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Abstract

A host of abiotic factors modify fish social behavior. However, few studies have characterized the

effects of temperature on behavior. In this study, brown trout Salmo trutta fry were reared at 5 dif-

ferent temperatures (4�C, 6�C, 8�C, 10�C, and 12�C). In order to characterize group structure, 3 be-

havioral parameters were investigated: group social structure (based on inter-individual distances),

inter-individual relationships (based on physical contacts), and individual activity. These behavioral

parameters were studied at the emergence stage, which corresponds to a switch from a social gre-

garious life in the gravel to a solitary one in the water column. Data analysis showed that the inter-

individual distances increased with increasing temperature, particularly the nearest neighbor

distance. The mean number of physical contacts between fry increased at both low and high tem-

peratures. At high temperatures, most fry moved apart from each other after a physical contact.

Swimming activity decreased at both the lower and upper temperatures (18% of activity at 4�C,

38% at 8�C, and 12% at 12�C). This study showed that temperature modifies brown trout fry activity,

inter-individual relationships, and social behavior, which all affect group cohesion before emer-

gence and can influence their survival and dispersal.

Key words: early development, emergence, freshwater species, group structure, relationships.

Social relationships and interactions between animals are basic

elements of social structure (Hinde 1976). Relationships are based

on the succession of interactions between 2 individuals, and rela-

tionships between several individuals create a group with a particu-

lar structure (Hinde 1976). The organization within social groups

has consequences on several functions, including reproduction,

predator avoidance, and feeding resource exploitation (Guevara

et al. 2011). Group structure is a trade-off between 2 opposing

forces (benefits and disadvantages) (Miller and Gerlai 2007). In ver-

tebrates, living in a group can have an impact on individual

behavior, which can modify interactions with congeners. This can

lead to a decrease in individual predation risk (Beauchamp 2008;

Samuk et al. 2011) and to an increase in individual food availability

(Sonerud et al. 2001), or mating opportunities (Bijleveld et al.

2010). In fish, the benefits of group living have been widely studied

(Tien et al. 2004). More effective foraging is one of the most well-

known benefits (Pitcher et al. 1982; Ranta and Juvonen 1993), but

protection from predators is also improved (Miller and Gerlai

2007). Various mechanisms could explain this improved protection,

such as dilution of the risk or a confusion effect (Landeau and

Terborgh 1986; Pitcher and Parrish 1993), the early detection of

predators (Godin et al. 1988) or coordinated evasive manoeuvres

(Magurran and Pitcher 1987). However, there are also some disad-

vantages to group living. Competition for food can occur between

congeners when resources are less available; this is known as compe-

tition by exploitation (Pitcher and Parrish 1993). Competition by

interference, when individual foraging is less efficient among indi-

viduals in a tight group, can also take place (Ryer and Olla 1998).

Environmental temperature is a crucial factor for ectotherms

whose body temperature regulation depends on it (Weetman et al.
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1999). Larvae of freshwater species are a good biological model

to the impact of temperature because they are less thermo tolerant

(capable of living within a narrow range of temperature) than juve-

niles or adults (Kamler 2002; Ojanguren and Bra~na 2003). In

fish, both individual behavior (Biro et al. 2010; Rey et al. 2015) and

group structure (Flierl et al. 1999). Most studies on the effects of

temperature on fish behavior focused on either individual activity or

on predator–prey relationships. It has been shown that individual

activity increased with temperature (Fukuhara 1990; Biro et al.

2010), whereas others concluded that swimming ability decreased

when temperature increased (Johansen and Jones 2011). In addition,

other studies demonstrated that activity decreased at low temperatures,

increased to a peak and then decreased as temperature approached the

upper thermal limit (Myrick and Cech 2000; Ojanguren and Bra~na

2000; Claireaux et al. 2006). Concerning the predator–prey relation-

ships, Malavasi et al. (2013) showed that the percentage of time spent

freezing (an antipredator response) decreased when temperature

increased in the sea bass Dicentrarchus labrax. Fish larvae are also

a model to investigate the effects of temperature on social behavior

and group structure because many species exhibit these behaviors

only during their early life stages, as they often become solitary as

they get older. Temperature affects these behaviors. For instance, the

appearance of a predator was associated with a significant increase in

shoaling index (shoal cohesiveness) depending on the temperature

applied. In the guppy Poecilia reticulata, Weetman et al. (1998) de-

monstrated that the interaction between the presence of a predator

and temperature had a significant impact on their social antipredator

behavior. As group structure is dependent on the interactions between

individuals (Hinde 1976), and as temperature may affect individual

behavior, temperature could directly influence the social group.

Some studies reported that temperature could modify inter-indi-

vidual relationships, that is, aggressive behavior increased with tem-

perature (Biro et al. 2010; Zhao and Feng 2015). In guppy and

walleye pollock Theragra chalcogramma, the distance to the nearest

neighbor within a group increased with higher temperatures

(Weetman et al. 1998; Hurst 2007). Temperature also affected the

aggressive relationships between Atlantic salmon Salmo salar juveniles,

and at lower temperatures (4.6�C), there was less aggression

(Gibson 2015). These previous studies were carried out on juveniles

or adults and this is the first time that this type of study focused on

the early life stages of a fish.

The aim of this study was to test the effects of temperature on

the individual activity and social behavior at emergence of the larvae

(known as fry) of a cold stenothermal fish, the brown trout Salmo

trutta. After hatching, fry feed on the yolk sac and when the yolk re-

serves decrease, they leave the gravel and enter into the water co-

lumn, a phenomenon known as “emergence,” which occurs at

approximately 65 6 19 days post hatching (dph) at 8�C (Teletchea

et al. 2009). Under natural conditions, emergence is followed by the

dispersal of the fry (Gaudin and Héland 1995; Héland et al. 1995)

and depends on the local abiotic conditions such as warming water

temperature (Côté and Green 2012). It is well known that this phe-

nomenon depends on fry development, and is strongly affected by

temperature, but nothing is known about the social changes occur-

ring during emergence. Based on previous studies on other species

(Weetman et al. 1998; Hurst 2007; Biro et al. 2010; Gibson 2015),

we hypothesized that a rise in temperature during the first stages of

development would accelerate emergence and be followed by faster

fry dispersal. Thus, the resulting collapse in group structure would

be characterized by greater inter-individual distances and more ag-

gressive behavior between fry.

Materials and Methods

Rearing conditions
Eggs were obtained from 7 wild females (each fertilized independently

by 7 wild males) caught 2 years previously and put in an earthen

pond (water temperature: 8�C) located at the INBO (International

Network of Basin Organizations) at Linkebeek (Belgium). Fry were

raised at the UR AFPA (Unit of Animal Research and Functionality

of Animal Products—University of Lorraine (http://www.urafpa.fr/),

France), in 5 independent incubators (110�64�186 cm, 300 L)

each including 9 racks (45�7�12 cm), in the same hatchery room.

Each incubator had a flow rate of 4 m3 h�1 and water was UV steri-

lized. Approximately 6,000 eggs were put in each incubator (around

650 per rack); for this we mixed eggs from the 7 females. Each incuba-

tor had its own recirculated water and temperature control system. The

physicochemical properties of the water were monitored daily to ensure

optimal conditions: oxygen saturation was checked every morning (82.

86 9.8%); ammonia and nitrite concentrations were lower than 0.05

and 0.01 mg L�1, respectively; pH was controlled at 8.006 0.05.

Incubators were kept under natural photoperiodic conditions (ranging

from 8 h light/16h dark in January to 12 h light/12 h dark in May).

Five water temperatures were applied in the 5 different incubators

with a difference of 2�C and 4�C below and above the temperature

recorded in the earthen breeding ponds (8�C). In each incubator, the

temperature was maintained constant throughout the experiment

(4 6 0.3�C, 6 6 0.4�C, 8 6 0.4�C, 10 6 0.4�C, and 12 6 0.4�C).

Protocol
The study ran from January to May 2014. Depending on the tem-

perature, development times were very different, so emergence did

not occur at the same time. Tests were performed at emergence for

each temperature. Fry emerged at 24–25 dph at 4�C, 19–20 dph

at 6�C, 15–16 dph at 8�C, 13–14 dph at 10�C, and 9–10 dph at

12�C. The fry tested were 24.81 6 0.12 mm, 23.97 6 0.08 mm,

24.80 6 0.08 mm, 24.15 6 0.10 mm, and 22.93 6 0.27 mm in total

length (N¼10 fish/group), respectively (stage 32 of the Vernier

Table, 1969) (Réalis-Doyelle et al. 2016). At emergence fry were not

fed; they lived on their yolk sac.

A circular arena (diameter¼30 cm and height¼5 cm with water

1.5 cm deep) was used to observe fry social behavior. Water in the

arena was the same as that of each incubator. The room temperature

was maintained at 10�C. The bottom of the arena was translucent

and lit at 5–10 l� from underneath to avoid fry shadows during the

recording. This light intensity was chosen from observations that fry

are more active at both dawn and dusk (Jonsson and Jonsson 2009).

The test room was a cold chamber to maintain the water tempera-

ture in the arena constant throughout the test.

Ten fry were collected with a beaker (and not with a net to avoid

drying) from an incubator and placed in the center of the arena.

After a 30-min acclimatization period, fry were filmed for 1 h with a

camcorder (Sony, Handycam, DCR-SR72E) placed 50 cm above the

arena. Two arenas were followed simultaneously with 2 cam-

corders. We filmed 10 groups for each tested temperature except for

12�C (we had only 2 groups due to the low survival rate of fry at

this temperature—less than 2%). At the end of each experiment, fish

were euthanized with MS 222 (200 mg L�1; AVMA 2007).

Quantification of fish behavior
Group structure

To analyze fry group structure, we extracted images from the videos

at 5-min intervals for each group (13 images per video). The position
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of each fry in each image was mapped using its XY coordinates and

determined by its center of mass using “ImageJ” software.

For group structure, we used 3 parameters to characterize each

individual: the nearest neighbor distance, the mean of inter-individual

distances and the variance of these inter-individual distances. For

the nearest neighbor distance, because each member of the group

has only 1 nearest neighbor, this parameter is not dependent on the

size of the group and it is also less dependent on the distribution of

the fish within the group (Buske and Gerlai 2011). This parameter is

representative of the dispersion of individuals in the environment.

The nearest neighbor distances (NND) were averaged for each

image (RN/10) for 1 group of 10 individuals. Then, the mean values

of 13 images were averaged to give the mean neighbor distance for 1

group at a given temperature. The mean and the standard error (SE)

of this NND were calculated for the all groups for each temperature.

Based on the NND, we also determined the structure of the group

(fry can be dispersed, aggregated, or randomly distributed, see

Online Appendix 1 for calculations). For this, we compiled the

images showing aggregative and/or dispersive distribution of the fry

within the group at each temperature (Online Appendix 1). We then

calculated the percentage of aggregated and dispersed cases in the

total number of images (130 images were taken for 4�C, 6�C, 8�C,

and 10�C and 26 for 12�C). For a given temperature, we ensured

that the number of images put in 1 particular category (aggregative,

dispersive, or random) was the same between groups so that the

data for a given temperature was not dependent on a particular

group.

The second parameter used to characterize group structure was

the mean inter-individual distance (D). It is the distance between 1 fry

and all the other fry in the group. This parameter is representative of

group cohesion (Buske and Gerlai 2011). In contrast to the nearest

neighbor distance, it is dependent on the size of the group and on the

distribution of fry within the group (Buske and Gerlai 2011). The

mean inter-individual distance was then calculated by first measuring

the distances between a given fry called focal fry and the other group

members. These distances were thus averaged for a focal fry (RD/9);

then the values obtained for all the fry of a group were averaged to

obtain 1 value per image (R (RD/9)/10). For each group, the mean

and SE were calculated from 13 images. The mean and the SE of these

distances were calculated for each temperature (10 groups).

The third parameter was the variance of the distances between a

focal fry and all other group members (V). This parameter is a clas-

sical metric to explain group homogeneity (Buske and Gerlai 2011).

The 10 variances for each individual of a group were averaged

(RV/10) for an image; then it was averaged for 13 images. Finally,

the mean and SEs of these variances were calculated for each tem-

perature (10 groups).

Inter-individual relationships and activity

Inter-individual relationships and individual activity were

measured using the “The Observer XT10” software (Noldus, The

Netherlands). The parameters characterizing inter-individual rela-

tionships and activity (see below) were obtained from three 2-min

samples taken from the 1-h video of each individual group. The

three 2-min samples were: the first 2 min, from the 30th min to 32th

min and from the 58th min to 60th min.

Inter-individual relationships, defined as a physical contact be-

tween 2 individuals, were recorded as well as the behavior of the 2 fry

afterwards. A physical contact was defined as a collision between 2

individuals, which could be a frontal or a lateral collision. After a

physical contact, there were 4 scenarios: 1) the 2 individuals stayed in

contact motionless, 2) the fry that initiated the physical contact stayed

motionless and the other moved, 3) inversely, the first fry moved and

the other one stayed motionless, or 4) both individuals moved apart.

During emergence, fry must improve their swimming ability and

capacity to forage further into the water column (Sanchez-

Hernandez et al. 2011). Three different types of swimming activity

were considered: static swimming, slow swimming, and fast swim-

ming. Static swimming was defined by a tail flick, but which did not

propel the fry more than its body length for more than 1 s. Slow

swimming was the same as static except the fry moved more than its

body length for more than 1 s. Fast swimming was defined as rapid

displacement of the fry, with the tail flick no longer visible and fry

moving more than its body length in less than 1 s. For each fry, we

took into account the duration of each swimming type and total

swimming was defined as the sum of the 3 modes: we then calcu-

lated the proportion of each swimming type relative to the total

swimming duration for each temperature.

Data analysis
For all variables, we tested the assumption of normality (Shapiro

test) and of homogeneity of variances (Levene test). As the data did

not always fit with a normal distribution pattern considering the

small (N¼10) and unequal sample sizes (4 sets with 10 groups and

1 set with 2 groups), we chose to use the one-way non-parametric

analysis of variance test (Kruskal–Wallis H test) for independent

data. In the case of significant temperature effects between the 5

temperatures tested, post hoc comparison tests (permutation tests)

were performed to investigate which temperature groups differed

from the others.

In order to determine the group structure and the distribution of

individuals in the group, we used the nearest neighbor method

(derived from Clarck and Evans 1954) based on the mean of dis-

tances between a point and its nearest neighbor. This method

allowed the distribution—aggregated, dispersed, or random—of a

population of individuals spread on a given surface to be determined

(Online Appendix 1). We tested logarithmic and linear regressions

to describe the distribution of data as a function of temperature: the

curve of best fit had the highest regression coefficient. Comparisons

for outcomes of individuals after contact between temperatures

were made with chi-square.

All statistical tests were performed with “R” software (version

3.0.3) and results are presented as mean 6 SE for histogram of activity

and mean, median, and outliers in box plots for the other param-

eters. In the graphs, results are presented from the lowest to the

highest temperature. Results were considered significant at P<0.05.

Compliance with ethical standards
This article does not contain any studies with human participants

performed by any of the authors. During all procedures, we took

care to minimize handling and stress as much as possible for the

study animals. All fish treatments and procedures used in this study

were in accordance with the general guidelines of the Council of

European Communities (1986, No. 86/609/CEE) and the French

Animal Care Guidelines (Animal approval No. C54-547-18).

Results

Group social structure
The nearest neighbor distances were different for the 5 tested tem-

peratures (H¼25.05, df¼4, P<0.0001). Significantly bigger
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distances were observed at 8�C and 10�C than at both 4�C

(Z¼�3.42, P<0.001 and Z¼�3.58, P<0.001, respectively;

Figure 1A) and 6�C (Z¼�2.86, P¼0.004 and Z¼�3.15,

P¼0.001, respectively; Figure 1A). When the temperature

increased, the tendency to aggregate decreased, while the tendency

to disperse increased (Figure 2). Relatively to the temperature, the 2

distributions (dispersed and aggregated) of the fry in groups fol-

lowed a logarithmic regression (dispersed: R2¼0.94, P¼0.006;

aggregated: R2¼0.92, P¼0.009; Figure 2).

For the inter-individual distances, there was an overall difference

between temperatures (H¼14.58, df¼4, P¼0.005). At 6�C, inter-

individual distances were significantly shorter than at 10�C

(Z¼2.96, P¼0.003). No difference was observed between the

other temperatures (Figure 1B).

There was also a global difference between temperatures

(H¼23.83, df¼4, P<0.0001) for the variance of the inter-individual

distances. At 4�C, the variance of inter-individual distances was sig-

nificantly higher than at 6�C (Z¼3.54, P<0.001) and 8�C

(Z¼3.58, P<0.001). No difference was observed between the

other temperatures (Figure 1C).

Inter-individual relationships and activity
The number of physical contacts between individuals was signifi-

cantly different depending on the temperature tested (H¼29.29,

df¼4, P<0.0001). At 4�C, there were significantly more physical

contacts than at 6�C and 8�C. At 6�C, there were fewer physical

contacts than at 8�C, 10�C, and 12�C. At 8�C, there were fewer

physical contacts than at 10�C and 12�C (Table 1, Figure 3).

After a physical contact, fry could either stay in contact motionless

(scenario 1) or move apart (scenario 2); there was no significant differ-

ence for either of the 2 other scenarios (scenarios 2 and 3, see the

methods). Differences were observed between the 5 temperature

groups with the 2 fry staying together (v2¼29.19, df¼4, P<0.0001)

or moving apart (v2¼45.71, df¼4, P<0.0001) (Figure 4). At 12�C,

more individuals moved apart after a contact than at other tempera-

tures (4�C: Z¼�2.67, P¼0.007; 8�C: Z¼�2.68, P¼0.01; and

10�C: Z¼�2.30, P¼0.02); at 6�C no individual moved apart.

The total activity also varied depending on the temperature

(H¼30.90, df¼4, P<0.0001). At 4�C (18%), it was higher than at

Figure 1. Three measures (mean 6 SE) of group structure: (A) nearest

neighbor distances, (B) inter-individual distances, and (C) variance of inter-

individual distances. The black line is the median, the black triangle is the

mean, and the white dot is the outsider. Different letters indicate signifi-

cant differences between temperatures at P< 0.05 using post hoc permu-

tation tests.

Figure 2. Distribution of individuals as a function of temperature with loga-

rithmic regression. Fry are aggregated or dispersed in the arena.
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6�C (9%), but lower than at 8�C (38%) and 10�C (31%). At 8�C

and 10�C, it was higher than at 6�C and at 12�C (12%) (Table 2).

There were differences in fast swimming time among the 5 tempera-

tures (H¼18.40, df¼4, P¼0.001). At 12�C, the fry swam fast for

longer than at 4�C, 6�C, 8�C, and 10�C (Table 2, Figure 5). For

slow swimming time, there was also a global difference among

the 5 temperatures (H¼32.85, df¼4, P<0.0001). At 4�C, there

was more slow swimming time than at 6�C and less time at 8�C.

At 6�C, there were shorter periods of slow swimming than at

8�C, 10�C, and 12�C. At 8�C, there was more slow swimming

time than at 10�C (Table 2, Figure 5). Static swimming was dif-

ferent for the 5 tested temperatures (H¼24.46, df¼4,

P<0.0001). At 4�C, there was less static swimming time than at

6�C and 10�C. At 8�C, there was less static swimming time than

at 10�C (Table 2, Figure 5).

Discussion

To our knowledge, the present study is one of the very few that has

investigated the effects of temperature on the social behavior of fish

larvae (e.g., Héland et al. 1995; Hurst 2007). While investigating

the effects of temperature on individual activity, we showed that it

had a marked effect on the social interactions between individuals

and thus the group structure. The temperature had a strong impact

on fry behavior at emergence. During this period, fry must disperse

to find food and acquire a foraging site that could be associated

with a territory. Territory possession is essential for food exploi-

tation and survival (Elliott 1990). Territory is difficult to measure,

but the nearest neighbor distances and the inter-individual relation-

ships (i.e., aggressive behavior) provide an estimate of the size of the

defended area.

Furthermore, during emergence fry must improve their swim-

ming ability and their ability to forage more often in the water co-

lumn (Sanchez-Hernandez et al. 2011). Our results suggest that

brown trout fry already begin to show territorial behavior.

Temperature appears to have an effect on the organization of this

behavior at this stage.

Activity and physical contact
It is widely known that water temperature affects individual fish acti-

vity. This was generally studied by observing swimming performance

(e.g., Beamish 1978; Ojanguren et al. 2001). The maximum swim-

ming speed is usually reduced at low temperatures, increases to a

peak at an optimum temperature and then decreases when the tem-

perature approaches the upper thermal limit (Myrick and Cech

2000; Ojanguren and Bra~na 2000; Koumoundouros et al. 2002;

Figure 3. Number of physical contacts (mean 6 SE) between fry as a function

of temperature. The black line is the median and the black triangle is the

mean. Different letters indicate significant differences between temperatures

at P<0.05 using post hoc permutation tests.

Table 1. Permutation test (post hoc test) results for comparison of the number of physical contacts as a function of temperature

Temperatures (�C) Physical contacts

4 6 8 10 12

Physical contacts 4 — Z¼ 3.72 Z¼ 2.70 — —

P< 0.0001 P< 0.006

6 — Z¼�2.54 Z¼�3.94 Z¼�3.09

P¼ 0.01 P< 0.0001 P¼ 0.001

8 — Z¼�3.32 Z¼�2.74

P< 0.001 P¼ 0.006

10 —

12 —

Figure 4. Percentage of each type of physical contacts among the total num-

ber of contacts at each temperature. 1 represents the fry that instigated the

physical contact and 2 is the fry that was subjected to the contact. M (¼
Move) is when the fry moved after contact, NM (¼ Not Move) is when the fry

stayed motionless after contact.
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Claireaux et al. 2006). In our study, we did not measure the maximum

swimming speed, but the total activity showed a characteristic curve

with higher values around an optimum temperature and lower

values at both higher and lower temperatures. However, we did ob-

serve that this curve was skewed asymmetrically toward low tem-

peratures. Indeed, at 4�C, individual activity increased relative to

6�C but was less than at 8�C. Ojanguren and Bra~na (2000) observed

a similar pattern while studying juvenile brown trout. They

concluded that brown trout might maintain some swimming acti-

vity below the lowermost (5.5�C) experimental temperature but

probably not above the uppermost one (26�C). In our study there

were more physical contacts at both 4�C and 12�C than at 8�C.

However, the underlying causes of these differences can be inter-

preted from observations of the outcomes of the physical contacts.

Thus, fry may increase activity at 4�C to maintain their internal tem-

perature and not as an expression of territorial behavior. Indeed, at

4�C, the fish remained motionless after a physical contact whereas

at 12�C they moved away from each other. Furthermore, at 12�C,

there was more speed swimming suggesting that the relationships

between individuals were more aggressive to defend a foraging site.

At this stage (emergence) abiotic factors (temperature) could affect

this behavior more than fry developmental stage (Valdimarsson and

Metcalfe 2001).

Group structure
The nature, quality, and patterning of relationships can be described

based on observations of the group structure (Hinde 1976). In our

study, the nearest neighbor distance analysis showed that it

increased with temperature (between 4�C and 10�C). In addition,

dispersal within the group increased with temperature, whereas ag-

gregation decreased. This is consistent with another study that

demonstrated that the distance to the nearest neighbor increased by

approximately 32% between 2�C and 9�C in walleye pollock

juveniles (Hurst 2007). In our study, the distance to the nearest

neighbor increased by about 16% between 4�C and 12�C. For all

tested temperatures, fry were at the same biological stage (emer-

gence) but showed different group structures. It is known that after

emergence, when searching for food, individuals should stay away

from conspecifics to avoid competition (Pitcher and Parrish 1993),

but with dispersal, individuals are more at risk of being predated

(Landeau and Terborgh 1986; Weetman et al. 1999). In our study,

Table 2. Summary of statistical analyses of activity using permutation tests (post hoc test)

Activity Temperature (�C) 4 6 8 10 12

Total activity 4 — Z¼ 2.81 Z¼�3.33 Z¼�2.70 —

P¼ 0.004 P< 0.001 P¼ 0.007

6 — Z¼�3.90 Z¼�3.68 —

P< 0.001 P< 0.001

8 — — Z¼ 2.41

P¼ 0.01

10 — Z¼ 2.02

P¼ 0.03

12 —

Fast swimming 4 — — — — Z¼ 2.75

P¼ 0.005

6 — — — Z¼ 3.01

P¼ 0.002

8 — — Z¼ 2.92

P¼ 0.003

10 — Z¼ 2.84

P¼ 0.004

12 —

Slow swimming 4 — Z¼ 3.47 Z¼�3.25 — —

P< 0.001 P¼ 0.001

6 — Z¼�3.97 Z¼�3.82 Z¼�2.55

P< 0.001 P< 0.001 P¼ 0.01

8 — Z¼ 2.55 —

P¼ 0.01

10 — —

12 —

Static swimming 4 — Z¼�2.95 — Z¼�3.35 —

P¼ 0.003 P< 0.001

6 — — — —

8 — Z¼ 2.84 —

P¼ 0.004

10 — —

12 —
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at 12�C, the dispersal of fry in the arena could have the same conse-

quences. The present data support the conclusion that an increase in

temperature promotes fry dispersal in the environment at

emergence.

Possible ecological implications
Several studies on ectothermic species showed that abiotic factors

can often have an impact on relationships between individuals and

consequently group structure patterns: risk of predation in anura

Phrynomantis microps (Spieler 2003) and fish (Pitcher et al. 1988;

Ryer and Olla 1998; Miller and Gerlai 2007), or food reduction in

fish (Ryer and Olla 1995, 1998). Our study demonstrated that the

group social structure varied at emergence and physical contacts

increased with temperature. This is consistent with studies on other

animal groups. For example, at low temperature female spiders

were less active and showed less aggressive behaviors, and were

more tolerant toward conspecifics (Pruitt et al. 2011). In contrast, at

higher temperatures, females exhibited increased activity levels, as

well as aggressiveness toward conspecifics (Pruitt et al. 2011).

Moreover, in coral reef fish, swimming speed increased with tem-

perature and contributed to fish dispersal (Green and Fisher 2004).

Climate change models forecast a global increase of up to 4.8�C

on the Earth surface, but with local, seasonal, or day/night cycles of

positive and negative variations. In this context, Buisson (2009)

showed that temperature changes will affect freshwater fish species

and climate warming could strongly modify their distribution.

Furthermore, temperature could have a stronger impact on fresh-

water fish than marine species because the network structure of

drainage basins constrains their dispersal abilities (Buisson et al.

2008). Freshwater fish are limited to the river basin they currently

live it. Consequently, dispersal phenomena (which start at the emer-

gence stage with acquisition of territory) begin earlier at higher tem-

peratures; this could result in a time gap between prey and predators

and modify behavioral responses to the absence of food or a new

resource.

Overall, our findings suggest that temperature directly affects fry

behavior and thus raise questions on the future survival of brown

trout. Indeed, the shift in time of emergence due to increasing tem-

perature causes early dispersal. However, early-dispersing fry may

not be ready to live on their own, that is, to escape from predators

and defend a territory. Group living may be highly beneficial,

for example, by minimizing predation risks (Pritchard et al. 2001).

Several studies showed that larger groups face less predation risks

due to different factors: increased predator confusion (Landeau and

Terborgh 1986), collective vigilance (Godin et al. 1988), and social

information transfer (Mathis et al. 1996). It can thus be inferred

that an increase in temperature will increase the risk of predation in

brown trout. An increase in temperature also leads to a shift in the

time of arrival of fry in the water column. Prey may not yet be pre-

sent or another species could take the ecological niche as it has been

shown for pikeperch Sander lucioperca (Ginter 2012).

Brown trout are found in the cold rivers of mountainous and

coastal areas in North-West France. It is one of the fish species that

could be the most affected by climate change. In her study, Buisson

(2009) took into account the distribution of different species as a

function of several environmental data and 2 climatic data—tem-

perature and rainfall—to predict the future distribution of trout. No

river sections analyzed would be favorable to it and it could dis-

appear from most rivers (Buisson 2009) leaving it confined to the

most apical parts of Brittany’s highlands and rivers. The study

was conducted on adults and juveniles, which have broader thermal

limits than fry (Kamler 2002; Ojanguren and Bra~na 2003). In our

study, we showed that temperature significantly affects fry behavior.

The population structure could be affected at an early life stage

inducing more competition between individuals, and, if the popula-

tion of fry is affected by an increase of temperature, the future re-

cruitment of juveniles and adults could also be affected.
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post émergents de truite commune Salmo trutta et de saumon atlantique

Salmo salar. B Fr Peche Piscic 337–339.

Gibson RJ, 2015. Some behavioural and ecological factors affecting distribu-

tion, biomass and production of juvenile Atlantic salmon. Ecol Fresh Fish

24:397–411.

Ginter K, 2012. The diet of juvenile pikeperch Sander lucioperca in lakes

Peipsi and V~ortsj€arv: relations between long–term changes in the fish com-

munities and food resources in large shallow lakes [PhD thesis]. Estonian

University of Life Sciences.

Godin JGJ, Classon LJ, Abrahams MV, 1988. Group vigilance and shoal size

in a small characin fish. Behaviour 104:29–40.

Green BS, Fisher R, 2004. Temperature influences swimming speed, growth and

larval duration in coral reef fish larvae. J Exp Mar Biol Ecol 299:115–132.

Guevara J, Gonzaga O, Vasconcellos-Neto J, Avilès L, 2011. Sociality and re-

source use: insights from a community of social spiders in Brazil. Behav

Ecol 22:630–638.
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