
ORIGINAL ARTICLE

Does consistent individual variability in pelagic fish larval behaviour
affect recruitment in nursery habitats?

Vânia Baptista1 & Eudriano F. S. Costa1 & Claudio Carere2
& Pedro Morais1 & Joana Cruz1 & Inês Cerveira1 &

Sara Castanho3
& Laura Ribeiro3

& Pedro Pousão-Ferreira3 & Francisco Leitão1
& Maria Alexandra Teodósio1

Received: 29 May 2019 /Revised: 13 April 2020 /Accepted: 20 April 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Individual animals across all taxa differ consistently in behaviour, i.e. they show personality traits. This inter-individual variability has
significant ecological and evolutionary consequences, since it affects a range of population-level processes. Here, we focus on the
selection and recruitment of nursery habitats in temperate fish larvae. The “Sense Acuity and Behavioural Hypothesis” has proposed
that fish larvae could detect and follow environmental cues to actively choose suitable nursery habitats. We empirically tested this
hypothesis questioning if this non-random active process occurs and if it could be linked to consistency in individual behaviours.
Individual larvae of the white seabream Diplodus sargus (Linnaeus, 1758) were tested repeatedly at different ages in a two-channel
choice-chamber apparatus exposing them to a flowwith different stimuli, as nursery habitats (lagoon, coastal), different temperatures or
salinities and recording exploratory activity and preference in the different conditions.Most larvae changed behaviour during ontogeny,
but they were also significantly consistent in their behaviour, revealing strong individuality; yet, no significant preference for the
presented stimuli emerged, nor it was related to individuality. Exploratory activity was higher when larvae showed unresponsive or
inconclusive behaviours, meaning that the larvae tried to find a different stimulus from the one that we were offering or had random
habitat selection. Individual behavioural consistency could influence the process of searching for suitable nursery habitats and,
consequently, dispersion and connectivity of white seabream population. Characterizing the behaviour of temperate pelagic marine
fish larvaemay shed light on fish recruitment variability, help refining larval dispersionmodels and possibly help understanding effects
of climate change on population distribution and connectivity.

Significance statement
A Chinese idiom says that “It is easier to change mountains and rivers than to alter one’s character.”What about fish? Well, fish
can exhibit individuality traits that control autoecological and demecological processes. For example, shy fish have lower fitness
while the rate of invasion progress is faster in populations with bolder individuals. Individuality studies rarely focused on fish
larvae, except for coral fish. So, we tested if temperate fish larvae display consistent behaviour throughout ontogeny. This goal
delves into the Sense Acuity And Behavioural Hypothesis which incorporated behaviour into the hypotheses deeming to explain
fish recruitment variability. We found that temperate fish larvae display consistent individual behavioural differences in explor-
atory activity since early in ontogeny. This confirms the deterministic role of pelagic fish larvae behaviour on population
connectivity processes, namely to control their dispersion and choose a nursery habitat.

Keywords Fish larvae . Personality . Recruitment . Environmental cues . Habitat choice

Communicated by J. Lindström

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00265-020-02841-0) contains supplementary
material, which is available to authorized users.

* Vânia Baptista
vcbaptista@ualg.pt

1 CCMAR – Centre of Marine Sciences, Campus de Gambelas,
Universidade do Algarve, 8005-139 Faro, Portugal

2 Department of Ecological and Biological Science, Ichthyogenic
ExperimentalMarine Center (CISMAR), University of Tuscia, Borgo
Le Saline, 01016 Tarquinia, VT, Italy

3 IPMA – Portuguese Institute for the Ocean and Atmosphere/EPPO –
Aquaculture Research Station, Olhao, Portugal

Behavioral Ecology and Sociobiology           (2020) 74:67 
https://doi.org/10.1007/s00265-020-02841-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s00265-020-02841-0&domain=pdf
https://orcid.org/0000-0002-1428-3334
https://doi.org/10.1007/s00265-020-02841-0
mailto:vcbaptista@ualg.pt


Introduction

Many fish species, such as coastal temperate fish species, have
a bipartite life history (Radford et al. 2012): spawning occurs
at the sea where the larvae hatch from planktonic eggs and
spend time in the pelagic environment, subjected to current
effects before they recruit in coastal ecosystems (Leis 2006;
Teodósio et al. 2016). Recruitment in coastal nursery areas
(i.e. coastal lagoons, estuaries, and rocky shore areas) en-
hances survival and growth thanks to the availability of food
resources and protection from predators (Bradbury and
Snelgrove 2001; Barbosa and Chícharo 2011; Chícharo et al.
2012; Teodósio et al. 2016).

The survival and growth during the larval and juvenile
phases are crucial for spatial and temporal recruitment vari-
ability (Houde 2008; Teodósio et al. 2017), which affect the
size and dynamics of local populations. Recruitment is de-
fined as the addition of new individuals to the population, so
its variability is influenced by the complex interaction of bio-
logical (e.g. starvation and predation) and physical processes
related to larval transport and retention during early stages
(Hale et al. 2008) and with the food web processes that sustain
fish larvae (Santos et al. 2007). Thus, annual recruitment can
be affected by small changes in growth and survival rates of
fish larvae (Houde 2008). However, the movement between
coastal spawning habitats and recruitment into coastal ecosys-
tems is still poorly understood (James et al. 2008; Radford
et al. 2012).

Several hypotheses have been proposed to explain the var-
iability of coastal fish recruitment (see Morais 2020 for a
detailed review)—i.e. critical period hypothesis (Hjort
1914), aberrant drift hypothesis (Hjort 1926), migration trian-
gle hypothesis (Harden Jones 1968), match-mismatch hypoth-
esis (Cushing and Dickson 1976; Cushing 1990), stable ocean
hypothesis (Lasker 1978), stable retention hypothesis (Iles and
Sinclair 1982), member/vagrant hypothesis (Sinclair and Iles,
1987), optimal environmental window hypothesis (Cury and
Roy 1989) and ocean triads hypothesis (Bakun 1996). They
all assume a passive and stochastic drift of larvae, without any
active role of the individual larvae in the migration from
spawning grounds to nursery ecosystems and the ability to
find and swim toward them (Morais 2020). This paradigm
has shifted with the sense acuity and behavioural (SAAB)
hypothesis, which states that the recruitment of temperate fish
larvae is unlikely if the larvae drift passively through water
currents and that sense acuity of temperate fish larvae and their
behavioural responses to nursery cues in coastal areas are
essential for recruitment success (Teodósio et al. 2016). As
the sensorial acuity and swimming capacity of larvae increase
during ontogeny (Fisher et al. 2000; Gerlach et al. 2007;
Teodósio et al. 2016; Baptista et al. 2019), it is expected that
their behavioural ability to search for nursery habitats differs
during development using a hierarchy of sensory cues to

detect and navigate to these coastal nurseries (Teodósio et al.
2016).

Fish larvae use different senses to choose a suitable settle-
ment habitat according to water characteristics/cues, such as
olfaction (Atema et al. 2002; Gerlach et al. 2007; Dixson et al.
2008), vision (Whitfield 1994; Faillettaz et al. 2015), sound
(Montgomery et al. 2006; Leis et al. 2011; Staaterman et al.
2014) and magnetism (Qin et al. 2015). Although all these
senses contribute to habitat choice, olfaction has been
recognised as the prevalent cue for locating nursery habitats
(Atema et al. 2002; Lecchini et al. 2005b; Døving et al. 2006;
Dixson et al. 2008). Fish larvae are capable of distinguishing
and following several chemical stimuli (e.g. type of substrate,
vegetation, conspecifics, predators, prey) present in water
(Lecchini et al. 2005b; Døving et al. 2006; Gerlach et al.
2007; Radford et al. 2012). On the other hand, oceanographic
factors such as current speed, turbidity, salinity, oxygen con-
centrations and temperature also influence habitat choice
(Boehlert and Mundy 1988; Whitfield 1994; Gibson 1997;
Atema et al. 2002; Bos and Thiel, 2006; Angeletti et al.
2017). Recent evidence showed that the detection and re-
sponse to these cues may be changing due to global climatic
changes (Munday et al. 2009; Pecl et al. 2017; Rossi et al.,
2016; Gouraguine et al. 2019), affecting settlement behaviour
and recruitment of fish larvae (O’Connor et al. 2015). For
example, changes in water temperature and salinity have been
reported to affect the behaviour and habitat choice patterns, in
addition to critical physiological processes (Pecl et al. 2017).

Despite the increase of studies on larval settlement strate-
gies over the past decades, most have been conducted on how
coral-reef fish larvae detect and follow environmental cues for
habitat selection (Atema et al. 2002; Dixson et al., 2008;
Gerlach et al. 2007). However, only a few studies proposed
that environmental cues could also play an important role in
the recruitment of temperate fish larvae (James et al. 2008;
Radford et al., 2012; Havel and Fuiman 2016; Morais et al.
2017) and that recruitment may be an active and behaviourally
mediated process (Boehlert and Mundy 1988).

Individual animals across many taxa, including fish, differ
consistently in behaviour, i.e. they show personality traits
(Briffa and Weiss 2010; Carere and Maestripieri 2013). This
inter-individual variability, which can be seen as a behavioural
polymorphism, has significant ecological and evolutionary
consequences, since it affects a range of population-level pro-
cesses. More recently, empirical and theoretical work has sug-
gested that personality traits can influence all phases of dis-
persal processes (departure, transience, settlement), and con-
sequently spatial patterns of populations (Cote et al. 2010;
Nanninga and Berumen 2014; Canestrelli et al. 2016).
However, studies on fish personality traits have been mostly
focused on juveniles (Biro et al. 2010; Wilson et al. 2011;
Castanheira et al. 2013, 2016) or adults (Bell and Stamps
2004; Biro et al. 2004, 2006; Wilson et al. 2011), with few
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exceptions considering fish larvae (Sundström et al. 2004;
Budaev and Andrew 2009; Pasquet et al. 2016). Sundström
et al. (2004) found that in the brown trout Salmo trutta
(Salmonidae) (Linnaeus, 1758), bold individuals were more
likely to become dominant. Budaev and Andrew (2009)
showed that the development of eggs and larvae of zebrafish
Danio rerio (Cyprinidae) (Hamilton, 1822) in darkness in-
creased shyness and reduced behavioural asymmetries (larvae
respond in the same way to stimulus on the left and the right)
in response to predators. Pasquet et al. (2016) showed that
Northern pikeEsox Lucius (Esocidae) (Linnaeus, 1758) larvae
could be ranked along a gradient of boldness-shyness. The
small size and the fragility of fish larvae with consequent
technical difficulties for proper behavioural testing could ex-
plain the low number of studies to date (Pasquet et al. 2016).
However, individual variation in larval behaviour may be es-
sential to understand the dispersal and recruitment dynamics
of fish populations (Nanninga and Berumen 2014; Pasquet
et al. 2016) due to its influence on food acquisition, predator’s
avoidance (Biro et al. 2006; Stamps 2007), and consequently
on habitat selection (Stamps 2006; Stamps and Groothuis
2010).

Under this general framework, we hypothesised that tem-
perate fish larvae could detect and follow environmental cues
to actively choose suitable nursery habitats and that their pre-
disposition to follow environmental cues could be mediated
by consistent individual differences in behaviours (e.g. explo-
ration and activity – two typical personality traits, which are
related to dispersal; Canestrelli et al. 2016). Thus, we aimed to
(i) detect consistent individual differences in these behaviours
in temperate pelagic fish larvae across ontogeny, (ii) test if and
how these consistent individual differences relate to environ-
mental changes (increase of water temperature or decrease of
salinity) and (iii) test if they affect the ability to choose nursery
habitats by detecting different environmental cues.

Material and methods

Model species

The white seabream Diplodus sargus (Linnaeus, 1758) is a
demersal fish distributed in the Northeast Atlantic Ocean
andMediterranean Sea (Pajuelo and Lorenzo 2002). This spe-
cies inhabits coastal rocky reefs, sandy bottoms and seagrass
beds at depths down to about 150 m (Pajuelo and Lorenzo
2002) but is generally more abundant from the shore to 50 m
depth in the Northeast Atlantic Ocean and Mediterranean Sea
(Harmelin-Vivien et al. 1995). White seabream is abundant in
the Portuguese coast, on the continental shelf (Leitão et al.
2007), lagoons and estuaries (Vinagre et al. 2010), and it sus-
tains important recreational and commercial fisheries (Erzini
et al. 1999; Veiga et al. 2010).

White seabream adults spawn in coastal areas from March
to June (Morato et al. 2003, Faria et al. 2006), producing
pelagic eggs that hatch after 3 days (Di Franco and Guidetti
2011), and larvae spend up to 4 weeks in the pelagic environ-
ment (González-Wangüemert et al. 2010). During the pelagic
phase, eggs and larvae can disperse passively for 100–200 km
through marine currents, before reaching favourable habitats
for recruitment (Di Franco et al. 2012). During the post-
flexion phase, when flexion of the notochord is completed
and larva have good swimming abilities, they could swim to
settlement places at shallow depths (0–2 m) on sandy-rocky
bottoms (Harmelin-Vivien et al. 1995), coastal lagoons
(Monteiro et al. 1990) and estuaries (Faria et al. 2006;
Gonçalves et al. 2015). They remain in these habitats for about
a year (Planes et al. 1999), after that theymove towards deeper
habitats to recruit into the adult population (Harmelin-Vivien
et al. 1995). Thus, as most Sparidae, white seabream behaves
as cyclic migrants, migrating to nursery habitats after meta-
morphosis, and spending the early stages of life in these envi-
ronments (Pajuelo and Lorenzo 2004).

Animals and housing conditions

White seabream larvae were obtained from natural spawns of
wild broodstocks established at the Aquaculture Research
Station (EPPO) of the Portuguese Institute for the Ocean and
Atmosphere (IPMA) in Olhão (Portugal), comprising 12 indi-
viduals in a proportion of 1:2 (females/males) at a density of
1.5 kg m−3. Larvae (21 DPH—days post-hatching) were col-
lected at the EPPO, 24 h before the beginning of the experi-
ment (Table 1) and kept on a 20-L tank at a quiet and
temperature-controlled room where the experiments were
conducted (CCMAR facilities, University of Algarve).

Forty larvae were randomly selected from the tank and
individually housed in breeding containers (10 × 10 × 10 cm)
in two tanks (each containing 110 L) with water from the Ria
Formosa lagoon (Ramalhete Station, Portugal, 37°00′21.13″
N, 7°58′02.39″W; R from now onwards; Table 2). During all
experiments, the water temperature was kept similar in both
tanks, at 19.4 (± 1.2) °C. Whenever possible, the same indi-
vidual larvae were tested throughout all ages and conditions.
Because of normal larval mortality during the experiment, the
dead larvae were replaced by new larvae at ages 2 and 3 to
maintain a sample size of 40, which led to a total 93 larvae
used (Table 3). All larvae were tested on the same day for each
of the four tests.

The larvae’s mouth opens at three DPH (Ortiz-Delgado
et al. 2003) when they start the exogenous feeding. Larvae
were fed ad libitum with rotifers Brachionus sp. (Pallas,
1766) for the first 14 DPH, with rotifers, branchiops Artemia
spp. (Leach, 1819) nauplii, and dry feed (Caviar from
BernAqua) from 15 to 21 DPH, with Artemia spp. nauplii
and dry feed until 37 DPH, and afterwards just with dry feed
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with increasing granulometry as development progressed.
This diet has proved to support the development and growth
of white seabream larvae (Pousão-Ferreira et al., 2005).

Design and experimental set-up

White seabream larvae underwent a series of tests at each of
four ages (age 1– 22–26 DPH, age 2– 32–36 DPH, age 3– 42–
46 DPH and age 4– 52–56 DPH; Table 1). At each age, a series
of four tests were performed on four consecutive days after an

acclimatization of one day, where the behaviour was also re-
corded. In each test, the subject was exposed to two different
water conditions: typical nursery odour cues (test I and test II)
or changes in physical water conditions (test III and test IV;
Tables 1 and 2). In test I, larvae were subjected to control water
(R) andwater from themain channel of the Ria Formosa lagoon
(L; Portugal, 37° 00′ 11.17″ N, 7° 59′ 09.17″ W) with the
presence of dwarf eelgrass Zostera noltii (Hornemann, 1832).
In test II, the larvae were subjected to the control water (R) and
water from a coastal habitat (C) collected in tide pools of a
rocky shore beach (Olhos de Água, Portugal, 37° 05′ 21.57″
N, 8° 11′ 27.56″W). In test III, we used the control water (R) at
housing temperature and the same water with an increase of
4 °C (R + 4C), which represents the tendency for sea surface
temperature rise during the last decades (1950–2010) during
spring in the Portuguese coast (Baptista et al. 2018). In test
IV, we used control water (R) at housing salinity (36) and the
same water diluted to reach a salinity of 26 (R-10) that repre-
sents the proximity to estuarine conditions in the southern
Portuguese coast (Morais 2007). The experimental water used
in the tests was collected at each site in the day before tests,
during the ebb tide, stored at ambient conditions before use to
avoid temperature differences between water sources.

Each test series began with the individual housing of larvae
and acclimatization to the chamber environment using control
water (same water used in housing; Tables 1 and 2). At each
given age, each test was repeated on the following day for
testing short-term repeatability (Table 1).

The behavioural responses of white seabream larvae to
different environmental conditions (odour cues and water
physical properties) were evaluated using a two-channel
choice-chamber apparatus (Fig. 1) based on the designed pro-
posed by Gerlach et al. (2007). The choice-chamber was made
with plexiglass [20 × 4 × 2.5 cm (L ×W ×H)] and had two
frontal water inlets and a rear water outlet. The flow rate in
each choice lane was 20 ml min−1 for larvae at age 1 and
60 ml min−1 for older larvae (ages 2, 3 and 4). With these
flows, larvae swam freely between chamber areas. In each
test, a single larva was gently taken from the breeding

Table 2 Water conditions
experienced in housing and
choice-chamber testes (test I-
lagoon cue, test II-coastal cue, test
III-increase of temperature, test
IV-decrease of salinity) for white
seabream Diplodus sargus
(Linnaeus, 1758) larvae

Procedure Water conditions/stimuli Code

Housing standard individual conditions Ria Formosa lagoon–Ramalhete R

Test I Control Housing water R

Stimulus Lagoon habitat–Ria Formosa main channel L

Test II Control Housing water R

Stimulus Coastal habitat–Olhos de Água rocky shore beach C

Test III Control Housing water R

Stimulus Housing water with an increase of 4 °C R + 4C

Test IV Control Housing water R

Stimulus Housing water with a decrease of 10 in salinity R-10

Table 1 Timeline (DPH—days post-hatching) of housing and choice-
chamber test (test I-lagoon cue, test II-coastal cue, test III-increase of
temperature, test IV-decrease of salinity) for white seabream Diplodus
sargus (Linnaeus, 1758) larvae

DPH Day Procedure Age group

21 Collected and housing –

22 Individual housing and acclimatization Age 1
23 1 Test I and test II

24 2 Test I and test II

25 1 Test III and test IV

26 2 Test III and test IV

32 Individual housing and acclimatization Age 2
33 1 Test I and test II

34 2 Test I and test II

35 1 Test III and test IV

36 2 Test III and test IV

42 Individual housing and acclimatization Age 3
43 1 Test I and test II

44 2 Test I and test II

45 1 Test III and test IV

46 2 Test III and test IV

52 Individual housing and acclimatization Age 4
53 1 Test I and test II

54 2 Test I and test II

55 1 Test III and test IV

56 2 Test III and test IV
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container with a transparent plastic spoon, placed in the centre
of the choice-chamber and left undisturbed for 300 s to habit-
uate to the flow and to the water sources (odour or physical
cues, pre-test). At the end of this pre-test phase, the behaviour
of larvae was observed for 120 s (trial 1). During the next
120 s, the water source positions were switched to control
for possible side preferences not associated with odour cues.
After that, the procedure was repeated: 300 s for pre-test,
followed by 120 s for behavioural observation (trial 2).

All phases were recorded with a GoPro HERO4 Silver
Edition Adventure camera and later analysed with the software
BORIS v4.1.1 (Behavioral Observation Research Interactive
Software; Friard and Gamba 2016) by one single observer
(VB). To minimise observer bias, blinded methods were used
when all behavioural data were recorded and analysed.

Data collection–behavioural observations

We recorded the position of larvae in the choice-chamber
(stimulus 1, stimulus 2 or unresponsive areas; Fig. 1) through-
out the observation period (120 s) in each trial.

We used the Preference Index (PI) developed by Morais
et al. (2017) to estimate the preference of white seabream
larvae to different odour cues. Importantly, this index con-
siders the unresponsive (time spent in unresponsive areas)
and inconclusive behaviours (when the larvae spent equal
time in each choice area), overlooked in most habitat choice
studies (e.g. Atema et al. 2002; Gerlach et al. 2007; James
et al. 2008; Radford et al. 2012). The Preference Index (PI)
was calculated using Eq. 1,

PI ¼ ∑tCW−∑tSWð Þ � T−1� �� 1−∑tUNR � T−1� � ð1Þ

where T is the sum of both trials’ duration (240 s), ∑tCW is the
total time that larva spent in control area,∑tSW is the total time
that larva spent in the stimulus area and∑tUNR is the total time
that larvae spent in the unresponsive area in both trials. PI
varies between − 1 (preference for control water during the
entire trial) and + 1 (preference for stimulus water during the
entire trial), while 0 indicates that larvae showed unresponsive
behaviour or no preference for an odour cue.

Wemeasured exploration as the total number of areas of the
choice-chamber visited by a larva (maximum of five areas;
Fig. 1) and activity as the number of crossings between areas
of the chamber. We combined these two measurements in an
Exploratory Activity Index (EAI) expressed by Eq. 2:

EAI ¼ NA
NAmax

� NC
NCmax

ð2Þ

where NA is the number of areas of the chamber visited by a
larva (exploration), NAmax the number of areas available in
the chamber (five areas: 1, 2, 3.1, 3.2 and 3; Fig. 1), NC is the
number crossings (activity) and NCmax the number of move-
ments done by the larva who changed the most between cham-
ber areas during the entire test. EAI varies between 0 (low
exploratory activity) and 1 (high exploratory activity).

Fig. 1 Choice-chamber used in preference tests of white seabream
Diplodus sargus (Linnaeus, 1758) larvae to different odour cues (based
on the design by Gerlach et al. 2007). The dimensions of the chamber are
20 × 4 × 2.5 cm (L ×W×H). Legend: a, b water intake, c water outlet,
areas (1) and (2) are choice lanes, areas (3), (3.1) and (3.2) are considered
unresponsive areas [area (3.1) is more influenced by source (a), while
area (3.2) is more influenced by source (b)]

Table 3 Number of white seabream Diplodus sargus (Linnaeus, 1758)
larvae tested across ontogeny (age 1- 22-26 DPH—days post-hatching,
age 2- 32-36 DPH, age 3- 42-46 DPH, and age 4- 52-56 DPH) in each

binary test (test I-lagoon cue, test II-coastal cue, test III-increase of tem-
perature, test IV-decrease of salinity). The number of replaced larvae is in
brackets

Stimulus Age 1 Age 2 Age 3 Age 4

Day 0 Day 1 Day 2 Day 0 Day 1 Day 2 Day 0 Day 1 Day 2 Day 0 Day 1 Day 2

Acclimatization 40 – – 40 (27) – – 40 (26) – – 29 – –

Test I – 38 35 – 40 34 – 38 34 – 28 26

Test II – 38 36 – 40 37 – 37 35 – 29 27

Test III – 26 24 – 28 25 – 32 31 – 25 25

Test IV – 24 24 – 30 23 – 31 31 – 25 25
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Data analysis

Chi-square tests (data not shown) were performed to detect the
differences in the response of each larva to odour cues be-
tween trials. Larvae with the same response in both trials were
analysed adding the observations from each trial (240 s in
total). On the other hand, the larvae that showed different
responses in each trial were considered inconclusive in the
response to a specific odour cue and excluded from the anal-
yses of that cue (Morais et al. 2017; Online Resource
Table A1).

Since the assumptions of ANOVAwere not satisfied for our
dataset, we used the Kruskal-Wallis rank sum test to look for
differences in behavioural responses of white seabream larvae
between each test including their repetition on the following
day (results not shown). No differences were observed be-
tween each test and its repetition (p > 0.05), so we averaged
the two test days for the following analysis.

The differences in absolute frequencies between ages (age
1, age 2, age 3, age 4) in different stimuli (test I, test II, test III,
test IV) and between stimuli in different ages were also
analysed with Chi-square tests. Bonferroni corrections
(Snedecor and Cochran 1989) were applied to the significance
level (p < 0.05) to minimise the chance of obtaining a signif-
icant correlation due to random processes.

Linear mixed-effects models with multiple response vari-
ables (multivariate mixed models) were performed to evaluate
the relationship among activity (ACT), exploration (EXP) and
exploratory activity index (EAI) at individual level, as fol-
lows: value ~ trait − 1 + (trait-1|units), where value represents
the numerical variable of the five measures of each unit (indi-
vidual), trait is the categorical variable containing ACT, EXP
and EAI inserted as fixed effect, while units is a random effect
where each individual is inserted as a categorical variable.
EAI ranged from 0 to 1, and for this reason, ACT and EXP
were standardised to an equal range (0–1 scale) according to
x′ = x −min(x) / [max(x) −min(x)] where x is the original val-
ue and x′ is the standardised value (Williams 2011). Since
there were positive correlations between indices (Online
Resource Table A3), we only used the EAI data in subsequent
analysis.

Repeatability was calculated with generalised linear
mixed-effects models. PI or EAI was inserted as response
variable, age as fixed effect and individuals as random effect.
Confidence intervals and intercepts of each model were ob-
tained after 1000 bootstrap replicates (Stoffel et al. 2017).
Mixed-effects models were also performed to test whether
PI and EAI are related to nursery habitat (lagoon and coastal
habitats—tests I and II, respectively) and environmental
changes (increase of temperature and decrease of salinity—
tests III and IV, respectively) across ontogeny (ages).
Significance of the models was evaluated by the
Satterthwaite’s method (Kuznetsova et al. 2017). Random

variance within and among individuals was also estimated
by the model. Statistical significance was set at α = 0.05.

All analyses were carried out under the R environment for
statistical computing, using the packages ‘lme4’ to perform
the mixed-effects models and ‘rptR’ for repeatability estima-
tion (Bates et al. 2015; R Core Team 2019).

Data availability

The datasets generated and/or analysed during the current
study are available from the corresponding author on request.

Results

The behaviour of white seabream larvae was predominantly
unresponsive (above 50.4%) or inconclusive (above 18.5%) in
all ages and tests (Fig. 2). Overall, unresponsive behaviour
decreased across ontogeny for tested habitats (test I—lagoon
cue: from 67.8% at age 2 to 54.3% at age 4; and test II—
coastal cue: from 58.5% at age 2 to 50.4% at age 4)
(Fig. 2a, b) and increased for tested environmental conditions
(test III—increase of temperature: from 56.3% at age 1 to
60.3% at age 3; and test IV—decrease of salinity: from
56.3% at age 2 to 60.3% at age 4) (Fig. 2c, d). Generally,
the inconclusive behaviour decreased until age 3 (from 34.5
± 6.1 to 21.0 ± 2.2%; mean ± standard deviation) and then
increased at age 4 in all tests (test I—lagoon cue: 33.1%; test
II—coastal cue: 31.9%; test III—increase of temperature:
35.2%; and test IV—decrease of salinity: 30.0%) (Fig. 2).
This behaviour accounts for those larvae without a clear pref-
erence for any chamber areas. Larvae tended to prefer lagoon
water (test I) during age 1 (6.8% compared to 2.6% for control
water) and control water during other tested ages (6.9–12.8%;
Fig. 2a). For coastal water (test II), increase of temperature
(test III) and decrease of salinity (test IV) tests, larvae showed
preference for control water (6.7–12.5%) over coastal water
(test II; Fig. 2b), lower water temperature (test III; 0–14.3%;
Fig. 2c) and higher water salinity (test IV—2.0–9.3%; Fig.
2d). The behaviour of white seabream larvae differed signifi-
cantly between age 3 and age 4 for test IV (decrease of salin-
ity: χ2 test, p < 0.0001) and between test II and test IV for age
4 (χ2 test, p = 0.012; Table 4).

The Preference Index (PI) ranged between − 1.00 and 1.00
(Fig. 3). Contrary to what observed in most of the tests across
ages (Fig. 3), white seabream larvae preferredwater with external
cues over control water at age 1 in test I (lagoon cue: − 0.02 ±
0.23; Fig. 3a). The linear mixed-effect models showed tendential
differences for the PI at age 2 in the lagoon cue test (test I: p =
0.077; Table 5), where 6.9% of the larvae at age 2 preferred
control water and none of the larvae preferred lagoon water
(PI: 0.06 ± 0.18; Figs. 2a and 3a). The linearmixed-effect models
also showed significant differences for the PI at age 3 in the
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increased water temperature test (test III: p= 0.033; Table 5). At
age 3, larvae showed higher preference for control water (lower
temperatures; test III: 0.10 ± 0.26; Fig. 3c).

In general, the exploratory activity index (EAI) increased
along ontogeny (from age 1 to age 4) independently of the
tested conditions (Fig. 4). In the four tests, larvae with unre-
sponsive or inconclusive behaviours showed higher values of
EAI than larvae with a preference for control or stimulus wa-
ter, except for age 1 in test IV (decrease of salinity), where the
larvae with a preference for control water showed higher EAI
(Fig. 4). The linear mixed-effect models showed significant
differences for EAI in all tested stimuli, especially at age 4
(p < 0.0001 for test I—lagoon cue, test II—coastal cue, and
Test III—increase of temperature; and p = 0.004 for test IV—
decrease of salinity). Significant differences were also found
at age 1 (p = 0.016 for test I and test II; p = 0.033 for test III;
Table 6) and age 3 (p = 0.004 for test IV; Table 6).

Significant short-term repeatability of EAI occurred at all
ages (p < 0.0001), increasing along ontogeny from 0.30 at age
2 to 0.72 at age 4 (Table 7; Online Resource Fig. A1). The
mixed-effect models including the individual as random ef-
fects explained 35% of the variance in test I-lagoon cue (i.e.
repeatability was 0.35; p < 0.0001), 37% of the variance in test
II-coastal cue (i.e. repeatability was 0.37; p < 0.0001), 62% of
the variance in test III-increase of temperature (i.e. repeatabil-
ity was 0.62; p < 0.0001), and 24% of the variance in test IV-
decrease of salinity (i.e. repeatability was 0.25; p = 0.028)
(Table 6; Online Resource Fig. A2).

Discussion

Contrary to our main hypotheses, white seabream larvae did
not show any preference for either lagoon or rocky shore
habitats, neither towards increased water temperature or de-
creased water salinity. However, the main finding of this study
was that during early phases of ontogeny, white seabream
larvae exhibited a highly consistent inter-individual variability
in behaviours across age and tests, suggesting a strong indi-
viduality. This previously unsuspected individual consistency
highlights the need to consider for the possible consequences
of this individuality, especially when inferring about larval
dispersal processes and selection of settlement areas to recruit.

Response to habitat and environmental cues

In general, white seabream larvae did not show a clear prefer-
ence for any stimuli, contrary to the expectation that they
would prefer lagoon and coastal habitats, which are used as
nursery habitats across southern Europe (Monteiro et al. 1990;
Garcia-Rubies and Macpherson, 1995; Harmelin-Vivien et al.
1995; Faria et al. 2006; Gonçalves et al. 2015). Despite this
overall lack of preference, we observed tendential differences
for the Preference Index (PI) at age 2 in test I (lagoon cue). At
this age, white seabream larvae preferred control water (6.9%)
instead of Ria Formosa lagoon water collected in an area with
seagrass beds (0%). Although we expected a preference for
lagoon water with a seagrass cue, like silver seabream Pagrus

Fig. 2 Preference of white
seabream Diplodus sargus
(Linnaeus, 1758) larvae for
different habitat conditions (a test
I, lagoon cue; b test II, coastal
cue; c test III, increase of
temperature; and d test IV,
decrease of salinity) in choice-
chamber experiments along on-
togeny (age 1– 22–26 DPH—
days post-hatching, age 2– 32–36
DPH, age 3– 42–46 DPH and age
4 –52–56 DPH)
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auratus (Sparidae) (Forster, 1801) (Radford et al. 2012), some
studies found that most post-flexion gilthead seabream Sparus
aurata (Sparidae) (Linnaeus, 1758) larvae preferred rocky
coastal water over Ria Formosa lagoon water with seagrass
cues (Morais et al. 2017) or had a weak reaction to seagrass
cues in the Mediterranean Sea (Díaz-Gil et al. 2017). Yet,
some species seem to ignore odour cues in detriment of an-
other sensory stimulus. For example, linesnout goby
Elacatinus lori (Gobiidae) (Colin, 2002) post-flexion larvae,
a coral reef species, select sponge habitats using visual rather
that odour cues (Majoris et al. 2018), similarly to other coral
reef species (Lecchini et al. 2005a, 2014; Igulu et al. 2011).

Regarding environmental and climatic changes, salinity
and temperature variability are known to influence the recruit-
ment of fish larvae into nurseries areas (Maynou et al. 2014;
Baptista et al. 2016; Leitão et al. 2016; Pecl et al. 2017) due to
their effects on behaviour, physiology, distribution and migra-
tion (Bertram et al. 2001; Hunt von Herbing 2002; Pecl et al.
2017). Lower salinity plumes signal the presence of rivers
along with coastal areas (Sabates 1990), while changes of
salinity along the water column might indicate the direction
of currents and water sources that could be used as environ-
mental cues (Hughes 1969). However, our results did not in-
dicate any clear preference for salinity changes (decrease of
salinity or control water). This could mean that white
seabream larvae reach estuaries through other cues. On the
other hand, white seabream larvae preferred lower water tem-
perature (i.e. control temperature), which might cause nega-
tive impacts in a situation of warming coastal waters (Leitão
et al. 2016). Indeed, the increase of sea surface temperature
over recent decades, approximately 0.4 °C by decade, coin-
cided with a decrease of white seabream landings in the fol-
lowing years (Leitão et al. 2016; Baptista et al. 2018).

The remarkable predominance of unresponsive (no prefer-
ence for stimulus or control areas) and inconclusive behav-
iours (without a clear preference for any chamber areas) have
been reported by Morais et al. (2017) and overlooked by
Atema et al. (2002), Gerlach et al. (2007) and Radford et al.
(2012). The prevalence of these behaviours showed by most
post-flexion larvae could mean that their olfactory stimulus
must be complemented with ecosystem soundscapes (e.g. liv-
ing animals—Simpson et al. 2005; Lillis et al. 2014; Atema
et al. 2015; waves breaking on the coast—Montgomery et al.
2006), visual cues (e.g. water turbidity, bottom features, de-
tection of conspecifics) (Whitfield 1994; Atema et al. 2015),
magnetism (Crisp 1974; Qin et al. 2015), pressure gradients
(Burke et al. 1995) or oceanic currents (Crisp 1974). We also
observed that the exploratory activity was higher when larvae
showed unresponsive or inconclusive behaviours. This might
indicate that larvae were trying to find different stimulus (as
described above) or were showing a random habitat selection.
Indeed, unresponsive individuals have been linked to change
their behaviours due to a random process (Wolf et al. 2008).

As expected, the exploratory activity increased across on-
togeny and reached a maximum at age 4 (52–56 DPH), since
the swimming capabilities (speed and endurance) of white
seabream larvae also increase across ontogeny (Baptista
et al. 2019). Increased exploratory activity is likely connected
with the timing when different sensorial organs develop dur-
ing ontogeny. These observations support the SAAB hypoth-
esis, which proposed that the ability to detect cues increases
with ontogeny, and the response to cues increases with in-
creasing swimming capabilities (Teodósio et al. 2016).
Although the exploratory activity increased with age across
all tests, only the test with different temperatures (test III)

Table 4 Chi-square test results on the absolute frequency of behaviours
exhibited by white seabream Diplodus sargus (Linnaeus, 1758) larvae
(unresponsive, preference for control water, preference for stimulus
water and inconclusive behaviour) in choice-chamber experiment trials
for each test (test I-lagoon cue, test II-coastal cue, test III-increase of
temperature, test IV-decrease of salinity) and along ontogeny (age 1–
22–26 DPH—days post-hatching, age 2– 32–36 DPH, age 3– 42–46
DPH and age 4– 52–56 DPH). p values were corrected using the
Bonferroni corrections. Significant differences are highlighted in italics

Comparisons p Comparisons p

Test I Age 1

Age 1 vs. age 2 0.799 Test I vs. test II 0.926

Age 1 vs. age 3 0.149 Test I vs. test III 0.257

Age 1 vs. age 4 0.125 Test I vs. test IV 0.110

Age 2 vs. age 3 0.386 Test II vs. test III 0.402

Age 2 vs. age 4 0.042 Test II vs. test IV 0.026

Age 3 vs. age 4 0.160 Test III vs. test IV 0.302

Test II Age 2

Age 1 vs. age 2 0.636 Test I vs. test II 0.790

Age 1 vs. Age 3 0.259 Test I vs. test III 0.066

Age 1 vs. age 4 0.201 Test I vs. test IV 0.049

Age 2 vs. age 3 0.635 Test II vs. test III 0.066

Age 2 vs. age 4 0.111 Test II vs. test IV 0.040

Age 3 vs. age 4 0.332 Test III vs. test IV 0.986

Test III Age 3

Age 1 vs. age 2 0.353 Test I vs. test II 0.961

Age 1 vs. age 3 0.400 Test I vs. test III 0.227

Age 1 vs. age 4 0.927 Test I vs. test IV 0.896

Age 2 vs. age 3 0.446 Test II vs. test III 0.246

Age 2 vs. age 4 0.488 Test II vs. test IV 0.749

Age 3 vs. age 4 0.054 Test III vs. test IV 0.793

Test IV Age 4

Age 1 vs. age 2 0.780 Test I vs. test II 0.840

Age 1 vs. age 3 0.279 Test I vs. test III 0.220

Age 1 vs. age 4 0.985 Test I vs. test IV 0.020

Age 2 vs. age 3 0.458 Test II vs. test III 0.083

Age 2 vs. age 4 0.182 Test II vs. test IV 0.012

Age 3 vs. age 4 0.000 Test III vs. test IV 0.851
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induced significant differences at age 1, age 3 and age 4.
Warmer water has been related to increase the activity of some
fish species (Biro et al. 2007, 2010; Pasquet et al. 2016), either
due to feeding behaviours (Theodorou et al. 2012; Reynisson
and Ólafsdóttir 2018) or typical effects upon the metabolism
of ectothermic animals (O'Connor et al., 2007; Biro and
Stamps 2010). Thus, in a context of current environmental
and climatic changes, the increase of water temperature in
coastal areas may alter the responses of white seabream larvae,
and also of other species, to nursery habitat cues.

In future studies, we should strive to add more complex
experimental designs when testing chemical, visual and sound
cues along ontogeny (e.g. offshore water cues; presence/
absence of conspecifics, prey and predators), either for wild
or laboratory-reared larvae (Díaz-Gil et al. 2017; Morais et al.
2017). Finally, consistent individual differences in behaviours
related to dispersal, such as activity and exploration, must be

taken into account in such experiments simultaneously to
more traditional metrics (i.e. time spent following each cue;
Morais et al. 2017).

Individual behavioural consistency

White seabream larvae showed consistent behaviours when
subject to different environmental stimuli through time, indi-
cating the emergence of personality traits early in their devel-
opment. This finding confirms the few existing studies that
showed consistent individual behavioural differences in
brown trout (Sundström et al. 2004), zebrafish (Budaev and
Andrew 2009) and Northern pike larvae (Pasquet et al. 2016).
Gilthead seabream also showed consistent individual behav-
ioural differences at least during the juvenile phase
(Castanheira et al. 2016).

Fig. 3 Preference Index of white seabream Diplodus sargus (Linnaeus,
1758) larvae in choice-chamber experiment trials for each test (a test I,
lagoon cue; b test II, coastal cue; c test III, increase of temperature; and d
test IV, decrease of salinity) and across ontogeny (age 1– 22–26 DPH—
days post-hatching, age 2– 32–36 DPH, age 3– 42-46 DPH and age 4–
52–56 DPH). Negative values of this index indicate a preference for

stimulus water, while positive values indicate a preference for control
water. The mean is represented by open squares, the median is represent-
ed by the thick black line, the boxes represent the 1st and 3rd quartiles,
and full black circles represent the outliers (values > 1.5 times and < 3
times the interquartile range beyond either end of the box)
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We found relatively high coefficients of repeatability (av-
erage: 0.42 ± 0.17), similar to the average value of 0.37 report-
ed in the meta-analysis of Bell et al. (2009), which includes
both vertebrates and invertebrates. Short-term repeatability of
exploratory activity increased with ontogeny with a maximum
at age 4 (0.72), coinciding with the maximum levels of ex-
ploratory activity. This suggests that larval behaviour depends
on the physical capabilities of individuals (Pasquet et al.
2016), as the exploratory activity index was calculated taking
into account the number of zones visited and the number of
changes between areas. As explained, the physical capabilities
of fish larvae and their perception of the surrounding environ-
ment increase with increasing larval development. These
changes could be linked to their physiological needs (e.g.
food, shelter) that changes along ontogeny.

Bell et al. (2009) showed that the repeatability is signifi-
cantly greater than 0 for a large range of taxa and behaviours.
We showed that the repeatability coefficients varied among
the tested stimuli, being higher for the increase of temperature
(0.62) and lower for the decrease of salinity (0.24). In fact, it
has been described that personality varies depending to envi-
ronmental conditions (Pasquet et al. 2016), as individuals may
differ in their sensitivity to environmental stimuli and conse-
quently respond differently to changes in stimuli (Mathot et al.
2012). Biro et al. (2010) showed that activity, boldness and
aggressiveness of damselfishes (Pomacentrus moluccensis
and Pomacentrus bankanensis) were modified by an increase
in water temperature of approximately 3 °C or less. These
behavioural differences do not mean that individuals showed
different personality depending on the stimuli, but they can
show specific responses to different stimuli (Pasquet et al.

Table 5 Results of the linear
mixed-effect models applied to
evaluate the effects of the stimu-
lus (test I-lagoon cue, test II-
coastal cue, test III-increase of
temperature, and test IV-decrease
of salinity) on white seabream
Diplodus sargus (Linnaeus, 1758)
larval behaviour along ontogeny
(age 1– 22–26 DPH—days post-
hatching, age 2– 32–36 DPH, age
3– 42–46 DPH, and age 4– 52–56
DPH) using Preference Index (PI)
as response variable. β: estimated
beta effects, σ2: estimated vari-
ance, SE: standard error, df: de-
grees of freedom, p: significance.
Significant results and tendencies
are highlighted in italics

Stimulus Model components Estimate SE df t p

Lagoon cue Fixed effects β

Intercept − 0.017 0.028 122.0 − 0.60 0.549

Age 2 0.072 0.040 42.6 1.81 0.077

Age 3 0.029 0.041 119.9 0.71 0.477

Age 4 0.035 0.045 111.3 0.77 0.444

Random effects σ2

Intercept (among-individual) 2.836e-06

Residual (within-individual) 0.028

Coastal cue Fixed effects β

Intercept 0.021 0.028 123.8 0.73 0.463

Age 2 0.012 0.037 113.7 0.32 0.748

Age 3 − 0.004 0.039 123.9 − 0.11 0.910

Age 4 0.056 0.042 123.6 1.33 0.184

Random effects σ2

Intercept (among-individual) 0.004

Residual (within-individual) 0.022

Increase of temperature Fixed effects β

Intercept − 0.002 0.038 88.9 − 0.05 0.956

Age 2 0.011 0.052 71.8 0.22 0.823

Age 3 0.110 0.051 88.3 2.16 0.033

Age 4 0.039 0.055 88.3 0.71 0.483

Random effects σ2

Intercept (among-individual) 0.003

Residual (within-individual) 0.028

Decrease of salinity Fixed effects β

Intercept 0.004 0.030 97.9 0.16 0.869

Age 2 0.023 0.040 88.6 0.59 0.557

Age 3 0.012 0.040 97.4 0.31 0.760

Age 4 0.025 0.042 97.7 0.59 0.554

Random effects σ2

Intercept (among-individual) 4.09e-04

Residual (within-individual) 0.019
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Fig. 4 Average Exploratory
Activity Index (EAI) exhibited by
white seabream Diplodus sargus
(Linnaeus, 1758) larvae in choice-
chamber experiments separated
by different behaviours (control
water preference, stimulus water
preference, unresponsive or in-
conclusive behaviour) in different
habitat conditions (a test I, lagoon
cue; b test II, coastal cue; c test III,
increase of temperature; and d test
IV, decrease of salinity) and
across ontogeny (age 1– 22–26
DPH—days post-hatching; age
2– 32–36 DPH; age 3– 42–46
DPH; and age 4– 52–56 DPH).
The error bars represent the stan-
dard deviation

Table 6 Results of the linear
mixed-effect models applied to
evaluate the effects of the stimu-
lus (test I-lagoon cue, test II-
coastal cue, test III-increase of
temperature and test IV-decrease
of salinity) on white seabream
Diplodus sargus (Linnaeus, 1758)
larval behaviour along ontogeny
(age 1– 22–26 DPH—days post-
hatching, age 2– 32–36 DPH, age
3– 42–46 DPH, and age 4– 52–56
DPH) using Exploratory Activity
Index (EAI) as response variable.
β: estimated beta effects, σ2: es-
timated variance, SE: standard
error, df: degrees of freedom, p:
significance. Significant results
and tendencies are highlighted in
italics

Stimulus Model components Estimate SE df t p

Lagoon cue Fixed effects Β
Intercept 0.037 0.015 121.5 2.43 0.016
Age 2 0.007 0.020 109.4 0.36 0.718
Age 3 0.023 0.021 121.6 1.06 0.287
Age 4 0.105 0.024 117.9 4.35 < 0.0001
Random effects σ2

Intercept (among-individual) 0.003
Residual (within-individual) 0.006
Repeatability 0.35 0.133 < 0.0001

Coastal cue Fixed effects β
Intercept 0.040 0.016 123.5 2.44 0.016
Age 2 − 0.002 0.021 110.8 − 0.12 0.899
Age 3 0.002 0.022 123.7 0.10 0.919
Age 4 0.084 0.024 122.6 3.48 < 0.0001
Random effects σ2

Intercept (among-individual) 0.003
Residual (within-individual) 0.005
Repeatability 0.37 0.124 < 0.0001

Increase of temperature Fixed effects Β
Intercept 0.043 0.019 88.8 2.16 0.033
Age 2 0.018 0.022 61.7 0.80 0.424
Age 3 0.041 0.024 82.7 1.68 0.094
Age 4 0.091 0.026 79.0 3.44 < 0.0001
Random effects σ2

Intercept (among-individual) 0.006
Residual (within-individual) 0.003
Repeatability 0.62 0.101 < 0.0001

Decrease of salinity Fixed effects β
Intercept 0.053 0.034 97.9 1.57 0.119
Age 2 0.004 0.043 89.2 0.10 0.921
Age 3 0.066 0.044 97.5 1.47 0.142
Age 4 0.136 0.047 97.3 2.89 0.004
Random effects σ2

Intercept (among-individual) 0.006
Residual (within-individual) 0.019
Repeatability 0.24 0.149 0.028
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2016). For example, a given stimulus can increase the propen-
sity for risk-taking behaviours by engaging in exploratory
behaviour.

Personality traits may modulate the response of individuals
to ecological challenges and settlement into a suitable habitat
(Wolf and Weissing 2012; Canestrelli et al. 2016). Activity
and exploration may affect dispersal in all developmental
stages (Cote et al. 2010). Proactive individuals (i.e. more ac-
tive, exploratory, and bold) have more propensity to take risks
(Koolhaas et al. 1999; Coppens et al. 2010; Hall et al. 2015)
and consequently better ability to acquire food and avoid pred-
ators that are determinants for growth, survival and dispersal
(Cote et al. 2010; Jørgensen et al. 2013; Dall and Griffith
2014; Nanninga and Berumen, 2014). Indeed, the influence
of personality traits on dispersal strategies has been suggested
to affect the direction and distance of larval dispersion
(Sundelöf and Jonsson 2012).

Currently, the consequences of individual behavioural con-
sistency of white seabream larvae on dispersal, or of any other
temperate fish larvae hatching from pelagic eggs, remain un-
known. Based on our results, we propose that the increase in
exploratory activity across ontogeny may diminish random
dispersion of white seabream larvae.

Conclusions

Contrary to our hypotheses, white seabream larvae did not
show a preference for either lagoon or rocky shore habitat
cues, neither towards increased water temperature or de-
creased water salinity. However, exploratory activity in-
creased during ontogeny. Importantly, we demonstrated for
the first time that personality traits of a temperate fish larvae
hatched from pelagic eggs are present very early in ontogeny
with high short-term repeatability and independently of the
presented stimulus. We also observed that exploratory activity
was higher when larvae showed unresponsive or inconclusive
behaviours, meaning that larvae were possibly trying to find

different stimuli than those that were offered (unresponsive
behaviour) or just showed a random habitat selection (incon-
clusive behaviour). Thus, personality traits could influence the
process of searching for suitable nursery habitats and, conse-
quently, dispersion and connectivity of white seabream popu-
lations. Ultimately, characterizing the behaviour of temperate
pelagic marine fish larvae and understanding active habitat
selection may increase our understanding of recruitment var-
iability, refine larval dispersal models and add to the body of
knowledge on the effects of environmental and global changes
and habitat degradation on fish distribution.

Acknowledgements The authors would like to thank the colleagues from
Estação Piloto de Piscicultura de Olhão (EPPO)/Aquaculture Research
Station–Instituto Português do Mar e da Atmosfera (IPMA, Portugal),
especially to Marisa Barata and Tetyana Urshulyak. We are very grateful
to one anonymous reviewer and Petri Niemela for very helpful and con-
structive suggestions on data analyses.

Funding information This study received Portuguese national funds
from FCT—Foundation for Science and Technology through project
UID/Multi/04326/2019, CLIMFISH project—A framework for assess
vulnerability of coastal fisheries to climate change in Portuguese coast
founded by Portugal 2020, n2/SAICT/2017—SAICT (Projetos de
IC&DT) and DIVERSIAQUA project (Mar2020 16-02-01-FMP-0066).
VBwas funded by FCT—Foundation for Science and Technology with a
Ph.D. fellowship (SFRH/BD/104209/2014). FL was funded by FCT—
Foundation for Science and Technology in the ambit of the contract
program DL57/2016/CP1361/CT0008.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All the experiments were conducted in accordance
with the Guidelines of the European Union Council (86/609/EU) and
Portuguese legislation for the use of laboratory animals and enforced by
CCMAR. CCMAR staff are certified to house and conduct experiments
with live animals, and their facilities are also certified in accordance with
the three “R” policy, national and European legislation, and with guide-
lines defined by the ethical committee ORBEA CCMAR-CBMR.

Ethical statement This manuscript is all original work, has not been
published previously (partially or in full). No data in this manuscript have
been fabricated or manipulated, and all authors have given consent to
submit this manuscript and have contributed sufficiently to the scientific
work.

References

Angeletti D, Sebbio C, Carlini A, Strinati C, Nascetti G, Carere C,
Cimmaruta R (2017) The role of habitat choice in micro-
evolutionary dynamics: an experimental study on the
Mediterranean killifish Aphanius fasciatus (Cyprinodontidae).
Ecol Evol 7:10536–10545. https://doi.org/10.1002/ece3.3540

Atema J, Gerlach G, Paris CB (2015) Sensory biology and navigation
behavior of reef fish larvae. In: Mora C (ed) Ecology of fishes on
coral reefs. Cambridge University Press, Cambridge, pp 3–15

Table 7 Individual-based repeatability (RICC) of the Exploratory
Activity Index (EAI) exhibited by white seabream Diplodus sargus
(Linnaeus, 1758) across tests performed in choice-chamber experiments
(test I-lagoon cue, test II-coastal cue, test III-increase of temperature and
test IV-decrease of salinity) in relation to ontogeny: age 1 (22–26 DPH—
days post-hatching), age 2 (32–36 DPH), age 3 (42–46 DPH) and age 4
(52–56 DPH). SE: standard error, CI: confidence intervals, p: signifi-
cance. Significant results are highlighted in italics

Age Repeatability SE ± 95% CI p

Age 1 0.310 0.092 0.143–0.498 < 0.0001

Age 2 0.304 0.086 0.137–0.478 < 0.0001

Age 3 0.446 0.087 0.268–0.601 < 0.0001

Age 4 0.716 0.070 0.555–0.830 < 0.0001

   67 Page 12 of 16 Behav Ecol Sociobiol           (2020) 74:67 

https://doi.org/10.1002/ece3.3540


Atema J, Kingsford MJ, Gerlach G (2002) Larval reef fish could use
odour for detection, retention and orientation to reefs. Mar Ecol
Prog Ser 241:151–160. https://doi.org/10.3354/meps241151

Bakun A (1996) Patterns in the ocean: ocean processes and marine pop-
ulation dynamics. California Sea Grant College System/NOAA/
Centro de Investigaciones Biológicas del Noroeste, La Paz

Baptista V, Campos CJA, Leitão F (2016) The influence of environmental
factors and fishing pressure on catch rates of Diplodus vulgaris.
Estuar Coast 39:258–272. https://doi.org/10.1007/s12237-015-
9990-y

Baptista V, Morais P, Cruz J, Castanho S, Ribeiro L, Pousão-Ferreira P,
Leitão F, Wolanski E, Teodósio MA (2019) Swimming abilities of
temperate pelagic fish larvae prove that they may control their dis-
persion in coastal areas. Diversity 11:185. https://doi.org/10.3390/
d11100185

Baptista V, Silva PL, Relvas P, TeodósioMA, Leitão F (2018) Sea surface
temperature variability along the Portuguese coast since 1950. Int J
Climatol 38:1145–1160. https://doi.org/10.1002/joc.5231

Barbosa AB, Chícharo MA (2011) Hydrology and biota interactions as
driving forces for ecosystem functioning. In: Wolanski E, McLusky
DS (eds) Treatise on estuarine and coastal science. Academic Press,
Waltham, pp 7–47

Bates D,Mächler M, Bolker BM,Walker SC (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67:1–48. https://doi.org/10.
18637/jss.v067.i01

Bell AM, Hankison SJ, Laskowski KL (2009) The repeatability of be-
haviour: a meta-analysis. Anim Behav 77:771–783. https://doi.org/
10.1016/j.anbehav.2008.12.022

Bell AM, Stamps JA (2004) Development of behavioural differences
between individuals and populations of sticklebacks, Gasterosteus
aculeatus. Anim Behav 68:1339–1348. https://doi.org/10.1016/j.
anbehav.2004.05.007

Bertram DF, Mackas DL, McKinnell SM (2001) The seasonal cycle
revisited: interannual variation and ecosystem consequences. Prog
Oceanogr 49:283–307. https://doi.org/10.1016/S0079-6611(01)
00027-1

Biro PA, Abrahams MV, Post JR, Parkinson EA (2004) Predators select
against high growth rates and risk-taking behaviour in domestic
trout populations. Proc R Soc Lond B 271:2233–2237. https://doi.
org/10.1098/rspb.2004.2861

Biro PA, Abrahams MV, Post JR, Parkinson EA (2006) Behavioural
trade-offs between growth and mortality explain evolution of sub-
maximal growth rates. J Anim Ecol 75:1165–1171. https://doi.org/
10.1111/j.1365-2656.2006.01137.x

Biro PA, Beckmann C, Stamps JA (2010) Small within-day increases in
temperature affects boldness and alters personality in coral reef fish.
Proc R Soc Lond B 277:71–77. https://doi.org/10.1098/rspb.2009.
1346

Biro PA, Post JR, Booth DJ (2007) Mechanisms for climate-induced
mortality of fish populations in whole-lake experiments. Proc Natl
Acad Sci USA 104:9715–9719. https://doi.org/10.1073/pnas.
0701638104

Biro PA, Stamps JA (2010) Do consistent individual differences in met-
abolic rate promote consistent individual differences in behavior?
Trends Ecol Evol 25:653–659. https://doi.org/10.1016/j.tree.2010.
08.003

Boehlert GW, Mundy BC (1988) Roles of behavioural and physical fac-
tors in larval and juvenile fish recruitment to estuarine nursery areas.
Am Fish Soc Symp 3:51–67

Bos AR, Thiel R (2006) Influence of salinity on the migration of
postlarval and juvenile flounder Pleuronectes flesus L. in a gradient
experiment. J Fish Biol 68:1411–1420. https://doi.org/10.1111/j.
0022-1112.2006.01023.x

Bradbury IR, Snelgrove PVR (2001) Contrasting larval transport in de-
mersal fish and benthic invertebrates: the roles of behaviour and

advective processes in determining spatial pattern. Can J Fish
Aquat Sci 58:811–823. https://doi.org/10.1139/f01-031

Briffa M, Weiss A (2010) Animal personality. Curr Biol 20:R912–R914.
https://doi.org/10.1016/j.cub.2010.09.019

Budaev SV, Andrew RJ (2009) Shyness and behavioural asymmetries in
larval zebrafish (Brachydanio rerio) developed in light and dark.
Behav iour 146 :1037–1052. h t tps : / / do i .o rg /10 .1163/
156853909X404448

Burke JS, Tanaka M, Seikai T (1995) Influence of light and salinity on
behaviour of larval Japanese flounder (Paralichthys olivaceus) and
implications for inshore migration. Neth J Sea Res 34:59–69. https://
doi.org/10.1016/0077-7579(95)90014-4

Canestrelli D, Bisconti R, Carere C (2016) Bolder takes all? The behav-
ioral dimension of biogeography. Trends Ecol Evol 31:35–43.
https://doi.org/10.1016/j.tree.2015.11.004

Carere C, Maestripieri D (eds) (2013) Animal personalities: behavior,
physiology, and evolution. The University of Chicago Press,
Chicago

Castanheira MF, Cerqueira M, Millot S, Gonçalves RA, Oliveira CCV,
Conceição LEC, Martins CIM (2016) Are personality traits consis-
tent in fish? - the influence of social context. Appl Anim Behav Sci
178:96–101. https://doi.org/10.1016/j.applanim.2016.02.004

Castanheira MF, Herrera M, Costas B, Conceicao LEC, Martins CIM
(2013) Can we predict personality in fish? Searching for consistency
over time and across contexts. PLoS One 8:e62037. https://doi.org/
10.1371/journal.pone.0062037

Chícharo MA, Amaral A, Faria A, Morais P, Mendes C, Piló D, Ben-
Hamadou R, Chícharo L (2012) Are tidal lagoons ecologically rel-
evant to larval recruitment of small pelagic fish? An approach using
nutritional condition and growth rate. Estuar Coast Shelf Sci 112:
265–279. https://doi.org/10.1016/j.ecss.2012.07.033

Coppens CM, de Boer SF, Koolhaas JM (2010) Coping styles and be-
havioural flexibility: towards underlying mechanisms. Phil Trans R
Soc B 365:4021–4028. https://doi.org/10.1098/rstb.2010.0217

Cote J, Clobert J, Brodin T, Fogarty S, Sih A (2010) Personality-
dependent dispersal: characterization, ontogeny and consequences
for spatially structured populations. Phil Trans R Soc B 365:4065–
4076. https://doi.org/10.1098/rstb.2010.0176

Crisp DJ (1974) Factors influencing the settlement of marine invertebrate
larvae. In: Grant PT, Mackie AM (eds) Chemoreception in marine
organisms. Academic Press, London, pp 177–265

Cury P, Roy C (1989) Optimal environmental window and pelagic fish
recruitment success in upwelling areas. Can J Fish Aquat Sci 46:
670–680

Cushing DH (1990) Plankton production and year-class strength in fish
populations: an update of the match/mismatch hypothesis. Adv Mar
Biol 26:249–293. https://doi.org/10.1016/S0065-2881(08)60202-3

Cushing DH, Dickson RR (1976) The biological response in the sea to
climatic changes. Adv Mar Biol 14:1–122

Dall SRX, Griffith SC (2014) An empiricist guide to animal personality
variation in ecology and evolution. Front Ecol Evol 2:3.https://doi.
org/10.3389/fevo.2014.00003

Di Franco A, Gillanders BM, De Benedetto G, Pennetta A, De Leo GA,
Guidetti P (2012) Dispersal patterns of coastal fish: implications for
designing networks of marine protected areas. PLoS One 7:e31681.
https://doi.org/10.1371/journal.pone.0031681

Di Franco A, Guidetti P (2011) Patterns of variability in early-life traits of
fishes depend on spatial scale of analysis. Biol Lett 7:454–456.
https://doi.org/10.1098/rsbl.2010.1149

Díaz-Gil C, Cotgrove L, Smee SL, Simón-Otegui D, Hinz H, Grau A,
PalmerM, Catalán IA (2017)Anthropogenic chemical cues can alter
the swimming behaviour of juvenile stages of a temperate fish. Mar
Environ Res 125:34–41. https://doi.org/10.1016/j.marenvres.2016.
11.009

DixsonDL, JonesGP,Munday PL, Planes S, PratchettMS, SrinivasanM,
Syms C, Thorrold SR (2008) Coral reef fish smell leaves to find

Behav Ecol Sociobiol           (2020) 74:67 Page 13 of 16    67 

https://doi.org/10.3354/meps241151
https://doi.org/10.1007/s12237-015-9990-y
https://doi.org/10.1007/s12237-015-9990-y
https://doi.org/10.3390/d11100185
https://doi.org/10.3390/d11100185
https://doi.org/10.1002/joc.5231
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1016/j.anbehav.2008.12.022
https://doi.org/10.1016/j.anbehav.2004.05.007
https://doi.org/10.1016/j.anbehav.2004.05.007
https://doi.org/10.1016/S0079-6611(01)00027-1
https://doi.org/10.1016/S0079-6611(01)00027-1
https://doi.org/10.1098/rspb.2004.2861
https://doi.org/10.1098/rspb.2004.2861
https://doi.org/10.1111/j.1365-2656.2006.01137.x
https://doi.org/10.1111/j.1365-2656.2006.01137.x
https://doi.org/10.1098/rspb.2009.1346
https://doi.org/10.1098/rspb.2009.1346
https://doi.org/10.1073/pnas.0701638104
https://doi.org/10.1073/pnas.0701638104
https://doi.org/10.1016/j.tree.2010.08.003
https://doi.org/10.1016/j.tree.2010.08.003
https://doi.org/10.1111/j.0022-1112.2006.01023.x
https://doi.org/10.1111/j.0022-1112.2006.01023.x
https://doi.org/10.1139/f01-031
https://doi.org/10.1016/j.cub.2010.09.019
https://doi.org/10.1163/156853909X404448
https://doi.org/10.1163/156853909X404448
https://doi.org/10.1016/0077-7579(95)90014-4
https://doi.org/10.1016/0077-7579(95)90014-4
https://doi.org/10.1016/j.tree.2015.11.004
https://doi.org/10.1016/j.applanim.2016.02.004
https://doi.org/10.1371/journal.pone.0062037
https://doi.org/10.1371/journal.pone.0062037
https://doi.org/10.1016/j.ecss.2012.07.033
https://doi.org/10.1098/rstb.2010.0217
https://doi.org/10.1098/rstb.2010.0176
https://doi.org/10.1016/S0065-2881(08)60202-3
https://doi.org/10.3389/fevo.2014.00003
https://doi.org/10.3389/fevo.2014.00003
https://doi.org/10.1371/journal.pone.0031681
https://doi.org/10.1098/rsbl.2010.1149
https://doi.org/10.1016/j.marenvres.2016.11.009
https://doi.org/10.1016/j.marenvres.2016.11.009


island homes. Proc R Soc Lond B 275:2831–2839. https://doi.org/
10.1098/RSPB.2008.0876

Døving KB, Stabell OB, Östlund-Nilsson S, Fisher R (2006) Site fidelity
and homing in tropical coral reef cardinal fish: are they using olfac-
tory cues? Chem Senses 31:265–272. https://doi.org/10.1093/
chemse/bjj028

Erzini K, Gonçalves JMS, Bentes L, Lino PJ, Ribeiro J (1999) Catch
composition, catch rates and size selectivity of three long-line
methods in the Algarve (southern Portugal). Bol Inst Esp
Oceanogr 15:313–323

Faillettaz R, Blandin A, Paris CB, Koubbi P, Irisson JO (2015)
Suncompass orientation in Mediterranean fish larvae. PLoS One
10:e0135213. https://doi.org/10.1371/journal.pone.0135213

Faria A,Morais P, Chícharo MA (2006) Ichthyoplankton dynamics in the
Guadiana estuary and adjacent coastal area, South-East Portugal.
Estuar Coast Shelf Sci 70:85–97. https://doi.org/10.1016/j.ecss.
2006.05.032

Fisher R, Bellwood DR, Job SD (2000) Development of swimming abil-
ities in reef fish larvae. Mar Ecol Prog Ser 202:163–173. https://doi.
org/10.3354/meps202163

Friard O, Gamba M (2016) BORIS: a free, versatile open-source event-
logging software for video/audio coding and live observations.
Methods Ecol Evol 7:1325–1330. https://doi.org/10.1111/2041-
210X.12584

Garcia-Rubies A, Macpherson E (1995) Substrate use and temporal pat-
tern of recruitment in juvenile fishes of the Mediterranean littoral.
Mar Biol 124:35–42. https://doi.org/10.1007/BF00349144

Gerlach G, Atema J, Kingsford MJ, Black KP, Miller-Sims V (2007)
Smelling home can prevent dispersal of reef fish larvae. Proc Natl
Acad Sci USA 104:858–863. https://doi.org/10.1073/pnas.
0606777104

Gibson RN (1997) Behaviour and the distribution of flatfishes. J Sea Res
37:241–256. https://doi.org/10.1016/S1385-1101(97)00019-1

Gonçalves R, Correia AD, Atanasova N, Teodósio MA, Ben-Hamadou
R, Chícharo L (2015) Environmental factors affecting larval fish
community in the salt marsh area of Guadiana estuary (Algarve,
Portugal). Sci Mar 79:25–34. https://doi.org/10.3989/scimar.
04081.08A

González-Wangüemert M, Cánovas F, Pérez-Ruzafa A, Marcos C,
Alexandrino P (2010) Connectivity patterns inferred from the genet-
ic structure of white seabream (Diplodus sargus L.). J Exp Mar Biol
Ecol 383:23–31. https://doi.org/10.1016/j.jembe.2009.10.010

Gouraguine A, Díaz-Gil C, Sundin J, Moranta J, Jutfelt F (2019) Density
differences between water masses preclude laminar flow in two-
current choice flumes. Oecologia 189:875–881. https://doi.org/10.
1007/s00442-019-04363-7

Hale R, Downes BJ, Swearer SE (2008) Habitat selection as a source of
inter-specific differences in recruitment of two diadromous fish spe-
cies. Freshw Biol 53:2145–2157. https://doi.org/10.1111/j.1365-
2427.2008.02037.x

Hall ML, van Asten T, Katsis AC, Dingemanse NJ, Magrath MJ, Mulder
RA (2015) Animal personality and pace-of-life syndromes: do fast-
exploring fairy-wrens die young? Front Ecol Evol 3:28. https://doi.
org/10.3389/fevo.2015.00028

Harden Jones FR (1968) Fish migration. Edward Arnold Ltd., London
Harmelin-Vivien ML, Harmelin JG, Leboulleux V (1995) Microhabitat

requirements for settlement of juvenile sparid fishes on
Mediterranean rocky shores. Hydrobiologia 301:309–320. https://
doi.org/10.1007/978-94-011-0293-3_28

Havel LN, Fuiman LA (2016) Settlement-size larval red drum (Sciaenops
ocellatus) respond to estuarine chemical cues. Estuar Coasts 39:
560–570. https://doi.org/10.1007/s12237-015-0008-6

Hjort J (1914) Fluctuations in the great fisheries of Northern Europe
viewed in the light of biological research. Rap Proces 20:1–228

Hjort J (1926) Fluctuations in the year classes of important food fishes.
ICES J Mar Sci 1:5–38

Houde ED (2008) Emerging from Hjort’s shadow. J Northwest Atl Fish
Sci 41:53–70. https://doi.org/10.2960/J.v41.m634

Hughes DA (1969) Responses to salinity change as a tidal transport
mechanism of pink shrimp Penaeus duorarum. Biol Bull 136:43–
53. https://doi.org/10.2307/1539667

Hunt von Herbing I (2002) Effects of temperature on larval fish swim-
ming performance: the importance of physics to physiology. J Fish
Biol 61:865–876. https://doi.org/10.1111/j.1095-8649.2002.
tb01848.x

Igulu MM, Nagelkerken I, Fraaije R, van Hintum R, Ligtenberg H,
Mgaya YD (2011) The potential role of visual cues for microhabitat
selection during the early life phase of a coral reef fish (Lutjanus
fulviflamma). J Exp Mar Biol Ecol 401:118–125. https://doi.org/10.
1016/j.jembe.2011.01.022

Iles TD, Sinclair M (1982) Atlantic herring: stock discreteness and abun-
dance. Science 215:627–633

James NC, Cowley PD, Whitfield AK, Kaiser H (2008) Choice chamber
experiments to test the attraction of postflexion Rhabdosargus
holubi larvae to water of estuarine and riverine origin. Estuar
Coast Shelf Sci 77:143–149. https://doi.org/10.1016/j.ecss.2007.
09.010

Jørgensen C, Opdal AF, Fiksen Ø (2013) Can behavioural ecology unite
hypotheses for fish recruitment? ICES J Mar Sci 71:909–917.
https://doi.org/10.1093/icesjms/fst083

Koolhaas JM, Korte SM, de Boer SF, van der Vegt BJ, van Reenen CG,
Hopster H, de Jong IC, Ruis MA, Blokhuis HJ (1999) Coping styles
in animals: current status in behaviour and stress-physiology.
Neurosci Biobehav Rev 23:925–935. https://doi.org/10.1016/
S0149-7634(99)00026-3

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) lmerTest pack-
age: tests in linear mixed effects models. J Stat Softw 82:1–26.
https://doi.org/10.18637/jss.v082.i13

Lasker R (1978) The relation between oceanographic conditions, and
larval anchovy food in the California Current: identification of fac-
tors contributing to recruitment failure. Rapp P v Reun Cons Int
Explor Mer 173:212–230

Lecchini D, Peyrusse K, Lanyon RG, Lecellier G (2014) Importance of
visual cues of conspecifics and predators during the habitat selection
of coral reef fish larvae. C R Biol 337:345–351. https://doi.org/10.
1016/j.crvi.2014.03.007

Lecchini D, Planes S, Galzin R (2005a) Experimental assessment of
sensory modalities of coral-reef fish larvae in the recognition of their
settlement habitat. Behav Ecol Sociobiol 58:18–26. https://doi.org/
10.1007/s00265-004-0905-3

Lecchini D, Shima J, Banaigs B, Galzin R (2005b) Larval sensory abil-
ities and mechanisms of habitat selection of a coral reef fish during
settlement. Oecologia 143:326–334. https://doi.org/10.1007/
s00442-004-1805-y

Leis JM (2006) Are larvae of demersal fishes plankton or nekton? Adv
Mar Biol 51:57–141. https://doi.org/10.1016/S0065-2881(06)
51002-8

Leis JM, Siebeck U, Dixson DL (2011) How nemo finds home: the
neuroecology of dispersal and of population connectivity in larvae
of marine fishes. Integr Comp Biol 51:826–843. https://doi.org/10.
1093/ICB/ICR004

Leitão F, Baptista V, Teodósio MA, Hughes SJ, Vieira V, Chícharo L
(2016) The role of environmental and fisheries multi-controls in
white seabream (Diplodus sargus) artisanal fisheries in Portuguese
coast. Reg Environ Chang 16:163–176. https://doi.org/10.1007/
s10113-014-0726-5

Leitão F, Santos MN, Monteiro CC (2007) Contribution of artificial reefs
to the diet of the white seabream (Diplodus sargus). ICES J Mar Sci
64:473–478. https://doi.org/10.1093/icesjms/fsm027

Lillis A, Eggleston DB, Bohnenstiehl DR (2014) Estuarine soundscapes:
distinct acoustic characteristics of oyster reefs compared to soft-

   67 Page 14 of 16 Behav Ecol Sociobiol           (2020) 74:67 

https://doi.org/10.1098/RSPB.2008.0876
https://doi.org/10.1098/RSPB.2008.0876
https://doi.org/10.1093/chemse/bjj028
https://doi.org/10.1093/chemse/bjj028
https://doi.org/10.1371/journal.pone.0135213
https://doi.org/10.1016/j.ecss.2006.05.032
https://doi.org/10.1016/j.ecss.2006.05.032
https://doi.org/10.3354/meps202163
https://doi.org/10.3354/meps202163
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1007/BF00349144
https://doi.org/10.1073/pnas.0606777104
https://doi.org/10.1073/pnas.0606777104
https://doi.org/10.1016/S1385-1101(97)00019-1
https://doi.org/10.3989/scimar.04081.08A
https://doi.org/10.3989/scimar.04081.08A
https://doi.org/10.1016/j.jembe.2009.10.010
https://doi.org/10.1007/s00442-019-04363-7
https://doi.org/10.1007/s00442-019-04363-7
https://doi.org/10.1111/j.1365-2427.2008.02037.x
https://doi.org/10.1111/j.1365-2427.2008.02037.x
https://doi.org/10.3389/fevo.2015.00028
https://doi.org/10.3389/fevo.2015.00028
https://doi.org/10.1007/978-94-011-0293-3_28
https://doi.org/10.1007/978-94-011-0293-3_28
https://doi.org/10.1007/s12237-015-0008-6
https://doi.org/10.2960/J.v41.m634
https://doi.org/10.2307/1539667
https://doi.org/10.1111/j.1095-8649.2002.tb01848.x
https://doi.org/10.1111/j.1095-8649.2002.tb01848.x
https://doi.org/10.1016/j.jembe.2011.01.022
https://doi.org/10.1016/j.jembe.2011.01.022
https://doi.org/10.1016/j.ecss.2007.09.010
https://doi.org/10.1016/j.ecss.2007.09.010
https://doi.org/10.1093/icesjms/fst083
https://doi.org/10.1016/S0149-7634(99)00026-3
https://doi.org/10.1016/S0149-7634(99)00026-3
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.crvi.2014.03.007
https://doi.org/10.1016/j.crvi.2014.03.007
https://doi.org/10.1007/s00265-004-0905-3
https://doi.org/10.1007/s00265-004-0905-3
https://doi.org/10.1007/s00442-004-1805-y
https://doi.org/10.1007/s00442-004-1805-y
https://doi.org/10.1016/S0065-2881(06)51002-8
https://doi.org/10.1016/S0065-2881(06)51002-8
https://doi.org/10.1093/ICB/ICR004
https://doi.org/10.1093/ICB/ICR004
https://doi.org/10.1007/s10113-014-0726-5
https://doi.org/10.1007/s10113-014-0726-5
https://doi.org/10.1093/icesjms/fsm027


bottom habitats. Mar Ecol Prog Ser 505:1–17. https://doi.org/10.
3354/meps1080s

Majoris JE, D’Aloia CC, Francis RF, Buston PM (2018) Differential
persistence favors habitat preferences that determine the distribution
of a reef fish. Behav Ecol 29:429–439. https://doi.org/10.1093/
beheco/arx189

Mathot KJ, Wright J, Kempenaers B, Dingemanse NJ (2012) Adaptive
strategies for managing uncertainty may explain personality-related
differences in behavioural plasticity. Oikos 121:1009–1020. https://
doi.org/10.1111/j.1600-0706.2012.20339.x

Maynou F, Sabatés A, Salat J (2014) Clues from the recent past to assess
recruitment of Mediterranean small pelagic fishes under sea
warming scenarios. Clim Chang 126:175–188. https://doi.org/10.
1007/s10584-014-1194-0

Monteiro CC, Lasserre G, Lam Hoi T (1990) Organisation spatiale des
communautés ichtyologiques de la Lagune Ria Formosa (Portugal).
Oceanol Acta 13:79–96

Montgomery JC, Jeffs A, Simpson SD, Meekan M, Tindle C (2006)
Sound as an orientation cue for the pelagic larvae of reef fishes
and decapod crustaceans. Adv Mar Biol 51:143–196. https://doi.
org/10.1016/S0065-2881(06)51003-X

Morais P (2007) The life cycle ofEngraulis encrasicolus sensu lato in the
Guadiana estuary: ecology, ecohydrology and biology. PhD
Dissertation, University of Algarve

Morais P (2020) Leading hypotheses about the influence of temperate
marine fish larvae on recruitment variability that shaped larval ecol-
ogy. In: Teodósio MA, Barbosa A (eds) Zooplankton Ecology. CRC
Press, Boca Raton (in the press)

Morais P, Parra MP, Baptista V, Ribeiro L, Pousão-Ferreira P, Teodósio
MA (2017) Response of Gilthead Seabream (Sparus aurata L.,
1758) larvae to nursery odour cues as described by a new set of
behavioural indexes. Front Mar Sci 4:318. https://doi.org/10.3389/
fmars.2017.00318

Morato T, Afonso P, Lourinho P, Nash RDM, Santos RS (2003)
Reproductive biology and recruitment of the white sea bream in
the Azores. J Fish Biol 63:59–72. https://doi.org/10.1046/j.1095-
8649.2003.00129.x

Munday PL, Dixson DL, Donelson JM, Jones GP, Pratchett MS,
Devitsina GV, Døving KB (2009) Ocean acidification impairs olfac-
tory discrimination and homing ability of a marine fish. Proc Natl
Acad Sci USA 106:1848–1852. https://doi.org/10.1073/PNAS.
0809996106

Nanninga GB, Berumen ML (2014) The role of individual variation in
marine larval dispersal. Front Mar Sci 1:71. https://doi.org/10.3389/
fmars.2014.00071

O'Connor MI, Bruno JF, Gaines SD, Halpern BS, Lester SE, Kinlan BP,
Weiss JM (2007) Temperature control of larval dispersal and the
implications for marine ecology, evolution, and conservation. Proc
Natl Acad Sci USA 104:1266–1271. https://doi.org/10.1073/pnas.
0603422104

O'Connor JJ, Lecchini D, Beck HJ, Cadiou G, Lecellier G, Booth DJ,
Nakamura Y (2015) Sediment pollution impacts sensory ability and
performance of settling coral-reef fish. Oecologia 180:11–21.https://
doi.org/10.1007/s00442-015-3367-6

Ortiz-Delgado JB, Darias MJ, Cañavate JP, Yúfera M, Sarasquete C
(2003) Organogenesis of the digestive tract in the white seabream,
Diplodus sargus. Histological and histochemical approaches. Histol
Histopathol 18:1155–1168. https://doi.org/10.14670/HH-18.1141

Pajuelo JG, Lorenzo JM (2002) Growth and age estimation of Diplodus
sargus cadenati (Sparidae) off the Canary Islands. Fish Res 59:93–
100. https://doi.org/10.1016/S0165-7836(01)00421-0

Pajuelo JG, Lorenzo JM (2004) Basic characteristics of the population
dynamic and state of exploitation of Moroccan white seabream
Diplodus sargus cadenati (Sparidae) in the Canarian archipelago. J
Appl Ichthyol 20:15–21. https://doi.org/10.1046/j.0175-8659.2003.
00540.x

Pasquet A, Sebastian A, Begout ML, LeDore Y, Teletchea F, Fontaine P
(2016) First insight into personality traits in Northern pike (Esox
lucius) larvae: a basis for behavioural studies of early life stages.
Environ Biol Fish 99:105–115. https://doi.org/10.1007/s10641-015-
0459-4

Pecl GT, Araújo MB, Bell JD et al (2017) Biodiversity redistribution
under climate change: impacts on ecosystems and human wellbeing.
Science 355:eaai9214. https://doi.org/10.1126/science.aai9214

Planes S, Jouvenel J-Y, Biagi F, Francour P, Harmelin-Vivien M,
Macpherson E, Tunesi L, Galzin R (1999) Spatio-temporal variabil-
ity in growth of juvenile sparid fishes from the Mediterranean litto-
ral. J Mar Biol Assoc UK 79:137–143

Pousão-Ferreira P, Gonçalves CC, Dores E (2005) Larval rearing of four
sparidae species. In: Hendry CI, Van Stappen G,Wille M, Sorgeloos
P (eds) Larvi'05 – fish & shellfish larviculture symposium.
European Aquaculture Society, Oostende

Qin S, Yin H, Yang C, Dou Y, Liu Z, Zhang P, Yu H, Huang Y, Feng J,
Hao J, Hao J, Deng L, Yan X, Dong X, Zhao Z, Jiang T, Wang HW,
Luo SJ, Xie C (2015) A magnetic protein biocompass. Nat Mater
15:217–226. https://doi.org/10.1038/nmat4484

R Core Team (2019) R: a language and environment for statistical com-
puting. R. Foundation for Statistical Computing, Vienna https://
www.R-project.org/. Accessed 6 Jan 2020

Radford CA, Sim-Smith CJ, Jeffs AG (2012) Can larval snapper, Pagrus
auratus, smell their new home? Mar Freshw Res 63:898–904.
https://doi.org/10.1071/MF12118

Reynisson H, Ólafsdóttir GÁ (2018) Plasticity in activity and latency to
explore differs between juvenile Atlantic cod Gadus morhua across
a temperature gradient. J Fish Biol 92:274–280.https://doi.org/10.
1111/jfb.13520

Rossi T, Nagelkerken I, Pistevos JCA, Connell SD (2016) Lost at sea:
ocean acidification undermines larval fish orientation via altered
hearing and marine soundscape modification. Biol Lett 12:
20150937. https://doi.org/10.1098/rsbl.2015.0937

Sabates A (1990) Changes in the heterogeneity of mesoscale distribution
patterns of larval fish associated with a shallow coastal haline front.
Estuar Coast Shelf Sci 30:131–140. https://doi.org/10.1016/0272-
7714(90)90059-Z

Santos AMP, ChícharoMA,Dos Santos A,Moita T, Oliveira PB, Peliz Á,
Ré P (2007) Physical-biological interactions in the life history of
small pelagic fish in the Western Iberia Upwelling Ecosystem.
Prog Oceanogr 74:192–209. https://doi.org/10.1016/j.pocean.2007.
04.008

Simpson SD, Meekan M, Montgomery J, McCauley R, Jeffs A (2005)
Homeward sound. Science 308:221. https://doi.org/10.1126/
science.1107406

Sinclair M, Iles TD (1987) Population regulation and speciation in the
oceans. C.M. 1987/Mini No. 3. Mini-Symposium on Recruitment
Processes in Marine Ecosystems. International Council for the
Exploration of the Sea, Denmark

Snedecor G, Cochran (1989) Statistical Methods. Iowa State University
Press, Iowa

Staaterman E, Paris CB, Kough AS (2014) First evidence of fish larvae
producing sounds. Biol Lett 10:20140643. https://doi.org/10.1098/
rsbl.2014.0643

Stamps JA (2006) The silver spoon effect and habitat selection by natal
dispersers. Ecol Lett 9:1179–1185. https://doi.org/10.1111/j.1461-
0248.2006.00972.x

Stamps JA (2007) Growth–mortality tradeoffs and ‘personality’ traits in
animals. Ecol Lett 10:355–363. https://doi.org/10.1111/j.1461-
0248.2007.01034.x

Stamps JA, Groothuis TGG (2010) Developmental perspectives on per-
sonality: implications for ecological and evolutionary studies of in-
dividual differences. Phil Trans R SocB 365:4029–4041. https://doi.
org/10.1098/rstb.2010.0218

Behav Ecol Sociobiol           (2020) 74:67 Page 15 of 16    67 

https://doi.org/10.3354/meps1080s
https://doi.org/10.3354/meps1080s
https://doi.org/10.1093/beheco/arx189
https://doi.org/10.1093/beheco/arx189
https://doi.org/10.1111/j.1600-0706.2012.20339.x
https://doi.org/10.1111/j.1600-0706.2012.20339.x
https://doi.org/10.1007/s10584-014-1194-0
https://doi.org/10.1007/s10584-014-1194-0
https://doi.org/10.1016/S0065-2881(06)51003-X
https://doi.org/10.1016/S0065-2881(06)51003-X
https://doi.org/10.3389/fmars.2017.00318
https://doi.org/10.3389/fmars.2017.00318
https://doi.org/10.1046/j.1095-8649.2003.00129.x
https://doi.org/10.1046/j.1095-8649.2003.00129.x
https://doi.org/10.1073/PNAS.0809996106
https://doi.org/10.1073/PNAS.0809996106
https://doi.org/10.3389/fmars.2014.00071
https://doi.org/10.3389/fmars.2014.00071
https://doi.org/10.1073/pnas.0603422104
https://doi.org/10.1073/pnas.0603422104
https://doi.org/10.1007/s00442-015-3367-6
https://doi.org/10.1007/s00442-015-3367-6
https://doi.org/10.14670/HH-18.1141
https://doi.org/10.1016/S0165-7836(01)00421-0
https://doi.org/10.1046/j.0175-8659.2003.00540.x
https://doi.org/10.1046/j.0175-8659.2003.00540.x
https://doi.org/10.1007/s10641-015-0459-4
https://doi.org/10.1007/s10641-015-0459-4
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1038/nmat4484
https://doi.org/10.1071/MF12118
https://doi.org/10.1111/jfb.13520
https://doi.org/10.1111/jfb.13520
https://doi.org/10.1098/rsbl.2015.0937
https://doi.org/10.1016/0272-7714(90)90059-Z
https://doi.org/10.1016/0272-7714(90)90059-Z
https://doi.org/10.1016/j.pocean.2007.04.008
https://doi.org/10.1016/j.pocean.2007.04.008
https://doi.org/10.1126/science.1107406
https://doi.org/10.1126/science.1107406
https://doi.org/10.1098/rsbl.2014.0643
https://doi.org/10.1098/rsbl.2014.0643
https://doi.org/10.1111/j.1461-0248.2006.00972.x
https://doi.org/10.1111/j.1461-0248.2006.00972.x
https://doi.org/10.1111/j.1461-0248.2007.01034.x
https://doi.org/10.1111/j.1461-0248.2007.01034.x
https://doi.org/10.1098/rstb.2010.0218
https://doi.org/10.1098/rstb.2010.0218


Stoffel MA, Nakagawa S, Schielzeth H (2017) rptR: repeatability estima-
tion and variance decomposition by generalized linear mixed-effects
models. Methods Ecol Evol 8:1639–1644. https://doi.org/10.1111/
2041-210X.12797

Sundelöf A, Jonsson PR (2012) Larval dispersal and vertical migration
behaviour – a simulation study for short dispersal times. Mar Ecol
33:183–193. https://doi.org/10.1111/j.1439-0485.2011.00485.x

Sundström LF, Petersson E, Höjesjö J, Johnsson JI, Järvi T (2004)
Hatchery selection promotes boldness in newly hatched brown trout
(Salmo trutta): implications for dominance. Behav Ecol 15:192–
198. https://doi.org/10.1093/beheco/arg089

Teodósio MA, Garrido S, Peters J, Leitão F, Ré P, Peliz A, Santos AMP
(2017) Assessing the impact of environmental forcing on the condi-
tion of anchovy larvae in the Cadiz Gulf using nucleic acid and fatty
acid-derived indices. Estuar Coast Shelf Sci 185:94–106. https://doi.
org/10.1016/j.ecss.2016.10.023

Teodósio MA, Paris CB, Wolanski E, Morais P (2016) Biophysical pro-
cesses leading to the ingress of temperate fish larvae into estuarine
nursery areas: a review. Estuar Coast Shelf Sci 183:187–202. https://
doi.org/10.1016/j.ecss.2016.10.022

Theodorou P, Ólafsdóttir GÁ, Snorrason SS (2012) Reaching the limit:
constrained behavioural flexibility of juvenile Atlantic cod (Gadus
morhua) at current coastal temperatures. J Exp Mar Biol Ecol 413:
192–197. https://doi.org/10.1016/j.jembe.2011.12.009

Veiga P, Ribeiro J, Gonçalves JMS, Erzini K (2010) Quantifying recrea-
tional shore angling catch and harvest in southern Portugal (north-
east Atlantic Ocean): implications for conservation and integrated

fisheries management. J Fish Biol 76:2216–2237. https://doi.org/10.
1111/j.1095-8649.2010.02665.x

Vinagre C, Cabral HN, Costa MJ (2010) Relative importance of estuarine
nurseries for species of the genus Diplodus (Sparidae) along the
Portuguese coast. Estuar Coast Shelf Sci 86:197–202. https://doi.
org/10.1016/j.ecss.2009.11.013

Whitfield AK (1994) Abundance of larval and 0+ juvenile marine fishes
in the lower reaches of three southern African estuaries with differ-
ing freshwater inputs. Mar Ecol Prog Ser 105:257–267. https://doi.
org/10.3354/meps105257

Williams G (2011) Data mining with rattle and R: the art of excavating
data for knowledge discovery. Springer-Verlag, New York

Wilson ADM, Binder TR, McGrath KP, Cooke SJ, Godin J-GJ (2011)
Capture technique and fish personality: angling targets timid bluegill
sunfish, Lepomis macrochirus. Can J Fish Aquat Sci 68:749–757.
https://doi.org/10.1139/F2011-019

Wolf M, van Doorn GS, Weissing FJ (2008) Evolutionary emergence of
responsive and unresponsive personalities. Proc Natl Acad Sci USA
105:15825–15830. https://doi.org/10.1073/pnas.0805473105

Wolf M, Weissing FJ (2012) Animal personalities: consequences for
ecology and evolution. Trends Ecol Evol 27:452–461. https://doi.
org/10.1016/j.tree.2012.05.001

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

   67 Page 16 of 16 Behav Ecol Sociobiol           (2020) 74:67 

https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.1111/2041-210X.12797
https://doi.org/10.1111/j.1439-0485.2011.00485.x
https://doi.org/10.1093/beheco/arg089
https://doi.org/10.1016/j.ecss.2016.10.023
https://doi.org/10.1016/j.ecss.2016.10.023
https://doi.org/10.1016/j.ecss.2016.10.022
https://doi.org/10.1016/j.ecss.2016.10.022
https://doi.org/10.1016/j.jembe.2011.12.009
https://doi.org/10.1111/j.1095-8649.2010.02665.x
https://doi.org/10.1111/j.1095-8649.2010.02665.x
https://doi.org/10.1016/j.ecss.2009.11.013
https://doi.org/10.1016/j.ecss.2009.11.013
https://doi.org/10.3354/meps105257
https://doi.org/10.3354/meps105257
https://doi.org/10.1139/F2011-019
https://doi.org/10.1073/pnas.0805473105
https://doi.org/10.1016/j.tree.2012.05.001
https://doi.org/10.1016/j.tree.2012.05.001

	Does consistent individual variability in pelagic fish larval behaviour affect recruitment in nursery habitats?
	Abstract
	Abstract
	Abstract
	Introduction
	Material and methods
	Model species
	Animals and housing conditions
	Design and experimental set-up
	Data collection–behavioural observations
	Data analysis
	Data availability

	Results
	Discussion
	Response to habitat and environmental cues
	Individual behavioural consistency

	Conclusions
	References


