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Many prey species rely on conspecifics to gather information about unknown

predation threats, but little is known about the role of varying environmental

conditions on the efficacy of social learning. We examined predator-naive

minnows that had the opportunity to learn about predators from experienced

models that were raised in either a low- or high-risk environment. There were

striking differences in behaviour among models; high-risk models showed a

weaker response to the predator cue and became neophobic in response to

the control cue (a novel odour, NO). Observers that were previously paired

with low-risk models acquired a strong antipredator response only to the pred-

ator cue. However, observers that interacted with high-risk models, displayed a

much weaker response to the predator odour and a weak neophobic response

to the NO. This is the first study reporting such different outcomes of social

learning under different environmental conditions, and suggests high-risk

environments promote the cultural transmission of neophobia more so than

social learning. If such a transfer can be considered similar to secondary trau-

matization in humans, culturally transmitted neophobia in minnows may

provide a good model system for understanding more about the social ecology

of fear disorders.
1. Introduction
Predation risk can induce many phenotypically plastic responses in prey [1,2]. For

instance, some prey modify their morphology (e.g. body size or depth, armour

thickness, tail depth) to decrease the likelihood of predator attacks or to increase

their chance of survival after an attack (e.g. [3,4]). Some prey alter life-history traits

such as age or size of sexual maturation [5] or the timing of life-history switches

such as metamorphosis, to decrease their risk of predation at a particular life stage

[6,7]. However, behavioural responses to risky cues are generally the first lines of

defence, as they are more plastic, not so costly and are expressed on a much

shorter timescale than other alternatives [8]. Like other types of defences, display-

ing efficient antipredator behaviour has costs, as it reduces the time and energy

available for other fitness-enhancing activities, such as foraging, mate courting

and territory defence. To optimize this cost–benefit trade-off, prey should display

antipredator responses that match the level of threat posed by the predator (i.e.

threat-sensitive responses; e.g. [9,10]). However, the inherent variability of preda-

tion risk, both in time and space, creates uncertainty for prey as to whether the

cues used to gauge risk do in fact reliably represent the actual risk present in

the environment [11]. This uncertainty is what drives prey to adopt a ‘play it

safe’ strategy and usually over-respond to predation threats [12].

For many prey species, predator recognition learning is a plastic mechanism

for managing predator uncertainty, giving prey a better chance at survival in

future predator encounters. For example, prey can learn the level of threat

posed by novel predators [13,14] and the spatial and temporal patterns of risk
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in their habitats (e.g. [15,16]). They can acquire this information

either via a direct encounter with a predator, or indirectly via

the use of predation-related cues. These cues can be released

directly by the predator (predator kairomones, diet cues or

injured conspecific cues) or may indirectly indicate the pres-

ence of a predator (specific predator habitat or microhabitat,

or time of day when predators are active). Such individual

assessment allows prey to learn relevant information, but it

can be dangerous, time consuming and quickly outdated

[17]. By contrast, social learning (or cultural transmission)

allows animals to rapidly adjust to uncertainty while limiting

danger [18]. Either via ‘eavesdropping’ on conspecific-

mediated information, or through direct teaching by more

experienced conspecifics, social learning has been shown to

occur in a number of ecological contexts, such as foraging,

mate choice and predator avoidance [14,19,20]. While this

type of learning was initially thought to be limited to highly

social species, successful social learning has been demon-

strated in a wide diversity of taxa, both within and across

species [14]. Typically, a naive observer will learn from a

more experienced individual (the model) by observing

the response of the model to a novel situation or stimulus.

Many studies have looked at factors affecting the efficiency of

social learning, such as the model’s age, size or status or the

composition of groups (group size, model-to-observer ratio).

However, little is known about the effect of extrinsic factors

(environmental conditions) on the efficiency of learning.

Some prey living in high-risk environments are known to

display avoidance or fear responses towards novel stimuli

(i.e. neophobia), while those from low-risk environments

do not. The concept of neophobia was initially developed

in a foraging context, whereby populations of birds and

mammals from different environments have been shown to

differ in their willingness to sample novel food (reviewed in

[21], e.g. [22,23]). The dangerous niche hypothesis posits

that neophobia is adaptive because extra caution protects ani-

mals from potential risk [21]. In the context of predation,

some fish and larval amphibians living in high-risk environ-

ments display fearful responses towards novel cues (whether

predatory or not) while those from low-risk environments do

not. Interestingly, these neophobic responses were inducible

in only a few days in low-risk individuals that experienced

high-risk conditions [24]. Neophobia may be beneficial

when prey lack information about the identity of novel

threats in their environment, as it increases their likelihood

of surviving their first encounter with an unknown predator

[25]. However, this response could be costly if prey unnecess-

arily responded to a high number of non-risky stimuli in a

relatively low-risk environment. Hence, it is not surprising

that neophobia appears plastic in its expression [24,26].

Brown et al. [26] demonstrated that the intensity of fear

towards novel cues was modulated by the level of risk per-

ceived in the environment, with higher risk environments

leading to individuals displaying stronger and longer avoid-

ance responses towards the novel cues compared with those

in lower risk environments. Neophobia can also be viewed as

a lack of learning that risk is absent [21]. In an experiment

with damselfish (Pomacentrus chrysurus), neophobic individ-

uals failed to learn that a novel odour (NO) was safe after

experiencing it repeatedly in non-threatening situations

(i.e. failed latent inhibition) [27].

Our objectives in this study were to determine whether

social learning in a high-risk environment leads to different
outcomes than social learning in low-risk environments.

Until now, all studies focusing on social learning have done

so in a relatively risk-free environment. However, with the

emergence of new behavioural patterns such as neophobia,

one can wonder whether social learning is equally beneficial

in all types of environments, and whether the efficiency of

information transmission can be modulated by certain

environmental conditions. Specifically, we ask: (i) whether

different background levels of risk affect the propensity of

naive observers to learn from conspecifics and (ii) whether

naive observers distinguish between responses of models

towards known risky cues (a known predator) and those dis-

played via neophobia (an unknown cue). We hypothesized

that models living in high-risk environments display heightened

vigilance behaviours, which may dampen the increase in inten-

sity of antipredator response given to known threats, making the

response less obvious to a naive observer. Thus, we predicted

that observers paired with high-risk models may not learn as

well as those paired with low-risk models, or they may learn

to recognize predators as a lower threat. We also hypothesized

that neophobic responses might convey uncertainty to observers

via subtle changes in the behaviour of the model. Consequently,

observers might be able to distinguish between neophobic and

informed responses, and thus may rely less on information

observed from uncertain models. To achieve our goals, we

paired low-risk predator-naive fathead minnows (Pimephales
promelas) with predator-experienced models that were raised in

either a low- or high-risk environment. We exposed the pair

to either a predator cue known to the model or to a novel

cue, giving the naive observer an opportunity to learn

from the model. The observer was later tested alone for its

response to the cues experienced with the models or a novel

control cue.
2. Methods
(a) Test species, collection and maintenance
Fathead minnows are a group-living species that respond to pre-

dation risk with reduced activity and increased shelter use [28].

Like many other aquatic species, they display overt antipredator

behaviours in response to injured conspecific cues (i.e. alarm

cues, ACs) and can be conditioned to recognize novel threats

via a single pairing of ACs with a novel predator cue (sight,

smell or sound of a predator) [13]. Minnows can also learn

socially to recognize novel predators. When a predator-naive

observer is paired with an experienced conspecific, again only

a single pairing of the frightened conspecific with a predator

cue is enough for the observer to learn to recognize this predator

cue as a threat [29,30].

In September 2013, we collected adult minnows from Feedlot

Pond on the University of Saskatchewan campus using Gee’s

inverted minnow traps. Minnows from this site are exposed to

a variety of predators, including birds, snakes and beetles, but

are naive to fish predators (e.g. [31,32]). Before the experiment

began, minnows were housed in 76-l flow-through tanks with

gravel substrate, aeration, 15 L : 9 D cycle, and a daily 30%

flush with filtered dechlorinated tap water via a flow-through

system. All minnows were fed flake food every morning

throughout the experiment.

(b) Minnow alarm cues
We used standard procedures for making ACs [30], sacrificing five

minnows (51–66 mm total length) with a blow to the head in
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accordance with the Canadian Council on Animal Care. We then

removed a total of 11.9 cm2 of skin from the minnows. The skin

was placed into a beaker with 20 ml of system water and homogen-

ized (Polytron PT-2500E). The resulting solution was then diluted

according to an established protocol to reach a concentration of

approx. 1 cm2 of skin per 40 l [30]. The water containing ACs

was then frozen at 2208C in 100 ml aliquots.

(c) Odours
Two northern pike (Esox lucius) and two lake sturgeon (Acipenser
fulvescens) were loaned to us from other research laboratories at

the University of Saskatchewan. The fishes were starved for

4 days prior to their odour being collected. They were transferred

into individual 38-l tanks containing dechlorinated tap water for

24 h to capture their odour. The tank water was not filtered

during this phase. Because individuals varied in body size

(25–35 cm total length and 150–350 g mass), we standardized

the odour concentration among tanks so as to obtain 100 ml of

water per gram of fish. The odours were frozen into 600-ml ali-

quots at 2208C. The fish were returned to their holding tanks

and fed immediately. During the experiment, we randomized

which odour served as the predator odour (PO) and the NO in

order to assess any potential bias of minnows to the pike and

sturgeon cues. Therefore, half the trials were conducted with

pike odour as PO, and sturgeon odour as NO, while the other

half of trials were conducted with the cues having opposite roles.

(d) Experimental overview
The experiment was divided into three phases. The first phase

consisted of obtaining predator-experienced models that were

maintained under either a low or a high background level of

risk. The second phase was the conditioning phase, whereby

naive observers were paired with predator-experienced models

coming from low- or high-risk backgrounds and then exposed

to either the PO or NO. The third phase consisted of testing

the observer on their own to determine whether they had

acquired predator recognition from the experienced model.

(i) Phase 1: background risk for models
We first used an established protocol to obtain ACs which are, by

nature, reliable indicators of risk [24,26]. They provide non-specific

information about predation risk, and hence do not bias the

responses of prey towards one type of predator. Minnows were

exposed in groups of four in 37-l experimental tanks containing

a gravel substrate, an airstone and a shelter object (10 � 10 cm cer-

amic tile with three 2-cm plastic legs). Each minnow was only used

once as a model in the subsequent social learning trials. After 1 day

of acclimation, 5 ml of ACs (high risk) or blank water (W—low

risk) was slowly injected into each tank through an injection

hose attached to the air stone. These cues were injected 3� per

day for 4 days, once in the morning (08.00–11.00), at midday

(11.00–14.00) and in the afternoon (14.00–17.00) with a minimum

of 2 h between each exposure. There was one exception to this

treatment routine: on the morning of day 4, all fish were exposed

to 5 ml of AC paired with an additional 20 ml of PO, to achieve

the learning paradigm described above. This allowed us to train

the predator-naive models to recognize the PO as a threat, hence

making them predator-experienced, regardless of their back-

ground level of risk. A 100% water flush was performed 1 h

following the last exposure each day. At the end of this phase,

we obtained predator-experienced models that were maintained

in either a low- or high-risk environment.

(ii) Phase 2: conditioning trials
All observers were maintained in a low-risk environment and were

predator-naive (76-l housing tanks, approx. 50 fish per tank). They
were moved individually into 37-l tanks containing gravel, shelter

and an airstone, and were allowed to acclimate for 24 h. Each

minnow was then randomly assigned to a single predator-

experienced model from either the low- or high-risk environment.

At this point, the shelter object was removed to avoid shelter com-

petition and to facilitate shoaling. The pair was then allowed to

acclimate for 24 h. At the start of the conditioning trial, we injected

either 20 ml of PO (true conditioning) or 20 ml of NO (pseudo-

conditioning). One benefit of this pseudo-conditioning is that it

allowed us to assess the baseline responses of predator-naive

observers to the pike and sturgeon odours. Behavioural obser-

vations occurred during this phase. Data were recorded on both

fish for 8 min prior to the injection of the cue, to obtain a baseline

activity level for the fish, and again for 8 min following the injec-

tion of the cue to measure the change in behaviour due to

exposure to the cue. During each observation period, we recorded

the number of lines crossed by the model and the observer using a

grid (6.3 � 6.3 cm) drawn on the outer wall of the tank. Addition-

ally, shoaling behaviour was quantified every 15 s; a score of 1 (no

shoaling) was given when the two fish were more than a body

length apart, and a score of 2 (shoaling) when they were within

one body length. Decreases in activity and increases in shoaling

are well-documented antipredator responses of minnows [28,33].

Data collection was performed blindly with respect to the back-

ground level of risk of the model and the experience/naiveté

of the model. One hour after the end of each trial, the model

was removed, the shelter was added to the tank, and a full

water flush was conducted. Observations did not occur for all

conditionings. Sample sizes were 46–50 per group.

(iii) Phase 3: observer testing
Observers acclimated alone for at least 16 h before testing.

During this phase, observers were tested for their responses to

20 ml of the conditioning cue (i.e. the odour they experienced

in the presence of the model) or to a control (NO). As in con-

ditioning, we recorded behaviour for 8 min before and after the

injection of the cue. For this phase, we recorded the number of

lines crossed by the observer and the time spent under shelter.

Again, data collection was performed blindly. Sample sizes

were 22–27 per experimental group.

(e) Statistical analysis
(i) Conditioning trials
We first tested for differences in pre-stimulus lines crossed using

a four-way repeated-measures ANOVA, testing for the effects of

risk (low versus high), conditioning cue (PO versus NO) and fish

role (model versus observer, as repeated-measures in the same

tank replicate) while also introducing species (pike versus stur-

geon) as a factor to test for potential bias. For pre-stimulus

shoaling index, only one value was obtained from each pair of

fish (observer þmodel). Hence, a three-way ANOVA was per-

formed, testing the effects of risk, conditioning cue and species.

Because the treatments had no effects on pre-stimulus behaviour

( p . 0.1 for all terms and interactions for both response vari-

ables), we computed a change in behaviour (post-pre) for each

response variable. We then performed a four-way repeated-

measures ANOVA investigating the effects of risk, cue, fish role

and species on the change in lines crossed and a three-way

ANOVA on the change in shoaling index. Post-hoc tests were

ANOVAs and targeted t-tests. When performing multiple post-

hoc tests on the same experimental group, we adjusted alpha

(a ¼ 0.05), dividing by the number of comparisons.

(ii) Testing
For testing, the response variables (activity and shelter use) could

be analysed together with a multivariate approach. Again, we



Table 1. Conditioning: (a) results of the four-way repeated-measures
ANOVA on the change in lines crossed, testing for the effects of risk (low
versus high), the conditioning cue (PO versus NO), the fish role (model
versus observer, as repeated measures) and the species used for the cue
( pike versus sturgeon). (b) Results of a three-way repeated measures
ANOVA for social conditionings involving low-risk models and for (c) those
involving high-risk models. Significant differences are in italics.

F d.f. p-value

(a) overall RM ANOVA

within subjects

role 22.38 1, 187 ,0.001

role � risk 4.58 1, 187 0.034

role � cue 0.28 1, 187 0.60

role � species 0.01 1, 187 0.93

role � risk � cue 2.85 1, 187 0.09

between subjects

risk ,0.01 1, 187 0.96

cue 12.62 1, 187 ,0.001

species 0.24 1, 187 0.62

risk � cue 26.67 1, 187 ,0.001

(b) low-risk RM ANOVA

within subjects

role 3.40 1, 90 0.07

role � cue 2.23 1, 90 0.14

role � species 0.59 1, 90 0.44

between subjects

cue 37.78 1, 90 ,0.001

species 0.69 1, 90 0.41

(c) high-risk RM ANOVA

within subjects

role 25.92 1, 96 ,0.001

role � cue 0.78 1, 96 0.38

role � species 0.46 1, 96 0.50

between subjects

cue 1.29 1, 96 0.26

species 0.01 1, 96 0.92
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Figure 1. Conditioning: mean (+s.e.) change in lines crossed by low- and
high-risk models and their naive observers when exposed to either PO (dark
bars) or NO (light bars).
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Figure 2. Conditioning: mean (+s.e.) change in shoaling index for pairs of
minnows (experienced model þ naive observer) exposed to either PO (dark
bars) or NO (light bars). Models were from low or high background risk.

Table 2. Conditioning: results of the three-way ANOVA on the change in
shoaling index, testing for the effects of risk (low versus high), the
conditioning cue (PO versus NO), and the species used for the cue ( pike
versus sturgeon). Significant differences are in italics.

F d.f. p-value

risk 0.04 1, 187 0.84

cue 4.66 1, 187 0.034

species 1.89 1, 187 0.17

risk � cue 16.77 1, 187 ,0.001
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tested for differences in pre-stimulus behaviour with a four-way

MANOVA, testing the effect of risk (low versus high), conditioning

cue (PO versus NO), testing cue (conditioning cue versus novel cue)

and species as factors. Again, pre-stimulus values did not differ

significantly among treatments ( p . 0.1 for all terms), and we

computed the change in behaviour and performed a four-way

MANOVA followed by post-hoc three-way MANOVAs and t-tests.
3. Results
(a) Social conditioning
(i) Lines crossed
The four-way repeated-measures ANOVA revealed a signifi-

cant interaction between risk and cue ( p , 0.001) and risk

and fish role ( p ¼ 0.034; table 1a; figure 1). There was no
effect of species ( p ¼ 0.62), indicating that minnows had no

bias towards the pike or sturgeon cues. When looking at the

response pattern for low-risk models, we found a significant

effect of cue ( p , 0.001), no effect of fish role ( p ¼ 0.07) and

no interaction between the two factors ( p ¼ 0.14; table 1b;

figure 1). Both observers and models responded strongly to

the PO while not responding to the NO. However, in the

high-risk treatment, models responded more strongly than

observers when exposed to both odours ( p , 0.001), but

there was no effect of cue ( p ¼ 0.26) and no interaction between

the two factors ( p ¼ 0.38; table 1c; figure 1). High-risk models

responded equally to the PO and the novel odour, while



Table 3. Testing: (a) results of the four-way MANOVA on the change in lines crossed and the change in shelter use, testing for the effects of risk (low versus
high), the conditioning cue (PO versus NO), the testing cue (conditioning odour versus NO), and the species used for the conditioning cue ( pike versus
sturgeon). (b) Results of a three-way MANOVA for observers conditioned with low-risk models, and for (c) observers conditioned with high-risk models.
Significant differences are in italics.

F d.f. p-value

(a) overall MANOVA

risk 1.37 2, 189 0.26

conditioning cue 1.63 2, 189 0.20

testing cue 2.36 2, 189 0.10

species 0.26 2, 189 0.77

risk � conditioning cue 5.56 2, 189 0.005

risk � testing cue 3.01 2, 189 0.052

conditioning cue � testing cue 3.87 2, 189 0.023

risk � conditioning cue � testing cue 3.11 2, 189 0.047

(b) low-risk MANOVA

conditioning cue 7.6 2, 93 0.001

testing cue 6.11 2, 93 0.003

species 0.85 2, 93 0.43

conditioning cue � testing cue 8.7 2, 93 ,0.001

(c) high-risk MANOVA

conditioning cue 0.51 2, 94 0.60

testing cue 1.1 2, 94 0.34

species 0.06 2, 94 0.94

conditioning cue � testing cue 0.13 2, 94 0.88

rspb.royalsocietypublishing.org
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observers failed to respond to either of the cues. Additionally,

the response to PO was weaker among high-risk models than

the low-risk models (t95 ¼ 2.4, p ¼ 0.018; figure 1).

(ii) Shoaling index
The three-way ANOVA revealed a significant interaction

between risk and conditioning ( p , 0.001; table 2; figure 2).

When models came from a low-risk background, the model

and observer shoaled more in response to the PO compared

to NO (t93 ¼ 4.4, p , 0.001, a ¼ 0.025). By contrast, when

models came from a high-risk background, shoaling did not

differ in response to PO and NO (t97 ¼ 1.4, p ¼ 0.16, a ¼

0.025). In addition, the increased shoaling in response to PO

was greater for low-risk individuals compared with those

from high-risk (t95 ¼ 2.8, p ¼ 0.006, a ¼ 0.025), but this pat-

tern was reversed in response to NO (t93 ¼ 23.0, p ¼ 0.003,

a ¼ 0.025; figure 2). Again, species did not affect responses

( p ¼ 0.17, a ¼ 0.025), indicating no bias.

(b) Observer testing
The behaviour of observers during testing was significantly

correlated with their responses during conditioning,

although the association was weak (lines crossed: r2 ¼ 0.05,

p ¼ 0.003). When assessing treatment effects, the four-way

MANOVA revealed a significant interaction between risk,

conditioning cue and testing cue ( p ¼ 0.047; table 3a;

figure 3), and again, species had no effect ( p ¼ 0.77). For

observers learning from low-risk models, we found a signifi-

cant interaction between the conditioning and testing cues
( p , 0.001; table 3b). The observers that were conditioned

with models exposed to PO showed a strong antipredator

response to the PO and had no response towards the NO.

In contrast, observers conditioned with models that were

exposed to the NO did not display an antipredator response

towards either odour, indicating they did not acquire any

information about risk from their models.

For observers learning from high-risk models, however, the

response pattern was quite different. We found no effect of

the conditioning cue ( p ¼ 0.60), testing cue ( p ¼ 0.34) or an

interaction between the two factors ( p ¼ 0.88; table 3c;

figure 3), indicating observers responded similarly to the test-

ing cues regardless of whether their high-risk model was

exposed to a known predator or NO. A simple comparison

between the response of high-risk versus low-risk observers

to NO revealed that the high-risk observers responded more

strongly than the low-risk observers (F2,92 ¼ 3.68, p ¼ 0.029;

figure 3).
4. Discussion
Fundamental to our results is the finding that exposing fathead

minnows to high background risk induced neophobia, a

phenomenon previously documented in a few other species.

Minnows from a high-risk background exhibited decreased

activity and increased shoaling behaviour when exposed to

NO, compared to low-risk minnows. The neophobic responses

of these individuals were similar in intensity to their predator-

experienced responses, at least according to our behavioural
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endpoints. However, it is still possible that these responses

appear different to conspecifics. In addition, high-risk models

did not respond to the PO with an intensity as high as that dis-

played by low-risk models. This finding is consistent with a key

prediction of the risk allocation hypothesis; prey faced with

high-frequency risk will decrease threat responses to fulfil

other necessary activities such as foraging [34,35].

During conditioning, observers tended to respond more

weakly than models, a phenomenon previously described in

studies on cultural transmission [36–38]. The weaker responses

may reflect the short lag-time between the model’s response

and the observer’s assimilation of that information, or it

may reflect an initial uncertainty about socially transmitted

information. However, this ‘dilution’ pattern was more pro-

nounced among observers learning from high-risk models,

suggesting that uncertainty mediates the weaker response of

the observers. More surprisingly, the observers paired with

high-risk models showed weaker and similar antipredator

responses to the cues (predator and novel), and thus, our

data do not support the hypothesis that observers could dis-

tinguish between neophobic and experienced responses.

These weaker responses could have been due to habituation

to the hyper-vigilant phenotype exhibited by high-risk

models. In qualitative observations, high-risk models, and

not low-risk models, appeared agitated and easily startled,

and presumably behaved as such throughout their acclimation

period with observers. It is possible that observers began to

devaluate the fright responses of their models.
The testing phase in this experiment allowed us to determine

whether the observer learned via their interaction with the

model. The pattern of responses by observers paired with

low-risk models matched previous studies where a naive obser-

ver learned to recognize a predator cue from models displaying

an observable antipredator response (e.g. [29,39]). By contrast,

the learned responses from observers paired with high-risk

models were weaker which was unsurprising given that high-

risk models showed a weaker response to the PO. Therefore,

it appears that social learning of predator information via

high-risk models leads to the recognition of the predator as a

lower threat. While the lower response of high-risk models

may be due to an immediate cost–benefit trade-off between

antipredator responses and foraging, observers came from a

low-risk environment and had no such trade-off.

One unpredicted outcome of our experiment was the

emergence of neophobic responses by observers that were

paired earlier with neophobic tutors. Indeed, these observers

had a weak response to both the PO and NO, indicating that

observers were unable to discriminate between the responses

of high-risk models and that the weak response of observers

to PO was driven by neophobia, rather than true recogni-

tion. How could this happen? Observers were paired with

models for 24 h, during which they were not exposed to

any other stimuli that would cause the emergence of neo-

phobic responses. However, as mentioned earlier, high-risk

models appeared to display a hyper-vigilant phenotype. We

have quantified aspects of this behavioural change in an

ongoing experiment; minnows from high-risk backgrounds,

compared to low risk, reduce foraging activity, spend more

time freezing, and exhibit pacing behaviour, all in the absence

of odour cues, while exhibiting neophobia when odours are

presented (A.L.C. and M.C.O.F., 2015, unpublished data).

Taken together, one plausible explanation for our results is

that the high-risk phenotype exhibited by models indicated

to observers that the environment was in fact highly danger-

ous, hence providing similar information to the ACs used to

create the high-risk environment of the models. This hypo-

thesis is supported by the fact that some symptoms of stress

in other species are culturally transmitted (e.g. [40,41]). More-

over, in our experiment, simply observing a fright response

did not cause neophobia for observers that were paired with

low-risk models. Regardless of the specific mechanism behind

culturally transmitted neophobia in minnows, our study

clearly demonstrates neophobia was acquired via social

interaction and suggests high-risk environments promote

culturally transmitted neophobia more than social learning.

Across animal taxa, exposure to high risk can have

remarkably similar effects (e.g. avoidance behaviour, reduced

activity, aggression, hypervigilance, neophobia, etc.) [42],

and these outcomes have been highly conserved throughout

evolutionary history [43]. Because of this, animal models for

studying the symptoms associated with exposure to high risk

have been valuable in the framework of understanding post-

traumatic stress disorder (PTSD). Experimental studies reveal

that the symptoms of PTSD (e.g. emotional distress, restless-

ness, depression and fear of the unexpected) are best

simulated by predation risk, compared to other types of dis-

turbance [42]. While the acquisition of neophobic behaviour

via social cues has not yet been reported, a similar phenom-

enon has been documented in humans. There is a small but

growing body of evidence for what is often referred to as

‘secondary traumatization’ in human psychology (for a
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review of similar terms, see [44]), a phenomenon where PTSD

symptoms are indirectly acquired from individuals that

experienced trauma first hand. Family members of war veter-

ans and Holocaust survivors, for instance, have been found to

exhibit these symptoms at levels significantly greater than

controls, but we know little about how they compare to

those of the victims of the direct trauma, or when, and for

how long, the acquired symptoms occur [45,46]. These

studies are correlation-based, and thus, assortative mating

may also be a plausible explanation (i.e. individuals prone

to these symptoms mate together) [45]. More evidence for

secondary traumatization comes from professionals working

with mental health patients (reviewed in: [47]). A few studies

have found positive correlations between caseload and the

occurrence of PTSD symptoms, but others have found no

association as it is often difficult to determine whether

the trauma symptoms resulted from interacting with patients

or simply from the stressful nature of the occupation [47].

A recently proposed framework conceptualizes the critical

nature of the social environment for the susceptibility and

recovery of PTSD [48], but with social interaction comes
secondary traumatization. This is a fairly new field of study,

and we do not know of any non-human research. Our work

appears to be the first experimental (causal) evidence for this

type of phenomenon and suggests that non-human research

might prove valuable in furthering our understanding of the

‘social ecology’ of risk disorders.
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