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Abstract.  34 

Divergent selection is a powerful driver of speciation and has been widely studied in relation 35 

to the physical characters of organisms. Because evolution of behavioural traits may contribute 36 

to evolutionary processes, we explored how consistent variation in behaviours may affect the 37 

process of adaptive divergence and speciation. We studied whether two sympatric morphs of 38 

Arctic charr (Salvelinus alpinus) have recently evolved genetically-based differences in 39 

personality that conform to their respective ecological niches, and whether these differences 40 

contribute to reproductive isolation by generating maladaptive hybrid behaviours. Studying 41 

three aspects of behavioural variation (average trait value, consistent individual differences and 42 

trait covariance), we assessed the sociality and risk-taking propensity of hybrid and pure-morph 43 

offspring reared in common conditions. Contrary to expectations, the two morphs did not differ 44 

in the average values of these traits but showed different behavioural syndromes (trait 45 

covariances). While the hybrids did not differ from either morph in their average behavioural 46 

responses, they showed less individual consistency in these behaviours and a different set of 47 

behavioural syndromes. Differences between morphs and their hybrids in other behavioural 48 

aspects than their average behavioural responses suggest that our understanding of speciation 49 

processes can benefit from an integrative view of behavioural variation.  50 
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Introduction.  67 

A variety of behavioural traits are now widely recognized as playing a key role in the evolution 68 

of animal populations through natural selection [1–3]. Traits such as aggressivity, sociality and 69 

boldness (the propensity for taking risks) are well studied for their implications on foraging 70 

success, predator avoidance, vulnerability to parasites, breeding success, and life-history 71 

strategies in a wide range of taxa (e.g.  arthropods, vertebrates, molluscs, sea anemones) [4–9]. 72 

Major advances in our understanding of the role of behaviour in evolution have been recently 73 

achieved through studies of behavioural differences at the individual level, and focusing on 74 

individual consistency, that is, animal personality  [10–12]. Behavioural differences among 75 

populations are now considered as more than adaptive mean values surrounded by the noise of 76 

individual variance and can be studied under different aspects, such as (i) the group level, 77 

average values of a given behavioural trait, (ii) the consistent differences between individuals 78 

in this trait (personality per se) and (iii) the covariations between this trait and others 79 

(behavioural syndromes) [4]. Because of their genetic bases and their effects on fitness, 80 

personality and behavioural syndromes are considered to be important drivers of adaptive 81 

divergence and speciation [3,13,14]. Considering classical models of speciation [15,16], 82 

divergent selection may indeed result in the segregation of behavioural types between different 83 

fitness optima. Reproductive isolation (such as selection against intermediate or transgressive 84 

hybrids) could then develop as a by-product, which may in turn lead to further divergence [17]. 85 

Despite the recent conceptual advances about the importance of personality in the processes of 86 

adaptive divergence and speciation, empirical studies directly investigating it are still lacking 87 

[14]. Information is especially lacking regarding the behavioural phenotype of hybrids and 88 

their contribution to reproductive isolation [18].  89 

 90 

Here we explore whether behaviour as considered under the three aspects described above 91 

(average trait value, consistent differences between individuals and trait covariance) can 92 

influence the evolutionary processes of divergence and speciation. First, contrasting ecological 93 

conditions can generate different fitness optima that favour the differentiation of populations 94 

in the average values of a behavioural response (i.e. “behavioural adjustment”, Figure 1a) [19]. 95 

Second, contrasting environmental variables such as the predictability of a food resource or 96 

predation risk can determine the benefit of behavioural consistency over plasticity, thus 97 

affecting the level of consistent differences between individuals (i.e. personality per se) [20] – 98 

defined as behavioural “homogenisation” vs. “diversification” in [19] (Figure 1). Finally, 99 
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because of genetic constraints [21,22], functional trade-offs [23] and multidimensional 100 

selection [24], covariances between traits can be important determinants of fitness and one may 101 

therefore expect personality syndromes to be shaped differently between diverging populations 102 

[25]. These three aspects of behavioural variation could therefore affect the build-up of 103 

reproductive isolation if hybrids present either (i) disadvantageous average values in 104 

personality traits, (ii) a loss in behavioural consistency (personality breakdown) or (iii) 105 

maladaptive combinations of these traits (syndrome breakdown).  106 

 107 

Postglacial lakes hosting different varieties or morphs of freshwater fish are particularly 108 

valuable biological systems offering a glimpse of early stages of divergence [26]. These lakes 109 

often contain sympatric populations, which facilitate the study of divergent selection by 110 

limiting the effects of geographical barriers on gene flow [27]. The evolution of these systems 111 

has been described under the framework of resource polymorphism, where a few fish species 112 

colonized recently de-glaciated lakes offering a variety of unoccupied ecological niches, thus 113 

promoting the emergence of different sympatric morphs [28]. These morphs usually segregate 114 

between the benthic and the limnetic habitats and are characterised by various levels of 115 

reproductive isolation [29,30]. The Arctic charr from the Icelandic lake Thingvallavatn 116 

presents an extreme and rapid case of such divergence that resulted in the emergence of four 117 

lake-locked morphs which are evolving (at least in their current state) in sympatry (Figure 2a).  118 

 119 

We focus here on two of the four morphs in Thingvallavatn, the “small-benthic” (SB) and the 120 

“planktivorous” (PL) charrs. The SB charr live in the stony littoral zone of the lake and forage 121 

on benthic invertebrates, mainly the snail Radix peregra and chironomid larvae. In this habitat 122 

they use their small size to manoeuvre amongst the lava stones in order to access food and seek 123 

shelter from predation. The PL charr utilize the pelagic zone of the lake and feed on 124 

zooplankton and emerging chironomids. The spawning seasons of SB- and PL-charr overlap 125 

(the spawning season of SB charr encompassing the one of PL charr) and these two morphs 126 

appear to also share their spawning locations [31]. Estimates of gene flow between the two 127 

charr are however very low [32] and individuals of intermediate morphology are rarely 128 

observed in spite of the ease to generate mature first-generation hybrids (F1) in captivity 129 

[31,33]. These observations suggest that selection against hybrids may at least to some extent 130 

contribute to the reproductive isolation of the two morphs.  131 

 132 
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Given the ecological differences between the small benthic and planktivorous morphs, 133 

we expected them to have evolved differences in boldness and sociality, two personality traits 134 

known to be often related to fitness [6,9]. These differences should be reflected by changes in 135 

the three behavioural aspects discussed above (see our predictions in Table 1). Briefly, we 136 

expected the PL charr to have evolved personality traits favouring the formation of shoals. 137 

Shoaling formation is well understood to be advantageous in open habitats with low physical 138 

complexity [34,35]. During the summer and autumn, juvenile and adult PL charr forage in open 139 

water environments where they spread out during the dusk and dark hours, but form dense 140 

shoals or stay deeper at full daylight; probably as a predator avoidance tactic [36]. Considering 141 

that social and territorial behaviours were found to have genetic bases in related species of 142 

Salvelinus [37], we predicted that PL charr would display higher average values in social 143 

behaviours than SB charr. We also predicted reduced among-individual differences (low 144 

personality effect) in PL as selection would have depleted the genetic variation related to these 145 

traits. Moreover, because bold individuals appear to have lower propensities for social 146 

behaviours [38,39], we expected PL charr to have reduced average values as well as reduced 147 

among-individual differences in boldness as a response to selection for social personality types. 148 

In contrast, the high physical complexity of the habitats occupied by SB charr may not only 149 

relax the selection on social traits but also favour the establishment of a high diversity of 150 

personality types, for example by  enabling bolder SB charr that are more likely to move across 151 

foraging areas or feeding away from shelters to thrive with shyer individuals that tend to stay 152 

within sheltered areas (e.g. fissures and restricted spaces between boulders). 153 

 154 

We raised individuals from pure-morph and hybrid crosses in common garden 155 

conditions to characterize the range of behavioural differences between the types of crosses 156 

regarding the three different aspects of variation. We expected the importance of the boldness 157 

and sociality traits in this case of divergence to be revealed by genetically based differences 158 

between SB and PL individuals according to the predictions described above. Moreover, 159 

because the merging of two diverging genomes often produces either maladaptive intermediate 160 

or transgressive hybrid traits[40,41], genetically-based behaviour variations in hybrids falling 161 

outside of the range of the two morphs could reveal whether they would be selected against.  162 

 163 
 164 
 165 
 166 
 167 
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 Methods.  168 
 Study system.  169 
 170 
Thingvallavatn is Iceland’s largest lake, with an area of 84km2 and a mean depth of 34 meters.  171 

The lake sits in a graben of the Mid-Atlantic ridge and was formed following the last glacial 172 

retreat about 10,000 years ago  [42]. The physical structure of the lake is characterized by a 173 

wide pelagic zone and three major benthic habitats, being a “stony littoral” zone (0-10m deep) 174 

composed of a spatially complex lava substrate with loose stones, crevasses and interstitial 175 

spaces, a densely vegetated zone of Nitella opaca algae (10-20m deep), and a profundal zone 176 

(25 m and deeper) where the bottom is covered by a diatomic gyttja substrate [43]. The four 177 

morphs of Arctic charr (the planktivorous, the piscivorous, the large-benthic and the small-178 

benthic), differ in habitat use, diet, head and body morphology, life-history and parasitism 179 

[30,43,44], and constitute at least three genetically differentiated populations (the status of 180 

piscivorous charr remains unresolved) [45]. All four morphs are completely sympatric, 181 

although coalescent models are consistent with scenarios involving short periods of geographic 182 

isolation between PL and SB charr [32]. The two morphs of our study overlap in their spawning 183 

seasons (SB: August-November, PL: September-November) [31] but show genetically-based 184 

differences in head shape [46], growth patterns [47] and foraging strategies [48]. 185 

Morphological differences between these two morphs are manifested early during development 186 

[46], but can be affected by limited plastic changes later in life [49]. The young of the year of 187 

the two morphs are believed to use the same habitat, the surf zone (0-1m deep), from the onset 188 

of active feeding in spring until the PL-charr shift towards deeper pelagic and epibenthic zones 189 

during summer [50]. 190 

 191 

Field sampling of parental specimens and offspring rearing.  192 

We collected adult specimens in October 2017 by laying gillnets overnight on a spawning site 193 

used by the two morphs (Svínanesvík, 64°11'24.6"N; 21°05'40.5"W). We crossed the gametes 194 

of 18 ripe specimens as soon as they were brought ashore to generate nine full-sibling families 195 

of pure-morph (Female x Male parents : PLxPL and SBxSB) and hybrid crosses (PLxSB and 196 

SBxPL, see the crossing design in Table S1). The eggs were incubated in a single EWOS 197 

hatching tray (EWOS, Norway) at 4.1±0.2°C in the aquaculture facilities of Hólar University, 198 

Sauðárkrókur, Iceland. Hatching occurred in January 2018 and 20 to 40 free-swimming 199 

embryos per family were moved to single-individual cells in a common water flow-through 200 

tank on their hatching day (when 50% of their eggs clutch was hatched). Soon before the onset 201 
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of active feeding (ca. 530 degree day, March 2018), we replaced the cells by 22cl identifiable, 202 

perforated and transparent cups allowing the exchange of olfactory cues as well as visual 203 

contact between individuals. At the same time, groups of ca. 20 fish that were not selected for 204 

the rearing experiment were moved into family-specific containers. These fish were used as 205 

test shoals for the experiment on sociality. All the fish were fed ad libitum with aquaculture 206 

pellets on a daily basis.  207 

 208 

Behavioural experiments.  209 

We conducted two types of experimental tests during a five-month period after hatching (May 210 

2018, ca. 1100 degree days). In the wild this corresponds to the period when the juveniles of 211 

both morphs stay in the littoral zone, before PL charr shift towards deeper habitats [43]. The 212 

first test aimed at assessing the position of each fish along boldness/shyness axis (“boldness 213 

test”). The second test quantified the sociality of the same individuals (“sociality test”). Both 214 

tests relied on the video-tracking of a focal individual using the software Ethovision XT 8.5 215 

(Noldus Information Technology, The Netherlands). 93 fish raised in the cups were used as 216 

focal individuals (37 PLxPL charr, 15 SBxSB charr, 23 and 16 F1 hybrids of PLXSB and 217 

SBxPL maternal origin, respectively).  218 

 219 

The boldness test consisted of an open field test (OFT) with shelter [51,52]. This setup was 220 

composed of a 40×30×25 cm arena which was filled with ten liters of water from the tap of the 221 

raising tray (Figure 1b, Figure S1). The bottom left corner of each compartment contained an 222 

opaque white PVC shelter box (11×6.5×6cm) closed by a vertical sliding trapdoor. The area 223 

was divided into four virtual zones in relation to the shelter, the entrance zone of the shelter, a 224 

marginal zone and a central zone of the arena deemed to be the area of high risk. The width of 225 

the marginal zone was defined as twice the body-length of the focal fish. Our assumption on 226 

the spatial variation in risk level was based on thigmotaxis (the aversion for locations away 227 

from vertical surfaces), a concept commonly used in studies on boldness and anxiety [38]. The 228 

test started by introducing the focal fish into the shelter from the upper side through a two-229 

centimeter-wide aperture, immediately sealed with a lid after the introduction. The trap door 230 

was gently opened after a five-minute acclimatization period and a 20-minute video-recording 231 

trial was simultaneously initiated. Twelve behavioral variables were extracted from the video 232 

output (Table S2). The test was repeated twice for every individual with a seven-day interval 233 

between trials in order to capture the behavioural variation related to both within- and among-234 
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individual differences. At the end of the first trial, a lateral view photograph of the left side of 235 

the specimen was taken for morphometric purpose using a down-facing fixed camera (Canon 236 

EOS 650D with a 100mm macro lens) before the fish was returned to the rearing tray.  237 

 238 

The sociality tests were started one week later using an 80×30×15 cm arena divided in three 239 

compartments (Figure 2b, Figure S1). A central compartment (10×30 cm) contained the focal 240 

fish and was separated from two side compartments (10×30 cm) by transparent acrylic walls. 241 

These walls were perforated to allow transfer of chemical cues while preventing the fish from 242 

moving between compartments.  A “start box” made of a vertical cylinder (10.5 cm high × 243 

10.5cm inner-side diameter) was placed in the middle of the arena. Five fish of the same type 244 

of cross as the focal individual and raised in group since hatching were placed together in one 245 

of the two side compartments. The focal fish was introduced in the start box through a two-246 

centimeter diameter door on the upper side. The start box was removed after an acclimatization 247 

period of five minutes and a 20-minute video record was initiated. 248 

 249 

As with the experiment on boldness, two replicate trials were conducted for each fish, one week 250 

apart, but the side-compartment containing the group of congeners was alternated between the 251 

two rounds. The water of the arenas was always renewed between observations to mitigate the 252 

presence of chemical cues from the previous focal fish as well as temperature changes. In order 253 

to minimize stress, the fish were transported to the experimental room inside covered buckets 254 

filled with the same water as the common-garden setup. The trials were recorded using a video 255 

camera (IMAGING SOURCE DMK 21AU04, 640×480 pixels) placed 180 centimeters above 256 

the center of the multi-arena setups and operated with the software IC-capture 2.4 (with a frame 257 

rate of 30 Hz). After the last trial, each fish was euthanised with an overdosage of 2-258 

Phenoxyethanol [53] and weighted to obtain the wet body mass.  259 

 260 
Statistical analyses.  261 

 262 
We first developed a straightforward boldness/shyness index based on the twelve variables 263 

recorded during the open-field tests by conducting an Exploratory Factor Analysis (Table S2).  264 

Briefly, this method characterises unobserved “latent” variables associated to sets of correlated 265 

observed variables [54]. We ran the analysis using the Maximum Likelihood method available 266 

in the R package psych [55] and identified two latent variables. One latent variable was related 267 

to observed variables describing a classical “boldness/shyness” axis as well as exploratory 268 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

 9 

tendencies (e.g. travelled distance, velocity), and will hereafter be referred to as the boldness 269 

trait (Figure S2, Figure 2b). The second latent variable regrouped the observed variables related 270 

to the use of the entrance of the shelter (e.g. entries and exits frequencies, time spent in the 271 

entrance zone). Because this variable mostly describes the actions of the fish near the aperture 272 

of the shelter, we name it the doormat trait. For validation, we also reduced our dataset using 273 

Principal Component Analyses (PCA), a classical alternative method to derive personality 274 

scores [56,57]. The resulting first two principal components reflected the boldness and doormat 275 

traits (Figures S4).  276 

 277 

In order to account for the confounding effect the physical condition of the fish may have on 278 

their behavioural response, we extracted individual indexes of body condition as residuals from 279 

a regression of the wet weight of the specimen over its standard length [58] (Figure S4, Table 280 

S3). This value was extracted from the morphometric photographs using the R packages 281 

StereoMorph and Geomoporph [59,60].  282 

 283 

We used Multi-response Linear Mixed Models [61] to test whether the types of cross differed 284 

in the three behavioural  aspects (1: average trait value, 2: individual consistency, and 3: trait 285 

covariance), by using as a multiple response the values of the three traits (boldness, doormat, 286 

sociality), mean centred and scaled by their respective standard deviations. We studied 287 

behavioural aspect 1 by assessing the importance of the type of cross as a fixed effect in a 288 

multi-response model containing standard length, body condition and trial number as 289 

covariates. The identity of the specimen and its family were added as random variables. We 290 

assessed the importance of the effect of the type cross relative to the total amount of 291 

behavioural variation by adapting the marginalized determination coefficient (R2
m) from [62] :  292 

 293 

𝑅"# = 	 &'()**
&+,-	.	&,/0.	&+12	.	&3

	        (1) 294 

where Vcross  and Vfix are the variances calculated from the fixed effect component referring to 295 

the type of cross alone and to all fixed effects, respectively [63]. Vind and Vfam are the variance 296 

components associated with the differences between the intercept of individuals and of 297 

families, respectively, and Ve is the residual variance (within-individual variance). 298 

 299 

The differences between types of crosses related to the second and the third behavioural aspects 300 

(consistent individual differences and behaviour syndrome) were assessed by extracting the 301 
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variance and covariance components of three separate models (one per type of cross). These 302 

models contained the standard length, body condition, trial number and family identity as fixed 303 

effects while the individual identity was set as a random variable. From these three models, we 304 

assessed the amount of consistent differences between individuals in each trait and in each type 305 

of cross by calculating their adjusted repeatability (R). The adjusted repeatability controls for 306 

confounding factors (here body condition, size, trial number and family) and was calculated 307 

using the formulation from [64]:  308 

	𝑅 = 		 &,/0
(&,/0	.	&3)

	          (2) 309 

Finally, we tested for differences in correlations between traits (an important component of 310 

behavioural syndromes, aspect 3) among types of cross by comparing the between-trait 311 

correlation coefficients extracted from the variance-covariance matrices of the three models. 312 

In order to gain statistical power, the two categories of reciprocal hybrids were pooled for all 313 

models. 314 

 315 

We fitted all the models under a Bayesian framework using Markov Chain Monte Carlo 316 

(MCMC) methods as implemented in the package MCMCglmm [61]. We specified weakly 317 

informative priors (V0family = 1 , V0ind and V0res =  identity matrix I3   , nu = 0.002) and determined 318 

the number of iterations allowing model convergence through the examination of trace plot, 319 

posterior density plots and effective sample sizes. Inferences were made by comparing the 320 

posterior mode estimates and 95% Highest Posterior Density Credible intervals (95% CrI) 321 

between the type of crosses (and in relation to the zero baseline for the significance of R 322 

estimates).   323 

 324 
 325 

Results.  326 
 327 
We found that the boldness scores tended to be lower and the average distances to conspecifics 328 

tended to be higher (lower sociality) in SBxSB offspring and hybrids than in PLxPL offspring  329 

(Figure 3, Table S4). The effect of the type of cross, however explained a negligible proportion 330 

of the total variation (R2
m : posterior mode [95% CrI] = 0.01 [0.00-0.03]). These results were 331 

also observed as limited trends in the graphical representations of the reaction-norms of each 332 

trait (Figure S5) but were also non-significant when employing separate linear mixed models 333 

with a single, non-scaled trait as a response (Table S5).  334 

 335 
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The posterior modes of the repeatability estimates were high (> 0.5) in SBxSB and PLxPL 336 

offspring for the boldness and the doormat traits, and were supported by lower limits of 95% 337 

CrI with high values (Figure 4a, Table S6). These results indicate high levels of individual 338 

consistency (high “personality effect”) in these two traits for both morphs. This effect was not 339 

observed for the sociality trait, the posterior modes of repeatability estimates being low in the 340 

two morphs. In contrast, the posterior modes of repeatability estimates were medium to low 341 

for all traits in hybrids; the posterior density of these estimates furthermore included or were 342 

close to zero. The repeatability estimates of all traits did not appear to differ among the pure-343 

bred offspring. Considering the posterior density of these estimates, we can say with good 344 

confidence that the hybrids showed lower individual consistency in boldness than at least the 345 

SBxSB-offspring. The repeatability estimates of doormat were also lower in the hybrids than 346 

in the PLxPL offspring. 347 

 348 

We also observed differences in the posterior estimates of trait covariances (i.e. behavioural 349 

syndromes) between the types of crosses (Figure 4b, Table S6).  Among SBxSB offspring, the 350 

posterior modes of the correlation estimates showed a positive correlation between boldness 351 

and doormat behaviour whereas the corresponding correlation among PLxPL offspring was 352 

negative. The correlation estimates between doormat and sociality were mostly negative in 353 

SBxSB offspring while no trend was observed in PLxPL offspring. The correlation estimates 354 

between sociality and boldness also differed between pure-morph offspring. The corresponding 355 

estimates were strongly positive in the PLxPL offspring and higher than in the SBxSB offspring 356 

where the estimates were mostly negative.   357 

 358 

Differences were also observed in the trait correlations in hybrids compared to those of the 359 

pure-bred offspring (Figure 4b, Table S6). Hybrids showed a negative correlation between 360 

boldness and doormat in hybrids that differed from the negative estimate of SBxSB offspring, 361 

and which tended to be even more negative than those of the PLxPL offspring. The covariance 362 

estimates between boldness and sociality were also similar between the hybrids and the SBxsB 363 

offspring. However, the correlation between sociality and boldness was positive in hybrid and 364 

did not differ from the one of the PLxPL charr.  These estimates also differed from the negative 365 

correlation between sociality and boldness in SBxSB charr. 366 

 367 

 368 
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Discussion. 369 

Like any trait with genetic bases, behavioural traits undergoing adaptive divergence can be 370 

revealed through common garden experiments [65]. Our hypothesis that adaptive divergence 371 

can act on the three aspects of behavioural variation studied here is partially supported by the 372 

complexity of the results from such experiments. First, our data provides little support to our 373 

predictions that the two morphs differ in average values of their behaviour traits. Second, the 374 

two morphs showed the same pattern in repeatability of the three traits. They displayed high 375 

levels of repeatability in boldness and doormat, while no repeatability was observed in social 376 

behaviour. Third, contrasting behavioural syndromes were found between the two morphs as 377 

seen in the opposite patterns of covariance between boldness and doormat, as well as between 378 

boldness and sociality.  379 

 380 

The hybrids differed from the two morphs in a complex way. The hybrids showed reduced 381 

repeatability in boldness and doormat behaviour compared to pure-morph offspring.  They 382 

showed similar patterns as PL offspring in the covariations of boldness-doormat and boldness-383 

sociality, the two set of covarying traits that significantly differed between the two pure-morph 384 

offspring. Conversely, the hybrids tended to be more similar to SB-offspring in the behavioural 385 

syndrome involving doormat and sociality.   386 

 387 
1. Personality as a driver of adaptive divergence.  388 

 389 

Contrary to our predictions, the two morphs did not differ in average values (our first aspect of 390 

behavioural variation) of boldness- and sociality, but both had high repeatability estimates 391 

(second aspect of variation) for those two traits. This high consistency may reflect key 392 

characteristics of the respective foraging environment of each morph and can be interpreted in 393 

light of individual specialization [66].  Differences in the degree of individual specialization 394 

can emerge between habitats. For example, in lake populations of Eurasian perch (Perca 395 

fluviatilis) individuals utilizing the littoral zone have a more specialized diet than their pelagic 396 

congeners [67]. Animal personality can be linked to individual specialisation as a consequence 397 

of individuals developing alternative strategies (e.g. for energy acquisition) [3,5]. In our 398 

system, these high levels of consistent differences between individual PL juveniles probably 399 

reflects more complex evolutionary responses than expected (Table 1) but may be related to 400 

conditions offering an advantage for specialized behavioural types in the pelagic habitat as 401 

well. Different personality types in the PL-offspring could have emerged as a result of more 402 
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complex ecological characteristics than expected in the pelagic habitats, and where different 403 

strategies related to resource acquisition and/or “predation risk versus energy gain” trade-offs 404 

[68] yield similar fitness outcomes. At the height of the productive season PL charr mainly 405 

prey on zooplankton, especially Daphnia longispina and Cyclops abyssorum [69], two species 406 

with high spatiotemporal variations in availability. Partly this results from diel migration cycles 407 

of the zooplankton, but variations in horizontal distribution may also be important [70]. Such 408 

spatiotemporal complexity of food resources, probably coupled with the predation risk inherent 409 

to open habitats, may generate energy acquisition trade-offs that affect foraging strategies of 410 

PL charr. This is supported by the experimental observations where naive PL offspring, when 411 

offered live Daphnia as food, appeared not to start feeding bellow a given threshold of prey 412 

density. Such restraint was not seen in SB-offspring  [48].  413 

 414 

The environmental conditions favouring the diversity of personality types can also be related 415 

to the social environment experienced by PL charr. For example, bolder zebrafish (Danio rerio) 416 

are more likely to be the dominant individuals [38] and such personality-related hierarchical 417 

structures can be expected in Arctic charr, as their food intake, dominance and swimming 418 

activity are mediated by common hormonal mechanisms [71]. Finally, the complexity of the 419 

social environment can also be intertwined with fitness trade-offs, as seen for example in 420 

sticklebacks, where bolder fish were more dominant, grew faster and occupied frontal positions 421 

of shoals where the foraging success is higher, but where the predation risk is also higher [39]. 422 

Similar patterns may be expected in the PL charr that both form dense shoals and are confronted 423 

to spatial-temporal heterogeneity in their food resources [70].  424 

 425 

The observation of substantial but different personality syndromes (our third behavioural 426 

aspect) in both morphs was contrary to our predictions stating that SB charr should not show 427 

display covariance in the studied traits. Because the evolution of a behavioural syndrome can 428 

be related to situation-specific conflicts in the expressions of behavioural responses [4], these 429 

observations may also result from different energy acquisition trade-offs among benthic and 430 

limnetic habitats and/or imposed by the different social environments discussed above. These 431 

different covariance patterns can also be explained more generally as a response to two 432 

different regimes of correlational selection acting in each habitat [25]. Although the precise 433 

ecological and evolutionary factors responsible for such differences in trait covariance remain 434 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

 14 

unclear, these findings suggest that SB- and PL-charr have undergone substantial adaptive 435 

divergence at the level of behavioural syndromes.   436 

 437 

Because the fitness consequences of the behavioural variations we observed were not directly 438 

measured, we call for a cautious interpretation of our results. Caution is also warranted as the 439 

connections between personality and individual performance are nontrivial [72–74]. We 440 

however are confident that the behavioural types we observed can be interpreted as phenotypic 441 

values maximizing fitness in the different habitats. Based on more than thirty years of studies 442 

of the Arctic charr of Thingvallavatn it can be stated with good confidence that many of the 443 

morphological and life-history-related differences between PL and SB charr have evolved from 444 

diversifying selection related to trophic and non-trophic ecological factors [43,45,75]. One 445 

would therefore find it likely that in this particular case of divergence, behavioural traits would 446 

be affected in a similar way.  447 

 448 

2. Hybrids behaviour and implications in speciation.  449 

The merging of diverging genomes often results in transgressive or intermediate values of 450 

polygenic traits [40], and transgressive or intermediate behaviours in hybrids have recently 451 

been proposed as an overlooked source of post-zygotic reproductive isolation between 452 

diverging populations [18,76]. Although the hybrids from our experiment did not differ the two 453 

morphs in their average behavioural responses, they tend to show reduced repeatability in the 454 

traits for which the two morphs show high level of consistent individual differences. 455 

Repeatability may therefore be affected in the same way as non-behavioural characters by 456 

hybrid breakdown (i.e. deficiencies resulting from the negative genetic interactions of the 457 

incompatible alleles from diverging genomes [77]).  458 

 459 

Furthermore, hybrids of the two morphs show a particular pattern of trait covariance, as in traits 460 

where SB and PL charr differ in their behaviour syndromes, the hybrid phenotype in one case 461 

follows the SB-charr but in another the PL-charr. While theoretical views suggest that 462 

breakdowns through hybridization in the genomic architecture responsible for trait correlations 463 

may generate transgressive characters [78], the hybrid phenotypes observed here show a 464 

complex picture in which the different trait covariances may be affected by different 465 

mechanisms. The absence of intermediate hybrid phenotypes suggests that different, non-466 

additive genetic effects are responsible for the development of such syndromes. Such results 467 
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are consistent with the observation that the development of foraging-related personality traits 468 

in nine-spine stickleback (Pungitius pungitius) is dependent of non-additive genetic factors 469 

[65], although trait covariances were not investigated in this study. 470 

Whatever the proximate mechanisms, the complex covariance patterns observed in the hybrid 471 

charr result in an idiosyncratic phenotype that may not perform as well as pure-morph 472 

individuals in their respective ecological niches. Although novel phenotypes may facilitate the 473 

colonisation of still-unoccupied niches [40], such advantage appear to be unlikely in the 474 

contemporary state of our system. Hybrids between PL and SB charr are indeed virtually non-475 

existent in the wild, at least at the adult stage, in spite of what appear to be ample opportunities 476 

for the two morphs to interbreed [31].  477 

 478 

Together with reduced individual consistency, the singular patterns of personality syndromes 479 

may be a source of selection against hybrids. While the extent to which such selection 480 

constitutes a reproductive barrier (especially in relation to physical traits) and how much it 481 

contributes to the total level of reproductive isolation between the two morphs remains to be 482 

ascertained. The present findings suggest that studying simultaneously several aspects of 483 

behavioural variation can uncover nonintuitive patterns of adaptive divergence.   484 

 485 
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Table 1. Predictions for the patterns of divergence between the two morphs regarding the three 534 
aspects of behavioral variation described in the text. PL: Planktivorous charr, SB: Small-535 
benthic charr. The expected behavioural changes are not absolute, but relative to the two 536 
morphs.  537 

Morph Habitat 
characteristics 

Predictions: Sociality Predictions: Boldness 3. Trait 
correlation 1. Average trait 

value 
2. Personality 

effect 
1. Average 
trait value 

2. Personality 
effect 

PL 

- Open water, 
no shelter 

 
- High spatio-

temporal 
variations in 

prey 
availability 

High: Response 
to selection 

favouring shoal 
formation 

Low: 
Selection for 

social 
individuals 
reduces the 
diversity in 
personality 

types 

Low: 
Selection 
against 
bolder 

individuals 
with low 

social 
propensity 

Low: Reduced 
individual 
variation 

resulting from 
selection for 
social types   

Negative  
(if enough 

among-
individual 
variation) 

SB 

- Highly 
diverse 
physical 

structures 
 

- Stable food 
resources 

Low: 
Solitary/territorial 
life advantageous 

Low: 
Sociality 
traits not 
relevant 

High: 
Reduced 
selection 
against 

proactive 
behavioural 

types   

High: Habitat 
heterogeneity 
maintaining 
individual 

polymorphism  

Null: Shy 
individuals 

disadvantaged 
if social  

 538 
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 539 
Figure 1. Evolutionary mechanism through which behavioural variation is involved in adaptive 540 
divergence. (a) Average behavioural response can diverge between populations as any classic 541 
trait under divergent selection; here represented in a rugged-adaptive landscape model [15]. 542 
Reproductive isolation can build-up as the intermediate or transgressive behavioural responses 543 
of hybrids represent a selective disadvantage. (b) Different selection regimes can also affect 544 
the level of consistent behavioural differences between individuals (i.e. personality) across 545 
environments. This can be visualized under a reaction norm approach. While in this example 546 
identical average values are favoured in two environments, specialized behavioural types are 547 
favoured in Environment 2. (c) Complex patterns of adaptive divergence may therefore arise 548 
when considering the two aspects of behavioural variations described in (a) and (b).  549 

 550 
 551 
 552 

Fi
tn

es
s

Behavioural response

Pop. A Pop. BHybrids

Be
ha

vi
ou

ra
lr

es
po

ns
e Habitat 1 Habitat 2

Time / contexts

Be
ha

vi
ou

ra
lr

es
po

ns
e

Time / context Fitness

a.

Time / contexts

b.

c.

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

 19 

 553 
Figure 2. Studied morphs and experimental system. (a) The four morphs of Thingvallavatn 554 
with their foraging habitat and main prey depicted on the left side (from top to bottom: 555 
planktonic crustacean, fish, freshwater snail). All four specimens were captured together on 556 
the same site. PL: Planktivorous, PI: Piscivorous, LB: Large-benthic, SB: Small-benthic charr. 557 
The two focus morphs of our study (PL and SB) are higlited with dashed lines. (b) Schematic 558 
view of the two experimental arenas used to measure the boldness and sociality traits (aerial 559 
view). In the top arena, the dashed zone represents the near entrance of the shelter that was 560 
used to describe an additional personality axis defined as the “doormat” trait. Dimensions are 561 
shown in Figure S1. 562 
 563 
 564 
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 565 
Figure 3. Posterior distribution, posterior mode and 95% HPD intervals of the fixed effect  566 
“type of cross” (SBxSB offspring: SB, hybrids: F1) on each trait from the multiple-response 567 
model. The PL-charr constitutes the baseline (dashed-line). The scores are mean-centred and 568 
scaled by unit of standard deviation. Behavioural scores for Boldness and Doormats: scores of 569 
latent variables for a Factor Analysis ; for Sociality: inverse of the average distance to 570 
conspecific (cm).  571 
 572 
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 573 
Figure 4. Posterior distributions, posterior mode and 95% Credibility Intervals of (a) the 574 
repeatability estimates for the tested trait and (b) of the Pearson correlation coefficients 575 
between traits at the individual level (behaviour syndrome) for each type of cross. Types of 576 
cross: SBxSB offspring (SB); PLxPL offspring (PL); hybrids (F1).  577 
 578 
 579 
 580 
 581 
 582 
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 586 
 587 
 588 
 589 
 590 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

 22 

References.  591 
 592 
1. Wilson DS. 1998 Adaptive individual differences within single populations. Philos. 593 

Trans. R. Soc. B Biol. Sci. 353, 199–205. (doi:10.1098/rstb.1998.0202) 594 
2. Coleman K, Wilson DS. 1998 Shyness and boldness in pumpkinseed sunfish: Individual 595 

differences are context-specific. Anim. Behav. 56, 927–936. 596 
(doi:10.1006/anbe.1998.0852) 597 

3. Wolf M, Weissing FJ. 2012 Animal personalities: Consequences for ecology and 598 
evolution. Trends Ecol. Evol. 27, 452–461. (doi:10.1016/j.tree.2012.05.001) 599 

4. Sih A, Cote J, Evans M, Fogarty S, Pruitt J. 2012 Ecological implications of behavioural 600 
syndromes. Ecol. Lett. 15, 278–289. (doi:10.1111/j.1461-0248.2011.01731.x) 601 

5. Biro PA, Stamps JA. 2008 Are animal personality traits linked to life-history 602 
productivity? Trends Ecol. Evol. 23, 361–368. (doi:10.1016/j.tree.2008.04.003) 603 

6. Smith BR, Blumstein DT. 2008 Fitness consequences of personality: A meta-analysis. 604 
Behav. Ecol. 19, 448–455. (doi:10.1093/beheco/arm144) 605 

7. Collins JR, Vernon EL, Thomson JS. 2017 Variation in risk-taking and aggression in 606 
morphotypes of the beadlet anemone, Actinia equina (L.), and the green anemone, 607 
Actinia prasina (Gosse). J. Exp. Mar. Bio. Ecol. 496, 29–36. 608 
(doi:10.1016/j.jembe.2017.07.011) 609 

8. Sinn DL, Apiolaza LA, Moltschaniwskyj NA. 2006 Heritability and fitness-related 610 
consequences of squid personality traits. J. Evol. Biol. 19, 1437–1447. 611 
(doi:10.1111/j.1420-9101.2006.01136.x) 612 

9. Réale D, Garant D, Humphries MM, Bergeron P, Careau V, Montiglio PO. 2010 613 
Personality and the emergence of the pace-of-life syndrome concept at the 614 
population level. Philos. Trans. R. Soc. B Biol. Sci. 365, 4051–4063. 615 
(doi:10.1098/rstb.2010.0208) 616 

10. Réale D, Reader SM, Sol D, McDougall PT, Dingemanse NJ. 2007 Integrating animal 617 
temperament within ecology and evolution. Biol. Rev. 82, 291–318. 618 
(doi:10.1111/j.1469-185X.2007.00010.x) 619 

11. Dingemanse NJ, Kazem AJN, Re D, Wright J. 2009 Behavioural reaction norms : animal 620 
personality meets individual plasticity. Trends Ecol. Evol. 25, 81–89. 621 
(doi:10.1016/j.tree.2009.07.013) 622 

12. Roche DG, Careau V, Binning SA. 2016 Demystifying animal ‘personality’ (or not): why 623 
individual variation matters to experimental biologists. J. Exp. Biol. 219, 3832–3843. 624 
(doi:10.1242/jeb.146712) 625 

13. Holtmann B, Santos ESA, Lara CE, Nakagawa S. 2017 Personality-matching habitat 626 
choice, rather than behavioural plasticity, is a likely driver of a phenotype‒627 
environment covariance. Proc. R. Soc. B Biol. Sci. (doi:10.1098/rspb.2017.0943) 628 

14. Ingley SJ, Johnson JB. 2014 Animal personality as a driver of reproductive isolation. 629 
Trends Ecol. Evol. 29, 369–371. (doi:10.1016/j.tree.2014.04.008) 630 

15. Nosil P. 2012 Ecological Speciation. 1st edn. Oxford: Oxford University Press.  631 
16. Coyne JA, Orr AH. 2004 Speciation. 1st edn. Sunderland, Massachusetts: Sinauer 632 

Associates, Inc.  633 
17. Schluter D. 2001 Ecology and the origin of species. Introductory statement. Trends 634 

Ecol. Evol. 16, 372–380. (doi:10.1016/S0169-5347(01)02198-X) 635 
18. Rice AM, McQuillan MA. 2018 Maladaptive learning and memory in hybrids as a 636 

reproductive isolating barrier. Proc. R. Soc. B Biol. Sci. 285. 637 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

 23 

(doi:10.1098/rspb.2018.0542) 638 
19. Barbosa M, Deacon AE, Janeiro MJ, Ramnarine I, Morrissey MB, Magurran AE. 2018 639 

Individual variation in reproductive behaviour is linked to temporal heterogeneity in 640 
predation risk. Proc. R. Soc. B Biol. Sci. 285. (doi:10.1098/rspb.2017.1499) 641 

20. Dall SRX, Houston AI, McNamara JM. 2004 The behavioural ecology of personality : 642 
consistent individual differences from an adaptive perspective. Ecol. Lett. 7, 734–739. 643 
(doi:10.1111/j.1461-0248.2004.00618.x) 644 

21. Saltz JB, Hessel FC, Kelly MW. 2017 Trait Correlations in the Genomics Era. Trends 645 
Ecol. Evol. 32, 279–290. (doi:10.1016/j.tree.2016.12.008) 646 

22. Arnold SJ. 1992 Constraints on Phenotypic Evolution. Am. Nat. 140, 85–107. 647 
23. Stearns SC. 1989 Trade-Offs in Life-History Evolution. Funct. Ecol. 3, 259–268. 648 

(doi:10.2307/2389364) 649 
24. Sinervo B, Svensson E. 2002 Correlational selection and the evolution of genomic 650 

architecture. Heredity (Edinb). 89, 329–338. (doi:10.1038/sj.hdy.6800148) 651 
25. Dingemanse NJ, Wright J, Anahita JN, Thomas DK, Hickling R, Dawnay N. 2007 652 

Behavioural syndromes differ predictably between 12 populations of three-spined 653 
stickleback. J. Anim. Ecol. 76, 1128–1138. (doi:10.1111/j.1365-2656.2007.01284.x) 654 

26. Seehausen O, Wagner CE. 2014 Speciation in Freshwater Fishes. Annu. Rev. Ecol. Evol. 655 
Syst. 45, 621–651. (doi:10.1146/annurev-ecolsys-120213-091818) 656 

27. Foote AD. 2017 Sympatric Speciation in the Genomic Era. Trends Ecol. Evol. 33, 85–657 
95. (doi:10.1016/j.tree.2017.11.003) 658 

28. Skúlason S et al. 2019 A way forward with eco evo devo: an extended theory of 659 
resource polymorphism with postglacial fishes as model systems. 91, 399–404. 660 

29. Eiríksson GM, Skúlason S, Snorrason SS. 1999 Heterochrony in skeletal development 661 
and body size in progeny of two morphs of Arctic charr from Thingvallavatn, Iceland. 662 
J. Fish Biol. 55, 175–185. (doi:10.1111/j.1095-8649.1999.tb01054.x) 663 

30. Snorrason SS, Skúlason S. 2004 Adaptive Speciation in Northern Freshwater Fishes. In 664 
Adaptive Speciation, pp. 210–228. (doi:10.1017/CBO9781139342179.012) 665 

31. Skúlason S, Snorrason SS, Noakes DLG, Ferguson MM, Malmquist HJ. 1989 666 
Segregation in spawning and early life history among polymorphic Arctic charr, 667 
Salvelinus alpinus, in Thingvallavatn, Iceland. J. Fish Biol. 35, 225–232. 668 
(doi:10.1111/j.1095-8649.1989.tb03065.x) 669 

32. Kapralova KH, Morrissey MB, Kristjánsson BK, Olafsdóttir GÁ, Snorrason SS, Ferguson 670 
MM. 2011 Evolution of adaptive diversity and genetic connectivity in Arctic charr 671 
(Salvelinus alpinus) in Iceland. Heredity (Edinb). 106, 472–87. 672 
(doi:10.1038/hdy.2010.161) 673 

33. Kapralova KH. 2014 Study of morphogenesis and miRNA expression associated with 674 
craniofacial diversity in Arctic charr (Salvelinus alpinus) morphs. University of Iceland. 675 
See http://skemman.is/item/view/1946/19398. 676 

34. Orpwood JE, Magurran AE, Armstrong JD, Griffiths SW. 2008 Minnows and the selfish 677 
herd: effects of predation risk on shoaling behaviour are dependent on habitat 678 
complexity. Anim. Behav. 76, 143–152. (doi:10.1016/j.anbehav.2008.01.016) 679 

35. Mikheev VN, Adams CE, Huntingford FA, Thorpe JE. 1996 Behavioural responses of 680 
benthic and pelagic arctic charr to substratumheterogeneity. J. Fish Biol. 49, 494–500. 681 
(doi:10.1006/jfbi.1996.0175) 682 

36. Jónasson PM. 1992 The ecosystem of Thingvallavatn: a synthesis. Oikos 64, 405–434. 683 
37. Ferguson M, Noakes DLG. 1982 Genetics of social behaviour in charr (Salvelinus 684 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

 24 

species). Anim. Behav. 30, 128–134. 685 
38. Dahlbom SJ, Lagman D, Lundstedt-Enkel K, Sundström LF, Winberg S. 2011 Boldness 686 

predicts social status in zebrafish (Danio rerio). PLoS One 6, 2–8. 687 
(doi:10.1371/journal.pone.0023565) 688 

39. Ward AJW, Thomas P, Hart PJB, Krause J. 2004 Correlates of boldness in three-spined 689 
sticklebacks (Gasterosteus aculeatus). Behav. Ecol. Sociobiol. 55, 561–568. 690 
(doi:10.1007/s00265-003-0751-8) 691 

40. Albertson RC, Kocher TD. 2005 Genetic architecture sets limits on transgressive 692 
segregation in hybrid cichlid fishes. Evolution (N. Y). 59, 686–690. 693 
(doi:10.1111/j.0014-3820.2005.tb01027.x) 694 

41. Coolon JD, Mcmanus CJ, Stevenson KR, Coolon JD, Mcmanus CJ, Stevenson KR, 695 
Graveley BR, Wittkopp PJ. 2014 Tempo and mode of regulatory evolution in 696 
Drosophila. Genome Res. 24, 797–808. (doi:10.1101/gr.163014.113) 697 

42. Pétursson HG, Norðdahl H, Ingólfsson. 2015 Late Weichselian history of relative sea 698 
level changes in Iceland during a collapse and subsequent retreat of marine based ice 699 
sheet. Cuad. Investig. Geográfica 41, 261–277. (doi:10.18172/cig.2741) 700 

43. Terje Sandlund O et al. 1992 The arctic charr Salvelinus alpinus in Thingvallavatn. 701 
OIKOS Nat. Res. Inst. Mar. Res. Inst. Biol. Univ. Icel. Grensdsvegur 64, 305–351. 702 

44. Snorrason SS, Skulason S, Jonsson B, Malmquist HJ, Jonasson PM, Sandlund OT, 703 
Lindem T. 1994 Trophic specialization in Arctic charr Salvelinus alpinus (Pisces; 704 
Salmonidae): morpholigcal divergence and ontogenic niche shifts. Biol. J. Linn. Soc. 705 
52, 1–18. 706 

45. Guđbrandsson J, Kapralova KH, Franzdóttir SR, Bergsveinsdóttir TM, Hafstađ V, 707 
Jónsson ZO, Snorrason SS, Pálsson A. 2019 Extensive genetic divergence between 708 
recently evolved sympatric Arctic charr morphs. Ecol. Evol. , 1–20. 709 
(doi:10.1101/489104) 710 

46. Kapralova KH, Jónsson ZO, Palsson A, Franzdóttir SR, le Deuff S, Kristjánsson BK, 711 
Snorrason SS. 2015 Bones in motion: Ontogeny of craniofacial development in 712 
sympatric arctic charr morphs. Dev. Dyn. 244, 1168–1178. (doi:10.1002/dvdy.24302) 713 

47. Jonsson B, Skúlason S, Snorrason SS, Sandlund OT, Malmquist HJ, Jónasson PM, 714 
Gydemo R, Lindem T. 1988 Life history variation of polymorphic Arctic charr 715 
(Salvelinus alpinus) in Thingvallavatn, Iceland. Can. J. Fish. Aquat. Sci. 45, 1537-1547. 716 

48. Skúlason S, Snorrason SS, Ota D, NOAKES DLG. 1993 Genetically based differences in 717 
foraging behaviour among sympatric morphs of arctic charr (Pisces: Salmonidae). 718 
Anim. Behav. 45, 1179–1192. 719 

49. Parsons KJ, Sheets HD, Skúlason S, Ferguson MM. 2011 Phenotypic plasticity, 720 
heterochrony and ontogenetic repatterning during juvenile development of divergent 721 
arctic charr (Salvelinus alpinus). J. Evol. Biol. 24, 1640–1652. (doi:10.1111/j.1420-722 
9101.2011.02301.x) 723 

50. Sandlund OT, Malmquist HJ, Jonsson B, Skúlason S, Snorrason SS, Jónasson PM, 724 
Gydemo R, Lindem T. 1988 Density, length distribution, and diet of age-0 arctic charr 725 
Salvelinus alpinus in the surf zone of Thingvallavatn, Iceland. Environ. Biol. Fishes. 23, 726 
183–195. (doi:10.1007/BF00004909) 727 

51. Benhaïm D et al. 2016 The shy prefer familiar congeners. Behav. Processes 126, 113–728 
120. (doi:10.1016/j.beproc.2016.03.008) 729 

52. Budaev SV, Zworykin DD, Mochek AD. 1999 Individual differences in parental care 730 
and behaviour profile in the convict cichlid: A correlation study. Anim. Behav. 58, 731 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

 25 

195–202. (doi:10.1006/anbe.1999.1124) 732 
53. Pounder KC, Mitchell JL, Thomson JS, Pottinger TG, Sneddon LU. 2018 Physiological 733 

and behavioural evaluation of common anaesthesia practices in the rainbow trout. 734 
Appl. Anim. Behav. Sci. 199, 94–102. (doi:10.1016/j.applanim.2017.10.014) 735 

54. Bollen K. 2002 Latent Variables in Psychology and the Social Sciences. Annu. Rev. 736 
Psychol. 53, 605–34. 737 

55. Revelle W. 2019 psych: Procedure for Personality and Psychological Research, 738 
Northestern University, Evanston, Illinois, USA, https://CRAN.R-739 
project.org/package=psych Version = 1.8.12.  740 

56. Church KDW, Grant JWA. 2018 Does increasing habitat complexity favour particular 741 
personality types of juvenile Atlantic salmon, Salmo salar? Anim. Behav. 135, 139–742 
146. (doi:10.1016/j.anbehav.2017.11.006) 743 

57. Kern EMA, Robinson D, Gass E, Godwin J, Langerhans RB. 2016 Correlated evolution 744 
of personality, morphology and performance. Anim. Behav. 117, 79–86. 745 
(doi:10.1016/j.anbehav.2016.04.007) 746 

58. García-Berthou E. 2001 On the misuse of residuals in ecology: Regression of residuals 747 
vs. multiple regression. J. Anim. Ecol. 70, 708–711. (doi:10.1046/j.1365-748 
2656.2002.00618.x) 749 

59. Olsen AM, Westneat MW. 2015 StereoMorph: An R package for the collection of 3D 750 
landmarks and curves using a stereo camera set-up. Methods Ecol. Evol. 6, 351–356. 751 
(doi:10.1111/2041-210X.12326) 752 

60. Adams DC, Otárola-Castillo E. 2013 Geomorph: An r package for the collection and 753 
analysis of geometric morphometric shape data. Methods Ecol. Evol. 4, 393–399. 754 
(doi:10.1111/2041-210X.12035) 755 

61. Hadfield JD, Hadfield JD. 2010 MCMC Methods for Multi-Response Generalized Linear 756 
Mixed Models: The MCMCglmm R Package. J. Stat. Softw. 33, 1–22. 757 
(doi:10.1002/ana.22635) 758 

62. Nakagawa S, Schielzeth H. 2013 A general and simple method for obtaining R2 from 759 
generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133–142. 760 
(doi:10.1111/j.2041-210x.2012.00261.x) 761 

63. Villemereuil P De, Morrissey MB, Nakagawa S, Schielzeth H. 2018 Fixed-effect 762 
variance and the estimation of repeatabilities and heritabilities : issues and solutions. 763 
J. Evol. Biol. 31, 621–632. (doi:10.1111/jeb.13232) 764 

64. Nakagawa S, Schielzeth H. 2010 Repeatability for Gaussian and non-Gaussian data: A 765 
practical guide for biologists. Biol. Rev. 85, 935–956. (doi:10.1111/j.1469-766 
185X.2010.00141.x) 767 

65. Herczeg G, Ab Ghani NI, Merilä J. 2013 Evolution of stickleback feeding behaviour: 768 
Genetics of population divergence at different ontogenetic stages. J. Evol. Biol. 26, 769 
955–962. (doi:10.1111/jeb.12103) 770 

66. Bolnick DI et al. 2003 The Ecology of Individuals : Incidence and Implications of 771 
Individual Specialization. Am. Nat. 161, 1–28. 772 

67. Marklund MHK, Svanbäck R, Faulks L, Breed MF, Scharnweber K, Zha Y, Eklöv P. 2019 773 
Asymmetrical habitat coupling of an aquatic predator — The importance of individual 774 
specialization. Ecol. Evol. 1, 1–11. (doi:10.1002/ece3.4973) 775 

68. Lima SL, Dill LM. 1990 Behavioral decisions made under the risk of predation: a 776 
review and prospectus. Can. J. Zool. 68, 619–640. 777 

69. Jónasson PM l, Lindem T, Snorrason SS, Malmquist HJ, Sandlund OT, Jonsson B, 778 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/


   
 

 26 

Magnússon KP, Skúlason S, Gydemo R. 1990 Feeding Pattern of planktivorous arctic 779 
charr. In International Mountain Watershed Symposium. Subalpine processes and 780 
water quality, pp. 507–515. Tahoe Res.conserv. District.  781 

70. Antonsson Ú. 1992 The Structure and Function of Zooplankton in Thingvallavatn, 782 
Iceland. Oikos 64, 188–221. 783 

71. Øverli Ø, Winberg S, Jobling M, Damsgård B. 1998 Food intake and spontaneous 784 
swimming activity in Arctic char (Salvelinus alpinus): Role of brain serotonergic 785 
activity and social interactions. Artic. Can. J. Zool. 1370, 1366–1370. (doi:10.1139/cjz-786 
76-7-1366) 787 

72. Ólafsdóttir GÁ, Magellan K. 2016 Interactions between boldness, foraging 788 
performance and behavioural plasticity across social contexts. Behav. Ecol. Sociobiol. 789 
70, 1879–1889. (doi:10.1007/s00265-016-2193-0) 790 

73. Tan MK, Chang C chen, Tan HTW. 2018 Shy herbivores forage more efficiently than 791 
bold ones regardless of information-processing overload. Behav. Processes 149, 52–792 
58. (doi:10.1016/j.beproc.2018.02.003) 793 

74. Carter AJ, Marshall HH, Heinsohn R, Cowlishaw G. 2013 Personality predicts decision 794 
making only when information is unreliable. Anim. Behav. 86, 633–639. 795 
(doi:10.1016/j.anbehav.2013.07.009) 796 

75. Franklin OD, Skúlason S, Morrissey MB, Ferguson MM. 2018 Natural selection for 797 
body shape in resource polymorphic Icelandic Arctic charr. J. Evol. Biol. , 0–2. 798 
(doi:10.1111/jeb.13346) 799 

76. McQuillan MA, Roth TC, Huynh A V., Rice AM. 2018 Hybrid chickadees are deficient in 800 
learning and memory. Evolution (N. Y). 72, 1155–1164. (doi:10.1111/evo.13470) 801 

77. Dobzhansky T. 1936 Studies on hybrid sterility - II.Localization of sterility factors in 802 
Drosophila pseudoobscura hybrids. Genetics 21, 169–223. (doi:10.1007/BF00374056) 803 

78. Seehausen O et al. 2014 Genomics and the origin of species. Nat. Rev. Genet. 15, 804 
176–192. (doi:10.1038/nrg3644) 805 

 806 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 3, 2020. ; https://doi.org/10.1101/2020.03.02.971614doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.02.971614
http://creativecommons.org/licenses/by-nc-nd/4.0/

