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Abstract Human-induced perturbations such as crude-oil

pollution can pose serious threats to aquatic ecosystems. To

understand these threats fully it is important to establish

both the immediate and evolutionary effects of pollutants

on behaviour and cognition. Addressing such questions

requires comparative and experimental study of popula-

tions that have evolved under different levels of pollution.

Here, we compared the exploratory, activity and social

behaviour of four populations of Trinidadian guppies

(Poecilia reticulata) raised in common garden conditions

for up to three generations. Two of these populations

originated from tributaries with a long history of human-

induced chronic crude-oil pollution with polycyclic aro-

matic hydrocarbons due to oil exploitation in Trinidad, the

two others originating from non-polluted control sites.

Laboratory-raised guppies from the oil-polluted sites were

less exploratory in an experimental maze than guppies

from the non-polluted sites and in a similar manner for the

two independent rivers. We then compared the plastic

behavioural responses of the different populations after an

acute short-term experimental exposure to crude oil and

found a decrease in exploration (but not in activity or

shoaling) in the oil-exposed fish compared to the control

subjects over all four populations. Taken together, these

results suggest that both an evolutionary history with oil

and an acute exposure to oil depressed guppy exploratory

behaviour. We discuss whether the behavioural divergence

observed represents adaptation to human-induced pollu-

tants, the implications for conservation and the possible

knock-on effects for information discovery and population

persistence in fish groups.

Keywords Teleost fish � Organic pollutants � PAH �
Trinidadian guppy � Behavioural evolution � Exploration �
Activity � Grouping � Information discovery

Introduction

Contemporary human-induced perturbations such as frag-

mentation, climate change and pollution can pose severe

challenges for natural populations in terrestrial and aquatic

ecosystems (Vitousek et al. 1997; Palumbi 2001; Sch-

warzenbach et al. 2006; Sih et al. 2011; Arnold et al. 2014).

Particularly significant are organic pollutants entering

aquatic ecosystems, which, by impacting a wide array of

physiological and behavioural traits, can severely reduce

fitness and the persistence of vertebrate populations such as

fish (Scott and Sloman 2004; Arnold et al. 2014). Organic

pollutants interfere with neurophysiological pathways,
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behaviour and cognition in numerous taxa, and in fish such

pollutants cause impairment in foraging, sexual,

antipredator and social behaviour, as well as impacting

ecosystem function (Brown et al. 1985; Scott and Sloman

2004; Weis and Candelmo 2012; Zala and Penn 2004;

Brodin et al. 2014). With this growing body of literature

documenting the behavioural effects and impacts of con-

taminants, there is some recognition of the value of an

evolutionary perspective, since evolutionary history and

evolved responses may be important determinants of

impact (Sih et al. 2011; Montiglio and Royauté 2014).

However, few studies have examined the role of evolu-

tionary history in shaping behavioural responses to

anthropogenic pollution.

Behavioural responses to oil pollution

One major source of persistent organic pollutants (POPs) in

aquatic ecosystems is polycyclic aromatic hydrocarbons

(PAHs). Environmental releases of PAHs, which are found

in oil, tar and coal, have increased in recent decades,

becoming one of the most prominent toxic stressors

worldwide (Samanta et al. 2002; Shen et al. 2013). Major

PAH contamination of aquatic environments can occur in

acute instances, like the well-known Exxon Valdez, Eri-

ka and Deepwater Horizon oil spills, as well as over long

time periods from continuous seepage following drilling

activities. Both have alarming effects on aquatic biodi-

versity (Peterson et al. 2003; Sojinu et al. 2010; Fodrie and

Heck 2011; Incardona et al. 2014). PAHs have toxic effects

on fish growth (Vignet et al. 2015) and cause gill and

internal organ damage (Akaishi et al. 2004; Incardona et al.

2004; Oziolor et al. 2014) as well as immune depression

(Reynaud and Deschaux 2006). In addition, severe beha-

vioural alterations have been observed (Akaishi et al. 2004;

Gonçalves et al. 2008; Vignet et al. 2014). PAHs are

believed to disrupt normal behaviour and cognition in

vertebrates through neurotoxic effects on neurotransmitter

levels and synapse functioning (Gonçalves et al. 2008). As

a consequence, fish exposed to PAHs generally display

altered activity, social interactions (Schwarzenbach et al.

2006) and exploratory behaviour (Correia et al. 2007;

Vignet et al. 2014). Such changes could affect their like-

lihood of discovering new information through individual

and social learning and their ability to escape predators

(Scott and Sloman 2004; Weis and Candelmo 2012), but

the evolutionary consequences of such behavioural alter-

ations are still poorly understood.

In the natural environment, low levels of pollution over

long periods of time (i.e. chronic exposure) can create

environmental gradients, generating spatial variation in

selection pressures on populations (Klerks and Weis 1987;

Rolshausen et al. 2015). If selection is sufficiently strong

and gene flow between populations limited, local adaptation

to polluted environments could theoretically occur

(Kawecki and Ebert 2004). Accordingly, some chronically

exposed populations of vertebrates have evolved particular

physiological responses to organic pollutants (Meyer and Di

Giulio 2003; Williams and Oleksiak 2008; Oziolor et al.

2014; Clark et al. 2014). Local adaptation to pollutants may

also result in different abilities to cope with transient, acute

exposures. For instance, chronic exposure to metal pollution

leads to increased tolerance to en experimental exposure to

methylmercury in killifish Fundulus heteroclitus (Weis

et al. 1981). However, much work remains to be done to test

whether pollution could select for particular behavioural

traits or acute behavioural responses in natural populations

(Breckels and Neff 2010; Montiglio and Royauté 2014). In

particular, few studies have documented parallel evolution

of behaviour in response to the same pollutants in replicate

natural populations, i.e. whether the same pollution regime

in independent evolutionary lineages results in the fixation

of the same behavioural traits. In this study, we thus

addressed two main questions: Does long-term exposure to

oil pollution in wild fish populations select (1) for similar

alterations in behavioural traits in independent evolutionary

lineages, and/or (2) for particular behavioural responses to

an acute experimental oil exposure?

Study system and questions

To address the above questions, we investigated beha-

vioural divergence in response to chronic oil pollution

across different populations of wild Trinidadian guppies

(Poecilia reticulata) having evolved in oil-polluted versus

non-oil-polluted conditions. The Trinidadian guppy pro-

vides some of the best evidence for trait divergence in

response to different selective regimes such as predation

(Endler 1995; Reznick et al. 1996; Magurran 2005) and

parasitism (van Oosterhout et al. 2007; Dargent et al. 2013;

Pérez-Jvostov et al. 2015, Jacquin et al. 2016). Oil drilling

in southern Trinidad is well documented (Agard et al.

1993), causing variation in crude-oil pollution both across

the entire island (absent in the north, common in the south)

and within rivers (for a given river, some tributaries are

heavily polluted, while others are not polluted; Rolshausen

et al. 2015). Indeed, several independent tributaries have

been chronically polluted with crude oil due to intense oil

exploitation, yet bear dense populations of guppies,

allowing a comparative study design well suited to inves-

tigate adaptive responses to selection in ecologically sim-

ilar environments (Rolshausen et al. 2015). Furthermore,

previous studies have documented numerous effects of

acute exposure to anthropogenic pollutants on guppy

behaviour (e.g. Colgan et al. 1982; Brown et al. 1985;

Schröder and Peters 1988; Baatrup and Junge 2001).
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However, measures of survival and growth revealed lim-

ited evidence for local adaptation in guppies from crude-

oil-polluted and non-polluted sites from southern Trinidad

(Rolshausen et al. 2015). In this study, we investigated (1)

whether there were long-lasting differences in exploratory

behaviour, activity and shoaling tendency in laboratory-

reared offspring of populations of wild guppies having

evolved in two polluted sites versus two unpolluted sites.

We also tested (2) their behaviour after exposure to control

(non-polluted water) and oil-polluted (experimental expo-

sure to crude oil) conditions to compare plastic behavioural

responses to an acute experimental oil contamination.

Behaviours investigated and predictions

We focused on exploration, activity and sociability because

these behaviours are known to be affected by pollution, and

are tightly linked to individual performance and fitness

(Scott and Sloman 2004). First, we compared exploratory

behaviour, which reflects an individual’s reaction to a new

situation or new environment (Réale et al. 2007; Reader

2015). Exploration allows animals to gather information

about the environment and to map their habitat, which

might be especially important in shallow rivers such as

those in Trinidad. Exploration has been demonstrated to

differ between individuals and species and is linked to

learning, problem-solving performance and behavioural

innovation (Archer and Birke 1983; Renner 1988; Griffin

and Guez 2014; Laland and Reader 1999; Reader 2015).

Thus, while exploration itself may be underpinned by non-

cognitive processes, it predicts cognitive performance and

may be a locus of selection for changes in processes such

as problem solving. Moreover, animals are known to gather

adaptive information during exploration, and exploration is

shaped by both evolutionary and developmental influences

(e.g. Archer and Birke 1983; Renner 1988; McCabe et al.

2015). The impact of human activities on individual and

population differences in exploratory behaviour and

exploratory propensities is thus highly relevant to under-

standing impacts on cognition. Second, we measured

activity, the rate of individual locomotory movement

(Réale et al. 2007). Activity rate is often impacted by

organic pollutants, which can affect the foraging and

mating opportunities of individuals, as well as the proba-

bility of escaping predators (Scott and Sloman 2004).

Third, we compared grouping tendencies between popu-

lations. In the wild, guppies usually group with others

(shoal), but shoaling tendency varies strongly between

populations and ecological contexts such as high- and low-

predation regimes, with enlarged group size an antipredator

adaptation to predatory fish (Magurran 2005). Grouping

can facilitate information discovery through social infor-

mation use and social learning, but can also hamper

individual exploration of the environment (Day et al. 2001;

Reader et al. 2003; Chapman et al. 2008; Reader 2015).

Given that behavioural traits are central to fitness in

guppies, we hypothesized that chronic oil pollution in the

polluted sites of Trinidad would select for particular cog-

nitive and behavioural traits in these wild populations. If

this divergence is genetically based, we expect (1) differ-

ences in exploratory behaviour, activity and shoaling ten-

dency among populations to persist in laboratory–raised

guppies. More precisely, if our assumption that pollution is

the major selective force driving divergence in behaviour,

we expect to see similar differences in behavioural traits

among laboratory-reared guppies originating from the two

oil-polluted sites compared to guppies originating from the

two non-oil-polluted sites. In addition, if oil pollution in the

wild selects for plastic abilities to buffer the behavioural

effects of an acute oil exposure, we expect (2) guppies

originating from oil-polluted sites to display a lower

response to an experimental acute exposure to crude oil

compared to guppies originating from non-oil-polluted

sites.

Methods

Overview

To investigate behavioural differences among populations,

we measured exploration, activity and shoaling tendency.

We measured these three behaviour patterns twice, with a

first set of tests to determine any population differences

under standard ‘baseline’ conditions and a second set of

tests to compare responses to an acute exposure to oil. In

this second set of tests fish were either exposed to oil (oil-

exposed group) or to conditioned water (control group).

The results of the first ‘baseline’ tests would thus reflect

any evolutionary divergence in behaviour due to contrast-

ing environmental conditions in the wild. Any behavioural

differences between oil-exposed and control groups in the

second set of tests would reflect divergence in the acute

immediate response to the experimental exposure to oil

(i.e. short-term plastic responses; e.g. Breckels and Neff

2010).

Study populations and housing conditions

In 2011 and 2012, 30 sexually mature individuals were

collected from each of four populations of wild Trinidadian

guppies P. reticulata, with at least 20 females collected per

population. Study populations and sites are described in

Rolshausen et al. (2015). Two populations originated from

oil-polluted areas, originating from oil-polluted parts of the

Morne River (OIL-MR) and the Vance River (OIL-VR).
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Two populations originated from areas with no crude-oil

pollution, originating from unpolluted parts of the Morne

River (NOIL-MR) and from the unpolluted Paria River

(NOIL-P).

The Morne (MR) and Vance Rivers (VR) were chosen

because crude oil is commercially exploited nearby, and

hence soil leakage and spillage lead to high levels of

chronic crude-oil pollution (Fig. 1, Agard et al. 1993;

Rolshausen et al. 2015). Organic contaminants of the pol-

luted sites are high molecular weight, non-volatile petro-

leum hydrocarbons in the range of C10–C34 such as

naphthalene, pyrene and carbazole (see Rolshausen et al.

2015 for details). In the Morne River, only some tributaries

are polluted. In the Vance River, there are non-polluted

tributaries too, but we were not able to successfully breed

F1s from these tributaries in the laboratory. Moreover,

these two rivers flow in different directions, which lead to

independent evolutionary histories between the rivers,

confirmed by neutral genetic markers (Rolshausen et al.

2015). In addition to populations from the Morne and

Vance Rivers, we tested one additional control non-pol-

luted population from the Paria River, located in the

northern part of Trinidad. The motivation for including this

river was to add a northern site that was genetically inde-

pendent from the other rivers, one which had never been

exposed to crude-oil pollution, therefore constituting an

additional control site with independent evolutionary his-

tory (Rolshausen et al. 2015). All four sampling sites lack

predatory cichlids and are considered low-predation envi-

ronments (Magurran 2005; Rolshausen et al. 2015). The

Morne and Vance Rivers contain an impoverished fish

assemblage, with few other fish species, namely Rivulus

hartii and characins Astyanax sp. (Rolshausen et al. 2015),

while the Paria River contains Rivulus hartii and the

predatory prawn Macrobrachium crenulatum (Magurran

2005).

Fish were transported to McGill University and were

raised in the laboratory for one to three generations (F1 to

F3 generation) in common garden standardized conditions.

Fish were housed in 2.5-gal tanks (2 replicate tanks per

population and per generation) at 23 �C with 10:14-h

light/dark period and fed with brine shrimp twice daily, for

at least 2 months before experiments began. Due to

unexpected mortality in captivity (around 50 %), we

obtained around 10 founder females and 10 founder males

per population. Fish were then free to breed within each

population but fry were moved to new tanks shortly after

birth. In total, we obtained 77 F1–F3 laboratory-reared

individuals. We tested 38 male and 39 female guppies with

the tests described below. 23 individuals originated from

Fig. 1 Photographs of oil pollution due to crude-oil seepage at polluted field sites OIL-VR (1, 3) and OIL-MR (2, 4, 5) (pictures from Rolhausen

et al. 2015)
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the oil-polluted region of the Morne River (OIL-MR: 11

females, 10 males; 8 F1, 13 F2), 23 from the oil-polluted

region of the Vance River (OIL-VR: 12 females, 11 males;

7 F1, 12 F2, 4 F3), 21 from the non-oil-polluted region of

the Morne River (NOIL-MR: 11 females, 10 males; 8 F1,

13 F2) and 10 from the non-oil-polluted river of Paria

(NOIL-P: 5 females, 5 males; 8 F1, 2 F2). No significant

differences in sex ratio (v2 = 0.0011, P = 0.97), genera-

tion composition (v2 = 4.61, P = 0.10), body mass

(v2 = 5.07, P = 0.17), body length (v2 = 5.35, P = 0.15)

or body condition (Fulton index: v2 = 0.11, P = 0.73)

were found between populations.

Experimental exposure to crude oil

To mimic a transient crude-oil spillage in Trinidadian

rivers, we exposed half of the fish, selected at random, with

a 50 % water-soluble fraction (50 % WSF) of crude oil for

60 min. To prepare the 50 % WSF of oil, one part of

commercial crude oil (diesel gasoil, Shell, Calgary,

Canada) was diluted in 4 parts of conditioned water and

stirred for 20 h at room temperature under a fume hood.

The upper insoluble phase was then eliminated, and the

watery phase was diluted 50 % in conditioned water to

obtain a 50 % WSF (Alkindi et al. 1996; Vanzella et al.

2007; Simonato et al. 2008). This crude-oil WSF prepa-

ration has been shown to result in a highly reproducible

mix of aromatic hydrocarbons (Anderson et al. 1974;

Alkindi et al. 1996). Diesel gasoil is directly extracted from

natural oil and contains a variety of toxic monoaromatic

hydrocarbons (benzene, toluene and xylene) and small

polyaromatic hydrocarbons (PAHs) in the range of C9–

C25, which were also found in the oil-polluted sites of

Trinidad that we sampled (Rolshausen et al. 2015). For

instance, WSF preparations can contain naphthalene, a

toxic neuro-disruptor known to affect fish behaviour (e.g.

Gesto et al. 2006) and that was also documented at OIL-

MR and OIL-VR (Rolshausen et al. 2015). Oil pollution

intensity varies across polluted Trinidadian sites and is also

likely to vary across time, for example as a result of

variable water temperatures and flow (Rolshausen et al.

2015). We thus based the oil dilution on previous studies

that have demonstrated detrimental impacts on fish

(Alkindi et al. 1996; Vanzella et al. 2007; Simonato et al.

2008), although our period of exposure was shorter to

trigger behavioural changes while avoiding deleterious

physiological effects such as organ damages. The experi-

mental oil mixture chosen in this study thus contains a

number of similar toxic molecules as Trinidadian oil spills

and is likely to trigger correspondingly similar behavioural

responses.

Oil-exposed fish were exposed in a 5-gal exposure tank

for 60 min, following protocols validated by previous

studies (e.g. Alkindi et al. 1996; Simonato et al. 2008). The

remaining fish were submitted to the same procedure, but

conditioned water was added instead of oil. A total of 49

fish were tested (oil-exposed group, N = 22: 8 NOIL-MR,

3 NOIL-P, 5 OIL-MR, 6 OIL-VR; control group, N = 27:

10 NOIL-MR, 3 NOIL-P, 5 OIL-MR, 9 OIL-VR). Imme-

diately after this exposure, fish were transferred to the test

tanks and their behaviours were measured. All behaviours

were thus assessed twice: before exposure and after

exposure to either oil or control water.

We exposed the fish for a short period of time (1 h) for

two reasons. First, since drilling intensity and water flow

vary across time in Trinidadian rivers, fish in natural

populations might be exposed to repeated but short flushes

of oil (Agard et al. 1993). Second, we wanted to trigger

transient behavioural changes while avoiding detrimental

or lethal physiological effects that can occur after 3 h

(Alkindi et al. 1996), because we were interested in the

immediate response to pollutants rather than potentially

longer-lasting and debilitating effects. Whether fish were

exposed to oil or not for 1 h had no effect on changes in

body mass (effect of exposure group on mass change

immediately after the exposure and the test: v2 = 0.13,

P = 0.71).

Exploration test

Exploration was assessed in a maze task (Laland and

Reader 1999) in a 5-gallon (19l) tank with a dark green

background and homogeneous light conditions to minimize

stress. The tank contained 1 cm of white sand and 10 cm of

conditioned water, with three 10 cm 9 12 cm green par-

titions placed 10 cm apart to form three maze compart-

ments (Fig. 2a). The maze set-up followed apparatus used

by Mikheev and Andreev (1993), Girvan and Braithwaite

(1998) and Nomakuchi et al. (2009) to measure explo-

ration. Pilot experiments with domestic guppies had found

they entered the maze but that only some of them reached

the final compartment (Sims P. personal communication),

suggesting that our apparatus was suitable for measuring

differences in exploratory behaviour.

Two female companion fish (mean body length

2.25 cm) in a transparent 5-cm-diameter plastic cup were

placed in the starting zone of the maze in order to minimize

stress for the focal fish (following Mikheev and Andreev

1993). We wanted to ensure that the exploratory behaviour

of the focal fish would be tested in a new environment but

not in a highly stressful environment, which could largely

reflect risk taking rather than exploratory behaviour (Réale

et al. 2007). Companion fish were kept in a separate con-

tainer to ensure that no additional olfactory cues were

present. Companion fish used during the experiments were

randomly selected and replaced after testing every 20 focal
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individuals. Water in the experimental tank was changed

regularly to remove potential olfactory cues.

The focal fish was selected at random and placed in the

starting zone of the experimental tank (Fig. 1) and allowed

to acclimate for 2 min within a transparent plastic cup

(Seghers and Magurran 1995). After 2 min, the plastic cup

was gently lifted from the tank (using a string on a reel to

avoid disturbance from the observer) and the fish was

allowed to explore the maze for 10 min. After 10 min, we

recaptured the fish with a net, placed it back in the plastic

cup and transferred it into another experimental tank for the

other behavioural tests. All populations took a similar

amount of time to enter the maze (v2 = 3.63, P = 0.30).

We measured the number of zones explored as an indicator

of exploratory tendency (Mikheev and Andreev 1993;

Girvan and Braithwaite 1998; Nomakuchi et al. 2009).

Activity and shoaling test

Shoaling tendency was measured as time spent within four

body lengths of a stimulus shoal in a two-choice experi-

ment according to standard procedures commonly used for

small fish (Wright and Krause 2006) (Fig. 2b). Such tests

have been demonstrated to reliably reflect grouping beha-

viour in fish (e.g. Chapman et al. 2008). Each focal fish was

placed in a transparent cylinder in the middle of a 5-gallon

tank (40 cm 9 20.5 cm 9 10 cm water depth, 1 cm white

sand) containing two shoaling compartments (5 cm length)

on each side of the tank. One compartment contained a

stimulus shoal of 4 size-matched and randomly selected

wild-type females (mean body length = 2.71 cm) of mixed

origin, while the other compartment was left empty.

Compartments were enclosed by clear Plexiglas partitions

with 1.0-cm mesh sides to allow odour cues to pass

through. Eighty per cent of the water was changed every

day, and the remaining water was filtered with carbon, to

remove most chemical cues in the tanks. The stimulus

shoal was changed every 20 focal fish to reduce any shoal

preference biases, and the side of the shoaling compartment

was changed every 5 fish to avoid any confounding effect

of a spatial preference, as recommended by Wright and

Krause (2006). After 2 min of acclimation for the focal fish

the cylinder was gently removed, using a string on a reel to

minimize disturbance. Activity was recorded as the time

spent swimming and shoaling tendency as the proportion of

time spent within four body lengths of the stimulus shoal,

over 5 min, using JWatcher software (Blumstein et al.

2006). At the end of the shoaling test, a round weight (ca.

42 g) was dropped into the tank, 1–2 cm away from the

focal fish to mimic a predator attack (e.g. Tytell and Lauder

2008). We hoped to measure variation in freezing, a

measure of fear response (Budaev 1997), but all fish

responded strongly and similarly to the stimulus, and thus,

this measure was not analysed further.

Each fish was anesthetised with 0.02 % tricaine

methanesulfonate (MS-222, solution buffered to a neutral

pH), and body mass was measured to the nearest mg before

and after the exposure to oil. Body standard length was

measured to the nearest mm.

Statistical analyses

Exploration (number of zones explored), activity (time

spent swimming) and shoaling (time spent near con-

specifics) were not significantly correlated (Spearman’s

correlation test, all P[ 0.10) and hence were analysed

separately. We first compared the behaviour of guppies

from different populations in the first set of tests, before the

experimental exposure, using generalized linear models

(GLM) with population (NOIL-MR, NOIL-P, OIL-MR or

OIL-VR) as an independent variable. We then compared

the acute response to oil exposure among populations,

using GLM, with the independent variables population and

exposure group (control or oil-exposed) and the popula-

tion-by-exposure interaction. Sex and body size were

included as covariates in all models. All generations (F1,

F2 and F3) were analysed together. Differences among F1

individuals could stem from maternal effects, which would

Fig. 2 a Top view of the experimental Z maze for the exploration

test. Exploratory tendency was measured as the maximum number of

different zones explored by the focal fish. b Top view of the shoaling

experimental tank set-up. Shoaling tendency was measured as the

proportion of time spent within 4 body lengths of the shoaling

compartment (proportion of time spent within the shoaling zone).

Activity was measured as the total time spent swimming

102 Anim Cogn (2017) 20:97–108

123



be expected to be diminished or abolished in later gener-

ations (Mousseau and Fox 1998). Although our sample

sizes per generation are low, making it difficult to compare

generations, our results are qualitatively similar to or

without the F1 generation. We thus present only models

including all generations in the results. We began with a

full model containing all variables and used backward

selection, successively eliminating non-significant terms

(P[ 0.10), starting with interactions. Post hoc tests

between each population and treatment group were per-

formed using Wilcoxon tests with false recovery rate

adjustment to account for multiple testing (Pike 2011). All

statistical analyses were carried out using R version 2.15.3

(R Development Core Team 2008).

Ethical statement

All procedures were carried out in accordance with the

Canadian Council on Animal Care and ASAB guidelines

and were approved by the Animal Care Committee of

McGill University (Protocol #7133). Field sampling was

approved by the Ministry of Agriculture, Land and Marine

Resources of the Republic of Trinidad and Tobago, and fish

import was approved by the Canadian government. At the

conclusion of the study fish were placed into breeding

populations at McGill University.

Results

Exploration

In the first ‘baseline’ exploration test before exposure,

populations differed significantly in the number of zones

explored, and large fish tended to explore more zones than

small fish (Table 1). Sex was not retained in the final

model (Table 1). Fish from both the oil-polluted sites of

OIL-VR and OIL-MR explored significantly less zones

than fish from the non-oil-polluted sites of NOIL-P and

NOIL-MR (Fig. 3; Wilcoxon post hoc tests with FDR

adjustment to account for multiple comparisons, OIL-VR

vs. NOIL-MR: W = 337, P = 0.037; vs. NOIL-P:

W = 166.5, P = 0.056; OIL-MR vs. NOIL-MR:W = 360,

P = 0.021; vs. NOIL-P: W = 173, P = 0.019).

In the second exploration test, after the experimental

exposure to oil or water, fish that had been experimentally

exposed to oil explored less than control fish, over all four

populations of origin (Table 1). Population was also

retained in the best model (Table 1), and fish from the OIL-

MR population explored less than fish from the NOIL-P

population whatever their exposure group (Wilcoxon post

hoc test: W = 7, P = 0.028; Fig. 3). The effect of the

experimental exposure to oil was not significantly different

across populations, since the population-by-exposure

interaction was not retained in the final model (Table 1).

Hence, no post hoc comparison of the effect of exposure

across populations was performed and only post hoc

comparisons of population differences are presented in

Fig. 3.

Activity

In both the first and second activity tests, larger fish swam

more than smaller individuals (Table 1). Population,

experimental exposure to oil and sex had no significant

effect on the time spent swimming and were not retained in

the final models (Table 1).

Shoaling

In the first shoaling test, populations were found to differ in

shoaling tendency (proportion of time spent near con-

specifics; Table 1), with fish from NOIL-MR shoaling

more than fish from NOIL-P (Fig. 4; Wilcoxon post hoc

test: W = 171, P = 0.025). This population difference was

not detected in the second shoaling test, after the experi-

mental exposure to oil or water, since population was not

retained in the final model (Table 1; Fig. 4). The experi-

mental exposure to oil had no effect on shoaling propen-

sity: exposure group, sex, body length and interaction

effects were also not retained in the final model (Table 1).

Discussion

We found that (1) laboratory-raised fish originating from

polluted sites explored less than fish from non-polluted

sites and that (2) acute oil exposure decreased exploratory

behaviour regardless of population origin. More specifi-

cally, laboratory-reared guppies from the two polluted

populations (OIL-MR and OIL-VR) explored less of a

novel environment compared to guppies from non-polluted

sites (NOIL-MR and NOIL-P). Since all fish were reared in

common garden conditions in the laboratory, i.e. experi-

enced the same environmental conditions during their

lifetime, behavioural differences in exploration likely

reflect persistent genetic differences among populations,

although we cannot completely rule out non-genetic sour-

ces of inheritance. For example, pollution could cause

epigenetic changes which would be passed on over gen-

erations (although the standardized rearing environment

might abolish such trans-generational epigenetic effects).

Another possibility is long-lasting behavioural ‘traditions’,

say if offspring learned exploratory strategies from adults

(although our breeding design, which separated fry from

adults, would reduce the time available for learning).
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Further work is now needed to explore the mechanisms

underpinning the observed long-lasting behavioural dif-

ferences among populations.

Both polluted sites are located in independent rivers and

represent two independent evolutionary lineages of guppies

(Rolshausen et al. 2015). Despite this, both oil-polluted

Table 1 Best models

explaining exploration, activity

and shoaling in guppies from

different populations of origin

Exploration Activity Shoaling

v2 DF P v2 DF P v2 DF P

Before exposure

Population 17.16 3 \0.001 – – – 13.29 3 0.004

Sex – – – – – – – – –

Body size 3.82 1 0.051 5.59 1 0.018 – – –

After exposure

Population 7.54 3 0.057 – – – – – –

Exposure group 4.28 1 0.039 – – – – – –

Population 9 exposure – – – – – – – – –

Sex – – – – – – – – –

Body size – – – 3.87 1 0.049 – – –

NOIL-MR non-oil-polluted population of Morne River, NOIL-P non-oil-polluted population of Paria River,

OIL-MR oil-polluted population of Morne River, OIL-VR oil-polluted population of Vance River before and

after an experimental exposure to oil or to control water

‘–’ Indicates that the variable was not retained in the final model

Fig. 3 Mean ± SE number of zones explored in a Z maze of

laboratory-reared guppies originating from different Trinidadian

populations before (dark grey) and after an experimental exposure

to control water (mid-grey) or to a 50 % water-soluble fraction of

crude oil (light grey). NOIL-MR non-oil-polluted population of Morne

River, NOIL-P non-oil-polluted population of Paria River, OIL-

MR = oil-polluted population of Morne River, OIL-VR = oil-pol-

luted population of Vance River. Significant differences between

populations were found before exposure (different a and b letters

above bars), as well as after exposure, whatever their exposure group

(different x and y letters above bars). Numbers within bars represent

sample sizes. The effect of the experimental exposure to oil was not

significantly different across populations, as the population-by-

exposure interaction was not retained in the final model (see Table 1).

Hence, no post hoc comparison of exposure effect across populations

was performed and only post hoc comparisons of population

differences are presented

Fig. 4 Mean ± SE shoaling tendency (proportion of time spent

shoaling) of laboratory-reared guppies originating from each popu-

lation before (dark grey) and after an experimental exposure to

control water (mid-grey) or to a 50 % water-soluble fraction of crude

oil (light grey). NOIL-MR non-oil-polluted population of Morne

River, NOIL-P non-oil-polluted population of Paria River, OIL-MR

oil-polluted population of Morne River, OIL-VR oil-polluted popu-

lation of Vance River. Significant differences between populations

were found before exposure (different a and b letters above bars), but

not after exposure, whatever their exposure group (x letters above

bars). Number within bars represent sample sizes. The effect of the

experimental exposure to oil was not significantly different across

populations, as the population-by-exposure interaction was not

retained in the final model (see Table 1). Hence, no post hoc

comparison of exposure effect across populations was made and only

post hoc comparisons of population differences are presented
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lineages showed a similar decrease in exploration that

persisted in laboratory-raised generations, suggesting

chronic oil pollution as a potential cause of this population

divergence. Our findings suggest that oil pollution has

resulted in a lower exploratory tendency in the wild, which

may be the result of selection on exploratory behaviour or

on traits that impact exploration. Moreover, we found that

oil exposure had similar acute and evolutionary effects in

depressing exploratory tendency.

Several alternative explanations could account for our

results. First, decreased exploratory tendencies might be

driven by poor condition and health of fish born to parents

originating from polluted habitats, which may impair their

energetic reserves and/or ability to swim, and therefore

their exploration. However, we found no evidence for a

lower body mass, body condition or activity of fish from

polluted sites. Second, chance founder effects could

potentially explain our results, particularly because breed-

ing was uncontrolled so we cannot be certain how many

fish from the founder populations bred. However, similar,

parallel findings across pollution regimes reduce the like-

lihood that the results are due to founder effects, while the

finding that our results are similar to or without the F1

generation suggests that inbreeding or domestication dur-

ing captive breeding does not account for our findings.

Third, it might be that the differences in exploration are

driven by differences in sociability or risk taking between

the populations, given that those behaviours are often

linked to exploration and may be difficult to separate

(Réale et al. 2007; Reader 2015). However, shoaling levels

among populations were not reliably associated with a

particular pollution regime. Similarly, the populations did

not differ in their latency to leave the companion fish and

enter the maze (arguably largely reflecting risk taking) but

did differ in the number of zones explored of the maze once

they entered. This suggests that differences in exploratory

behaviour found between the populations from different

regimes (oil or non-oil) were not due to differences in

condition, tendency to remain with conspecifics or initial

avoidance of the maze, but rather resulted from differences

in the propensity to explore new environments.

A potential explanation for the observed population

differences in exploratory tendencies is that pollution

favours a lower exploration tendency, perhaps because the

costs of exploration are increased or the benefits of

exploration are decreased in polluted environments. ‘In-

trinsic’ exploration refers to information-gathering activity

that is not motivated by an immediate goal (Archer and

Birke 1983; Reader 2015), and the knowledge gained can

be utilized later to find rich food patches or to avoid risky

areas. For intrinsic exploration to be advantageous, the

information gathered at one time point should have value

later on. Gathering information would not be beneficial in

either highly uniform or highly unstable environments

(Dunlap and Stephens 2009), both situations which could

characterize polluted habitats. In addition, sensory, olfac-

tory and chemical cues emitted by food or conspecifics are

likely disturbed by organic toxic molecules (Lürling and

Scheffer 2007). If the fish do not acquire any additional

information about the surroundings (food resources, con-

specifics or danger) when exploring polluted areas because

of such altered chemical cues, we can hypothesize that this

information-poor environment would select for a lower

exploratory behaviour. Moreover, the chance of encoun-

tering toxins may itself increase the costs of exploration.

Additional studies manipulating the amount of information

conveyed by polluted environments are needed to test this

hypothesis.

Another potential factor determining the pay-offs of

exploration is the ability of individuals to gather and

remember information during habitat exploration, i.e. their

learning abilities. For example, even if exploration pro-

vides useful information, individuals with poor spatial

memory may benefit little since they might not be able to

remember the spatial cues encountered during exploration.

Organic pollutants are known to strongly impair learning

abilities and to cause deficits in spatial memory and

learning (e.g. Schantz et al. 1995). We could thus

hypothesize that the pathological effects of chronic pollu-

tion could cause deficits in learning and consequently

select for a lower tendency for guppies to explore their

habitat. Under this hypothesis, individuals are unable to

benefit significantly from their exploration. Further studies

comparing the learning performance of guppies originating

from different habitats will help test this hypothesis.

Interestingly, the experimental exposure to a standard

water-soluble fraction of oil in the laboratory also plasti-

cally reduced the exploration tendency. Again, such dif-

ferences in exploration could not be explained by a lower

health condition of oil-exposed individuals, since no effects

of exposure on body mass, body condition or activity were

found. This result is consistent with a previous study in

zebrafish Danio rerio showing that an experimental expo-

sure to PAHs has an immediate negative effect on explo-

ration tendency, for instance through the disruption of

neurological pathways (Vignet et al. 2014). Contrary to our

predictions, the observed acute decrease in exploration in

oil-exposed individuals was not significantly different

across populations, suggesting similar plastic responses

across populations, although differences may have been

revealed with a larger sample size. We expected a smaller

response in fish originating from polluted sites, on the basis

that they would be less sensitive to pathological effects of

oil. Here, our result is consistent with the limited evidence

for local adaptation to oil in these populations (Rolshausen

et al. 2015). Further studies with more individuals and
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different oil doses would help us to test the differences in

the plastic response to an acute experimental oil exposure

across populations.

Shoaling tendency also varied among populations, but

differences in shoaling tendency among populations were

not reliably associated with pollution regime. Fish from the

non-polluted site of Morne River (NOIL-MR) shoaled

more than fish from the non-polluted Paria (NOIL-P) and

intermediate levels of shoaling were observed in OIL-MR

and OIL-VR populations. The low shoaling in Paria-origin

fish has been previously described and is thought to be a

response to predatory prawns found in the Paria River

(Magurran 2005). In the absence of consistent differences

in shoaling in replicate oil-polluted and non-polluted pop-

ulations no firm conclusions can be drawn. Moreover, no

acute effects of oil exposure on shoaling were detected. Oil

pollution may be a weak evolutionary force on grouping

behaviours compared to other factors in our study system,

such as predation (e.g. Seghers 1974; Jacquin et al. 2016).

All sites were considered low predation in this study, but

subtle, unmeasured differences in predation regime may

explain the pattern of variation in shoaling we observed.

We also note that our sample sizes were low in our study,

due to difficulties in breeding these populations in captiv-

ity, and thus limited our power to detect differences.

Whether the reduced exploration we observe is the

results of benefits, costs or constraints of exploration or

associated traits in polluted habitats is an open question.

Understanding the context in which exploration occurs

(e.g. foraging or finding mates) is an important next step in

investigating the reduced exploratory behaviour of the

crude-oil-polluted populations. Further experiments

manipulating the context (e.g. foraging or mating) of

exploration as well as the learning performance of fish

from polluted versus non-polluted sites would help in the

understanding of how crude-oil pollution influences

exploration in wild guppies. Moreover, it would be highly

relevant to compare predator and prey communities

between oil-polluted and non-polluted sites, given that both

factors are likely to affect both the risks and costs of

exploration.

Finally, it is important to understand how the differences

in exploration can be translated to the population level. The

current study suggests that behavioural adaptations might

occur in response to human-driven disturbances, which

might in turn be expected to affect ecological processes,

such as foraging, predator–prey and host–parasite interac-

tions. Indeed, lower exploratory behaviour may lead to

decreased information discovery and use. This could

decrease fish foraging efficiency and resource-use diversity

in oil-polluted rivers, which might weaken the viability of

the populations, especially in situations that might further

expose the fish to environmental risks. This calls for further

work investigating the consequences of pollution-driven

behavioural alterations for biotic interactions and ecosys-

tem functioning.
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