue lesions. Investigation is still hampered by the lack of standardized respirometry methods, and the situation is further complicated by the fact that many fish gill functions are intertwined, a fact demonstrated by osmoregulation and acid–base regulation via the gills involving the same ion transporters but often working in opposite directions when environmental stress is applied. Several species are known to use extensive remodeling of cell populations at the gill epithelium to regulate gill function in response to environmental change, and modest changes in gill morphology are commonly observed among a wide variety of species. This raises the question of whether gill remodeling will play a role in resilience and acclimation of fish to future environmental conditions with a limited number of studies finding gill remodeling in response to rising temperatures and the ocean acidification predicted to occur by the end of the century. Unfortunately, potential benefits to the acclimation or resilience of gill functions remain unclear, and it will be important to consider the potential damaging effects of elevated temperatures and concurrent increases in the incidence of disease on gill morphology that may negate any beneficial effects of gill remodeling, leaving fish vulnerable.

It is clear that, in tropical zones, many aquacultured finfish species are farmed close to their thermal limit, leaving little room for a rising trend in oceanic temperatures. Fishes in these zones also have little room for gill remodeling that is likely to occur in parallel with increased levels of gill damage. Given the effect of temperature on host and pathogen metabolism, it is noted that progression of disease in the lower latitudes is more rapid and results in higher cumulative mortality (Leung and Bates, 2013) with tropical producers suffering relatively more losses in aquaculture during disease outbreaks and having less time to initiate control and preventative measures compared to other regions. That is not to say that finfish aquaculture in other areas would not suffer the consequences as well. Atlantic salmon farming in Tasmania already occurs near the thermal limit for that species, and with sea temperatures expected to rise in the North Atlantic summers (Bromley et al., 2018), salmon farming in northern Europe may see increasingly more unfavorable conditions for salmon rearing with a concomitant increase in infectious and non-infectious disease. Adaptability may be specific to the taxonomic group with piscivorous species possibly affected more by elevated metabolic costs compared to other species that may rely more heavily on phenotypic plasticity, and exploited fish populations may be affected more as their genetic diversity is reduced, decreasing their ability to adapt to changing conditions (Araújo et al., 2018). Consequently, anticipated changes are thought of as a serious threat to sea bream (Sparus aurata) populations. Alternative locations and open-ocean farming have already been discussed, but future mitigation may also have to include breeding for increased tolerance to thermal stress and an understanding of how other climate variables might affect production, including the effect on agriculture, land use, and extreme weather events among others.

One of the main aims of aquaculture is to provide wholesome, nutritious food, and aquaculture is key to food security in many parts of the world (Béné et al., 2016). Fish health experts in conjunction with producers and laboratory-based scientists must work closely anyway but, in the future, will have to combine their efforts even more so with those of other disciplines, including but not limited to meteorology, oceanography, and environmental and social sciences. This could be argued to be consistent with One Health’s interdisciplinarity approach (Zinsstag, 2012) and is even more relevant to a One Health approach when livelihoods that depend on aquaculture are taken into account. Indeed, all forms of intensive farming, terrestrial or aquatic, can negatively impact the environment, threatening sustainability. This supports an even stronger argument for a holistic One Health approach to aquaculture but is considered beyond the remit of this review. The incidence of some infectious and non-infectious diseases will increase with climate change, and mitigation strategies must take into account global distribution of disease and vulnerability in aquaculture and develop options to minimize impacts on food production (Bell et al., 2011; Leung and Bates, 2013). Understanding the multifactorial nature of gill health and how it is impacted by anticipated climate change is central to this, and elevates the importance and relevance of gill health in food security and human well-being and not just in fish health.
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