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Predation risk and abiotic habitat parameters affect personality
traits in extremophile populations of a neotropical fish (Poecilia
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of personality types within and among populations lies at the heart of research on animal personality. Several studies have focussed on only one agent of divergent selection (or driver of plastic changes in behavior), considering either predation risk or a
single abiotic ecological factor. Here, we investigated how an array of abiotic and biotic environmental factors simultaneously shape population differences in boldness,
activity in an open-field test, and sociability/shoaling in the livebearing fish Poecilia
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vivipara from six ecologically different lagoons in southeastern Brazil. We evaluated
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gated the role played by environmental factors for the emergence, strength, and direc-
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the relative contributions of variation in predation risk, water transparency/visibility,
salinity (ranging from oligo-  to hypersaline), and dissolved oxygen. We also investition of behavioral correlations. Water transparency explained most of the behavioral
variation, whereby fish from lagoons with low water transparency were significantly
shyer, less active, and shoaled less than fish living under clear water conditions. When
we tested additional wild-caught fish from the same lagoons after acclimating them to
homogeneous laboratory conditions, population differences were largely absent,
pointing toward behavioral plasticity as a mechanism underlying the observed behavioral differences. Furthermore, we found correlations between personality traits (behavioral syndromes) to vary substantially in strength and direction among populations,
with no obvious associations with ecological factors (including predation risk).
Altogether, our results suggest that various habitat parameters simultaneously shape
the distribution of personality types, with abiotic factors playing a vital (as yet underestimated) role. Furthermore, while predation is often thought to lead to the emergence of behavioral syndromes, our data do not support this assumption.
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1 | INTRODUCTION
Individual variation in behavioral tendencies that is consistent over

factors simultaneously drive divergence in population means of different personality traits. Here, we exemplify how an array of abiotic
and biotic habitat parameters affects AP in the neotropical freshwa-

time and across contexts—also referred to as animal personality (AP)—

ter fish Poecilia vivipara. Specifically, we compared six populations in-

has been reported for a multitude of species, including both verte-

habiting different coastal lagoons that vary substantially not only in

brates and invertebrates (reviewed in Gosling & John, 1999; Gosling,

predation risk but also in salinity (from oligo- to hypersaline: Caliman

2001; Réale, Reader, Sol, McDougall, & Dingemanse, 2007; Bell,

et al., 2010), as well as in water transparency, and dissolved oxygen

Hankison, & Laskowski, 2009). AP is a major component of intraspe-

(Table 1). We measured boldness (assessed as time to emerge from

cific phenotypic variation that integrates genomic and environmentally

shelter and enter an unknown area; Brown et al., 2005; Harris et al.,

induced variation (Van Oers et al. 2005; Dingemanse, Kazem, Réale,

2010; Polverino et al., 2016; Wilson & Godin, 2009), activity in an

& Wright, 2010; Freund et al., 2013). Five personality traits received

open-field test (Archard & Braithwaite, 2011; Biro et al., 2010; Burns,

most attention in the literature on AP, namely boldness, exploration,

2008; Moretz, Martins, & Robison, 2007), and shoaling/sociability (as-

aggression, activity, and sociability (Réale et al., 2007), and ambient

sessed as the time spent in the vicinity of a shoal; Plath & Schlupp,

predation pressure is thought to be one of the key environmental trig-

2008; Ward, Thomas, Hart, & Krause, 2004; Wright & Krause, 2006)

gers and selective agents shaping differences among populations in

of adult female P. vivipara from the different lagoons. Our first ques-

those traits (e.g., Álvarez & Bell, 2007; Archard & Braithwaite, 2011;

tion was whether populations differ in mean boldness, activity, and

Brown, Jones, & Braithwaite, 2005; Magurran & Seghers, 1991, 1994;

shoaling tendencies and whether these differences can be related to

Magurran, Seghers, Carvalho, & Shaw, 1992). For example, Brown

the observed variation in the aforementioned environmental factors.

et al. (2005) compared populations of the poeciliid fish Brachyrhaphis

Our second question was to what extent populations change

episcopi from four rivers in Panama that either experienced high pre-

mean values of the three personality traits under altered environmen-

dation (downstream of waterfalls) or low predation in upstream por-

tal conditions. Ambient environmental conditions can change abruptly

tions of the streams. In all four rivers, individuals from high-predation

within an individual’s lifetime, and variable adjustment of personality-

sites were bolder than those from low-predation stream portions.

related behavioral traits could be favored by selection (Dingemanse

Likewise, guppies (Poecilia reticulata) from high-predation sites on

et al., 2010), especially in ecologically flexible species like P. vivipara.

Trinidad were more willing to feed under predation hazard (Fraser &

We simulated altered ecological conditions by collecting females from

Gilliam, 1987) and emerged sooner from shelter—a common approach

four of the six lagoons and maintaining them under uniform laboratory

to quantify boldness (e.g., Brown et al., 2005; Polverino, Ruberto,

conditions—that is, without predator exposure, and under “benign”

Staaks, & Mehner, 2016; Wilson & Godin, 2009)—than individuals

abiotic conditions—for at least 3 months before testing them as de-

from low-predation sites (Harris, Ramnarine, Smith, & Pettersson,

scribed above.

2010). Several studies also reported population differences in other

We used the same datasets from the wild-caught and laboratory-

personality traits like shoaling/sociability (e.g., P. reticulata: Seghers,

maintained cohorts of test subjects to answer our third question,

1973, 1974; Phoxinus phoxinus: Magurran, 1986), activity (B. episcopi:

which was related to the occurrence of “behavioral syndromes.” The

Archard & Braithwaite, 2011), and exploration tendencies (B. episcopi:

term was originally used as a synonym for AP (Bell, 2007; Sih, Bell,

Archard & Braithwaite, 2011) among fish populations exposed to vary-

& Johnson, 2004) and was used to describe correlations of the same

ing degrees of predation risk.

behavioral trait across different situations (e.g., correlations of aggres-

Even though several studies demonstrated that not only predation

siveness toward conspecifics and toward a predator; Pruitt, Riechert,

pressure but also various other environmental factors influence per-

& Jones, 2008), but usage of this term has more recently changed to

sonality traits in fish (e.g., habitat structure: Kobler, Maes, Humblet,
Volckaert, & Eens, 2011; temperature: Biro, Beckmann, & Stamps,
2010; light intensity/turbidity: Kelley, Phillips, Cummins, & Shand,
2012; Borner et al., 2015), surprisingly few studies have made an attempt to disentangle the relative contributions of different biotic and

T A B L E 1 Differences in abiotic ecological factors and predation
risk of the six coastal lagoons in and around the Restinga de
Jurubatiba National Park in which female peacock mollies (Poecilia
vivipara) were collected

abiotic ecological factors for the emergence of population differences
Lagoon

Salinity
(ppt)

Water
transparencya,b

DO
(mg/L)

Predation
levela

Catingosa

36.4

Low

8.5

Low

Garças

20.5

High

4.6

Low

Brydges, Colegrave, Heathcote, and Braithwaite (2008) found that

Preta

14.0

High

8.4

Low

the interaction between predation risk and habitat stability but not

Carapebus

13.4

High

9.7

High

predation alone predicted differences in boldness among populations

Imboassica

0.40

Low

9.7

High

Cabiunas

0.20

High

6.9

High

in personality traits. Indeed, most studies investigating the influence of
environmental factors on population differences in AP in fish focused
on only one environmental factor (e.g., Archard & Braithwaite, 2011;
Brown et al., 2005; Fraser & Gilliam, 1987; Harris et al., 2010), while

of three-spined stickleback (Gasterosteus aculeatus). This approach
is clearly prone to overlook complex patterns of environmentally in-

a

duced population differences in AP, where a multitude of ecological

b

After Di Dario et al. (2013).
After Caliman et al. (2010).
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describe correlations between different behavioral traits (e.g., correla-

3

“extremophiles” and exhibit an array of physiological and behavioral

tions between boldness and activity or boldness and sociability, e.g.,

adaptations to cope with the stressors they are exposed to (Laverty &

Mazué, Dechaume-Moncharmont, & Godin, 2015). We addressed the

Skadhauge, 2015; Plath, Tobler, & Riesch, 2015). Constant winds on

role of biotic and abiotic habitat parameters for shaping the strength

the shallow water bodies determine generally high levels of dissolved

and direction of syndrome structures. There is evidence that behav-

oxygen, but water transparency is highly variable among lagoons due

ioral syndrome structures (both within and across populations) can

to resuspension of sediments, microalgae concentrations, and dis-

become stronger as predation pressure increases (Bell, 2005; Bell &

solved organic carbon (Caliman et al., 2010).

Sih, 2007; Dingemanse et al., 2007), one possible explanation being

In this study, we investigated P. vivipara populations from six

that selection from predation favors distinct correlations of behaviors,

coastal lagoons in and around Restinga de Jurubatiba National Park

for example, if active individuals with high shoaling tendencies have

that span the observed range of variation in predation risk and abi-

a higher likelihood of survival than others. Our study design enabled

otic conditions (Table 1; for location coordinates see Di Dario et al.,

us to examine whether and how differences not only in predation risk

2013). Abiotic habitat parameters were assessed during field work

but also in several abiotic habitat parameters trigger the emergence

using a YSI-85-hydrometer (salinity and dissolved oxygen). We clas-

(or affect the strength and direction) of behavioral syndromes within

sified lagoons into two categories of water transparency (“high” and

and among populations. It also allowed investigating the question of

“low” transparency) taking into account chlorophyll a concentrations

whether syndromes would be lost under prolonged absence of en-

(Fig. S1), depth, and resuspension of sediments (Caliman et al., 2010),

vironmental triggers, pointing toward a role for behavioral plasticity

as well as visual evaluation of water samples. Lagoons could clearly be

rather than evolved population differences.

assigned to either of the two categories (Table 1).

In summary, we predicted that population differences in three per-

The degree of predation risk was based on the records of pisciv-

sonality traits depend on different biotic and abiotic factors (prediction

orous fishes in the studied lagoons during the past 20 years (Araújo,

1). As we expect each personality trait to be affected by more than one

Perez, Magazoni, & Petry, 2014; Di Dario et al., 2013; Felice, 2014).

environmental factor simultaneously, specific one-dimensional predic-

While lagoons differed in the number of piscivorous species (Table S2),

tions based on recent studies on other organisms could not be formu-

no reliable information on the relative abundances of these species

lated. Referring to our second research question, we predicted groups

was available. We, therefore, decided that a classification into two

of fish that were maintained under uniform and benign environmental

categories (“high” and “low” predation level) was more biologically

conditions in the laboratory to show homogenization of mean behav-

meaningful than using absolute numbers of piscivorous species as

ioral tendencies compared with the respective wild-caught cohort

continuous environmental variable. Lagoons in which both near-

(prediction 2). Finally, we predicted behavioral syndrome structures to

shore and pelagic main piscine predators (the erythrinids Hoplias aff.

differ in both strength and direction between populations (prediction

malabaricus and Hoplerythrinus unitaeniatus, and the centropomids

3a), while differences might disappear after laboratory-maintenance

Centropomus parallelus and C. undecimalis, respectively) were pres-

(prediction 3b). Previous studies exhibited an increase in the strength

ent, were assigned to the category “high” predation, while lagoons in

of syndrome structures with increasing predation pressure (Bell, 2005;

which only one or none of these predators occurred were classified

Bell & Sih, 2007; Dingemanse et al., 2007). However, other environ-

as “low” predation.

mental factors could alter predation-dependent syndrome structures,
for example, if high predation pressure favors individuals that are active (Archard & Braithwaite, 2011) and show a high shoaling tendency

2.2 | Test subjects

(Godin, 1986), while low transparency of water (low visibility) leads to

As personality traits in poeciliid fishes may differ between sexes (Bell,

decreased shoaling behavior (Kelley et al., 2012).

2005; Harris et al., 2010; Plath & Schlupp, 2008; Riesch et al., 2009)
and because sex ratios tended to be female-biased in some lagoons,

2 | MATERIALS AND METHODS
2.1 | Study organism and sampling sites

we focused on female P. vivipara only. Field work was conducted
in March and April 2014. We successfully tested a total of 178 females (Lagoa Cabiunas: n = 30, Garças: n = 31, Carapebus: n = 27,
Imboassica: n = 24, Catingosa: n = 36, Preta: n = 30). Test subjects

Peacock mollies (Poecilia vivipara Bloch & Schneider 1801; Figure 1)
have a wide distribution range along the eastern coast of South
America, from Venezuela and some islands of the Lesser Antilles in
the north to the Lagoa dos Patos in south Brazil (Koerber & Litz, 2014;
Lucinda, 2003; Poeser, 2003). The species also occurs in several dozen
coastal lagoons in northern Rio de Janeiro state in Brazil, where different populations experience pronounced variation in salinity, ranging
from oligosaline (0.2 ppt) to hypersaline, that is, more than twice marine salinity (74 ppt; Di Dario et al., 2013; Correia, 2015). Organisms
living under such inhospitable conditions are commonly referred to as

F I G U R E 1 Female peacock molly (Poecilia vivipara) with a
standard length of 47.5 mm. Courtesy: F. Di Dario
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were caught with seines (3 mm mesh size) and immediately trans-

The test arena consisted of a transparent plastic container

ferred into water-filled, aerated plastic boxes placed in the shadow.

(80 × 50 × 50 cm) that was placed on gray cardboard and filled with

Test fish remained in the boxes for <2 hr before the personality as-

water from the collection site (wild-caught fish) or aged filtered, and

sessment. On the next day, 14–16 hr after the first personality as-

salt-corrected tap water (laboratory-maintained fish) to a height of

sessment, we conducted a second (identical) personality assessment

15 cm. A grid (10 cm squares) was drawn on the bottom, and all sides

with the same individuals to test for individual behavioral consistency.

were covered with black plastic foil to minimize disturbance. To initiate

Between both assessments, we kept the test fish in individual per-

a trial, we placed the focal individual into a starting box—an opaque

forated plastic bottles (3 L). Bottles were fixed on a rope under the

1-L plastic cup with a diameter of 8 cm that was equipped with a

water surface in vegetated areas at the respective sampling sites and

trapdoor (4 × 4 cm)—which we placed at one of the smaller sides of

left undisturbed overnight. Therefore, test subjects were exposed to

the test arena (Figure 2). We gave the focal female 2 min for accli-

similar environmental conditions between the two measurements.

mation before the trapdoor was remotely opened by a pulley system.

After the completion of all measurements, all test subjects were meas-

We determined the time the focal fish needed to emerge from the

ured for body size (standard length, SL) before they were released into

starting box (latency time), which is a common measure of boldness

their habitat of origin. Fish that were used to compose stimulus shoals

in fish (Carter, Feeney, Marshall, Cowlishaw, & Heinsohn, 2013) with

(for the assessment of shoaling tendencies, see below) were collected

bolder fish emerging faster from shelter. We terminated a trial when

on the day of the experiments in the respective lagoons, held in aer-

the female completely emerged from the starting box or after a max-

ated plastic boxes in the shadow, and were released into their original

imum ceiling value of 10 min (i.e., if the focal fish did not leave the

habitat after the shoaling assessment.
To conduct tests with individuals that had been acclimated to

container) and gently moved the fish outside the container with the
help of a small aquarium dip net. Afterward, we closed the trapdoor

homogeneous laboratory conditions, we recorded water salinity and

and initiated the second behavioral assessment as soon as the female

collected individuals from four of the six lagoons (Cabiunas: n = 21,

showed normal swimming behavior (all females resumed swimming

Garças: n = 10, Catingosa: n = 11, Preta: n = 36) between September

after the trapdoor was closed within 2 min). We counted numbers of

and October 2014. We brought the fish in water-filled, aerated

squares crossed by the focal fish within 5 min, assuming that more

coolers within <1 h to the Aquatic Animal Facility of the Núcleo em

active fish would cross more grid squares (P. reticulata: Burns, 2008;

Ecologia e Desenvolvimento Sócioambiental de Macaé. We main-

P. latipinna: Muraco, Aspbury, & Gabor, 2014; P. mexicana: Bierbach

tained the fish in aerated, aged, filtered, and salt-corrected (Natural

et al., 2015). Directly after the activity assessment, a perforated plas-

Ocean™) tap water in 30-L aquaria at densities of less than 25 indi-

tic bottle (diameter: 8.5 cm) containing four conspecific females as a

viduals per aquarium, under a 14 hr light: 10 hr dark photoperiod, for

stimulus shoal was placed in the middle of the test arena. Again, we

3 months before we conducted personality assessments. In order to

gave the focal female 2 min to habituate to the new situation. During

standardize the conditions inside the aquaria, we fed all fish twice a

an observation period of 5 min, we determined the time the focal indi-

day ad libitum with commercial fish food and Artemia nauplii, adjusted

vidual spent in a visually marked association zone (7 cm radius around

temperature at 28 ± 0.5°C in all tanks and made sure that dissolved

the bottle, equaling about two times the average standard length of

oxygen was high (>8 mg/L) by equipping all tanks with filters and air

the test fish; Figure 2).

stones. Salinity levels resembled those of the respective lagoons.
Every week, we removed feces from the bottom and replaced 30% of
the water volume.

2.3 | Personality assessments
We conducted personality assessments with wild-caught fish directly at the respective sampling sites, thus reducing stress related to
handling and transport. Tests with fish maintained under common
laboratory conditions were conducted using the same approach in the
laboratory facilities. We characterized each test subject along three
personality axes: boldness as latency to emerge from shelter and enter
an unknown area (Biro et al., 2010; Brydges et al., 2008; Harris et al.,
2010; Wilson & Godin, 2009), activity in an open-field tank (Archard
& Braithwaite, 2011; Bierbach, Sommer-Trembo, Hanisch, Wolf, &
Plath, 2015; Moretz et al., 2007), and shoaling/sociability as time spent
in the vicinity of a shoal (Cote, Fogarty, Weinersmith, Brodin, & Sih,
2010; Dzieweczynski & Crovo, 2011; Timmermann, Schlupp, & Plath,
2004; Ward et al., 2004); all tests were performed consecutively in
the same arena to minimize handling stress.

F I G U R E 2 Schematic view of the test tank (view from above). SB
starting box, a modified plastic yoghurt cup, which served as shelter
during the first part of the personality assessment, B transparent
perforated plastic bottle containing four stimulus fish in the
assessment of shoaling/sociability, SZ visually marked shoaling zone
(shoaling was defined as a focal fish crossing the line at least with its
head), FF focal female. For display purpose, the focal fish is depicted
at an exaggerated size
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2.4 | Statistical analyses
2.4.1 | Effects of environmental factors on
personality traits in wild-caught fish

5

due to the smaller sample size in one of the laboratory-maintained
groups (n = 10). For each GLMM, we thus excluded the factor (or covariate) with the weakest effect in the respective GLMM using data
from the cohort of wild-caught fish (see Table 2).
In a second step, we ran two principal component analyses (PCA;

Our first question was whether the three personality traits were in-

one for each cohort) on the three personality traits. Both PCAs re-

fluenced by the different biotic and abiotic environmental factors.

trieved one PC with an eigenvalue >1 (in both cases, PC1 explained

First, we calculated intraclass correlation coefficients (ICCs) for each

>60% of the variance; for axis loadings, see Table 3). We plotted those

of the three personality traits across all lagoons to estimate the rela-

PC scores (mean ± SE) of the four populations for the wild-caught and

tive variation in behavioral tendencies among versus within lagoons.

laboratory-maintained cohorts separately to visualize homogenization

Using the cohort of wild-caught fish, we found high ICCs (see section

of behavioral differences after laboratory-maintenance. Additionally,

3) for all personality traits, suggesting pronounced differences among

we calculated ICC values for each personality trait in which we com-

lagoons, which could be due to habitat-specific differences in ecologi-

pared wild-caught and laboratory-maintained cohorts of the same la-

cal conditions.

goon (i.e., mean values for each lagoon).

To identify what environmental parameters potentially shape behavioral differences among populations, we conducted three separate
generalized linear models (GLMMs) in which one of the three personal-

2.4.3 | Behavioral consistency

ity traits (mean values across both personality assessments) served as

Consistency of repeatedly measured (behavioral) traits is typically as-

dependent variable, respectively. Again this analysis used the cohort of

sessed in the form of repeatability (R) values, where R is defined as

wild-caught fish only. The decision to analyze both cohorts of test fish

variance among individuals/(variance among individuals + variance within

separately was made because a preliminary analysis combining both
cohorts found strong effects of rearing conditions (wild-caught vs.
laboratory-maintained) on two of the three personality traits (Table S3).
We specified γ-shaped distributions for “emergence times” and “shoaling behavior” (each with a log-link function), whereas a linear distribution was applied for “activity.” We included “predation” and “water

T A B L E 2 Results of GLMMs examining the effect of different
biotic and abiotic factors (see Table 1) on emergence times (our
measure of boldness), activity, and shoaling behavior (sociability) of
(a) wild-caught and (b) laboratory-maintained female P. vivipara.
Significant effects are highlighted in bold font

transparency” (in both cases categorized as “low” and “high”) as fixed
factors and “salinity” and “dissolved oxygen” (DO) as covariates. Due
to the limited sample size, we could not include interaction terms.
Note that, for a more intuitive interpretation of the data, we depict
“boldness” (maximum emergence time of 600 s—observed individual
emergence time) in all figures and discuss this variable in the main
text, while unmodified “emergence times” were used in all statistical
models.

2.4.2 | Homogenization of population differences
after laboratory-maintenance

Factor

Emergence
time

Activity

χ2

χ2

p

Predation

5.10

.024

9.21

.002

0.51

.47

6.51

.011

36.29

<.001

50.81

<.001

Salinity

0.71

.40

2.65

.10

0.12

.73

DO

0.03

.87

6.14

.013

0.79

.38

6.42

.011

2.63

.11

(b) Laboratory-maintained cohort
Predation

1.46

.23

0.48

.49

1.38

We asked whether population differences in mean boldness, activity,

0.55

.46

—

and shoaling were present also in individuals that had experienced

DO

—

—

0.12

and laboratory-maintained individuals from four of the six populations.

p

Turbidity

Turbidity

ditions except for salinity differences). We thus compared wild-caught

χ2

(a) Wild-caught cohort

Salinity

identical conditions (no predation, and uniformly “benign” abiotic con-

Shoaling
p

.24
—

0.20
—

.73

0.01

.65
—
.91

Due to the limited sample size within the laboratory-maintained cohort, we
reduced the number of factors to three, thus avoiding potential overfitting
of the models; missing values are indicated by “—.”

In a first step, we ran a GLMM for each of the three personality traits
of the laboratory cohort (similar to the GLMMs for the wild-caught cohort, see above). For “activity” and “shoaling,” we specified a γ-shaped
distribution with log-link function. The distribution of “emergence
times”, however, showed three peaks, and accordingly, we categorized
the data as belonging to one of the following three categories: emergence times between (1) 0–200 s, (2) 201–400 s, and (3) 401–600 s,
after which we specified a multinominal distribution function. Factors
and covariates were principally the same as described above, but we
had to reduce the number of independent variables from four to three

T A B L E 3 Results of both PCAs (for the cohorts of wild-caught
and laboratory-maintained fish, separately) showing axis loadings of
the first principal component
Factor

Wild-caught

Laboratory-maintained

Emergence time

−0.738

−0.753

Activity

0.868

0.416

Shoaling

0.729

0.788

6
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individuals) (Bell et al., 2009). To obtain variance parameters from both

with prediction 1, generalized linear models (GLMMs) for each of the

datasets collected for this study, we used univariate mixed models for

three personality traits found emergence times to be significantly

each behavioral trait and for wild-caught and laboratory-maintained

influenced by “predation” and “water transparency” (Table 2a), with

fish separately (Nakagawa & Schielzeth, 2010). We used original data

emergence times being higher under high predation threat (esti-

of both personality assessments as dependent variable and included a

mated marginal means, EMMs ± SE, low predation: 54.89 ± 14.17 s,

repeated measures factor. We included “fish ID” as random factor and

high predation: 143.52 ± 34.47 s) and under low water transpar-

“lagoon” as fixed factor in all models. Significant deviations of R from

ency (high water transparency: 59.49 ± 9.30 s, low water transpar-

zero were tested with likelihood ratio tests.

ency: 132.43 ± 32.02 s). Activity was affected by “predation,” “water
transparency,” and ambient oxygen concentrations (“DO”; Table 2a).

2.4.4 | Behavioral syndrome structure

Activity decreased with high levels of predation (EMMs, low predation:
78.38 ± 5.73 squares, high predation: 49.18 ± 5.48 squares), under low

To test for potential differences among populations in the strength

water transparency conditions (high water transparency: 83.95 ± 3.43

and direction of behavioral syndromes, we initially intended to calcu-

squares, low water transparency: 43.61 ± 5.22 squares), and with in-

late multivariate mixed models including all three personality traits.

creasing DO (post-hoc Spearman rank correlation: r = −.15, p = .066).

Multivariate mixed models provide the possibility to split phenotypic

Shoaling behavior was significantly influenced by “water transparency”

correlations into correlations on the among-individual level and the

(Table 2a), with lower shoaling times under low water transparency

residual covariance level, respectively, which allows a more accu-

conditions (EMMs, high water transparency: 180.95 ± 20.38 s, low

rate calculation of behavioral syndrome structures (Brommer, 2013;

water transparency: 37.64 ± 6.45 s). Note that “salinity” affected none

Dingemanse & Dochtermann, 2013; Dingemanse, Dochtermann, &

of the personality traits (Table 2a).

Nakagawa, 2012). However, due to the widely differing distribution
patterns of our measures of boldness, activity, and shoaling, it was
not possible to integrate all three personality traits in one model.
We, therefore, decided to use a more conservative approach, which

3.2 | Homogenization of population differences after
laboratory-maintenance

does not control for possible overestimations of syndrome structures

In accordance with prediction 2, the results of our GLMMs using data

through “individual gambit” (Brommer, 2013), but merely allowed us

from the four groups of laboratory-maintained individuals indicate

to uncover behavioral correlations on the phenotypic level. We ran

pronounced shifts in mean behavioral tendencies in this cohort such

Spearman rank correlations on individual values of boldness, activity,

that most effects observed in the analysis of wild-caught individuals

and shoaling within each lagoon (and for wild-caught and laboratory-

could not be detected (Table 2a, b). Only activity was significantly in-

maintained individuals, respectively). We corrected α-levels for multi-

fluenced by the level of predation that the fish had experienced in

ple testing as α’ = 0.05/3 = 0.017.

their natural habitats (Table 2b). Likewise, ICC values (comparing wild-

Moreover, we asked whether and how environmental factors affect

caught and laboratory cohorts of the same lagoon, respectively) of

the overall strength of behavioral syndromes. Therefore, we calculated

boldness and shoaling tendency were low and nonsignificant (bold-

cumulative syndrome strengths for each population (for wild-caught

ness: ICC = −0.002, p = .51; shoaling: ICC = 0.421, p = .33), whereas

and laboratory-maintained individuals, separately) by summing all

activity had a higher, albeit nonsignificant ICC value (ICC = 0.609,

pairwise Spearman rank correlation coefficients (absolute, sign-free

p = .17).

values) for all three personality traits. We used the resulting values as

In support of these results, visual inspection of PC scores of differ-

dependent variable in a GLM and included the aforementioned factors

ent populations suggests homogenization of behavioral tendencies in

and covariates.
All statistical tests were conducted using IBM SPSS 23.0.

3 | RESULTS
3.1 | Ambient environmental conditions drive
population differences in personality traits
We first analyzed the cohort of wild-caught individuals from the six lagoons. ICC analyses indicated strong consistency in personality traits
among individuals within lagoons (boldness: ICC = 0.698, p = .007;
activity: ICC = 0.928, p < .001; shoaling: ICC = 0.961, p < .001). In addition, these results suggest consistent differences in mean behavioral
tendencies between lagoons.
In a second step, we tested whether environmental parameters
shape the uncovered personality differences among lagoons. In line

F I G U R E 3 Visualization of behavioral homogenization after
maintenance in the laboratory. Principal component scores
(PC1, mean ± SE) are shown for each of the following lagoons:
Cab = Cabiunas, Gar = Garças, Cat = Catingosa, Pre = Preta
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all laboratory-maintained groups in a way that their mean PC scores

factor “lagoon” did not affect any of the personality traits (boldness:

were intermediate to the variation seen in wild-caught fish (Figure 3).

F3,74 = 1.59, p = .20; activity: F3,74 = 2.71, p = .51; shoaling: F3,74 = 2.24,

Median values of the raw data for all three personality traits and both

p = .091; for a brief discussion of cohortwise differences in behavioral

cohorts of test fish are depicted in Fig. S4.

consistency, see Supporting information S5).

3.3 | Behavioral consistency

3.4 | Behavioral syndrome structures

In the wild-caught cohort, we found shoaling tendencies to be repeat-

In accordance with prediction 3a, visual evaluation suggests that

able (R = 0.19, p = .013), while consistency in boldness was slightly

behavioral syndrome structures vary substantially in their strength

lower and not statistically significant (R = 0.13, p = .075). For activ-

and direction among lagoons of the wild-caught cohort (Figure 4a).

ity, the among-individual variance estimate was close to zero, which

Interestingly, neither visual evaluation of syndrome structures

resulted in a nonsignificant R-value of 0. For all personality traits,

(Figure 4a) nor our GLM using cumulative correlation coefficients per

we found a significant influence of the fixed factor “lagoon” (bold-

population (only wild-caught cohort) detected any effects of preda-

ness: F5,137 = 3.26, p = .008; activity: F5,280 = 13.03, p < .001; shoaling:

tion level (nor any other environmental parameter) on the overall

F5,137 = 24.80, p < .001), suggesting differences in consistency among

strength of behavioral syndromes (GLM: F < 0.63, p > .56, n = 6).

populations.
When considering the laboratory-reared cohort, we found all

Considering wild-caught fish, no significant correlations between
behavioral traits were found in the Cabiunas (r < .27, p > .20, n = 25)

three personality traits to be highly repeatable (boldness: R = 0.37,

and Preta populations (r < .24, p > .27, n = 24; Figure 4a). In half of the

p < .001; activity: R = 0.57, p < .001; shoaling: R = 0.28, p = .006). The

lagoons, we found a significant positive correlation between boldness

F I G U R E 4 (a) Syndrome structures
between boldness (B), activity (A), and
shoaling behavior (S) in six P. vivipara
populations (wild-caught fish). Connecting
lines between the three personality traits
represent the strength of the correlations,
estimated via Spearman rank correlation
coefficients (r). (b) Syndrome structure
in four populations from which focal
individuals had been maintained in the
laboratory before testing
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and activity (r > .55, p < .005). The tightest syndrome structure be-

pressure (i.e., independent of actual densities of co-occurring preda-

tween all three behavioral traits was found in the Catingosa popula-

tory species). Following this idea, we would not necessarily expect a

tion (r > .50, p < .015, n = 23; Figure 4a), one of the two populations

main effect of the factor “predation pressure” on shoaling tendencies

that showed high behavioral consistency (see above).

in habitats with low visibility, which was confirmed by the results of

Syndrome structures of laboratory-maintained groups changed

our study (note that, due to statistical limitations, we could not test for

unpredictably in direction and/or strength compared with the cor-

an interaction effect between “predation” and “water transparency,”

responding wild-caught group of individuals (Figure 4b). Contrary to

and studies comparing a larger number of populations will be needed

prediction 3b, the overall strength of syndrome structures did not de-

to test for such an effect). Populations under high predation pressure

crease after laboratory-maintenance.

were, however, shyer and less active, but these effects were weaker
than those explained by the factor “water transparency” (Table 2a).

4 | DISCUSSION

Activity was also affected by DO in a way that fish were more
active under lower oxygen concentrations. In theory, one would expect fish to be less (not more) active under low-oxygen conditions

4.1 | Effects of environmental factors on personality
traits

(Schurmann & Steffensen, 1994) because more energy must be allo-

We compared three personality traits (boldness, activity, and sociabil-

ing total energy expenditure. Thus, energetically costly behaviors like

ity/shoaling behavior) of female P. vivipara from six coastal lagoons

courtship/reproductive behavior, feeding, and rapid swimming (e.g.,

(populations) that differed markedly in several biotic and abiotic habi-

escape from predators) are reduced (Hubbs, Baird, & Gerald, 1967) or

cated to gill ventilation (Petrosky & Magnuson, 1973), thereby increas-

tat parameters. In accordance with prediction 1, we found pronounced

replaced by less energy-demanding behaviors (Whoriskey, Gaudreault,

population differences in all personality traits that could be related to

Martel, Campeau, & FitzGerald, 1985) under low-oxygen conditions,

different environmental parameters.

such as hypoxia (reviewed in Kramer, 1987). However, in our study,

Interestingly, water transparency was the factor with the stron-

differences in DO among the different lagoons were relatively small

gest influence on all three personality traits. Shoaling tendencies were

and DO levels were generally within the range of well-oxygenated

considerably lower in populations living under low water transparency

water. While we have no obvious explanation at hand for the negative

conditions compared with populations from lagoons with clear water.

correlation between DO and activity, we tentatively argue that other

In support of this finding, studies on other freshwater fishes also re-

environmental factors, which have not been assessed in our present

ported on shoals being less cohesive under turbid water conditions (P.

study, might be intercorrelated with the factor “DO.” One possible

reticulata: Kimbell & Morrell, 2015; Melanotaenia australis: Kelley et al.,

scenario is that slightly lower DO indicates that densities of (oxygen-

2012). One explanation for this effect is that predators that rely on

producing) microalgae are also low. Microalgae serve as a food source

visual prey detection face difficulties in targeting their prey at greater

for several poeciliids (Dussault & Kramer, 1981; Karino & Haijima,

distance under decreased water transparency, which in turn can de-

2004; Meffe & Snelson, 1989) including members of the subgenus

crease effective predation pressure, especially for small prey species

Mollienesia to which P. vivipara belong (Scharnweber, Plath, & Tobler,

(reviewed in Utne-Palm, 2002). Following this line of argumentation,

2011b; Scharnweber, Plath, Winemiller, & Tobler, 2011a), and fish

prey species are expected to shoal less under low water transparency

from habitats with low algal productivity might need to swim more

conditions because the costs of living in a shoal (e.g., competition for

actively between food patches to find sufficient food.

resources) outweigh the benefits arising from protection from visu-

In summary, our study highlights the importance of evaluating mul-

ally orientated predators (Pitcher & Parrish, 1993). An alternative, not

tiple rather than single environmental variables in studies of phenotypic

mutually exclusive explanation was provided by Kimbell and Morrell

divergence in natural populations. Natural environments are highly

(2015) who observed that guppies under turbid water conditions not

complex, and so it is to be expected that different selective agents can

only shoaled less but also increased their freezing behavior after a

act in concert but also in opposition when exerting selection on organ-

predator attack. Freezing represents alternative predator-avoidance

ismal phenotypes (e.g., Langerhans & Riesch, 2013). Furthermore, we

behavior (Brown & Godin, 1999) and is sometimes also used as a mea-

showed that abiotic factors (especially water transparency) can have

sure of boldness (Bierbach et al., 2015; Piyapong et al., 2010). The au-

strong effects on personality traits and should therefore be given more

thors argue that, due to the reduction/loss of visual contact among

attention in future research on animal personality.

prey fish, individuals under turbid conditions are forced to rely more
on individual antipredator behavior rather than forming shoals.
A combination of both hypotheses likely explains the findings of
our present study: We found P. vivipara from lagoons with low water
transparency to be shyer and less active, which could indeed reflect

4.2 | Homogenization of population differences after
laboratory-maintenance
A multitude of studies reported on differences in personality traits

an overall more cautious (individual) behavioral coping style caused by

like boldness, exploration, activity, aggressiveness, or shoaling among

the limited visual contact between shoal members (Kimbell and Morrell

fish populations that are exposed to varying environmental conditions

2015). On the other hand, the first hypothesis explains decreased

(Seghers, 1974; Magurran, 1986; Fraser & Gilliam, 1987; Brown et al.,

shoaling behavior as a consequence of relaxed effective predation

2005; Alvarés & Bell, 2007; Harris et al., 2010; Archard & Braithwaite,
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2011; Borner et al., 2015). However, there is only limited informa-

9

and Suzuki (2005) reported on strong seasonal variation in parame-

tion about the relative contributions of heritable (genetic) versus plas-

ters like DO and salinity in one lagoon to the east of our study area.

tic components to these population differences (Bell, 2005; Brown,

Furthermore, our study system undergoes cyclical changes by flood-

Burgess, & Braithwaite, 2007; Riesch et al., 2009). To investigate

ing every few decades, and catastrophic desiccation of the brackish to

the degree of plasticity of mean behavioral traits among popula-

saltwater lagoons might also occur (Almeida, 2013; Felice, 2014; de

tions, we compared the behavior of wild-caught test subjects and fish

Macedo-Soares, Petry, Farjalla, & Caramaschi, 2010). Hence, recurrent

from the same lagoons that had been maintained in the laboratory

fluctuation in various abiotic and biotic factors drives phenotypic di-

under uniform (thus homogenized, except for salinity differences)

versification on a small geographic scale but potentially also selects for

environmental conditions for at least 3 months. In accordance with

plasticity rather than heritability.

prediction 2, we found homogenization of mean behavioral tenden-

Nonetheless, our results suggest that, in general, personality traits

cies, such that differences that became apparent among wild-caught

in our study species have a strong plastic component and can be al-

populations were almost entirely absent in fish that had been kept in

tered by immediate experience. This finding is congruent with studies

the laboratory. The sole exception was the effect of predation pres-

on other fish species that found individuals to change their person-

sure on swimming activity, which remained statistically significant in

ality traits in response to altered environmental or social conditions

laboratory-maintained fish, even though the effect strength was lower

(Onchorhynchus mykiss: Frost, Winrow-Giffen, Ashley, & Sneddon,

than in the wild-caught cohort. This could either indicate a long-lasting

2007; Pomacentrus moluccensis: Biro, Beckmann & Stamps 2008; P.

experiential or a heritable effect (Dingemanse et al., 2009; van Oers,

mexicana: C. Sommer-Trembo et al. unpublished).

de Jong, van Noordwijk, Kempenaers, & Drent, 2005). However, the
question remains why only the specific effect of predation pressure
on swimming activity persisted, whereas neither the effect of predation pressure on boldness nor an effect of any other environmental

4.3 | Behavioral syndrome structures
Correlations between two or more personality traits (behavioral syn-

factor on activity was retained in the laboratory-maintained cohort.

dromes) have been observed in a variety of fishes (e.g., Amatitlania

We hypothesize that this could be the result of correlated evolution of

siquia: Mazué et al., 2015; D. rerio: Moretz et al., 2007; G. aculeatus:

swimming activity with another trait we did not quantify in the present

Ward et al., 2004; Bell, 2005; Dingemanse et al., 2007; Lepomis mac

study (Losos, 2011). For example, a recent study on correlated evolu-

rochirus: Wilson & Godin, 2009; P. mexicana: Bierbach et al., 2015),

tion of certain behavioral and morphological phenotypes in zebrafish

while the strength and direction of these correlations may vary

(Danio rerio), might provide a potential explanation for this intriguing

between populations of the same species (Bell, 2005; Dingemanse

pattern (Kern, Robinson, Gass, Godwin, & Langerhans, 2016). In that

et al., 2007). One explanation for the existence of behavioral syn-

study, artificial selection for boldness also leads to corresponding

dromes is given by the “adaptive hypothesis,” which assumes selec-

morphological changes usually found in high-predation environments

tion to favor distinct combinations of behavioral traits (correlational

(i.e., larger caudal peduncle area and increased fast-start response).

selection) dependent on ambient environmental factors. Differences

A similar phenomenon (but in reverse) might explain the persis-

in predation regimes are assumed to be one key selective agent to

tence of lower activity in fish from high-predation environments in

shape population differences in syndrome structures (Bell & Sih,

our study, because “high-predation body shapes” have been demon-

2007). In the present study, syndrome structures differed widely

strated to be heritable for several generations in other poeciliid fishes

among populations, both in their strength and in direction (prediction

(e.g., Langerhans, 2009; Langerhans, Layman, Shokrollahi, & DeWitt,

3a). However, correlational selection is unlikely to explain our find-

2004), and will therefore not have changed after only 3 months

ings because syndrome structures varied markedly between wild-

under common-garden conditions. As previous studies reported on

caught and laboratory-maintained fish of the same lagoon. It has to

similar high-  and low-predation body shapes also in P. vivipara from

be mentioned though that we could not test for possible correlations

the lagoons evaluated here and in their vicinity (Araújo et al., 2014;

on the residual level which could have led to an exaggeration/bias in

Gomes & Monteiro, 2008), it is possible that the persistence of lower

our estimates of syndrome structures (Brommer, 2013; Dingemanse

activity after the laboratory-maintenance phase is simply indicative

& Dochtermann, 2013) and so further studies will be needed to rule

of the persistence of high-predation and low-predation body shapes

out the possibility that correlational selection is acting to shape be-

in our test fish. However, we are aware that this explanation rests on

havioral syndromes in this study system. Furthermore, the additive

the assumption that altered body shape only corresponds with dif-

strength of syndrome structure could not be linked to any particu-

ferences in activity in our system, but not in traits like boldness and

lar ecological factor (including predator regime, negating prediction

shoaling—an assumption that is currently not supported by empirical

3b). Given that different environmental factors (including additional

data. Future studies should investigate the potential for such corre-

environmental factors not evaluated in this study as well as combina-

lated evolution of behaviors and other traits (including body shape) in

tions and interactions of all factors) simultaneously affected single

P. vivipara further.
Another potential reason for the overall low persistence of per-

personality traits in different directions, it is not surprising that correlations between these traits varied unpredictably between popula-

sonality traits in this particular system is the high degree of seasonal

tions. However, our sample size was restricted to six populations and

and yearly variation in some of the habitat characteristics. Chagas

future studies with a larger sample size are desirable to identify under
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which environmental conditions different behavioral traits might be
selected for in a correlated fashion and under which environmental
conditions they might not.
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