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Most marine ecologists have in the past 25 years changed from supporting a passive-dispersal paradigm for larval marine fishes to supporting a biophysical-dispersal paradigm wherein the behaviour of larvae plays a central role. Research shows larvae of demersal perciform fishes have considerable swimming and orientation abilities over a major portion of their pelagic larval duration. These abilities depend on sensory function, and some recent research has indicated anthropogenic acidification of the oceans will by the end of the century result in sensory dysfunction. This could strongly alter the ability of fish larvae to orientate in the pelagic environment, to locate suitable settlement habitat, to bet-hedge, and to colonize new locations. This paper evaluates the available publications on the effects of acidification on senses and behaviours relevant to dispersal of fish early life-history stages. A large majority of studies tested CO2 values predicted for the middle to end of the century. Larvae of fourteen families—all but two perciform—were studied. However, half of studies used Damselfishes (Pomacentridae), and except for swimming, most studies used settlement-stage larvae or later stages. In spite of these taxonomic and ontogenetic restrictions, all but two studies on sensory function (chemosensation, hearing, vision, detection of estuarine cues) found deleterious effects from acidification. The four studies on lateralization and settlement timing all found deleterious effects from acidification. No clear effect of acidification on swimming ability was found. If fish larvae cannot orientate due to sensory dysfunction, their dispersal will, in effect, conform to the passive dispersal paradigm. Modelling incorporating larval behaviour derived from empirical studies indicates that relative to active larvae, passive larvae will have less self-recruitment, higher median and mean dispersal distances, and lower settlement rates: further, bet hedging and colonization of new locations will decrease. The biophysical dispersal paradigm will be lost in theory and in fact, which is predicted to result in lower recruitment and less bet hedging for demersal, perciform fishes. More research is required to determine if the larvae of other Orders will be effected in the same way, or if warm- and cold-water fish faunas will be similarly effected.
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INTRODUCTION

Most marine bony fishes have a pelagic larval stage that differs morphologically from the adult (Moser, 1981) and that is, at least potentially, dispersive. Especially for demersal fish species in the tropics, adults are often relatively site attached, and dispersal by the larvae determines the spatial scale of population connectivity (Sale, 1980, 1991). Although there are reasons to expect larval dispersal to differ between low and high latitudes (Hunt von Herbing, 2002), there is little evidence that it does. Further, making latitudinal comparisons in dispersal metrics and the factors that determine dispersal outcomes is difficult due to a variety of factors including very large differences in the taxonomic composition of marine fish communities with latitude (Leis et al., 2013). Marine fish larvae spend weeks to months in pelagic open waters away from demersal adult habitat (Luiz et al., 2013) before they must find suitable habit into which to settle. Settlement is often, but not always, associated with abrupt metamorphosis, but regardless of morphological changes, an animal that has experienced nothing but a pelagic environment must quickly adapt to a very different demersal habitat (Leis, 1991).

Traditionally, marine biologists assumed that dispersal of fish larvae is essentially a passive process, with movement of the presumed weakly-swimming larvae totally determined by currents (Roberts, 1997). More recently, swimming, orientation, behavioural, and sensory capabilities of larval marine perciform fishes have been shown to be remarkably strong for much of the pelagic larval duration, or PLD (Leis, 2006, 2010). Larvae can swim in an orientated way at speeds that are often comparable to the currents of the waters in which they live, thus directly influencing their dispersal. Larvae can detect and respond to a range of olfactory, auditory, and visual cues from settlement habitat, from within the pelagic environment (Leis et al., 2011b) and even to celestial (Mouritsen et al., 2013; Leis et al., 2014) and magnetic (Bottesch et al., 2016; O'Connor and Muheim, 2017) cues. By controlling their vertical distribution, larvae may indirectly influence their dispersal because current velocities often vary with depth. The proper functioning of the sense organs of fish larvae is essential in all these processes. As a result of these findings, the passive dispersal paradigm in larval marine fishes has been widely rejected in favour of a biophysical dispersal paradigm that recognizes the strong influence of biological factors, including behaviour of larvae, on dispersal outcomes (Leis, 2015).

As part of this paradigm shift our view of the spatial scale of larval dispersal and population connectivity has altered. Previously, marine ecologists considered populations of demersal marine fishes to be genetically and demographically open (Roberts, 1997)—that is, the new recruits to a given area did not result from propagules produced there, but from larvae that drifted passively with the currents from elsewhere. We now know that most demersal marine fish populations are closed to a greater or lesser extent (Jones et al., 2009), and that this “self-recruitment” is the result of biophysical processes, including behaviour of the larvae themselves (Leis, 2015). Nevertheless, a proportion of the larvae produced in any area are also exported to other areas. These conclusions are supported by modelling that takes into account empirically demonstrated larval-fish behaviour, e.g., Wolanski and Kingsford (2014).

The effects of lower pH as human-produced CO2 is absorbed by the ocean have received increasing attention, and will perhaps be more profound and less spatially variable than those of the predicted increase in temperature. Acidification can affect dispersal of fish larvae in two ways. It can cause developmental errors that lead to morphological deformities, and damage to organs, including sense organs that may impair their function. Acidification also results in neurotransmitter dysfunction (Nilsson et al., 2012), and as shown in a number of studies, this interferes with the ability of fish larvae to use the sensory systems that are vital to orientation in the ocean. Without orientation ability, swimming by larvae will have greatly diminished net influence on dispersal. It is likely depth selection ability of larvae will also be diminished, resulting in less structured vertical distributions. This has important implications for dispersal outcomes. It is also possible acidification may affect other behaviours, such as swimming ability, that influence dispersal outcomes (Nagelkerken and Munday, 2016).

Studies on fish-larvae behaviour, particularly in situ studies, routinely find statistically significant relationships between, for example, swimming speed or depth and size of the larvae but there is always a high level of variability associated with the relationships (Figures 1A,B, see Leis, 2006, 2010). Some individual larvae have a more meandering swimming path through the ocean than others and will therefore pass over different demersal habitat, and have a slower start-to-finish net swim speed than more directional swimmers (Figure 1C). Similarly, fish larvae often have significant among-individual (within-species) swimming directionality, but there are invariably many individuals that swim in directions other than the overall mean (Figure 1D). These variations mean that a greater or lesser proportion of individuals will have different dispersal outcomes than the majority. This minority with different dispersal outcomes due to differences in behaviour can be regarded as contributing to bet-hedging and to colonizing new localities as, at the end of their PLD, they will be at different locations than the majority, either in direction or distance from their point of origin. Theoretical considerations commonly cite bet hedging and colonization of new localities as reasons for the evolution of a bipartite life history with a pelagic larval dispersal stage.
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FIGURE 1. (A) Ontogenetic change in swimming speed as measured in a laboratory raceway (critical speed [Ucrit], Diamonds), and in the ocean (in situ speed, Squares) of a serranid, Epinephelus coioides. Note the wide range in speeds at any size, particularly in the ocean. Although there is a significant increase in speed with size for both measures, the laboratory measure relationship explains 92% of the variation over the common size range whereas the in situ relationship explains only 54%. Data from Leis et al. (2007, 2009). (B) Ontogenetic change in in situ depth amplitude (difference between greatest and least depth) in larvae of a serranid, Epinephelus coioides. Note the wide range in depth amplitude at any size. The significant ontogenetic decrease in depth amplitude explains only 25% of the variation. Size of larvae is standard length (SL). Data from Leis et al. (2009). (C) Frequency distribution of in situ orientation precision (r, length of the mean vector) of 33 individual larvae of a serranid, Epinephelus coioides. The circular insets show the distribution of swimming bearings of two individuals measured every 30 s over a 10 min observation period. Although both individuals have significantly directional swimming to the South-East, the one on the left (r = 0.43, p = 0.02) has a more meandering swim path than the one on the right (r = 0.89, p << 0.0001). Data from Leis et al. (2009). The thin black radius is the mean direction, and the arc at its end is the 95% confidence interval. (D) In situ directional swimming by larvae of a pomacentrid, Chromis atripectoralis off the west side of Lizard Island, Great Barrier Reef, showing the frequency distribution of mean swimming bearings of 205 individually measured larvae with significant within-individual swimming directionality. The among-individual swimming direction was to the South-South-East (mean = 166.7 ± 12.8°), and highly significant (p << 0.0001, Rayleigh Test), but 22% of larvae swam in a direction that differed more than 90° from the mean. Data from Leis et al. (2014).



EVALUATION OF LITERATURE ON EFFECTS OF ACIDIFICATION ON LARVAL DISPERSAL

The present paper evaluates the evidence relating to adverse effects of acidification on behaviour of fish larvae and the function of their sensory systems relevant to orientation and dispersal, and discusses implications for larval dispersal and the implications of this for populations of demersal marine fishes, especially those of lower latitudes.

Relatively few published studies address the effects of ocean acidification on sensory systems or behaviour of fully pelagic larvae, although the numbers of such publications are increasing (Nagelkerken and Munday, 2016). Much of the experimental work on the effects of ocean acidification has been done on fish that are in transition between the pelagic dispersal stage and the relatively site-attached demersal stage. How far the young fishes are through this transition varies, as does the nomenclature used for them by researchers. A study may use settlement-stage larvae captured in light traps as they approach a reef from open water, but then held in a low-pH environment for several days (usually four) before experiments are undertaken. Or, it may use larvae reared in captivity (usually in low pH conditions) and then tested at their normal age of settlement. Larvae undergoing the major ecological transition from being a pelagic animal to being a demersal animal are also undergoing major physiological, morphological and behavioural transitions. For example, the “very high swimming speeds of pre-settlement larval reef fishes are accompanied by the highest rates of oxygen uptake found in ectothermic vertebrates, but once the larvae settle, their capacity for rapid oxygen uptake falls, and the ability for high-affinity oxygen uptake at low oxygen levels increases”: they become hypoxia tolerant (Nilsson et al., 2007). Similarly, swimming abilities of larvae abruptly decrease upon settlement (Leis et al., 2011a). In fact, the transitions in physiology and morphology can begin some time before the larvae reach their settlement habitat (Holzer et al., 2017). Therefore, caution is required in assuming results based on larvae in transition apply to fully pelagic individuals. Publications on studies that hold wild settlement-stage larvae in low pH conditions for several days before testing seldom describe the tanks in which they are held. The pelagic-to-demersal transition can be slowed by holding the larvae in relatively featureless conditions (McCormick, 1999; Holzer et al., 2017). This approach means larvae undergo minimal transition to their demersal stage before testing, and if it is used, should be mentioned in methods sections of publications. Even more caution is required when assessing results based on young juveniles that have been settled for weeks or longer. Very few demersal bony fishes avoid the pelagic life history stage entirely (Leis, 1991), but the damselfish Acanthochromis polyacanthus is one. This species hatches on the reef well-developed at a relatively large size (Kavanagh, 2000), and is frequently used in experimental work. However, the use of A. polyacanthus young as proxies for pelagic larvae of other species is questionable, as is emphasized by the fact that it's recently hatched young do not undergo the transition from high oxygen consumption to hypoxia tolerance, being well-adapted to hypoxia and having relatively low maximum rates of oxygen uptake from hatching (Nilsson et al., 2007). Therefore, it is important to take into account not only the species that has been tested, but also its life-history stage.

The present evaluation is confined to marine early-life history stages of fishes. A recent paper (Ashur et al., 2017) summarizes the effects of acidification on chemosensation, hearing, and vision in aquatic invertebrates and fishes. The results of that review relevant to the present paper will be drawn upon, plus a few additional publications. Behaviours of relevance to dispersal will also be considered: swimming, lateralization, settlement timing. The early life-history nomenclature used in Ashur et al. (2017) is that of the publications they reviewed, but no standard nomenclature was used by those studies: e.g., settlement-stage larvae held in laboratory tanks for 4 days are called settlement-stage larvae or juveniles in different studies. The nomenclature used here (defined in Table 1) is based on examination of the methods sections of the original publications, regardless of nomenclature used therein.


Table 1. Studies of effects of acidification on sensory function or behaviour relevant to dispersal of marine fish larvae.
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Chemosensation

Adding Sundin et al. (2017) to the relevant studies listed by Ashur et al. (2017) gives nine studies of chemosensation covering eight species of two families (Table 1). Seven species are Damselfishes (Pomacentridae), one of which is A. polyacanthus, and the eighth, a Grouper (Serranidae). Three study-by-species combinations are on reared, settlement-stage larvae; four are settlement-stage larvae from light traps held in the laboratory for 4 days; and three are settled juveniles (two of which are A. polyacanthus, and the third, a reared Grouper). Only two are on fully pelagic larvae: reared Damselfish (Amphiprion percula). Eight studies detected an acidification-induced change in behaviour: either a reversal or loss of normal behaviour, or a decrease in it's prevalence. Only a study on the reaction to predator chemical cues of 3-month old A. polyacanthus juveniles did not detect an effect of acidification (Sundin et al., 2017). So, for chemosensation, acidification has the consistent effect of altering normal behaviour in pelagic larvae, and those in transition during settlement.

Hearing

Adding Castro et al. (2017) to the relevant hearing studies listed by Ashur et al. (2017) gives four studies covering four species of four families (Table 1). One species is a Damselfish, plus one each Goby (Gobiidae), Croaker (Sciaenidae), and Barramundi (Latidae). Two studies are on settlement-stage larvae, one on both presettlement and settlement-stage larvae, and one on recently settled Damselfish, all reared. In all studies, acidification caused a change in behaviour in relation to a habitat sound. So, for hearing, the results are consistent, and apply to a range of families and early life-history stages, although with only four studies, more research on hearing in fish larvae is needed.

In addition, Ashur et al. (2017) list 10 studies on the effects of acidification on otolith size or shape in marine fish early-life history stages. Six record an increase in size or change in shape, four found no change. In none of these studies was hearing investigated, even though there are theoretical reasons to expect changed otoliths will change hearing (Lychakov and Rebane, 2005). The otoliths of fishes are involved in both hearing and balance, and otolith size may be more influential on balance and swimming than on hearing (Popper et al., 2005). So it is difficult to predict how changes in otolith shape or size would influence hearing. The mixed results of the effects of acidification on otolith size and shape imply that there will be no simple answer. Therefore, no conclusion is attempted here about the sensory implications of changes in otoliths.

Vision

Ashur et al. (2017) list four relevant vision studies to which can be added Allan et al. (2014) and Munday et al. (2016). These cover six species of three families (Table 1): four are on Damselfish (one is A. polyacanthus), and one each on a Goby and Yellowtail (Carangidae). Three are on reared larvae, either early preflexion or settlement-stage (Allan et al., 2014). Two are on settlement-stage larvae from light traps held in laboratory tanks for 4 days, and one on 55–80 mm, settled A. polyacanthus juveniles. The last found a reduced retina maximal flicker frequency, which could impair the fish's capacity to react to fast events. Acidification caused changes in all three vision-related anti-predator behaviour studies. Newly hatched goby larvae had a change in phototactic response (Forsgren et al., 2013). Yellowtail preflexion larvae had no change in startle response or phototaxis (Munday et al., 2016).

In addition, two studies document developmental damage to the eyes of either preflexion or post-flexion reared larvae of Cod (Gadidae) and Tuna (Scombridae) (Frommel et al., 2012, 2016) (Table 1). This sort of damage could impair vision, with a variety of deleterious effects on the larvae. It is noteworthy that studies reporting morphological damage to organs of fish larvae do not always mention the full range of organs examined, so there may be unreported results of no acidification-related eye damage.

Although, all but one study report an effect of acidification on vision, none directly tested whether acidification would adversely effect vision in a way that could influence orientation. This might include, for example, using a celestial cue for orientation or using light intensity for adjustment of vertical distribution.

Physio-Chemical

A single study on reared post-flexion larvae of catadromous Barramundi (Latidae) reports acidification changes to temperature and salinity preferences (Pistevos et al., 2017), and also reports a change from avoidance to preference for estuarine water in preflexion larvae (Table 1). The latter may be a response to either physio-chemical or olfactory cues.

Swimming

Nine studies concern aspects of swimming, eight with reared larvae of various stages, and one with wild, post-flexion Silverside (Atherinidae) larvae (Table 1). The Damselfish and Barramundi studies involved settlement-stage larvae. Mean routine or critical swimming speed, both laboratory measures, decreased in Carangidae (Munday et al., 2016, 2017a), Coryphaenidae (Bignami et al., 2014), and Latidae (Rossi et al., 2015), but did not change in Atherinidae (Silva et al., 2016), Coryphaenidae (Pimentel et al., 2014), Pomacentridae (Munday et al., 2009a), or Rachycentridae (Bignami et al., 2013). Other aspects of swimming behaviour had no or minor changes in Gadidae (Maneja et al., 2013), Sciaenidae, and Sparidae (Pimentel et al., 2016). The measures of swimming most relevant to dispersal—in situ speed and endurance—were not tested. The mixed results with swimming speeds are in contrast to the much more consistent results with sensory function. There is little evidence for a widespread effect of acidification on swimming.

Lateralization

Three studies on Damselfishes tested acidification effects on lateralization. Two used wild settlement-stage Neopomacentrus azysron larvae from light traps held 4 days in laboratory tanks (Domenici et al., 2011; Nilsson et al., 2012), and the third used month-old juveniles of A. polyacanthus (Welch et al., 2014). The first two studies report a loss of lateralization, and the third a decrease in lateralization.

Settlement Timing

A single study on wild Damselfish Pomacentrus chrysurus settlement-stage larvae held for 4 days in the laboratory in low pH conditions found that peak settlement shifted from new to full moon (Devine et al., 2012).

Levels of Acidity Used in Published Studies

The levels of acidity used varies amongst studies. The large majority (32) of studies on senses used atmospheric CO2 levels predicted for middle and/or end of this century (550–1020 μatm): all but two of these found detrimental changes to sensory performance. One vision and three hearing studies with lowest tested CO2 values above end of century values (1368–1675 μatm) all found an effect. Amongst otolith-only studies, five used mid-to-end of century values, and five used more acidic conditions (1050–1800 μatm), and both low and high CO2 groups had the same result: three studies with a change in otolith size or shape, and two with no change. For swimming, six studies used CO2 values for the middle to the end of the century (two had an effect, four did not), whereas four used values of 1400–1800 μatm (one had an effect, three did not). In some cases, higher CO2 levels were selected based on regional differences in ocean pH such as upwelling (e.g., Castro et al., 2017), but in others, it was not clear upon what basis more acidic conditions were chosen. However, it does not appear that acidity very much higher than expected by 2100 is required for detrimental sensory performance or behaviours to be likely. Most acidification studies use CO2 levels for the middle to end of this century, but for some marine environments temperature may have already reached very damaging levels before this. Coral reefs, for example, are already experiencing repeated serious bleaching, and may be so degraded by mid-century (Hughes et al., 2017) that questions about acidification effects on larval-fish dispersal may be secondary to questions about whether adult habitat will be able to support reef-dependent fishes.

SUMMARY OF RELEVANT LITERATURE

Several conclusions arise from this evaluation of studies on the effects of acidification on senses and behaviours of fishes during their marine early life history. First, the effects on sensory function are much more consistent than those on behaviours such as swimming speed: sensory functionality is deleteriously impacted, either reversed, lost or decreased by acidification. In only two cases was an adverse effect on sensory function not found: chemosensation in 55–80 mm A. polyacanthus, and vision in preflexion Yellowtail carangid. Second, chemosensation is the most studied sense (n = 9), followed by vision and swimming (n = 8 each), and hearing (n = 4). Third, studies on senses—particularly chemosensation and vision—overwhelmingly used Damselfishes and larvae at the end of their pelagic dispersal stage (settlement-stage and beyond). In fact, about half of all studies are on Damselfishes, and if swimming is excluded, nearly two-thirds of studies are on Damselfishes. Only a narrow range of 12 families has been studied thus far: 7 are coastal demersal (1 catadromous), 1 coastal epipelagic, and 4 oceanic or neritic. Most studies used tropical or warm temperate species, and there is so little overlap in the studied senses or behaviours that no conclusions can be reached about whether there are latitudinal differences in acidification effects. This situation applies to the general question of whether larval-fish dispersal differs between high and low latitudes (Leis et al., 2013). No clear conclusions can be reached because of the very large differences in taxa (usually at the Order level) between low and high latitudes, and because there are relatively few studies on aspects of larval behaviour or sensory abilities relevant to dispersal from high latitudes (Leis et al., 2013). Fourth, there is little, if any, indication that life-history stage influences whether acidification will have an effect, but this has to be qualified by noting that younger, less developed larvae are understudied, except for swimming. In the context of orientation of swimming, the lack of work on preflexion larvae is less important than for post-flexion larvae, because swimming ability of preflexion larvae is much less than that of older larvae (Fisher and Leis, 2009). In contrast, larvae control their vertical distribution for nearly all of their PLD. In one of three cases young A. polyacanthus had results that differed from earlier life history stages of other Damselfishes, emphasising the need for caution in the use of this species as a proxy for the pelagic stages of other species. Of course, it would be preferable to have studies across a wider range of taxa, and with more emphasis on larvae before they start their transition to the demersal environment. However, the consistency of the results to date provide reason to expect that acidification will have deleterious effects on the sensory systems and some behaviours of marine fish larvae of a range of species. Regardless, we need to spread our taxonomic and ontogenetic nets wider to include more families and more presettlement-stage larvae, to obtain a firmer basis of knowledge.

IMPLICATIONS: WILL THE “BIO” IN “BIOPHYSICAL LARVAL DISPERSAL” BE LOST?

The loss or diminution of sensory function due to acidification has serious implications for the orientation ability of fish larvae in the pelagic environment, and for the ability of settlement-stage larvae to locate suitable settlement habitat. This has been mentioned before numerous times, but without much detail: e.g., Munday et al. (2009b). The studies evaluated here provide consistent evidence that orientation depending on olfaction, hearing, vision, and lateralization will be disrupted. The effect of acidification on magnetic and celestial senses has not been examined, but given the nature of the source of this sensory dysfunction (Nilsson et al., 2012; Nilsson and Lefevre, 2016), it seems likely that they, too, will be disrupted. In contrast, it does not seem that swimming itself is influenced very much, if at all, by acidification.

The single study showing a change in settlement timing is concerning, as one would expect that the relatively precise settlement timing normally found in many species has evolved to maximize arrival at settlement habitat and minimize mortality during the settlement transition. If true, then settlement at non-optimal times would result in lower recruitment.

An inherent part of the biophysical dispersal paradigm is that fish larvae influence their dispersal, but without the ability to orientate their swimming or control vertical position or to react appropriately to habitat cues, their ability to influence dispersal either directly or indirectly will be limited. In short, the larvae will disperse in a more passive manner, and the biophysical dispersal paradigm will, in theory and in fact, be lost and replaced by a passive dispersal paradigm. Modelling indicates that dispersal by passive larvae results in a smaller proportion of larvae reaching settlement habitat, a lower level of self-recruitment, and increased mean and median dispersal distances: we can expect the same for real fish larvae in a low pH ocean. This means the shape and height of dispersal kernels which have evolved in the ocean over long periods of time will be altered by human generation of atmospheric CO2 over a few decades. In addition, the behaviours that lead to bet-hedging and locating new locations will decrease or be lost due to decrease or loss in orientation ability.

We are only now beginning to develop a clear understanding of the biophysical dispersal paradigm, and if it is overturned by ocean acidification, it is ironic that it will be replaced by the traditional passive dispersal paradigm. This may make the job of dispersal modellers simpler by eliminating the need for understanding of and integration into models, of a range of behaviours and abilities that change with ontogeny of larvae. But the cost will be high to aquatic ecosystems and the demersal fisheries from which humans derive a great deal of their protein. We don't know to what extent all of this will apply to higher latitude, cold water demersal fishes and their larvae, just as we don't know if larval dispersal in general differs with latitude (Leis et al., 2013). More research on the effects of acidification on sensory systems of larvae of high-latitude species and on non-perciform species generally, should be a priority.

Ocean acidification may also adversely effect other aspects of larval-fish biology and behaviour such as predator avoidance (Wang et al., 2017), growth rates, and feeding ability, among other things (Nagelkerken and Munday, 2016). Any of these could lead to increased mortality and reduced recruitment, but the results of studies of acidification effects on them have not been consistent. They have not been reviewed here because in an acidified ocean, these aspects would apply equally to larvae that are passively dispersed as to those that behaviourally participate in and influence their dispersal. That is, they would be expected to have a similar effect on the passive dispersal paradigm as on the biophysical dispersal paradigm.

A best-case scenario is that marine fish species may be able to acclimate or adapt through natural selection so their larvae can deal with the low-pH, high temperature conditions of the near future pelagic ocean in which larvae live, develop, grow, and disperse. The exact physiological and biochemical mechanisms involved in sensory disruption in fish larvae are not entirely understood, so prediction is difficult, but there are reasons to expect within-generation acclimation will not be possible (Nilsson and Lefevre, 2016), and research so far supports this expectation (Munday et al., 2013b, 2014).

Research on the possibility of transgenerational acclimation to elevated CO2 has returned mixed results. Some report improved growth and survival in offspring (Miller et al., 2012; Murray et al., 2014), while others report no or limited capacity for transgenerational acclimation of olfactory responses or predator escape (Allan et al., 2014; Welch et al., 2014). This led to speculation that metabolic traits may have greater potential than behavioural traits for transgenerational acclimation to elevated CO2 (Welch et al., 2014).

Most studies that test the effects of acidification on senses and behaviours of fish larvae show variation in sensitivity among individuals. This has led to conclusions that there is clear “potential for natural variation in sensitivity among individuals to lead to genetic adaptation in marine fishes” (Leduc et al., 2013). However, this is true only if the variation has a genetic basis and is heritable: a recent study on A. polyacanthus has found this for temperature (Munday et al., 2017b). But, thus far, there is no evidence of this for acidification, as has been noted by several—(e.g., Munday et al., 2013a). In larval fishes, ontogenetic changes in many aspects of physiology, behaviour, and morphology are large and ongoing, and variation in sensitivity can have a number of non-genetic bases, among which are variation in size or age of larvae, in how far metamorphosis has progressed, or in nutritional or physiological condition. An example is (Munday et al., 2013a), a study cited by Leduc et al. (2013). In the publication, studied fish were sequentially called larvae upon capture and CO2 treatment, larvae and juveniles during olfaction tests, and juveniles during observations of behaviour and mortality rates (Munday et al., 2013a): the fish were metamorphosing during the experiments, and individuals varied in developmental stage at any time. Larvae of the study species also varied in age and size at capture: 16–21 days (Munday et al., 2013a), and 15.2–18.0 mm total length (Fisher et al., 2005). These variations might contribute to variation among individuals in sensitivity to acidification at any time. Therefore, although variation among individual larvae in sensitivity to acidification may indicate heritable “raw material” upon which selection can act, other possibilities exist. As noted by Munday et al. (2013a) “quantitative genetic analyses, such as comparisons of parent-offspring or half-sib variation will be required to estimate heritability.”

There are two ways of approaching the question of adaptation: measuring standing genetic variation in pH-sensitive traits, and conducting evolution experiments in real time (Sunday et al., 2014). Both approaches have advantages and disadvantages, and the latter especially apply to species such as marine fishes with relatively long life cycles and complex life histories. I was unable to find any published studies using genetic variation to study pH-sensitive traits relevant to larval dispersal in marine fishes. An approach that is used for species with short generation times such as plankton is laboratory rearing over multiple generations in high CO2 conditions to determine if adaptation takes place (Munday et al., 2013c). This would be extremely challenging in marine demersal fishes because the conditions and challenges that larvae face in the pelagic environment while dispersing are so different than those faced by the more site-attached, bottom-associated adult. So, perhaps it is not surprising that there are apparently no published attempts to do this with marine, demersal fishes. At present, adaptation to acidification in marine fishes is an undemonstrated possibility. It is noteworthy that where adaptation has been demonstrated in marine species with very short generation times, adaptation has taken several hundred generations to occur (Sunday et al., 2014), and CO2 levels expected before or by the end of this century will already be causing sensory dysfunction in marine fish larvae. In short, even if adaptation to elevated CO2 levels is possible there is “considerable risk that the present rate of CO2 increase is too high to allow adaptation through natural selection” (Regan et al., 2016). Further, the physiologist who discovered the mechanism behind elevated CO2 sensory dysfunction in fish larvae has written: “since atmospheric CO2 levels have probably remained below 500 μatm for the last 30 million years, there is a great risk that genes needed for coping with a sustained elevation of CO2 are no longer functional” (Nilsson and Lefevre, 2016).

Behaviour and sensory systems of larval marine fish species may or may not acclimate or adapt to elevated (and rising) CO2 levels, but there is little relevant research on the question, in spite of calls for it. Assuming that acclimation or adaptation will happen quickly enough to overcome the rapid rate at which CO2 is rising is optimistic given our current level of understanding. A more certain result can be achieved by strongly reducing anthropogenic CO2 production so ocean pH does not decrease as it will under a “business as usual” scenario.

CONCLUSIONS

Research to date consistently shows that ocean acidification will have a negative effect on the sensory abilities of larval, marine perciform fishes. This will adversely impact on the ability of the larvae to orientate in the ocean, to find settlement habitat and to adjust their vertical distribution, and thus influence their dispersal. In short, the biophysical larval dispersal paradigm will no longer apply. Acidification will also decrease the bet-hedging and colonization of new locations that behavioural variability enables. Dispersal modelling predicts that, as a result, recuitment of demersal fishes will decrease, as will local recruitment while mean and median dispersal distances will increase.
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