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Abstract 1 

Matching habitat choice is a habitat preference mechanism based on self-assessment of 2 

local performance, so individuals settle in the habitats that are best suited to their 3 

phenotypes, promoting local adaptation. Despite the important evolutionary implications of 4 

matching habitat choice, examples from natural populations are rare. One possible reason 5 

for this apparent rarity is that phenotype-matching habitat choice might be manifest only in 6 

those population segments for which the cost of a phenotype-environment mismatch is 7 

high, although this hypothesis remains to be tested. Here, we test for matching habitat 8 

choice in a breeding population of sockeye salmon (Oncorhynchus nerka) where the 9 

strength of performance trade-offs across environments, and therefore the costs of 10 

mischoosing, can be evaluated in meaningful discrete groups (e.g. male vs. females, and 11 

ocean-age 2 vs. ocean-age 3). Consistent with matching habitat choice, salmon of similar 12 

ocean-age and size tended to cluster together in sites of similar depth. However, matching 13 

habitat choice was only favored in 3-ocean females – the segment of the population most 14 

vulnerable to bear predation. Our findings support the hypothesis that matching habitat 15 

choice is more likely to evolve in those segments that suffer a major cost of mischoosing, 16 

leading to “partial matching habitat choice”. 17 

Keywords: habitat selection, local adaptation, matching habitat choice, natural selection, 18 

phenotype-environment covariance, population structure, predator-prey interactions, 19 

salmon. 20 
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Introduction 22 

Habitat choice can strongly influence individual survival and reproductive success, and 23 

thus can have profound consequences for many ecological and evolutionary processes 24 

(Fretwell and Lucas 1996, Cody 1984, Morris 2003, Berner and Thibert-Plante 2015). 25 

Habitat choice is not expected to be random, but rather influenced by habitat preference 26 

alleles (Jaenike and Holt 1991), natal experience (Davis and Stamps 2004) and self-27 

assessment of the phenotype-environment match, a process known as ‘matching habitat 28 

choice’ (Holt and Barfield 2008, Edelaar et al. 2008). Matching habitat choice is defined as 29 

a habitat preference mechanism by which individuals assess performance trade-offs across 30 

environments and then settle in the habitats that are best suited to their phenotypes, thus 31 

increasing individual performance beyond that expected under phenotype-independent 32 

habitat choice (Edelaar et al. 2008). 33 

Matching habitat choice typically results in the spatial clustering of similar 34 

phenotypes and eventually produces patterns of phenotype-environment covariance 35 

independently of other processes that might also generate these patterns, including the 36 

selective mortality of maladapted individuals (natural selection), and phenotypic plasticity 37 

once a given habitat is occupied (Edelaar et al. 2008, Nicolaus and Edelaar 2018). Thus, 38 

conclusively demonstrating matching habitat choice requires three conditions. First, 39 

correlations should exist among individuals between particular phenotypes and particular 40 

habitat characteristics. For instance, darker-colored individuals might choose darker 41 

habitats that better match their color, thereby improving their camouflage and reducing 42 

predation risk from visually-oriented predators (Merilaita 2003, Edelaar et al. 2019). 43 

Second, those phenotype-habitat associations should improve the performance of those 44 

individuals over that expected from random habitat associations. For instance, the survival 45 
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and breeding success of darker individuals (relative to lighter individuals) should be higher 46 

in darker than lighter habitats (Karpestam et al. 2012). Third, the above effects should be 47 

the result of habitat choice based on flexible assessment of performance trade-offs across 48 

alternative environments, as opposed to differential mortality and phenotypic change 49 

(Edelaar et al. 2008, Nicolaus and Edelaar 2018). 50 

Matching habitat choice can have important evolutionary implications, as it may 51 

influence the degree and rate of local adaptation, determine individual performance, 52 

facilitate the maintenance of genetic variation and population persistence, and even lead to 53 

speciation (see Edelaar et al. 2008). Nevertheless, matching habitat choice has only 54 

recently received much attention, with the available evidence mostly coming from 55 

individual-based simulations (Bolnick and Otto 2013, Nicolaus and Edelaar 2018, Mortier 56 

et al. 2019, Pellerin et al. 2019) or laboratory organisms in experimental microcosms 57 

(Karpestam et al. 2012, Wennersten et al. 2012, Jacobson et al. 2017, Jacob et al. 2017, 58 

2018). By contrast, field tests for natural populations are limited to a handful of studies, 59 

mostly on birds (Dreiss et al. 2012, Camacho et al. 2015, Benkman 2017, Holtmann et al. 60 

2017, but see Lowe and Addis 2019 and Edelaar et al. 2019), with their infrequency due in 61 

part to logistical and inferential challenges. For instance, robust data are required for 62 

relevant phenotypes, settlement decisions, and performance for many individuals – ideally 63 

replicated across populations or years. Furthermore, novel research approaches potentially 64 

including experimental manipulation of phenotypes and the use of carefully selected model 65 

systems can be required, because the effect of phenotype on habitat selection decisions 66 

needs to be decoupled from that of habitat preference alleles and natal experience (Akcali 67 

and Porter 2017). Without all of this information, matching habitat choice cannot be 68 

reliably distinguished from other processes that can lead to phenotype-environment 69 

correlations (Edelaar et al. 2008, Nicolaus and Edelaar et al. 2018, Lowe and Addis 2019, 70 
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Edelaar et al. 2019).  71 

Matching habitat choice might be less common in nature than is theoretically 72 

expected owing to its great advantages in terms of improved performance (Edelaar et al. 73 

2017, Nicolaus and Edelaar 2018). One reason for this is that, even when selection favors 74 

matching habitat choice, it might not evolve due to constraints on habitat choice (e.g., lack 75 

of suitable habitats or exclusion from preferred habitats by dominant conspecifics, 76 

Camacho et al. 2015, Edelaar et al. 2017, Jacobson et al. 2017) or on its evolution (e.g., 77 

lack of genetic variation or opposing selection across life stages or sexes; Bourret et al. 78 

2017, Medina et al. 2017, Forsman 2018). In addition, matching habitat choice might not 79 

evolve where the costs of dispersal are high, thus precluding the evaluation of multiple 80 

environments prior to settlement (Mortier et al. 2019), or during periods of abundant 81 

resources that are accessible to a wide range of phenotypes, thus reducing the strength of 82 

performance trade-offs between different habitats (Benkman 2017, Golcher-Benavides and 83 

Wagner 2019). We suggest that another reason why matching habitat choice might not 84 

occur is that it might be favored (and therefore manifest) in only part of a population: 85 

specifically the part that experiences strong performance trade-offs between different 86 

habitats, and for which the cost of a phenotype-environment mismatch is therefore high. 87 

Stated the opposite way, matching habitat choice would not be expected for segments of a 88 

population where the cost of making a “mistake” is minimal. Some hypothetical examples 89 

will serve to illustrate. (1) Habitat choice to maximize crypsis based on an individual’s 90 

color pattern should be favored only for life stages susceptible to predation. (2) Habitat 91 

choice to maximize foraging based on trophic morphology should be favored only for 92 

individuals who might suffer energy limitation. (3) Habitat choice to maximize offspring 93 

survival should be favored only for the sex that undertakes parental care. Our study will 94 

focus on these aspects of “partial matching habitat choice”. 95 
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Study system 96 

To test for partial matching habitat choice, we used a breeding population of sockeye 97 

salmon (Oncorhynchus nerka) as a model system and focused on the role of spatial 98 

variation in predation risk as a driver of habitat selection. We first examined whether 99 

individuals of different body size/age select different microhabitats for breeding, and we 100 

then assessed the effects of body size/age variation on salmon performance across 101 

environments. This system is appropriate for investigating variation in the expression of 102 

matching habitat choice among different segments of a population (“partial matching 103 

habitat choice”) because meaningful discrete groups (e.g. males vs. females, and 2-year-old 104 

vs. 3- year-old fish) can be evaluated based on the traits predicted to be most relevant to 105 

habitat selection (body size and sex). Male and female salmon have different roles in nest-106 

site selection (see below) and, therefore, sex differences in habitat selection might be 107 

expected (Hedrick 1993). Body size (length at maturity; Quinn et al. 2001a) is a good 108 

candidate trait to guide matching habitat choice of stream fishes in general, and sockeye 109 

salmon in particular, because it commonly influences their distribution patterns and 110 

generates phenotype-environment correlations (Schlosser 1987, Quinn and Foote 1994, 111 

Quinn and Kinnison 1999, Hendry et al. 2001, Jacobson et al. 2017). Moreover, age- and 112 

length-at-maturity of salmon are (moderately) heritable traits (median h2 = 0.21 in both 113 

cases; Carlson and Seamons 2008) that could also mediate performance trade-offs between 114 

microhabitats (e.g. optimal breeding sites for small salmon may not be optimal for large 115 

salmon due to the selective effects of predation; Quinn and Buck 2001, Quinn et al. 2001a, 116 

Lin et al. 2016), thus providing a basis for the evolution of matching habitat choice. Our 117 

working hypotheses are as follows: 118 

1. Matching habitat choice should differ between the sexes – being more important for 119 

females than males. Male and female sockeye salmon have different roles in nest-site 120 
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selection and parental care and hence should experience different selective pressures 121 

for matching habitat choice. Female salmon make the decision regarding the location 122 

of the nest based on the balance between the intrinsic quality of the site and the costs 123 

of predation risk and competition for that site (Tautz and Groot 1975, Hendry et al. 124 

2001, Adkison et al. 2014). Females then remain within a meter or so of their nest for 125 

the duration of their life so as to defend it from superimposition by other females 126 

who would otherwise dig their nest in the same location (Hendry et al. 2004). Failure 127 

of a female to continue to defend their nest leads to severe loss of eggs (Essington et 128 

al. 2000), as has been shown specifically for our study population (Hendry et al. 129 

2004). For males, however, the abundance of females and the intensity of 130 

competition for mates are more important cues than the intrinsic quality of nesting 131 

sites because males do not compete for territories but rather for access to already-132 

settled females (Mathisen 1962, Fleming and Gross 1994, Quinn and Foote 1994, 133 

Quinn et al. 1996). Furthermore, the bond of males to a specific nest site is weaker 134 

than that of females, because males tend to defend individual females only when they 135 

are near to oviposition; otherwise they often (but not always) move around to seek 136 

other females near oviposition (Mathisen 1962, Foote 1990, Quinn et al. 1996). 137 

Thus, the fitness consequences of habitat selection should be relatively more severe 138 

for females than males due to female’s particular movement restrictions imposed by 139 

parental care. 140 

2. Matching habitat choice should depend on fish size – being more important for 141 

larger fish. Bear predation is the main cause of non-senescent mortality in mature 142 

sockeye salmon (Quinn et al. 2001a, Lin et al. 2016). For instance, bears can kill up 143 

to 88-100% of the salmon breeding in some creeks (Quinn and Kinnison 1999, 144 

Carlson et al. 2007, Quinn et al. 2001b). Bears selectively kill older, larger salmon 145 
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(Quinn and Kinnison 1999, Ruggerone et al. 2000, Quinn and Buck 2001, Quinn et 146 

al. 2001a, Cunningham et al. 2013), although this selectivity is manifest primarily in 147 

shallow water (Gende et al. 2004, Carlson et al. 2009). The reason is that large fish 148 

are preferred by bears; yet bears that congregate in riparian areas to feed on salmon 149 

are only able to exercise this choice in shallow water where salmon – especially large 150 

salmon – are more conspicuous and have difficulty escaping (Fig. 1a, 1b). One 151 

would therefore predict stronger survival trade-offs between shallow- and deep-water 152 

habitats in larger fish than in smaller fish. In response to this trade-off, large salmon 153 

should be more likely to seek deeper sites that reduce predation risk and increase 154 

their reproductive life span relative to shallow water. Conversely, the need of small 155 

fish to seek deep-water refuges to maximize their chances of survival until 156 

senescence should not be as great as that of large fish. Hence, the likelihood of 157 

predator-induced matching habitat choice should increase with fish size. 158 

 159 

Material and methods 160 

Data collection 161 

Data were collected in 1995 and 1996 in Pick Creek (59° 33’ 00’’N, 159° 04’ 18’’W), a 162 

small (2nd order) creek flowing into Lake Nerka, in the Wood River Lakes system, Alaska. 163 

Sockeye salmon spawn in the lower 2 km of the creek and the total number of spawners 164 

was 4418 in 1995 (starting on July 20) and 6189 in 1996 (starting on July 21) (Hendry et 165 

al. 1999, 2001, Quinn et al. 2009, 2016). Data collection methods have been described in 166 

detail in previous publications (Hendry et al. 1999, 2001), and other relevant properties of 167 

the salmon population are described elsewhere (Hendry and Berg 1999, Gende et al. 2004, 168 
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Hendry et al. 2004, Carlson et al. 2007, Quinn et al. 2017). We therefore here only briefly 169 

summarize key methods specifically relevant to the present analysis. 170 

On their return from the ocean, sockeye salmon stop feeding and thereafter fuel all 171 

sexual development and spawning activity exclusively from stored energy (Hendry and 172 

Berg 1999). Before spawning, sexual development is completed over a period of days to 173 

weeks as the fish shoal in the lake (in this case Lake Nerka) immediately adjacent to their 174 

natal spawning area (in this case Pick Creek). During this shoaling period, we used seine 175 

nets to capture fish, which were then anaesthetized using tricaine (MS-222), tagged with 176 

individually-coded highly-visible Peterson disc tags (Fig. 1c), and measured for body 177 

length from the middle of the orbit of the eye to the end of the hypural plate. This 178 

measurement represents somatic length and is not biased by the extended jaws that 179 

characterize mature males (Quinn et al. 2001a). Each salmon was released back at the 180 

capture site. The present analysis is based on the 255 females (86 in 1995 and 169 in 1996) 181 

and 202 males (63 in 1995 and 139 in 1996) that underwent this procedure. 182 

Prior to any salmon entering Pick Creek, the 2-km long spawning area was 183 

delineated into 97 sequential 20-m long sections. The creek was then surveyed each day to 184 

determine the date that spawning commenced – the first date on which salmon entered the 185 

creek and remain to the next day. From that day onward, the entire creek was surveyed on 186 

a daily basis to determine the number of fish present in each section, which provided a 187 

daily measure of the extent of competition for nest sites and mates experienced by females 188 

and males, respectively (McPhee and Quinn 1998, Mathisen 1962). During these daily 189 

surveys, the location of each individually tagged salmon was recorded, which was possible 190 

owing to the shallow and very clear water. The monitoring of marked individuals from the 191 

moment they entered Pick Creek allowed us to discard any contribution of size-selective 192 

mortality to patterns of phenotype-environment covariance. The first day a fish was 193 
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observed in the creek was defined as the onset of spawning by that fish and will hereafter 194 

be referred to as breeding date. On several subsequent days, the depth and velocity (Model 195 

2100, Swoffer Instruments, Inc.) of the water at each female’s nest was recorded – and 196 

averaged across dates for each individual. Female sockeye salmon establish only a single 197 

nest site (called a “redd”) that is typically less than 1 m2. Males remain in the vicinity of 198 

the redds to defend them against potential intruders, although they may visit other females 199 

after oviposition of their female mates (Mathisen 1962). During the spawning period water 200 

levels are stable, as the creek is spring-fed and has a very small drainage area. Hence, the 201 

depth and velocity measurements for a given female’s nest represent several replicate fine-202 

scale measurements of the same location.  203 

The above daily surveys also were used to determine the date that each male and 204 

female ceased to defend his female and her nest, respectively, as indicated by their absence 205 

from the creek section in which the female spawned. The difference between this date and 206 

the date each individual was first observed in the stream was defined as the “reproductive 207 

life span” (RLS) – the fitness component we analyze here. Although other factors certainly 208 

contribute to reproductive fitness, RLS is critically important for both females and males 209 

because it determines, respectively, the duration of nest (egg) defense from 210 

superimposition by other females and the duration of male defense of their females against 211 

intruders (Hendry et al. 2004, Lin et al. 2016). Moreover, RLS is a primary candidate for 212 

direct influences of habitat choice, especially in females, since they are more strongly 213 

tethered to a particular nest site and would therefore be more vulnerable to bear predation 214 

when nesting in risky habitats. 215 

 In nearly all cases, the absence of a tagged fish from its spawning section 216 

corresponded with its death, as revealed by the discovery of its carcass or by its complete 217 

disappearance from the creek. Otoliths were removed from each carcass to determine the 218 
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number of years the fish had spent at sea – an “ocean age” of either two or three (Quinn 219 

and Kinnison 1999). The association between body length and ocean age was very strong 220 

for those fish whose carcasses were recovered (females: r2 = 0.83, F1, 183 = 908,5, Males: r2 221 

= 0.71, F1, 90 = 221.3, both P < 0.001), and so we estimated ocean age for the fish whose 222 

carcasses were not recovered (39% of all individuals) by reference to their length at 223 

tagging. 224 

Statistical analyses 225 

All statistical analyses were performed using R 3.5.1 (http://www.R-project.org). To test 226 

for differential habitat use according to salmon size, we examined the relationship between 227 

body length and water depth through linear regression analyses using all fish (N = 457) 228 

captured in 1995 and 1996 (LM, year × body length: P = 0.535). Even though exploratory 229 

analyses showed no significant differences between sexes or age classes in the size-depth 230 

relationship (LM, sex × body length: P = 0.288, age × body length: P = 0.578), the pool of 231 

fish was classified in a hierarchical manner into 6 smaller subgroups to look more closely 232 

at size-dependent habitat use in different segments of the population, including males (N = 233 

202), females (N = 255), 2-ocean males (N = 123), 3-ocean males (N = 79), 2-ocean 234 

females (N = 135), and 3-ocean females (N = 120). 235 

To assess the adaptive value of size-dependent habitat choice, we tested for 236 

correlational selection stemming from the covariance between body length and habitat use 237 

(water depth) using methods of Lande and Arnold (1983). RLS was used as the fitness 238 

metric, as justified above. Obviously, the selective basis for matching habitat choice and 239 

the pattern of it are interrelated and may be viewed as a single natural process, but in the 240 

context of this work they will be treated separately for analytical reasons. By combining 241 

the linear regression analyses and the analysis of selection on the interaction between body 242 

http://www.r-project.org/
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length and water depth we can explicitly test for matching habitat choice, because the latter 243 

would indicate whether the strength of performance trade-offs between habitats in terms of 244 

life expectancy differs between different size phenotypes (i.e. the selective basis for the 245 

evolution of matching habitat choice), while the former would indicate whether individuals 246 

breed in optimal environments given their body size (i.e. the expression of matching 247 

habitat choice; Karpestam et al. 2012, Camacho et al. 2015).  248 

Our selection analysis was based on a linear model with normal error distribution 249 

and an identity link function. In addition, as suggested by Morrissey and Sakrejda (2013), 250 

we ran a tensor product smoother-based generalized additive model (GAM), using the 251 

default settings in the function gam() in the R-package MGCV (Wood 2006). However, as 252 

expected when phenotype is multivariate normal (see Morrissey and Sakrejda 2013), the 253 

results obtained with this complementary approach were virtually identical to those of the 254 

classical least squares regression. For simplicity, only the latter are presented in this work.  255 

Prior to analysis, each individual’s RLS was divided by the mean life span of all 256 

individuals in a given year to calculate relative fitness. In addition, all the predictor 257 

covariates (body length, water depth, breeding date, and competition level) were 258 

standardized to a mean of zero and a standard deviation of one. Body length, its quadratic 259 

term, water depth, sex, and their pairwise interactions were included as the key predictor 260 

variables in the full model. Models for each population segment had the same structure as 261 

the full model, except for sex. The effect of ocean age could not be explicitly modeled due 262 

to collinearity problems resulting from ontogenetic variation in body length and, therefore, 263 

age-class differences in selection on matching habitat choice were inferred from body 264 

lengths, provided the little overlap in size between 2-ocean and 3-ocean fish (Fig. 1). 265 

Breeding date (onset of breeding) was included as a covariate to control for its effects on 266 

energy allocation and therefore life span (McPhee and Quinn 1998, Hendry et al. 1999, 267 
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2004). Competition intensity, estimated as the lifetime average number of other females in 268 

the stream section of each focal female (McPhee and Quinn 1998), was also included as a 269 

covariate to control for the potential effect of energy expenditure in nest defense on the 270 

duration of life span (Hendry and Berg 1999, Hendry et al. 2004). 271 

Model selection was carried out using both forward and backward selection, which 272 

produced the same results. To avoid misleading conclusions based on statistical artifacts, 273 

we systematically performed diagnostic statistics (e.g. inspection of residuals plotted 274 

against predicted values and examination of influential data points and interrelations 275 

between predictor variables). None of these showed obvious deviation from the 276 

assumptions of normality and homogeneity of residuals, confirming model stability 277 

(diagnostic plots for the models can be found in Supplementary material). 278 

 279 

Results 280 

The pattern of matching habitat choice 281 

Body length influenced the distribution of male and female salmon within Pick Creek, with 282 

larger fish occupying deeper-water habitats than did smaller fish (Table 1, Fig. 2). This 283 

size-depth based distribution actually resulted from the spatial segregation of 2-ocean and 284 

3-ocean fish, as age is the primary determinant of body length in salmon (Table 1, Fig. 2). 285 

The degree of overlap in body length between 2-ocean and 3-ocean fish shown in Fig. 2 286 

remained the same when only fish of exactly known age were considered (N = 277 287 

individuals, data not shown). Most 3-ocean fish indeed spawned at depths greater that 40 288 

cm (males: 69%, females: 59%), whereas 2-ocean fish did so more rarely (males: 37%, 289 

females 24%; Fig. 2). However, a closer look at this correlation for each ocean-age 290 
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separately revealed that, regardless of sex and body length, individuals of the same age 291 

distributed at random along the water depth gradient (Table 1).  292 

Selection on matching habitat choice 293 

RLS ranged from 1 to 23 days in males (median: 15, interquartile range [IQR]: 11-28) and 294 

from 2 to 33 days in females (median: 19, IQR: 13-22). RLS was jointly influenced by 295 

body length and water depth, although this effect differed between males and females, as 296 

shown by the three-way interaction (Table 2a). Further analyses of the data ignoring the 297 

effect of sex revealed that, across all fish, RLS increased linearly with body length (P = 298 

0.003), but was not influenced by water depth, neither as a main effect (P = 0.769) nor 299 

through an interaction with body length, neither in its linear nor quadratic forms (P = 0.797 300 

and 0.427, respectively). For the population as a whole, then, selection appears to act on 301 

body length independently of habitat use and would therefore not favor matching habitat 302 

choice. 303 

Looking at each sex separately, we found evidence of selection for matching habitat 304 

in females, but not in males, after controlling for the effect of competition (Table 2ac, Fig. 305 

2). Larger females had longer life expectancies than small females, and particularly so in 306 

deep waters. Conversely, the RLS of the smallest females of the population did not change 307 

substantially along the water depth gradient (Fig. 3, see below). Female RLS decreased in 308 

shallow-water habitats, although this effect was most pronounced for those fish in the 309 

upper and the lower limits of the body size range, resulting in a significant non-linear 310 

effect (Table 2c, Fig. 3). Even though this effect was not very strong in absolute terms 311 

(Table 2c), the performance trade-off with respect to water depth and the relative costs of 312 

mischoosing were much more severe for the largest females of the population. For 313 

instance, a 10 cm decrease in spawning depth (median = 43 cm, range: 19-94) would 314 
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reduce RLS by 7% for those females at the upper limit of the body size range, but only 315 

0.5% for the smallest females (Fig. 3). Overall, then selection appears to (weakly) favor 316 

matching habitat choice in the largest females but not in other segments of the population. 317 

 318 

Discussion 319 

Breeding sockeye salmon of similar ocean age and size tend to cluster together in stream 320 

sites of similar depth, producing a phenotype-environment association consistent with 321 

matching habitat choice. However, analysis of the effect of body size variation on 322 

individual performance (reproductive life span) in discrete segments of the population 323 

revealed group-specific differences in the strength of performance trade-offs between 324 

habitats. Overall, these findings support the hypothesis that matching habitat choice is not 325 

equally important for all individuals in a population, but only for those that suffer a major 326 

cost of mischoosing – leading to “partial matching habitat choice”. 327 

The pattern of matching habitat choice 328 

Our results confirm the findings from earlier regression-based analyses of the same data in 329 

showing a correlation between salmon size and spawning site depth (Hendry et al. 2001). 330 

Importantly, however, stratified analyses by sex and age revealed that this pattern was not 331 

repeatable across all individuals. In particular, no evidence for size-depth correlations was 332 

found within either the younger (2-ocean) or older (3-ocean) segments of the population, 333 

indicating that the size-based segregation seen at the population level reflects an age-334 

dependent shift in habitat preferences − probably owing to the large size difference (13% 335 

on average) between 2-ocean and 3-ocean fish. 336 
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 Experimental manipulation of phenotypes is generally required to distinguish 337 

matching habitat choice from direct genetic habitat choice and imprinting, because these 338 

processes all might operate simultaneously, either synergistically or antagonistically 339 

(Akcali and Porter 2017). Although we did not perform such a manipulation, we are 340 

confident that these other processes do not explain the fine-scale phenotype-habitat 341 

associations that we observed. Imprinting: salmon juveniles move away from the nest soon 342 

after emergence and, although olfactory imprinting guides their return to the natal site as 343 

adults (Dittman and Quinn 1996), the possibility that emerging juveniles acquire cues to 344 

guide breeding habitat choice at such small spatial scales seems very unlikely. Direct 345 

genetic habitat choice: although a few studies suggested a possible genetic component to 346 

large-scale (different stream reaches) habitat choice (Quinn 2018), no study has even 347 

suggested that such a genetic basis could apply to fine-scale variation in nest site choice 348 

within salmon populations. Moreover, for direct genetic habitat choice to explain the 349 

observed habitat segregation of size (age) classes, some sort of ontogenetic mechanism 350 

would have had to control the expression of potential habitat preference genes. Differences 351 

in habitat selection behavior have been reported for distinct life history stages of clonal 352 

invertebrates (Leibold et al. 1994). However, such variation among life history stages 353 

would be unlikely to confound matching habitat choice of salmon because, from a 354 

functional point of view, all breeding individuals can be considered as being in the same 355 

life history stage, regardless of whether they have spent 2 or 3 years at sea (Carlson and 356 

Seamons 2008). 357 

Competition intensity is often considered a major confounding factor in studies of 358 

breeding habitat selection, because some individuals might be constrained to settle in 359 

suboptimal sites in the presence of superior competitors (Berner and Thibert-Plante 2015, 360 

Camacho et al. 2015). Competitive exclusion of small subordinate salmon by larger ones 361 
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might occur in our study system because, even though there are plenty of both shallow and 362 

deep spots to choose, not all deep-water sites are necessarily optimal, and the optimal 363 

deep-water sites (e.g. more water flow) might be occupied and defended by large dominant 364 

individuals. However, this is unlikely to be a major issue in this study because, even if 365 

competition excludes subordinate individuals from some deep spots, there are still plenty 366 

of unoccupied deep-water sites to choose, so a small fish would ultimately have to make a 367 

choice between suboptimal (e.g., less water flow) deep sites and optimal (e.g., more water 368 

flow) shallow sites. Moreover, it is important to note that, although competition-dependent 369 

habitat choice has traditionally been considered an alternative mechanism to matching 370 

habitat choice (Edelaar et al. 2008, Berner and Thibert-Plante 2015), more recent literature 371 

suggests that competition-dependent habitat choice is one of the multiple ways in which 372 

matching habitat choice can proceed, on the basis that competition is an additional feature 373 

of the environment that could generate performance trade-offs and could therefore be used 374 

by inferior and superior competitors to make settlement decisions (see Akcali and Porter 375 

2017 for a more detailed discussion on this idea). 376 

No fish became stranded during this study. Indeed, in Pick Creek the probability of 377 

stranding is unlikely (Quinn et al. 2001a), so passive sorting of large and small fish due to 378 

physical barriers to movement can also be excluded as a cause of phenotype-environment 379 

correlations. In addition, salmon density and water depth are not correlated in this creek (r 380 

= 0.1, P = 0.28), so these factors are unlikely to act additively and confound matching 381 

habitat choice. For all these reasons, it seems unlikely that salmon entering Pick Creek are 382 

constrained by either physical (minimum depth) or social (competitive exclusion) factors 383 

to assess all alternative habitats in search of the places that offer the best fitness prospects 384 

given their body size (Tautz & Groot 1975, Hendry et al. 2001, 2004, Adkison et al. 2014). 385 
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Selection on matching habitat choice 386 

Matching habitat choice by breeding salmon did not seem to be favored in the population 387 

as a whole; yet, consistent with our predictions, a closer look at discrete population 388 

segments revealed age- and sex-specific differences in selection resulting from variation in 389 

the strength of performance trade-offs between habitats. Natural selection did not favor 390 

matching habitat choice in the smaller 2-ocean females nor in males of either size, for 391 

which the benefits of seeking particular habitats (in this case, deep-water refuges that 392 

provide more escape opportunity from bear attacks) are not as obvious as for the larger 3-393 

ocean females (Quinn and Kinnison 1999, Gende et al. 2004). Non-random settlement in 394 

3-ocean females, however, had the potential to improve individual performance (i.e., 395 

reproductive life span) over that expected from random settlement, providing the means 396 

and the opportunity for matching habitat choice to evolve in this group. 397 

Taken together, the results of this study indicate that phenotype-environment 398 

matching can occur even in the absence of obvious selection for it, perhaps by virtue of 399 

individuals assessing their own performance and responding to performance variation 400 

across environments. Male and female salmon of similar size clustered together in the 401 

same microhabitats, despite matching habitat choice being favored in large 3-ocean 402 

females only. Of course, in complex natural environments, additional performance trade-offs 403 

may be generated by factors other than predation risk (e.g. oxygen concentration, substrate 404 

structure) that might ultimately influence other aspects of performance (e.g. fecundity), 405 

although it is unclear whether estimates of the strength of performance trade-offs would 406 

change if performance components other than reproductive life span, or habitat selection 407 

cues other than predation risk, were considered. For instance, male salmon might rely more 408 

strongly on access to females as a cue for habitat selection (Quinn et al. 1996). This 409 

tendency might be especially advantageous when performance trade-offs between natural 410 
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and sexual selection are very weak or absent (i.e., the male preferred by the female is not 411 

more likely to be killed by the predator; de Lira et al. 2018), such that the spatial 412 

segregation of males might be influenced to a greater extent by mating opportunities than 413 

by predation risk (Porter and Akcali 2018). For small 2-ocean females, however, 414 

phenotype-environment matching might not provide an immediate survival benefit as in 415 

large 3-ocean females; instead, the preference of 2-ocean females for shallow-water 416 

habitats might improve their overall fitness through enhanced fecundity. Nests in shallow 417 

waters might increase embryo survival due to e.g. reduced disturbance by large females 418 

(Fleming and Gross 1994, Steen and Quinn 1999) and/or more benign developmental 419 

conditions (e.g., cool, oxygenated water through the nest gravel; Jensen et al. 2009). 420 

Unfortunately, no data on the emergence and subsequent fate of fry are available and, 421 

therefore, the potential fitness benefits of habitat selection for 2-ocean females remain 422 

unclear. 423 

 Not only predation risk, but also competition intensity, might shorten the 424 

reproductive life span of salmon and therefore play a role in matching habitat choice by 425 

generating performance trade-offs (Schlosser 1987, Adkison et al. 2014). In fact, we found 426 

that females tended to die sooner in more densely populated sections of the stream, 427 

possibly because they have to reserve more of their limited energy for nest defense against 428 

other females (Hendry and Berg 1999). Competition, however, had a positive effect on 429 

male life span, but this is probably due to the female-centric nature of our measure of 430 

competition, namely the density of other females in a given section (e.g., McPhee and 431 

Quinn 1998). From the male perspective, the number of competing females reflects the 432 

availability of potentially receptive mates, that is, operational sex ratio (Mathisen 1962). 433 

Thus, the positive effect of local female abundance on male life span is likely explained by 434 

the fact that males should allocate less energy to mate defense when more females were 435 
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available and the intensity of male-male competition decreased (Quinn et al. 1996). 436 

Nevertheless, in Pick Creek, predation risk should impose stronger selection for matching 437 

habitat choice than the number of conspecifics, regardless of the direction of the latter 438 

effect. This is because, on the one hand, salmon density is relatively low compared to other 439 

streams in the region (Quinn et al. 2017) and, on the other hand, size-selectivity by bears 440 

increases considerably under low-density conditions (Carlson et al. 2007, Cunningham et 441 

al. 2013). One might argue that correlational selection on female size and microhabitat use 442 

was not very strong. Nevertheless, the fact that the amount of variance explained by the 443 

covariance between quadratic size and water depth is greater (63th percentile) than the 444 

average values reported in the literature for nonlinear selection gradients (Hendry 2017) 445 

supports its ecological relevance. 446 

Differential costs of mischoosing: evidence and implications 447 

Matching habitat choice, in contrast to other forms of habitat choice (e.g. due to imprinting 448 

or habitat preference alleles; see Akcali and Porter 2017), is based on self-assessment of 449 

local performance and, therefore, a good knowledge about the strength of performance 450 

trade-offs between alternative environments is essential (Camacho et al. 2015, Benkman 451 

2017). However, as illustrated by this salmon population, the strength of performance 452 

trade-offs and, therefore, the costs of mischoosing, are not expected to be uniform across 453 

the entire range of phenotypic variation. Matching habitat choice might thus be more likely 454 

to evolve in a subset of individuals, particularly those that experience strong performance 455 

variation between different environments. 456 

 Examples of matching habitat choice in natural populations are still very scarce, 457 

though half of the field studies conducted to date have found inconsistencies in the 458 

relationship between the spatial distribution of phenotypes and the predicted optimal 459 
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distribution. These inconsistencies are usually attributed to constraints on the expression of 460 

matching habitat choice, such as the exclusion from preferred habitats by dominant 461 

conspecifics (Camacho et al. 2015, Jacobson et al. 2017) or the lack of alternative habitats 462 

(Edelaar et al. 2017, Mortier et al. 2019). However, to our knowledge, the potential role of 463 

group-specific costs of mischoosing as a constraint on the expression (and detection) of 464 

matching habitat choice has not been previously considered in the literature. Based on the 465 

results of this study, it seems plausible that matching habitat choice has gone undetected in 466 

past population-level analyses due to the unequal relevance of this mechanism to different 467 

population segments. This may potentially explain the apparent rarity of matching habitat 468 

choice in nature, but further studies combining individual-based simulation models and 469 

field data are required to confirm this hypothesis. 470 

 471 

Alternative viewpoints 472 

"The authors confound speculation with evidence […] whether the exact mechanisms fall 473 

into matching habitat choice, genetic preference or imprinting is unclear", one reviewer 474 

stated. Experimental demonstration of matching habitat choice in nature ideally requires 475 

some degree of phenotype or genotype manipulation, but this may be seldom possible 476 

under field conditions. Consequently, in the middle of what can be called ‘the age of 477 

matching habitat choice’, the available evidence is limited to simulation studies and 478 

controlled experiments using microcosms. One could thus argue that what is written so 479 

neatly in a body of theoretical and highly controlled empirical work might not bear any 480 

resemblance to reality. Then, at this point, a decision must be made: should research efforts 481 

continue to rely on microcosm and a petri-dish settings, even though conclusions based on 482 

simplified ecosystems might not apply to more realistic scenarios, or should they rather be 483 
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directed to understand the actual relevance of matching habitat choice in nature using 484 

probably imperfect model systems, but in which the effect of alternative mechanisms can 485 

be reasonably excluded? Or, stated another way, is making the best of a bad job justified 486 

when it seems we are putting the cart before the horse? To us, the answer is definitely yes. 487 

 488 

References 489 

Adkison, M. D. et al. 2014. Nest site preference and intrasexual competition in female 490 

sockeye salmon, Oncorhynchus nerka. − Environ. Biol. Fishes 97: 385−399. 491 

Akcali, C. K. and Porter, C. K. 2017. Comment on Van Belleghem et al. 2016: Habitat 492 

choice mechanisms in speciation and other forms of diversification. − Evolution 71: 493 

2754−2761. 494 

Benkman, C. W. 2017. Matching habitat choice in nomadic crossbills appears most 495 

pronounced when food is most limiting. − Evolution 71: 778−785. 496 

Berner, D. and Thibert-Plante, X. 2015. How mechanisms of habitat preference evolve and 497 

promote divergence with gene flow. − J. Evol. Biol. 28: 1641−1655. 498 

Bolnick, D. I. et al. 2009. Phenotype-dependent native habitat preference facilitates 499 

divergence between parapatric lake and stream stickleback. − Evolution 63: 500 

2004−2016. 501 

Bolnick, D. I. and Otto, S. P. 2013. The magnitude of local adaptation under 502 

genotype‐dependent dispersal. − Ecol. Evol. 3: 4722−4735. 503 

Bourret, A. et al. 2017. Evolutionary potential of morphological traits across different life‐ 504 

history stages. − J. Evol. Biol. 30: 616−626. 505 

Camacho, C. et al. 2015. Testing the matching habitat choice hypothesis in nature: 506 



 22 

phenotype-environment correlation and fitness in a songbird population. − Evol. Ecol. 507 

29: 873−886.  508 

Carlson, S. et al. 2007. Predation by bears drives senescence in natural populations of 509 

salmon. − PLoS ONE 2:e1286. 510 

Carlson, S. M. and Seamons, T. R. 2008. A review of quantitative genetic components of 511 

fitness in salmonids: implications for adaptation to future change. − Evol. Appl. 1: 512 

222−238. 513 

Cody, M. L. 1984. Habitat Selection in Birds. − Academic Press, Orlando, FL. 514 

Cunningham, C. J. et al. 2013. Size selectivity of predation by brown bears depends on the 515 

density of their sockeye salmon prey. − Am. Nat. 181: 663−673. 516 

Dittman, A. and Quinn, T. P. 1996. Homing in Pacific salmon: mechanisms and ecological 517 

basis. − J. Exp. Biol. 199: 83−91. 518 

Dreiss, A. N. et al. 2012. Local adaptation and matching habitat choice in female barn owls 519 

with respect to melanic coloration. − J. Evol. Biol. 25: 103–114. 520 

Edelaar, P. et al. 2008. Matching habitat choice causes directed gene flow: a neglected 521 

dimension in evolution and ecology. Evolution 62: 2462–2472. 522 

Edelaar, P. and Bolnick, D. I. 2012. Non-random gene flow: an underappreciated force in 523 

evolution and ecology. − Trends Ecol. Evol. 27: 659–665. 524 

Edelaar, P. et al. 2017. Should I change or should I go? Phenotypic plasticity and matching 525 

habitat choice in the adaptation to environmental heterogeneity. − Am. Nat. 190: 526 

506−520. 527 

Edelaar, P. et al. 2019. Biased movement drives local cryptic coloration on distinct urban 528 

pavements. − Proc. R Soc. B, 286(1912): 20191343. 529 



 23 

Essington, T. E. et al. 2000. Intra-and inter-specific competition and the reproductive 530 

success of sympatric Pacific salmon. − Can. J. Fish Aquat. Sci. 57: 205−213. 531 

Fleming, I. A. and Gross, M. R. 1994. Breeding competition in a Pacific salmon (Coho: 532 

Oncorhynchus kisutch): measures of natural and sexual selection. − Evolution 48: 533 

637−657. 534 

Foote, C. J. 1990. An experimental comparison of male and female spawning territoriality 535 

in a Pacific salmon. − Behaviour 115: 283−314. 536 

Forsman, A. 2018. On the role of sex differences for evolution in heterogeneous and 537 

changing fitness landscapes: insights from pygmy grasshoppers. − Phil. Trans. R. Soc. 538 

B 373: 20170429. 539 

Fretwell, S. D. and Lucas, H. L. 1969. On territorial behavior and other factors influencing 540 

habitat distribution in birds. − Acta Biotheor. 19: 16−36. 541 

Gende, S. M. et al. 2004. Brown bears selectively kill salmon with higher energy content 542 

but only in habitats that facilitate choice. − Oikos 104: 518−528. 543 

Golcher-Benavides, J. and Wagner, C. E. 2019. Playing out Liem’s Paradox: opportunistic 544 

piscivory across lake tanganyikan cichlids. − Am. Nat. 545 

https://doi.org/10.1086/704169. 546 

Hedrick, P. W. 1993. Sex-dependent habitat selection and genetic polymorphism. − Am. 547 

Nat. 141: 491−500. 548 

Hendry, A. P. and Berg, O. K. 1999. Secondary sexual characters, energy use, senescence, 549 

and the cost of reproduction in sockeye salmon. − Can. J. Zool. 77: 1663−1675. 550 

Hendry, A. P. et al. 1999. Condition dependence and adaptation-by-time: breeding date, 551 

life history, and energy allocation within a population of salmon. − Oikos 85: 552 

https://doi.org/10.1086/704169


 24 

499−514. 553 

Hendry, A. P. et al. 2001. Breeding location choice in salmon: causes (habitat, 554 

competition, body size, energy stores) and consequences (life span, energy stores). − 555 

Oikos 93: 407−418. 556 

Hendry, A. P. et al. 2004. Adaptive variation in senescence: reproductive lifespan in a wild 557 

salmon population. − Proc. R Soc. B 271: 259−266. 558 

Hendry, A. P. 2017. Eco-evolutionary dynamics. Princeton University Press. 559 

Holt, R. D. and Barfield, M. 2008. Habitat selection and niche conservatism. − Isr. J. Ecol. 560 

Evol. 54: 295−309. 561 

Holtmann, B. et al. 2017. Personality-matching habitat choice, rather than behavioural 562 

plasticity, is a likely driver of a phenotype-environment covariance. − Proc. R. Soc. B 563 

284: 20170943. 564 

Jacob, S. et al. 2017. Gene flow favours local adaptation under habitat choice in ciliate 565 

microcosms. − Nature Ecol. Evol. 1(9): 1407. 566 

Jacob, S. et al. 2018. Habitat choice meets thermal specialization: Competition with 567 

specialists may drive suboptimal habitat preferences in generalists. − Proc. Natl. Acad. 568 

Sci. 115: 11988−11993. 569 

Jacobson, B. et al. 2017. Phenotype-dependent selection underlies patterns of sorting 570 

across habitats: the case of stream‐fishes. − Oikos 126: 1660−1671. 571 

Jaenike, J. and Holt, R. D. 1991. Genetic variation for habitat preference: evidence and 572 

explanations. − Am. Nat. 137:S67−S90. 573 

Jensen, D. W. et al. 2009. Impact of fine sediment on egg-to-fry survival of Pacific 574 

salmon: a meta-analysis of published studies. – Rev. Fish. Sci. 17: 348−359. 575 



 25 

Karpestam, E. et al. 2012. Matching habitat choice by experimentally mismatched 576 

phenotypes. − Evol. Ecol. 26: 893–907. 577 

Lande, R. and Arnold, S. J. 1983. The measurement of selection on correlated characters. − 578 

Evolution 37: 1210−1226. 579 

Leibold, M. A. et al. 1994. Genetic, acclimatization, and ontogenetic effects on habitat 580 

selection behavior in Daphnia pulicaria. − Evolution 48: 1324−1332. 581 

Lin, J. E. et al. 2008. Fine-scale differentiation between sockeye salmon ecotypes and the 582 

effect of phenotype on straying. − Heredity 101: 341−350. 583 

Lin, J. E. et al. 2016. It’s a bear market: evolutionary and ecological effects of predation on 584 

two wild sockeye salmon populations. − Heredity 116: 447–457. 585 

de Lira, J. J. P. et al. 2018. Testing for a whole-organism trade-off between natural and 586 

sexual selection: are the male guppies preferred by females more likely to be eaten by 587 

predators? − Evol. Ecol. Res. 19: 441−453. 588 

Lowe, W. H. and Addis, B. R. 2019. Matching habitat choice and plasticity contribute to 589 

phenotype-environment covariation in a stream salamander. – Ecology e02661. 590 

Mathisen, O. A. 1962. The effect of altered sex ratios on the spawning of red salmon. – In: 591 

Koo, T. S. Y. (ed.), Studies of Alaska red salmon. − University of Washington Press, 592 

Seattle, pp. 139−247. 593 

McPhee, M. V. and Quinn T. P. 1998. Factors affecting the duration of nest defense and 594 

reproductive lifespan of female sockeye salmon, Oncorhynchus nerka. − Environ. 595 

Biol. Fishes 51: 369−375. 596 

Medina, I. et al. 2017. Habitat structure is linked to the evolution of plumage colour in 597 

female, but not male, fairy-wrens. − BMC Evol. Biol. 17: 35. 598 



 26 

Merilaita, S. 2003. Visual background complexity facilitates the evolution of camouflage. 599 

− Evolution 57: 1248−1254. 600 

Morris, D. W. 2003. Towards an ecological synthesis: a case for habitat selection − 601 

Oecologia 136: 1−13. 602 

Morrissey, M. B. and Sakrejda, K. 2013. Unification of regression-based methods for the 603 

analysis of natural selection. − Evolution 67: 2094−2100. 604 

Mortier, F. et al. 2019. Habitat choice stabilizes metapopulation dynamics through 605 

increased ecological specialization. − Oikos 128: 529−539. 606 

Myles-Gonzalez, E. et al. 2015. To boldly go where no goby has gone before: boldness, 607 

dispersal tendency, and metabolism at the invasion front. − Behav. Ecol. 26: 608 

1083−1090. 609 

Nicolaus, M. and Edelaar, P. 2018. Comparing the consequences of natural selection, 610 

adaptive phenotypic plasticity, and matching habitat choice for phenotype-611 

environment matching, population genetic structure, and reproductive isolation in 612 

meta-populations. − Ecol. Evol. 8: 3815−3827. 613 

Pellerin, F. et al. 2019. Matching habitat choice promotes species persistence under climate 614 

change. − Oikos 128: 221−234. 615 

Porter, C. K. and Akcali, C. K. 2018. An Alternative to Adaptation by Sexual Selection: 616 

Habitat Choice. − Trends Ecol. Evol. 33: 576−581. 617 

Quinn, T. P. 2018. The behavior and ecology of Pacific salmon and trout. − University of 618 

Washington Press. 619 

Quinn, T. P. and Foote, C. J. 1994. The effects of body size and sexual dimorphism on the 620 

reproductive behaviour of sockeye salmon, Oncorhynchus nerka. − Anim. Behav. 48: 621 



 27 

751−761. 622 

Quinn, T. P. et al. 1996. Behavioral tactics of male sockeye salmon (Oncorhynchus nerka) 623 

under varying operational sex ratios. − Ethology 102: 304–322. 624 

Quinn T. P. and Kinnison, M. 1999. Size-selective and sex-selective predation by brown 625 

bears on sockeye salmon. − Oecologia 121: 273–282. 626 

Quinn, T. P. and Buck, G. B. 2001. Size-and sex-selective mortality of adult sockeye 627 

salmon: bears, gulls, and fish out of water. – Trans. Am. Fish. Soc. 130: 995−1005. 628 

Quinn, T. P. et al. 2001a. Balancing natural and sexual selection in sockeye salmon: 629 

interactions between body size, reproductive opportunity and vulnerability to 630 

predation by bears. – Evol. Ecol. Res. 3: 917–937. 631 

Quinn, T. P. et al. 2001b. Influence of breeding habitat on bear predation and age at 632 

maturity and sexual dimorphism of sockeye salmon populations. – Can. J. Zool. 79: 633 

1782−1793. 634 

Quinn, T. P. et al. 2009. Transportation of Pacific salmon carcasses from streams to 635 

riparian forests by bears. – Can. J. Zool. 87: 195−203. 636 

Quinn, T. P. et al. 2017. Diverse foraging opportunities drive the functional response of 637 

local and landscape-scale bear predation on Pacific salmon. – Oecologia 183: 638 

415−429. 639 

Ruggerone, G. T. et al. 2000. Selective predation by Brown bears (Ursus arctos) foraging 640 

on spawning sockeye salmon (Oncorhynchus nerka). – Can. J. Zool. 78: 974−981. 641 

Schlosser, I. J. 1987. The role of predation in age-and size-related habitat use by stream 642 

fishes. – Ecology 68: 651−659. 643 

Steen, R. P. and Quinn, T. P. 1999. Egg burial depth by sockeye salmon (Oncorhynchus 644 



 28 

nerka): implications for survival of embryos and natural selection on female body size. 645 

– Can. J. Zool. 77: 836−841. 646 

Tautz, A. F. and Groot, C. 1975. Spawning behavior of chum salmon (Oncorhynchus keta) 647 

and rainbow trout (Salmo gairdneri). – J. Fish. Res. Board Can. 32: 633−642. 648 

Wennersten, L. et al. 2012. Phenotype manipulation influences microhabitat choice in 649 

pygmy grasshoppers. – Curr. Zool. 58: 392−400. 650 

Wood, S. N. 2006. mgcv 1.3. R package. https://cran.r-651 

project.org/web/packages/mgcv/mgcv.pdf   652 

 653 

Supplementary material will be made available online as Appendix OIK-06932 at Oikos 654 

Editorial Office Homepage.655 

https://cran.r-project.org/web/packages/mgcv/mgcv.pdf
https://cran.r-project.org/web/packages/mgcv/mgcv.pdf


 29 

Table 1. Linear regression models examining the relationship between body length and 656 

water depth in different segments of the sockeye salmon population of Pick Creek. 657 

Population segment r2 F d.f. P 

All fish 0.143 75.60 1, 455 <0.001 

Males only 0.101 22.36 1, 200 <0.001 

Females only 0.174 53.35 1, 253 <0.001 

2-ocean males 0.004 0.46 1, 121 0.499 

3-ocean males 0.024 1.92 1, 77 0.170 

2-ocean females 0.001 0.10 1, 132 0.753 

3-ocean females 0.015 1.79 1, 117 0.184 
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Table 2. Linear Models testing for correlational selection acting on morphology (body 659 

length) and breeding habitat use (water depth) of male and female salmon, as estimated 660 

using methods of Lande and Arnold (1983). Reproductive life span (RLS) was used as the 661 

fitness metric. Breeding date and competition intensity were included as covariates in all 662 

models to control for their impact on RLS. Note that we do not report a formal selection 663 

coefficient for the interaction term, as it represents the fitness consequences of the 664 

covariance between a phenotypic trait and a physical variable, as opposed to the 665 

covariance between two traits. Statistics and P values of non-significant terms are those 666 

obtained by adding them individually to the final models, in which only significant 667 

predictors (main effects and interactions) were retained. P values < 0.05 were considered 668 

statistically significant. 669 

 
Estimate SE t P 

(a) All fish 
    

Sex -0.211 0.033 -6.39 <0.001 

Breeding date -0.175 0.013 -13.37 <0.001 

Competition intensity 0.011 0.013 0.86 0.388 

Body length 0.052 0.022 2.40 0.017 

Body length2 0.005 0.018 0.29 0.776 

Water depth -0.003 0.020 -0.17 0.866 

Body length × Water depth 0.005 0.022 0.24 0.808 

Body length2 × Water depth 0.017 0.014 1.25 0.211 

Body length × Sex -0.016 0.032 -0.51 0.611 

Body length2 × Sex -0.009 0.025 -0.37 0.710 

Water depth × Sex 0.007 0.033 0.22 0.823 

Body length × Water depth × Sex 0.012 0.029 0.43 0.670 

Body length2 × Water depth × Sex -0.038 0.019 -1.98 0.049 

(b) Males only 
    

Breeding date -0.128 0.023 -5.67 <0.001 

Competition intensity 0.063 0.024 2.63 0.009 

Body length -0.024 0.024 -1.00 0.321 

Body length2 0.002 0.022 0.10 0.921 

Water depth -0.015 0.023 -0.65 0.518 

Body length × Water depth 0.010 0.022 0.46 0.648 
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Body length2 × Water depth -0.024 0.019 -1.24 0.217 

(c) Females only 
    

Breeding date -0.206 0.014 -14.53 <0.001 

Competition intensity -0.037 0.014 -2.72 0.007 

Body length 0.017 0.015 1.16 0.246 

Body length2 0.017 0.010 1.76 0.080 

Water depth -0.016 0.016 -1.04 0.302 

Body length × Water depth -0.010 0.014 -0.72 0.474 

Body length2 × Water depth 0.018 0.008 2.13 0.034 
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Table 3. Summary of the results regarding the first (spatial outcome) and second (selective 671 

basis) components of matching habitat choice. 672 

 Components of matching habitat choice 

Population segment 
Phenotype-environment 

correlation 

Detectable selection on 

matching habitat choice 

All fish + no 

Males + no 

Females + yes 

2-ocean males n.s. no 

3-ocean males n.s. no 

2-ocean females n.s. no 

3-ocean females n.s. yes 
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Figure legends: 674 

Figure 1. Photographs showing breeding sockeye salmon in Pick Creek and its main 675 

predator. (a) Breeding sockeye salmon in areas of shallow water (lower part of panel a) 676 

and deep water (central part of panel a). (b) Brown bears Ursus arctos congregate in 677 

riparian areas of Pick Creek to feed on spawning salmon. This individual bear killed many 678 

of the salmon in our specific dataset 1995. (c) Female salmon tagged with an individually-679 

coded disc tag for individual identification from a distance. Photographs by A. P. Hendry. 680 

Figure 2. Relationship between body length and the depth of the spawning sites of male 681 

and female sockeye salmon breeding in Pick Creek in 1995 and 1996.  682 

Figure 3. Correlational selection, estimated using methods of Lande and Arnold (1983), 683 

acting on salmon morphology (body length) and breeding habitat use (water depth), each 684 

standardized to mean zero and unit variance. Reproductive life span (RLS, divided by the 685 

mean life span of all individuals in a given year and adjusted for breeding date) was used 686 

as the fitness metric. For RLS, smaller values indicate a shorter life. Body sizes below and 687 

above zero roughly correspond to 2-ocean and 3-ocean fish, respectively. 688 
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