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Chapter 4



Learning about Danger: Chemical Alarm Cues and Threat-Sensitive Assessment of Predation Risk by Fishes Grant E. Brown, Maud C.O. Ferrari and Douglas P. Chivers



4.1



Introduction



Most species are at risk of predation during some, if not all, phases of their lives. As a result, there exists strong selection pressure for early detection and avoidance of potential predation threats. However, predator avoidance has the potential to be very costly, as it reduces time and energy available for other activities such as foraging, mating and territorial defence (Godin & Smith 1988; Sih 1992) or forces prey to utilise suboptimal habitats (Gotceitas & Brown 1993), leading to a reduction in energy intake and reproductive output (Lima & Dill 1990). Presumably, prey that can adjust the intensity of their predator avoidance response according to the level of perceived risk should be at a selective advantage (Helfman 1989; Lima & Dill 1990). This supposition is known as threat-sensitive predator avoidance (Helfman 1989; Chivers et al. 2001) Threat-sensitive assessment of predation risk is complicated by the fact that predation itself is highly variable in space and time (Sih et al. 2000; Griffin 2004; Lima & Steury 2005; Ferrari et al. 2009a). Likewise, the form of predation and the degree of risk may change dramatically as prey individuals grow (size-dependent predation risk; Br¨onmark & Miner 1992), shift habitat preferences with ontogeny (Werner & Gilliam 1984) or move within heterogeneous habitats (Golub et al. 2005). Prey may also move between prey guilds (Olson et al. 1995; Olson 1996; Brown et al. 2001) and are subject to seasonal changes in biotic and/or abiotic conditions (Gilliam & Fraser 2001). This high degree of variability can result in unpredictable and variable predation risk. Prey that can reliably assess local predation risk based on recent experience (i.e. learning) should be better able to deal with variability in predation pressure. Our recent reviews (Brown & Chivers 2005, 2006) have highlighted the mechanisms of chemically mediated learning in prey fishes. Our goal here is to review some of the new directions in the field of chemically mediated predator recognition. Specifically, we examine the role-learning plays in the threat-sensitive mediation of predation risk.
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4.2



Chemosensory cues as sources of information



Char Count=



An underlying assumption of any approach to threat-sensitive behavioural decision models is that prey can reliably assess local predation threats in real time. Within aquatic ecosystems, this risk assessment is often mediated via chemosensory cues (Kats & Dill 1998; Wisenden & Chivers 2006). Public information regarding local predation risk is available from a suite of cues, including damage-released chemical alarm cues, disturbance cues and predator odours (Chivers & Smith 1998). Damage-released cues are found in a wide variety of taxonomically diverse prey fishes and are produced and/or stored in the epidermis. When released, following mechanical damage to the skin, these cues can elicit dramatic short-term increases in species typical antipredator behaviours (Chivers & Smith 1998; Wisenden & Chivers 2006). Recent studies suggest that there is often a strong relationship between the relative concentration of alarm cues prey detect and the intensity of the antipredator responses displayed by the prey (Jachner & Rydz 2002; Dupuch et al. 2004; Brown et al. 2006a, 2009). Moreover, prey may attend to alarm cues at very low concentrations by increasing vigilance towards secondary risk assessment cues (Brown et al. 2004) or may show subtle adjustments in their foraging tactics (Foam et al. 2005a). A second class of chemosensory cues are the so called ‘disturbance cues’. These are metabolic by-products released by stressed or disturbed prey prior to an attack by a predator (Wisenden et al. 1995; Jord˜ao & Volpato 2000; Vavrek et al. 2008). They are released in the absence of skin damage to the prey. While behavioural response to disturbance is typically of a lower intensity than to the more often studied damage-released cues, there still exists a strong threat-sensitive response to varying concentrations of disturbance cues (Vavrek & Brown 2009). Finally, the chemosensory cues originating from predators themselves can provide information regarding the intensity of local threats (Kusch et al. 2004; Ferrari et al. 2006a). In some cases, the degree of sophistication of chemosensory risk assessment is remarkable. Fathead minnows (Pimephales promelas, Cyprinidae), for example, are known to distinguish predator size, predator proximity and predator density – all based on predator odours (Kusch et al. 2004; Ferrari et al. 2006b).



4.2.1



Learning, innate responses and neophobia



Researchers studying predator recognition have spent considerable time attempting to identify the relative importance of experience versus genetic factors in the acquisition of responses to predators. We have some good examples of prey fishes that do not appear to respond to predators unless they have experience, cases where prey seem to respond to predators without experience and examples where experience modifies what appears to be ‘innate’ responses. Chivers & Smith (1994a,1994b) demonstrated the importance of experience in responses of fathead minnows to pike (Esox lucius, Esocidae) cues. They found that fathead minnow eggs collected from pike sympatric populations and reared under laboratory conditions exhibited no apparent recognition of either the chemical or visual
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cues of a predatory pike, while wild caught individuals (from the same population) of the same size/age did (Chivers & Smith 1994b). Subsequent stocking experiments demonstrated that naive populations of minnows would quickly acquire recognition of introduced predators (Chivers & Smith 1995). Perhaps the most striking example of this rapid recognition was demonstrated by Brown et al. (1997). They introduced 39 juvenile pike into a 4-ha lake containing approximately 78,000 minnows and found recognition of the pike odour by minnows within 4 days. Several other species, including brook stickleback (Culaea inconstans, Gasterosteidae; Chivers et al. 1995), brook trout (Salvelinus namaycush, Salmonidae; Mirza & Chivers 2000, 2001), brown trout (Salmo trutta, Salmonidae; Alvarez & Nicieza 2003), common bully (Gobiomorphus cotidianus, Eleotridae; Kristensen & Closs 2004) and zebra danio (Danio rerio, Cyprinidae; Bass & Gerlai 2008), fail to exhibit responses to predators without prior experience. Conversely, Scheurer et al. (2007) provided strong support that fishes can respond to predators even though they have no prior experience with them. They tested F2 hatcheryreared offspring of steelhead trout originally collected from a stream population that contained Dolly Varden (S. malma, Salmonidae, a common predator of juvenile steelhead) and a lake population that was devoid of Dolly Varden. The lake population was originally stocked with steelhead collected from the stream population at least 15 generations previously. Despite at least 15 generations of isolation, the lake population showed responses to the odour of Dolly Varden predators, as did the stream population, when tested under common laboratory conditions. These results might indicate genetically fixed, i.e. innate, predator recognition. There are several other examples of what may appear to be ‘innate’ predator recognition in a variety of prey fishes. Juvenile Chinook salmon (Berejikian et al. 2003) and arctic charr (S. alpinus, Salmonidae; Vilhunen & Hirvonen 2003) exhibit increased antipredator responses when exposed to novel predator odours. Likewise, Hawkins et al. (2004) have shown that juvenile Atlantic salmon (S. salar, Salmonidae) significantly increased opercular flap rates upon detection of novel cues, suggesting increased vigilance or olfactory sampling as opposed to true recognition (Gibson & Mathis 2006). Predator naive Nile tilapia (Oreochromis niloticus, Cichlidae) show a similar increase in opercular movements during exposure to visual predator cues (Barreto et al. 2003). Can such apparent innate recognition occur in the absence of genetic fixation? The answer is likely yes. Prey may exhibit strong avoidance responses to any novel cue, a phenomenon known as neophobia (Sneddon et al. 2003). Responding with a fright response to any novel cue is much different than having genetically fixed responses to specific predator cues. In either case, being able to respond to predators upon a first encounter should eliminate the cost of learning (Blumstein 2006; Ferrari et al. 2007). As prey grow or develop sufficient behavioural plasticity, learning should replace neophobic responses, allowing prey to ‘fine-tune’ their recognition and avoidance of predators. This is likely very important in populations characterised by variable predation pressure, where true innate recognition would prove limiting. We will return to the importance of learning versus innate responses later when we discuss the predator recognition continuum hypothesis in Section 4.5.
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4.2.2 Learned predator recognition through conditioning with alarm cues It is well established that many fishes can learn to recognise unknown predators through conditioning with alarm cues. In this well-studied mechanism, the pairing of a damagereleased alarm cue with either the visual or chemical cues of a novel predator results in learned recognition of that predator (Chivers & Smith 1998; Brown & Chivers 2005, 2006). For example, Magurran (1989) showed that European minnows (Phoxinus phoxinus, Cyprinidae) acquire the recognition of the chemical cues of predatory pike after a single exposure to pike odour paired with conspecific alarm cues. Chivers & Smith (1994a,1994b) likewise reported that fathead minnows could learn the sight or the odour of a pike in the same way. Similar conditioning results have been shown for brook stickleback (Chivers et al. 1995), brown trout (Alvarez & Nicieza 2003), common bully (Kristensen & Closs 2004) and zebra danios (Bass & Gerlai 2008). Learned recognition through conditioning with alarm cues enhances survival during staged encounters with live predators (Mirza & Chivers 2000, 2001; Darwish et al. 2005). There is growing evidence that chemically mediated learning allows prey to fine-tune their predator recognition. For example, Berejikian et al. (2003) found that the strength of an ‘innate’ response to novel predators could be enhanced through conditioning with alarm cues. Recent studies have also shown a significant ontogenetic effect on both innate predator avoidance and chemosensory learning. Juvenile Atlantic salmon exhibited significant innate responses to predator odours when tested 10–15 weeks post-hatching; however, younger (


4.3



Variable predation risk and flexible learning



It is now abundantly clear that prey fishes can show dramatic adjustments in the intensity of their antipredator response according to the level of perceived risk and that they are capable of learning to recognise novel predator cues. A growing body of research has built upon these two findings, examining the role of chemically mediated learning in the development of threat-sensitive response patterns. Ferrari et al. (2005) asked if the strength of the learned response to a novel predator odour is related to the intensity of the initial conditioning experience. They exposed predator-naive fathead minnows to low, intermediate or high relative concentrations of conspecific alarm cues, paired with the odour of a novel predator (brook charr, S. fontinalis, Salmonidae). During the initial conditioning phase, minnows exhibited stronger antipredator responses to the high concentration cues than the low concentration cues. When retested 24 hours later, Ferrari et al. (2005) found that the learned response to charr odour matched the intensity of response during the initial conditioning phase. Likewise, they found a similar correlation between the intensity of response to charr odour between experienced tutors
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and naive observers in a social learning study (Ferrari et al. 2005). Thus, acquired predator recognition through a single conditioning with alarm cues or a single observational learning opportunity appears to allow for the acquisition of threat-sensitive response patterns. Zhao et al. (2006) extended these findings, demonstrating that goldfish (Carassius auratus, Cyprinidae) were able to make similar threat-sensitive associations based on predator diet cues. They fed northern pike diets of either goldfish (with a recognisable alarm cue) or swordtails (Xiphophorus helleri, Poceiliidae; lacking an alarm cue recognised by minnows) and then exposed goldfish to varying concentrations of the predator odour. Goldfish exhibited increased antipredator responses proportional to the concentration of predator odour presented. When tested to a standard predator odour (pike-fed swordtails) during recognition trials, goldfish exhibited predator avoidance responses matching the intensity the fish exhibited during the initial conditioning trials. Moreover, when exposed to a live predator during staged encounters, goldfish initially conditioned to the highest concentration of predator odour (i.e. strongest learned recognition) were more likely to survive than those exposed to lower concentrations (i.e. weaker learned recognition) or the non-conditioned controls (i.e. no recognition of pike). Together, these data suggest that there is indeed a functional link between learning and the acquisition of context appropriate threat-sensitive response patterns. However, under ecologically realistic conditions, we should expect prey to be exposed to multiple learning opportunities. This raises the issue of ‘conflicting’ information, where prey may experience relatively high- and low-risk situations within short time frames. How might this influence threat-sensitive learning? Ferrari & Chivers (2006a) tested whether recent experience shapes threat-sensitive learning. Prey fishes may continually update their learned recognition of potential predators, with the intensity of antipredator behaviour mimicking the most recent learning experience. Ferrari & Chivers (2006a) tested this by exposing fathead minnows to either a high or a low concentration of conspecific alarm cue plus the odour of brook charr. The paired cues were given daily, for 6 consecutive days, one of four combinations: 6 low, 5 low 1 high, 1 low 5 high or 6 high concentrations of conspecific alarm cue plus the odour of brook charr. The intensity of antipredator behaviour when exposed to charr odour alone appeared to match the most recent ‘conditioning’ experience. This suggests that prey do not simply ‘average’ the intensity of learning opportunities, but do indeed adjust their level of antipredator response to the most recent experience. The concentration of predator odour detected during conditioning events also provides valuable information about the threat of the predator. Ferrari et al. (2006c) conditioned fathead minnows with conspecific alarm cue paired with either high or low concentrations of northern pike odour. Regardless of the concentration, there was no difference in response intensity when minnows were tested for recognition to the same concentration of predator odour used during the conditioning event (i.e. low–low = high–high). Perhaps this is not surprising, as the initial intensity of the antipredator response is governed by the concentration of alarm cue detected (which was the same for this study). However, when conditioned with a low concentration predator odour and then tested against a high concentration cue, minnows increased the intensity of the predator avoidance response. Conversely, when conditioned to a high concentration and then tested against a low concentration, minnows reduced the intensity of their response. Taken together with previous studies, these data
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highlight the sophistication of the chemically mediated learning system, allowing prey to associate context-dependent risk with specific learned cues.



4.3.1



Assessing risk in time



Predation risk is known to vary from moment to moment and over daily, seasonal, yearly and generational scales (Sih et al. 2000; Magurran 2005). Until recently there was a surprising lack of information on how prey fishes dealt with such variation in risk. This stands in sharp contrast to numerous studies showing that prey animals, including fishes, can learn to associate specific foraging location with times of day or specific seasons (Foote & Brown 1998; Reebs 1999). Reebs (1999) demonstrated that inangas (Galaxias maculatus, Galaxiidae) were able to learn to associate a specific location with the temporal availability of food. However, inangas were unable to make the same association with a predictable predation risk (Reebs 1999). Yl¨onen et al. (2006) found partial support for temporally dependent learning in juvenile yellow perch (Perca fluviatilis, Percidae) and ruffe (Gymnocephalus cernuus, Percidae). Both perch and ruffe were able to acquire the recognition of the chemical cues of pike and burbot (Lota lota, Lotidae). However, while neither prey species showed clear evidence of diel patterns in avoidance, juvenile perch did respond with a stronger response to burbot at night. Yl¨onen et al. (2006) suggest that this may be due to the primarily nocturnal foraging habits of burbot. However, recent studies with larval amphibians demonstrate a clear ability to associate acquired predator recognition cues with time of day. Ferrari et al. (2008a) exposed larval wood frogs (Rana sylvatica) to predatory tiger salamanders (Ambystoma tigrinum) in the presence of wood frog alarm cues in the evening and tiger salamanders alone in the morning (vs. salamander only morning and evening controls) over a 9-day period. Wood frog tadpoles conditioned to recognise the salamander cue exhibited a significant recognition of the predator cue when tested in the morning, but showed a significantly stronger response when tested in the evening. These results suggest that wood frogs not only are able to learn to recognise the chemical cue of a common predator but can learn to associate the level of risk with time of day. The ability to learn threat-sensitive recognition based on predictable temporal patterns presumably would provide considerable benefits to prey fishes. Clearly, this hypothesis requires additional examination. Recent studies have examined the way in which prey fishes adjust the intensity of their antipredator responses within the context of the risk allocation model proposed by Lima & Bednekoff (1999). This model predicts that as predation risk fluctuates over time, the intensity of prey vigilance and foraging should depend on both the level of risk and the proportion of time that predators are present. If predators are usually absent, prey can meet their energy demands during safe periods, and thus respond strongly during the rare times when predators are present. In contrast, if predators are omnipresent, prey might need to forage actively even though predators are present. Studies with rainbow trout (Mirza et al. 2006), convict cichlids (Foam et al. 2005b; Brown et al. 2006b; Ferrari et al. 2010a), guppies (Poecilia reticulata, Poeciliidae; Brown et al. 2009b) and several flatfishes (Boersma et al. 2008) provide at least partial support for the risk allocation model.
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Sensory complementation and threat-sensitive learning



Under natural conditions, we might expect that prey would be exposed to multiple sources of information simultaneously. How these multiple information sources interact to allow for threat-sensitive behavioural decisions has only recently been examined. The sensory complementation hypothesis suggests that prey capable of accessing multiple risk assessment cues should be better able to gain reliable information regarding local threats (Smith & Belk 2001; Brown & Magnavacca 2003; Blanchet et al. 2007) and that multiple cues should interact in an additive or synergistic fashion (Lima & Steury 2005). There is a growing body of evidence that supports this hypothesis. For example, Blanchet et al. (2007) found that under laboratory conditions, stream dwelling young-of-the-year (YOY) Atlantic salmon responded in an additive fashion when presented with predator odour (adult rainbow trout-fed YOY Atlantic salmon) combined with a visual predator model in comparison to when the fishes were exposed to either visual or chemical cues alone. They found a similar response patterns when quantifying different response variables. Smith & Belk (2001) found similar chemical plus visual interactions in their study of the threat-sensitive predator inspection behaviour of western mosquitofish (Gambusia affinis, Poeciliidae). Recent studies have shown that sensory complementary effects may differ depending on age and/or experience. Kim et al. (2009) have shown an interaction between the additive value of combined chemical and visual cues with age class in wild Atlantic salmon. YOY and parr salmon were exposed to conspecific alarm cues (or a stream water control) followed by the presentation of a visual threat. Both YOY and parr exhibited significant increases in their latency to resume foraging following exposure to the chemical cue (relative to the control), but only YOY salmon exhibited a significant increase in latency to resume foraging following the subsequent exposure to the visual cue. Parr initially exposed to the control or conspecific alarm cue showed similar latencies to resume foraging after exposure to the visual cue. However, parr exhibited an additive response to chemical plus visual cues when looking at the flight initiation distance. Parr initially exposed to the chemical alarm cue exhibited a significantly greater reactive distance to the visual cue. YOY salmon showed no difference in the reactive distance. Thus, additive effects may be present, but differ depending on experience or age (Kim et al. 2009). Chris Elvidge (unpublished data) suggests that sensory complementation of information might depend on learning or experience. Elvidge presented wild juvenile Atlantic salmon with realistic model predators (visual cues) in a series of streams varying in ambient pH. Previous studies have shown that weakly acidic conditions inhibit the detection and response to conspecific alarm cues by juvenile salmon (Leduc et al. 2006). Presumably, salmon in neutral streams have had previous opportunity to assess risk based on the combined visual plus chemical cues, whereas salmon in the acidic streams would not have prior experience with chemical information. Elvidge’s results suggest that under weakly acidic conditions, juvenile salmon treat a standardised visual threat as a higher risk than under neutral conditions. The sensory complement model would argue that if prey have had previous experience with combined cues (as in the neutral streams), detection of a potential threat via a single sensory modality would be perceived as a lower risk than the same cue accompanied by additional sensory inputs. Likewise, Jachner (2001) demonstrated an interesting interaction between experience and the response of juvenile roach
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(Rutilus rutilus, Cyprinidae) to conspecific alarm cues. Hatchery-reared roach exhibited threat-sensitive responses to conspecific alarm cues. Moreover, when repeatedly exposed to alarm cues, roach increased time on a foraging patch, suggesting a reduced antipredator response. However, wild caught, presumably experienced, roach exhibited only a weak response to alarm cues. Jachner (2001) argued that upon detection of the alarm cues experienced roach would increase vigilance towards either the smell or sight of a predator. In the absence of these secondary cues, roach did not show a strong antipredator response. Together, these studies provide indirect evidence of the role of sensory complementation in predator recognition learning. To date, we know of only a single study examining the direct effects of additive sensory inputs on chemosensory learning in fishes. Ferrari et al. (2008c) tested juvenile rainbow trout for additive responses to two different chemosensory cues. Trout exposed conspecific disturbance and chemical alarm cues combined responded in an additive fashion, supporting the sensory complement hypothesis. They then tested for additive learning effects by conditioning trout to recognise a novel predator odour paired with disturbance cue, alarm cue or the combined disturbance plus alarm cue. While they report no learning in trout initially exposed to the disturbance cue plus predator odour treatment, they did find stronger learning among trout initially conditioned with disturbance plus alarm cues. Thus, their results suggest that complementary interactions among multiple sensory modalities result in enhanced learning opportunities.



4.4



Generalisation of risk



Though learning has the obvious benefit of allowing prey to respond to temporal and spatial variations in risk, it is not without costs. In order to learn to recognise a novel predator, prey must have an initial encounter with the predator, representing at least a momentary increase in risk. Presumably, if prey can generalise what they actually learn, this would reduce the ‘direct learning’ costs associated with learning specific predators. For both visual and chemical predator cues, there should exist considerable variability among individual conspecific predators. Yet prey conditioned to recognise an individual predator are able to generalise other predators of the same species. But, can prey actually generalise learned information across different predator species that are similar in appearance or smell to the ones the prey already recognises?



4.4.1



Generalising of predator cues



A series of elegant studies with mammals (Griffin et al. 2001; Stankowich & Coss 2007), amphibians (Ferrari et al. 2009b) and fishes (Ferrari et al. 2007, 2010b; Brown et al. 2011a) have shown that prey conditioned to a reference predator can exhibit learned responses to chemical and visual cues of predators with which the prey have no experience. Moreover, predators that are more distantly related to the reference predator are not recognised. For example, Ferrari et al. (2007) conditioned predator-naive fathead minnows to recognise lake trout (S. namaycush, Salmonidae) and then tested for the recognition of lake trout, brook charr, rainbow trout (Oncorhynchus mykiss, Salmonidae), pike or white sucker (Catostomus
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commersoni, Catostomidae). Minnows exhibited a learned response to the three salmonid odours, and no significant response towards the pike or sucker odours. More interesting is that the intensity of the learned response was strongest for the reference predator and weakest (though still significant) towards the confamilial predator (rainbow trout), with the response to the congeneric predator (brook charr) being intermediate. By generalising learned predator recognition, prey should be able to gain the benefits of learning specific predator cues, without having to directly assess multiple predators independently (Griffin et al. 2001; Darwish et al. 2005; Ferrari et al. 2007). What specifically is being generalised? The results of Ferrari et al. (2007) suggest that generalisation is based on chemical similarities among phylogenetically related predators, but was independent of the predator’s diet. Presumably, related predator species would produce chemosensory cues more similar to each other than would more distantly related predators. We might also expect predators sharing similar diets, regardless of phylogenetic relatedness, to produce cues that are readily generalised by prey. Dietary cues are known to allow for the recognition of novel predators (Mathis & Smith 1993a, 1993b; Chivers & Mirza 2001). It is likely that a combination of chemical similarities among related predators plus common diets (especially among sympatric predators) would provide sufficient information to allow for generalisation of learned predator recognition. Ferrari et al. (2010c) show that generalisation can also be based on visual cues. Fathead minnows conditioned to recognise the visual cues of brown trout exhibited a similar response to the visual cues of rainbow trout, but not yellow perch. They argue that this is due to learning of similar body shape or some other visual feature. Intuitively, this makes sense. Magurran (1989) found that European minnows (P. phoxinus, Cyprinidae) were less likely to learn to recognise the visual cues of the non-predatory tilapia, compared to those of the predatory pike. Chivers & Smith (1994b) showed similar effects with fathead minnows. These results suggest that some specific visual cues may be more easily generalised in the context of predator recognition (Smith 1997). Studies looking at chemosensory cues typically restrict predators to a common diet in order to minimise possible dietary effects. An intriguing study would be to vary diet and predator taxa to directly assess this. If, as argued by Ferrari et al. (2007), prey benefit from generalised predator recognition via a reduction in the costs associated with learning specific predators, then we would expect higher risk cues to be more readily generalised than lower risk cues. Indeed, Ferrari et al. (2008c) found that fathead minnows conditioned with a high concentration of alarm cue (high perceived risk) exhibited generalised learning of trout cues, while minnows conditioned with low concentrations of alarm cue (low perceived risk) did not. These results suggest that prey may generalise the recognition only to highly threatening species but not to those of lower perceived risks.



4.4.2



Generalisation of non-predator cues



Pre-exposure to a predator cue, in the absence of any conditioning stimulus (latent inhibition), can result in the inability of prey to acquire recognition of a novel predator (Acquistapace et al. 2003; Ferrari & Chivers 2006b, 2009). For example, Ferrari & Chivers (2006b) exposed fathead minnows to brook charr odour or distilled water once per day for 5 consecutive days and then conditioned them to recognise brook charr as a predator.
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80 A. Generalised learning of predator odours



B. Generalised learning of non-predator odours
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Fig. 4.1 Mean (SE) change in time spent moving for juvenile rainbow trout. Panel A: Juvenile rainbow trout were initially conditioned with trout alarm cue paired with the odour of a novel predator (pumpkinseed) and subsequently tested for the learned avoidance of pumpkinseed (PS), longear sunfish (LE), rock bass (RB), yellow perch (YP) or a distilled water (DW) control. Trout were able to generalise the learned recognition of pumpkinseed to the congeneric longear sunfish and the confamilial rock bass, but not to yellow perch (no different from the distilled water control). Panel B: Juvenile rainbow trout were pre-exposed to distilled water twice per day for 3 days and conditioned with alarm cue paired with the odour of one of four predators. When tested for recognition, trout were equally able to acquire the recognition of the predator odours (open circles). However, when pre-exposed to pumkinseed odour twice per day for 3 days (solid circles) and then conditioned to recognise the predator odours, trout were inhibited from learning pumpkinseed odour. In addition, trout appeared to generalise this inhibition and were unable to learn to recognise the odour of the congeneric longear sunfish. There was no inhibition of learning of rock bass or yellow perch odours. Modified from Brown et al. (2011a).



Minnows pre-exposed to distilled water were able to learn to recognise charr as a predator, but those pre-exposed to charr odour were not. Brown et al. (2011a) used this latent inhibition mechanism to test the hypothesis that juvenile rainbow trout can generalise the recognition of both predator and non-predator cues. In their first experiment, juvenile trout were conditioned to recognise pumpkinseed odour as a reference predator and then tested for the recognition of pumpkinseed, longear sunfish, rock bass or yellow perch odours. Trout conditioned to recognise pumpkinseed exhibited strong learned antipredator responses to the pumpkinseed and the odour of the congeneric longear sunfish. They observed a weaker (but still significant) response to the confamiliar rock bass and no response to the more distantly related yellow perch (Fig. 4.1A). In the second experiment, trout that had been pre-exposed to pumpkinseed odour did not learn to recognise pumpkinseed as a predation threat. Moreover, pre-exposure to pumpkinseed odour also inhibited learning of the odour of longear sunfish cues (Fig. 4.1B).



4.5



Predator recognition continuum hypothesis



Ferrari et al. (2007) argued that learning to recognise novel predators is merely one point along a continuum of predator recognition. At one extreme, prey would be genetically fixed to exhibit true innate recognition of predators, independent of any experience. At the
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other extreme, recognition would be learned, but any acquired information could be fully generalised to appropriate stimuli. Ferrari et al. (2007, 2008c) argue that such a continuum would arise primarily through variability in the spatial and/or temporal predictability of predation threats. This model consists of two related issues: (1) selection to learn and (2) selection to generalise.



4.5.1 Ecological selection for innate versus learned recognition of predators Given the demonstrated range of responses from innate to learned in how prey fishes recognise potential predators (see Subsection 4.2.1), we can make some predictions regarding the ecological conditions favouring either extreme form of recognition (Brown & Chivers 2005; Ferrari et al. 2007). Though poorly understood, the key factor is likely variability in predation pressure, in both overall intensity and predator type. Under conditions of intense predation pressure or conditions of a small and stable predator guild, selection should favour an experience independent response to novel predators (Breden et al. 1987; Vilhunen & Hirvonen 2003; Riechert 2005). Under such conditions, exposure to novel situations, including a novel predator, may elicit a strong predator avoidance response simply because the costs of not doing so would be disproportionately high (Hirvonen et al. 2000). Such ‘experience independent’ responses could be in the form of true innate responses (i.e. genetically fixed) or neophobia. Neophobic responses (see Subsection 4.2.1) would be particularly beneficial for species lacking sufficient behavioural plasticity in early life history phases to allow for threat-sensitive responses (Killen & Brown 2006). Moreover, neophobic responses would not require genetic fixation to a specific predator type, and thus might represent a ‘midpoint’ between innate and learned responses. Conversely, populations exposed to variable predation risk may be selected to learn context-appropriate responses due to the relatively high costs associated with ‘false responses’ to non-risky stimuli. Such variability in predation risk may arise from a number of ecological variables including spatial and temporal variabilities in predator encounters (Sih et al. 2000; Lima & Steury 2005), ontogenetic shifts in microhabitat use (Olson et al. 1995; Olson 1996) or size-dependent risk (Br¨onmark & Miner 1992; Nilsson & Br¨onmark, 2000). While clearly an oversimplification, this theoretical starting point could potentially lead to testable predictions.



4.5.2



Ecological selection for generalised learning



Ferrari et al. (2007) argued that selection towards generalised learning may be linked to the ratio of predators to non-predators. Under conditions where heterospecifics are predominately potential predation threats (high predator to non-predator ratio), prey may benefit from generalising the visual and/or chemical cues of learned predators to all heterospecifics with similar traits. This would allow prey to reduce the costs associated with direct interactions (learning) while still responding to variable predation risks. However, under conditions where fewer heterospecifics represent actual predation threats (low predator to non-predator ratio), generalising to all heterospecifics might represent a reduction in time and energy available for other fitness-related activities. As such, depending on the predator and prey



BLBK374-04



BLBK374-Brown



70



May 27, 2011



10:40



Copyeditor’s Name:



Trim: 244mm X 172mm



Char Count=



Fish Cognition and Behavior



guild structure, the use of generalised or non-generalised predator recognition may allow prey to optimise threat-sensitive trade-offs (Ferrari et al. 2007, 2008c).



4.6



Retention: the forgotten component of learning



Despite the large volume of literature focusing on the acquisition of predator recognition in fishes and other taxa, surprisingly little is known regarding the retention of acquired information. Following a single pairing of an alarm cue and a novel predator odour, hatcheryreared rainbow trout retain a learned response for up to 21 days (Brown & Smith 1998) though the response begins to decline rapidly after 10 days (Mirza & Chivers 2000). Fathead minnows conditioned to recognise visual cues of either northern pike or goldfish as potential predators showed similar intensities of learned predator recognition when tested 2 days post-conditioning. However, when re-tested for visual recognition nearly 2 months post-conditioning, those initially conditioned to pike show a stronger response than did those initially conditioned to goldfish (Chivers & Smith, 1994a), suggesting differential retention. Presumably, prey should only respond to learned predator cues as long as they represent an actual threat (Gonzalo et al. 2009). So far, we have argued that learning to recognise novel predators allows prey to balance the conflicting pressures associated with successful predator avoidance and a suite of other behavioural activities. To date, the majority of studies have focused on the presence of learning abilities and on the mechanisms and selection that shape learning abilities. A poorly understood aspect of the learning equation is ‘how long should prey retain’ acquired information. Several models have addressed the issue of retention of learned responses within the context of foraging decisions (McNamara & Houston 1987; Mangel 1990; Hirvonen et al. 1999). These models generally predict that there should exist a ‘memory retrieval’ window that allows for a flexible response pattern. Under relatively constant environmental conditions, information regarding foraging decisions should be retained longer (i.e. remain within the memory window), while under highly variable environmental conditions, older learned foraging information would be of lower value, hence fall outside this window (i.e. be ‘forgotten’). Such models predict that learned information should only be retained as long as it is relevant (Pravosudov & Clayton 2002; Brydges et al. 2008) and that acquired information that is no longer relevant is forgotten (i.e. no longer capable of eliciting an adaptive behavioural response; Mackney & Hughes 1995). Using this framework, Ferrari et al. (2010b) have proposed an analogous model dealing with learned predator recognition. They argue that the question of how long prey should retain information is equally important in the context of adaptive value as the ability to acquire recognition of novel predators. The retention of information or ‘memory window’ should only exist as long as the information is relevant. Responding to outdated or suboptimal information is costly, as it takes away from time and energy available for other activities such as foraging. Ferrari et al. (2010b) proposed that a suite of extrinsic and intrinsic factors should interact to shape the ‘memory window’ of prey fishes. Extrinsic factors such as high turnover rate of predator communities and high frequency of diet shifts of predators should have the effect of reducing the length of the plastic or flexible ‘memory window’ as individual prey would likely only be at risk of particular
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predators for a limited time frame. Conversely, increased predator encounter rates, predictability of predators and/or probability of predator attacks are extrinsic factors, which would be predicted to extend the memory window. Likewise, intrinsic factors such as increased growth rates, impending life history shifts or morphological antipredator defences should result in a shortened memory window. Slower growth rates, simple life histories or a lack of morphological defences should increase the value of learned information, and hence extend the length of the memory window. Brown et al. (2011b) directly tested this model by manipulating the growth rate of juvenile rainbow trout and testing for the retention of the learned recognition of pumpkinseed odour. Trout were fed either high or low food rations for a period of 7 days (sufficient to induce different growth rates) and then conditioned to recognise the odour of pumpkinseed as a threat. Trout tested for the recognition of pumpkinseed odour 24 hours post-conditioning exhibited similar learned responses, regardless of growth rate (Fig. 4.2A). However, when tested for a learned response 8 days post-conditioning, only those on the low food ration exhibited an antipredator response. Trout fed on the high food ration were no different from distilled water controls (Fig. 4.2A). As a companion study, Brown et al. (in press b) conditioned trout of two size classes (similar to the final size of high vs. low food ration groups from the first study) that had been fed proportionally similar food rations and tested for the retention of pumpkinseed odour 24 hours and 8 days post-conditioning. They reported no difference in the retention of learned information (Fig. 4.2B). These data
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Fig. 4.2 Mean (SE) change in time moving for juvenile rainbow trout initially conditioned with trout alarm cue paired with a novel predator (pumpkinseed) odour and subsequently exposed to pumkinseed odour alone. Panel A: Trout on a high versus low growth (5% vs. 1% mean body weight day per day) diet exhibited similar reductions in time spent moving when tested for recognition of pumpkinseed odour 24 hours post-conditioning. However, when tested for recognition 8 days post-conditioning, only trout in the low-growth treatment exhibited recognition of pumpkinseed odour; trout on the high-growth diet were no different from controls (not shown). Panel B: In order to determine if these trends were due to growth rate or absolute size, trout of two size ranges (fed 1% mean body weight day per day) were conditioned and tested as above. Small (∼0.6 g) and large (∼1.8 g) trout exhibited similar responses when tested for recognition on both testing days, suggesting that retention of learned recognition is not influenced by absolute size. Modified from Brown et al. (2011b).
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suggest that growth rate does indeed influence the length of the memory window. A likely proximate mechanism in this case might be that increased growth rates result in increased energy demands, resulting in a shift in threat-sensitive trade-offs in favour of risk-prone behavioural tactics in the case of high growth rate trout. This raises the intriguing possibility of information renewal (Brown & Chivers 2005). Given that predation risk is variable, we might expect that prey should indeed ‘forget’ acquired information that is no longer relevant. But under high-risk conditions (high rates of encounter), we would expect this information to be continually reinforced. The question remains if repeated exposure over time results in enhanced learning opportunities in which the learned response is greater (stronger) than that resulting from a single conditioning event or if the retention is extended, or both. Vilhunen (2006) conditioned hatchery-reared Arctic charr juveniles to the odour of pikeperch (Sander lucioperca, Percidae) which had been fed a diet of Arctic charr once or four times (with 4 days between each conditioning). Vilhunen (2006) reports stronger antipredator responses (relative to unconditioned controls) by charr exposed four times to the predator. In addition, when exposed to a live predator during staged encounters, those that received multiple exposures had a higher probability of survival than did those conditioned a single time. While not a direct test of the hypothesis that repeated exposure enhances intensity and retention of learning, it does suggest that multiple conditionings increase the strength (and possibly retention) of learned information.



4.7



Conservation, management and learning



Here, we have reviewed the latest developments in the field of chemically mediated predator recognition learning, highlighting the incredible degree of sophistication in this learning process. Moreover, we have highlighted the dynamic interplay between acquired predator recognition and threat-sensitive behavioural decision-making in prey fishes. In this final section, we will briefly touch on some conservation and management implications of this work.



4.7.1



Conditioning predator recognition skills



A commonly stated goal of predator training is that it may allow us to ‘teach’ threatened or commercially important species raised in hatcheries to recognise potential predation threats prior to stocking (Brown & Day 2002; Brown & Laland 2003; Bischof & Zedrosser 2009). Hatchery-reared fishes stocked into natural waterways often suffer intense predation pressure (Shively et al. 1996; Henderson & Letcher 2003), particularly within the first days to weeks post-stocking. However, to date, such an approach has met with limited success (Wisenden et al. 2004; Hawkins et al. 2007). For example, Hawkins et al. (2007) conditioned hatchery-reared juvenile Atlantic salmon to recognise pike and released conditioned and unconditioned salmon into a loch in which pike was the major predator of juvenile salmon. They report no difference in survival between the conditioned and unconditioned prey. These results differ from those of Berejikian et al. (1999) that found enhanced survival of Chinook salmon smolts following predator recognition training. One reason for the failure to find increased survival of trained prey may be the issue of retention. Hatchery
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fishes are typically fed high-growth diets, possibly leading to reduced retention rates of acquired information (see Section 4.6). Another possibility might be the effects of hatchery selection itself. A growing body of literature shows that hatchery-breeding programmes may actually be selecting for high growth and risk-taking behavioural tactics (Malavasi et al. 2008; Houde et al. 2010). Selection acting on threat-sensitive tactics may reduce the likelihood of retention of responses to learned information. Studies comparing hatchery reared to wild stock conspecifics are needed to address this question.



4.7.2



Anthropogenic constraints



A growing volume of literature demonstrates significant impairment of alarm cue detection and function by prey exposed to sublethal concentrations of anthropogenic pollutants (Schotz et al. 2000; Scott et al. 2003; McPherson et al. 2004; Leduc et al. 2006; Kusch et al. 2008; Tierney et al. 2008). Presumably, an inability to detect alarm cues would result in impaired learning opportunities. Recent studies by Leduc et al. (2004a, 2006, 2010) demonstrate that juvenile salmonids are unable to detect conspecific alarm cues under weakly acidic conditions in laboratory and field trials. Moreover, the ability to learn (Leduc et al. 2004b, 2007a, 2007b) and retain (Smith et al. 2008) predator recognition is likewise impaired under weakly acidic conditions. Moreover, what remains unknown is whether such a sublethal effect on risk assessment and learning has real fitness consequences for prey fishes. Presumably, an inability to assess chemosensory predator cues might lead to increased risk of predation. Such an increase in predation risk may have direct effects (i.e. reduced survival) or indirect effects (reduced foraging opportunity, exclusion to suboptimal habitats or reduced recruitment). Clearly, additional laboratory and (perhaps most importantly) field studies are required to assess the potential impacts of anthropogenic stressors on prey fish populations.



4.7.3



Field-based studies



To date, only a handful of studies have examined learning under fully natural conditions. This represents a critical gap in our understanding of the functional importance of predator recognition learning. Clearly, laboratory studies are important, but they often lack ecological realism and are typically conducted under ‘ideal’ conditions (i.e. well-fed prey, absence of background predation risks). In order to assess the full ecological relevance of chemically mediated learning, additional studies are required to test the degree to which prey fishes rely on learned information under fully natural conditions. For example, one factor that deserves attention is the potential impact of abiotic conditions on chemically mediated learning in wild populations. While Leduc et al. (2007a, 2007b) have shown that juvenile Atlantic salmon can acquire the recognition of novel odours in natural streams, C.J. Macnaughton & G.E. Brown (unpublished data), working with the same population, failed to replicate these findings. One logical difference between these studies is that while Leduc conducted his trials during periods of low water depth and current speeds, Macnaughton & Brown (unpublished data) conducted their studies during 2 years of abnormally high rainfall (leading to increased stream depth and current speeds). This suggests that naturally occurring abiotic cycles may seasonally limit learning opportunities.
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Carefully controlled laboratory studies have shown an exceptionally high degree of sophistication in the learning abilities of prey fishes. Prey fishes can be conditioned to recognise predators based on a single learning event. The prey learns to recognise not only the predator as a threat, but also the level of threat posed by the predator, making it possible for the prey to match the intensity of their antipredator response to the risk posed by the predator. Prey fishes continually update information regarding the risk level of predators and learn the temporal foraging patterns of their predators. Prey fishes can generalise recognition of one predator to other similar species and hence avoid some of the costs associated with learning. We are just beginning to understand how long prey should retain information about predators and how learning operates under natural conditions. In order to assess the full ecological relevance of chemically mediated learning, additional studies are required under fully natural conditions. Ideally, this ecologically relevant information should allow for the planning and implementation of realistic management and conservation programmes.
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