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ABSTRACT 14 

Evolvable traits of organisms can alter the environment those organisms experience. While it is 15 

well appreciated that those modified environments can influence natural selection to which 16 

organisms are exposed, they can also influence the expression of genetic variances and 17 

covariances of traits under selection. When genetic variance and covariance change in response 18 

to changes in the evolving, modified environment, rates and outcomes of evolution also change. 19 

Here we discuss the basic mechanisms whereby organisms modify their environments, review 20 

how those modified environments have been shown to alter genetic variance and covariance, and 21 

discuss potential evolutionary consequences of such dynamics. With these dynamics, responses 22 

to selection can be more rapid and sustained, leading to more extreme phenotypes, or they can be 23 

slower and truncated, leading to more conserved phentypes. Patterns of correlated selection can 24 

also change, leading to greater or less evolutionary independence of traits, or even causing 25 

convergence or divergence of traits, even when selection on them is consistent across 26 

environments. Developing evolutionary models that incorporate changes in genetic variances and 27 

covariances when environments themselves evolve requires developing methods to predict how 28 

genetic parameters respond to environments—frequently multifactorial environments. It also 29 

requires a population-level analysis of how traits of collections of individuals modify 30 

environments for themselves and/or others in a population, possibly in spatially explicit ways. 31 

Despite the challenges of elucidating the mechanisms and nuances of these processes, even 32 

qualitative predictions of how environment-modifying traits alter evolutionary potential are 33 

likely to improve projections of evolutionary outcomes. 34 

Key words: genotype-environment interaction, GxE, habitat selection, indirect genetic effects, 35 

niche construction  36 
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Introduction 37 

Organisms alter the environments they experience in many ways: active modification of 38 

the environment around them, habitat choice, dispersal, cued developmental timing, or social 39 

behaviors. Variously referred to as "habitat selection" (Levins 1968; Holt 1987; Rosenzweig 40 

1987; Brown 1990; Bazzaz 1991; Whitlock 1996; Donohue 2003) "indirect genetic effects" 41 

(Moore et al. 1997; Wolfe et al. 1998), and "niche construction" (Odling Smee et al. 1996, 2013; 42 

Laland et al. 1999; Saltz and Nuzhdin 2014), the fact that evolvable traits of organisms can 43 

determine the environmental factors to which those organisms are exposed has important 44 

evolutionary consequences. Much attention has focused on the ability of organisms to modify the 45 

environment that exerts natural selection (Day et al. 2003; Donohue 2002 2005; Schwilk 2003, 46 

Bolnick and Otto 2013; Snell-Rood 2013). However, environments modify not only the presence 47 

and strength of natural selection, but also the expression of genetic variance and covariance of 48 

traits under selection. That is, environments modify both of the primary components that 49 

determine evolutionary responses to selection: selection and G-matrices. When the environments 50 

that modify genetic parameters are the result of biological traits with a genetic basis, genotype-51 

environment correlations will emerge. Because the default assumption in most evolutionary 52 

models is that the environment varies randomly with respect to genotype, these correlations have 53 

important evolutionary consequences that are frequently neglected. Here we discuss the main 54 

evolutionary consequences of the potential of evolvable traits to modify environments in ways 55 

that alter genetic variances and covariances.  56 

 57 

Evolvable traits modify environments, and environments modify genetic parameters. 58 
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Organisms modify the environments they experience in ways that influence the natural selection 59 

to which they are exposed, and this outcome of environmental modification has been well 60 

acknowledged in the literature on indirect genetics effects and niche construction. How those 61 

environments influence the expression of genetic variances and covariances has not been as well 62 

appreciated. Here we first discuss the basic mechanisms whereby evolvable traits modify 63 

environmental factors to which organisms are exposed, and second review the evidence that 64 

those environmental factors in turn modify genetic variance and covariance of traits (Table 1). 65 

 66 

Genetically based traits modify the environments that organisms experience 67 

Organisms can modify the environments they experience by adjusting their behavior, 68 

morphology, or development (Odling-Smee et al. 1996, 2013). Most intuitively, organisms may 69 

actively physically modify aspects of their environment, for instance by constructing shelters 70 

from environmental stressors (e.g., nests, burrows, egg sacs, or other provisioning) or structures 71 

that improve resource capture (dams, pit traps, cup structures). This sort of direct habitat 72 

modification has been referred to as "niche construction" or "ecosystem engineering," with the 73 

latter, in particular, referring to cases in which the environments experienced by other members 74 

of an ecosystem are also modified, in addition to the environment of the organism that modified 75 

the environment.  76 

More passive modifications to the environment include chemical secretions or waste 77 

deposition (which may be toxic, act as fertilizer, or some other sort of attractant or inhibitor), and 78 

resource depletion, including shading of self or others. For example, bacteria exude metabolic 79 

waste products that influence their own population growth as well as that of other bacterial 80 

strains, and some plants exude allelopathic chemicals that alter the fertility or toxicity of the soil 81 
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around them and thereby alter competitive environments (Wardle et al. 2011). The mere 82 

depletion of limited resources results in resource-poor environments. For plants, light capture by 83 

leaves frequently depletes light beneath a canopy, which can affect the recruitment of progeny, 84 

ramets, or even other leaves on the same individual (Enríquez and Pantoja-Reyes 2005; 85 

Zimmerman et al. 2010). 86 

Organisms also modify the environments they experience by moving in space, frequently 87 

referred to as "environmental tracking." Many organisms actively collect information about their 88 

environment, assess that information, and alter their location in response to that information, in a 89 

process called "habitat selection." Mobile animals can exhibit this behavior at a local scale, for 90 

example by moving from sun to shade for thermoregulation (Muñoz and Losos 2018), or a more 91 

regional scale through migration. Even plants can exhibit habitat selection by putting down 92 

runners and preferentially establishing roots in locations with high resources, for example 93 

(Bazzaz 1991). Other forms of directed dispersal are also known in plants, whereby dispersal 94 

structures such as eliasomes (lipid-rich appendages that attract ants) or viscous adherents 95 

increase the probability that seeds are deposited in specific favorable locations (e.g., in ant nests, 96 

or on tree trunks). Thus, even if the external environment is not itself altered, from the 97 

perspective of the organism, the environment it experiences is modified by its behavior.  98 

Organisms can also modify the environment that specific life stages are exposed to by 99 

regulating their developmental timing, or phenology, a form of temporal habitat tracking 100 

(Donohue 2005). Different life stages frequently have different environmental tolerances or 101 

optima; matching each life stage to the environment that permits growth and survival to the next 102 

life stage is therefore necessary in environments that vary over time, such as seasonal 103 

environments. Developmental transitions in both plants and animals are often cued by 104 
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environmental factors such as temperature, light, photoperiod, water availability, or crowding. 105 

Such regulation of developmental timing by environmental cues is effective at determining the 106 

environment that is experienced by the life stages that follow that developmental transition (e.g. 107 

Burghardt et al. 2016, D'Aguillo et al. 2019).  108 

Lastly, social behaviors can shape the social environment experienced by others in 109 

interacting groups, by modifying density, aggressive environments, acoustic environments, and 110 

access to mates or other resources. In Drosophila melanogaster for example, the presence of 111 

male aggression, which is genotype-specific, affects sex ratios within groups, since aggressive 112 

males exclude other males from groups (Saltz and Foley 2011). Parental provisioning, as shown 113 

in dung beetles for example (Schwab et al. 2017), is also considered to be a social behavior that 114 

affects other group members. The theory on "indirect genetic effects" or "IGEs" was developed 115 

to explain these phenomena, whereby evolvable traits of organisms result in social environments 116 

that both affect traits that others in the group express and also affect the mode and intensity of 117 

natural selection acting on those traits (Moore et al. 1997, Wolf et al. 1998).  118 

In summary, organisms have diverse ways of modifying environments they experience at 119 

specific life stages or throughout their lives. Active habitat modification, resource consumption 120 

or metabolic exudation, dispersal through space or time, and social behaviors can all regulate the 121 

environments that organisms are exposed to. These environments include abiotic (e.g., thermal or 122 

moisture) environmental factors, seasonal environmental factors, competitive or pathogen 123 

environment, resource environment, or social environment. Many of these factors are indicators 124 

of stress or resource quality. All of these classes of traits--behavior, secondary metabolism, 125 

dispersal, and phenology--are well known to have a genetic basis. As such, when they evolve in 126 

response to natural selection, the environments that result from those traits also evolve.  127 
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 128 

The environment alters genetic variances and covariances 129 

Dozens of empirical studies have documented that the expression of genetic variance and 130 

covariance depends on environmental conditions (reviewed in Hoffmann and Merila 1999, Snell-131 

Rood et al. 2016, Stearns et al. 1991; Table 1, Supplemental Table S1). Such environment-132 

dependent genetic parameters result from genotype by environment interaction (GxE), in which 133 

different genotypes respond differently to environmental factors (Fig. 1A). One of the earliest 134 

documentations of this phenomenon emphasized that GxE could mask genetic variation in some 135 

environments and expose it in others (Via and Lande 1985, 1987), leading to environment-136 

dependent genetic variances. The function whereby environments alter the expression of genetic 137 

variation may take many forms (Fig. 2A), but in most cases the precise function is not known. 138 

Regarding genetic covariances, when different traits exhibit different patterns of phenotypic 139 

plasticity to environments, genetic covariances among traits can be environment-dependent 140 

(Donohue 2015; Wood and Brodie 2015). For instance, if one trait does not exhibit plasticity in 141 

any genotype, but another trait does exhibit GxE for that trait such that the rank order of 142 

genotypes changes, then the direction of correlation between traits can change across 143 

environments (Fig. 1B). 144 

Despite some qualitative predictions about how environments are expected to alter 145 

genetic parameters, empirical evidence for those trends is mixed (Table 1; Supplemental Table 146 

S1). Regarding environment-dependent genetic variance, it has been hypothesized that novel 147 

environments, in particular, are likely to reveal genetic variation that has not yet been exposed to 148 

natural selection, resulting in higher genetic variance expressed in novel environments. This 149 

prediction has sometimes been supported (reviewed in Charmantier and Garant 2005). Similarly, 150 
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others have speculated that "stressful" environments are also more likely to reveal genetic 151 

variation caused by genomic mis-regulation (reviewed in Hoffmann and Merila 1999; Rutherford 152 

and Lindquist 1998, Jarosz and Lindquist 2010), including deleterious recessive allelic effects 153 

that contribute to inbreeding depression (Armbruster and Reed 2005; Cheptou and Donohue 154 

2011; Fox et al. 2011). This prediction has been supported in cases of stressful temperatures, for 155 

instance (Bubily and Loeschcke 2000; Szafraniec et al. 2001). A stressful environment can be 156 

considered to be one to which an organism has not yet adapted; as such it reveals genetic 157 

variation for the same reason that a novel environment would reveal genetic variation.  158 

Stressful or limiting conditions may magnify the expression of genetic differences in 159 

some traits, especially timing traits. When development is slower (takes longer) under poorer 160 

conditions, the difference in growth rates may be magnified (as is the distance between horses on 161 

a longer racetrack), increasing the expression of genetic variation; conversely, growth may be 162 

more synchronous under favorable conditions, leading to lower genetic variances. Both poor 163 

food quality (Holloway et al. 1990; Kause and Morin 2001) and lower or sub-optimal 164 

temperature, which slows development (De Moed et al. 1997; Guntrip et al. 1997; Snell-Rood et 165 

al. 2016; D’Aguillo et al. 2019), have been associated with greater genetic variance. One study in 166 

ladybird beetles found that genetic variance for size traits increased over ontogeny as food 167 

became more limiting (Dmitriew et al. 2010), illustrating how limiting conditions can magnify 168 

genetic differences even over the course of development.  169 

In contrast, stressful environments can also decrease the expression of genetic variance 170 

(Table 1, Supplemental Table S1). One reason for this is that limiting conditions may impose 171 

boundaries on the expression of extreme phenotypes, whereas favorable conditions may allow a 172 

larger range of variation to be attained by genotypes that are endowed with the ability to take 173 
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advantage of those favorable conditions. Low genetic variation for size, growth, and 174 

reproductive traits has been documented under low-resource conditions (Gebhardt-Henrich and 175 

Noordwijk 1991; Ebert et al. 1993; Merilä 1997; Lazarević et al. 1998; Bubily and Loeschcke 176 

2000).  177 

Genetic covariances also depend on environmental conditions (Figs. 1 and 3). This has 178 

been observed in diverse organisms including insects (Gebhardt and Stearns, 1988; Lazarević et 179 

al. 1998; Krebs and Loeschcke 1999; Messina and Fry 2003), birds (Larsson 1993), amphibians 180 

(Newman 1988a,b, 1989), and plants (Donohue et al. 2000; Shakhatreh et al. 2001; Stinchcombe 181 

2002). These are sometimes manifest as negative correlations between developmental speed and 182 

other traits, such that, for example, slow development occurs with large body size (e.g., Kause 183 

and Morin, 2001). Similarly, low temperature, which slows development in many organisms, can 184 

induce tradeoffs (Windig 1994; Norry and Loeschcke 2002). Moreover, when limiting conditions 185 

alter genetic variances for traits, the corresponding covariances among traits may also be reduced 186 

(e.g., Guntrip et al. 1997).  187 

Environment-dependent genetic correlations may also be manifest as resource-dependent 188 

allocational tradeoffs, when genetic variation in resource acquisition is expressed only in 189 

resource-rich environments (Stearns 1989, 1992; Houle 1991). For example, under conditions in 190 

which all individuals are resource-limited, some genotypes may allocate more to immediate 191 

reproduction while others allocate more to growth, leading to negative genetic correlations 192 

manifest as tradeoffs. In resource-rich environments, in contrast, some genotypes may excel at 193 

acquiring resources and have more resources to allocate both to growth and reproduction, leading 194 

to positive genetic correlations.  195 
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 In summary, environments commonly alter genetic variances and covariances. They do 196 

so by establishing limits to the expression of phenotypic extremes, by altering developmental 197 

rates in ways that magnify or canalize differences among genotypes, by determining resource 198 

limitation that influences the expression of allocational tradeoffs, or by reflecting the past history 199 

of natural selection (or lack thereof) which may have depleted genetic variance.  200 

 201 

Biologically altered environments alter genetic parameters 202 

We have shown that organisms can alter their exposure to diverse environmental factors, 203 

and that those environmental factors can alter the expression of genetic variances and 204 

covariances (Table 1). In particular, exposure to stressful environments--both abiotic and biotic--205 

and resource abundance or quality are factors that organisms are especially likely to regulate 206 

their exposure to. These factors, in turn, are known to alter the expression of genetic variances 207 

and covariances. Despite the scarcity of empirical studies that directly document that 208 

environment-modifying traits cause changes in the expression of genetic variances and 209 

covariances in the same system, the ubiquity with which both steps of that pathway have been 210 

documented suggests that such dynamics are likely to be common. 211 

A small number of studies have, in fact, examined both the environmental factors that 212 

organisms modify and the effect of those environmental factors on genetic parameters in the 213 

same system. For instance, the experimental disruption of provisioning of brood balls by 214 

Onthophagus dung beetles significantly truncated the range of genetic variation for adult body 215 

size that was exposed to natural selection (Snell-Rood et al. 2016). In sand crickets, those with a 216 

genetic predisposition toward growing large wings also demonstrate preference for temperatures 217 

that produce small wings, and vice versa (Roff and Shannon 1993, Bégin et al. 2004, Saltz and 218 
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Nuzhdin 2014). Consequently, the full extent of available genetic variation for wing size is not 219 

expressed due to genetically based temperature preferences and GxE for wing size. In another 220 

cricket, the acoustic environment, which is socially determined by mating displays, altered the 221 

heritability of behavioral “personality” traits, such that genetic variation was lower in the silent 222 

acoustic environment than under conditions of vocal displays (Rudin et al. 2018). 223 

 These studies explicitly connect an organism’s capacity to modify its environment and 224 

the environment’s effect on genetic parameters. Future studies that measure or manipulate an 225 

organism's environmental modifications could usefully quantify not only their effects on fitness 226 

and natural selection (Matthews et al. 2014), but also effects on genetic variances and 227 

covariances that determine evolutionary responses to that selection. By modifying environmental 228 

factors, organisms can alter the expression of genetic variation of any traits that exhibit GxE to 229 

that environmental factor. By influencing the expression of genetic variance and covariance, 230 

evolutionary dynamics can be affected independently of effects of the environment on natural 231 

selection. Changes in environment-modifying traits, whether plastic or evolutionary, can 232 

therefore alter evolutionary dynamics by altering both selection and G-matrices.  233 

 234 

Individual to population-level consequences of biological modification of environments 235 

So far, our discussion has concerned how traits of organisms influence the environment 236 

that those organisms, themselves, experience. However, genetic variances and covariances are 237 

properties of populations. How do the environment-modifying attributes of individuals translate 238 

to population-level outcomes? It depends on whether environmental changes are experienced 239 

only by the individuals that produced those changes, by groups of interacting individuals in a 240 
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population, or by the entire population. It also depends on how environmental modifications of 241 

collections of individuals combine to influence environments at different spatial scales.  242 

First, if a single individual experiences its modified environment, that individual can have 243 

an altered phenotype through phenotypic plasticity, an altered average allelic effect (at one or 244 

more loci) through genotype-environment interactions, and altered fitness through altered natural 245 

selection on that phenotype. If a collection of individuals in a population all experience the same 246 

modified environment simply because they share the trait that modifies that environment for 247 

themselves, genetic variation segregating at the loci that determine that trait—and at linked loci 248 

elsewhere in the genome—may change in response to the environment caused by the 249 

environment-modifying trait.  250 

In this case of organisms determining only their own environment, the population-level 251 

genetic variance (and covariance) would depend on the proportion of the population that 252 

expresses the allele(s) that result in a specific phenotype of the environmental-modifying trait, 253 

and the environment-dependent genetic expression induced by that environment, considered over 254 

all environments that the population experiences. Those proportions themselves would depend 255 

on the frequency of individuals with specific environment-determining traits. As selection on 256 

those traits alters those proportions, genetic variance and covariance itself would change 257 

dynamically (Fig. 1C).  258 

In addition, genetic variance and covariances of traits may be determined by other, non-259 

environment determining loci throughout the genome. How these genetic variances and 260 

covariances would change in response to allele-frequency changes at the environment-261 

determining loci would depend on the linkage disequilibrium between the environment-262 

determining locus and other segregating loci that determine these other traits.  263 
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Traits may modify environments experienced not only by the individual itself, but also 264 

environments experienced by other individuals. The extent of environmental change experienced 265 

by others would depend on how a trait modifies the environment and how far that modification 266 

extends beyond the individual that modified it. Models of IGEs have addressed this issue within 267 

the framework of interacting dyads or more extensive networks of interaction among partners of 268 

different genetic relatedness and/or within different interaction intensities (Bijma 2011, 2014; 269 

Araya-Ajoy et al. 2020). Figure 4 illustrates where the dynamics discussed within this paper fit 270 

into the IGE framework (with unique components, not currently incorporated within the IGE 271 

framework depicted in red). In a simple scenario, if the modification is distributed evenly 272 

throughout the population, then the resulting environment experienced by all individuals in the 273 

population can be predicted by the frequency of phenotypes in the population (Fig. 4). If 274 

environmental modifications have more local effects, however, more spatially explicit models 275 

would be necessary to predict which environment is experienced by what proportion of the 276 

population. Since environments covary with the traits that determine them, one can expect that 277 

certain genotypes would be more likely to be exposed to certain environments than others (Wood 278 

and Brodie 2016), but the population-level genotype-environment covariance would also depend 279 

on dispersal and population mixing as well, if environmental modifications extend beyond the 280 

individual modifying it. As a consequence, the population-level covariance would depend on the 281 

degree of spatial population structure, the degree to which environmental modification extends 282 

beyond the experience of the modifying individual, and how environments modified by different 283 

individuals combine to determine outcomes. For instance, does one environmental modification 284 

extend farther than other modifications, is one environment dominant over another, or are they 285 

additive?  286 
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 If the genotype-environment covariance can be estimated for a population, then the 287 

resulting environment-dependent genetic variances and covariances of the population may also 288 

be estimated. To do so requires knowing a) allele frequencies for environment-determining traits 289 

in the population, or the frequency of the environment-determining traits in the population; b) 290 

how environmental influences from multiple individuals combine to determine the environment 291 

experienced by an individual; c) the frequencies of environments experienced by specific 292 

genotypes in that population, which provides information on the covariance between alleles and 293 

environments at the population level; d) the function of how average effects of alleles depend on 294 

the environment. Clearly, this effort has many challenges, especially considering the multivariate 295 

aspects of these dynamics: multiple traits may determine environments, multiple traits may 296 

respond to environments, and multiple environmental factors may modify traits and the average 297 

effects of alleles that determine those traits. Explicit manipulations of the genetic composition of 298 

populations would be required, combined with measurements of the resulting environment, as 299 

well as measurement of genotype-specific phenotypes that provide estimates of genetic 300 

parameters in the environment that the population inhabits. 301 

 Despite the potential complexity of these interactions, rates of evolution and how quickly 302 

adaptive plateaus are reached are likely to depend on whether these combined dynamics result in 303 

the sustained expression of genetic variance or in the progressive masking of it. Even making 304 

such qualitative predictions about whether biologically modified environments release or mask 305 

genetic variation could be useful in predicting evolutionary momentum or conversely, 306 

evolutionary limits, as discussed next.  307 

 308 
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Evolutionary consequences of the influence of biologically altered environments on genetic 309 

parameters 310 

 311 

Environment-dependent genetic variation 312 

When genetic variances change as a consequence of biologically modified environments, 313 

evolutionary responses to selection can be more extreme or diminished (Fig. 2C). The magnitude 314 

of responses to selection each generation is directly proportional to the magnitude of genetic 315 

variance for traits under selection, as defined by the breeder's equation of quantitative genetics, 316 

(conditioned by genetic covariances among traits, as discussed in the next section). If traits alter 317 

environments in a manner that increases the expression of genetic variation for traits under 318 

selection, then populations may evolve more extreme phenotypes per generation of selection. In 319 

contrast, if traits result in environments that reduce the expression of genetic variation, smaller 320 

per-generation responses to selection would result.  321 

When environment-modifying traits themselves evolve, environments can change 322 

directionally over time, affecting how genetic variation is expressed over time (Donohue 2005, 323 

2009; Fig. 2C). Within the framework of IGEs, a new parameter (Ea,e in Fig. 4) that describes 324 

how genetic variance responds to biologically altered environments (ez'i, in the IGE framework; 325 

Fig. 4) can usefully be incorporated. These directional changes in environments can alter how 326 

sustained or truncated responses to selection can be. If the environment evolves in a direction 327 

that causes genetic variation to be expressed, then adaptation can proceed for longer. For 328 

example, Wender et al. (2005) showed that plant traits that influence post-dispersal density have 329 

a genetic basis and can evolve, and that the genetic variation and heritability for those traits was 330 

of a higher magnitude when those plants were grown at high density (Donohue et al. 2005). If 331 
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selection favors low post-dispersal density, as it frequently does, then the evolution of traits that 332 

produce low density would decrease the expression of genetic variation for those traits, 333 

constraining further response to selection. If the opposite happened to be true—that low density 334 

revealed rather than masked genetic variation for dispersal traits—then the evolution towards 335 

low density would enable even more sustained response to selection for low density (Donohue 336 

2005). A simple model showed that the directional evolution of environments can alter rates and 337 

durations of the adaptation of traits whose genetic variance depends on those environments 338 

(Donohue 2009). One other theoretical treatment (Marjanovic et al. 2018) considered how IGEs 339 

could alter phenotypic variation under competitive and non-competitive conditions and found 340 

that phenotypic variation (although not genetic variation per se) itself can evolve. In this model, 341 

the parameter describing the plastic response of a trait to the modified environment (; Fig. 4) 342 

was permitted to evolve; the model did not consider environment-dependent genetic expression 343 

per se, even though the evolution of plasticity on which the evolution of  depends, requires 344 

GxE.  345 

Note that IGEs have previously garnered interest because they can produce “runaway” 346 

processes, or positive evolutionary feedbacks. In those prior treatments, one trait determines the 347 

environment that elicits plasticity in another trait, and this second trait alters the environment in a 348 

manner that exerts selection on the first trait (Wolf et al 1998; Bailey and Moore 2012; Bailey 349 

and Kölliker 2019). Here we present another mechanism for positive or negative feedbacks, 350 

resulting not from plasticity and selection, but from environment-dependent expression of 351 

genetic variation.  352 

 353 

 Environment-dependent genetic covariances 354 
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Environments alter not only the expression of genetic variation for single traits, but genetic 355 

covariation among traits, sometimes even altering the direction of the covariance (reviewed 356 

above). Because natural selection frequently acts on multiple traits simultaneously or on 357 

combinations of traits, changes in genetic covariances can alter patterns of indirect selection, and 358 

thereby total selection, on correlated traits (Fig. 3).  359 

Consider a simple case of a correlation between bill length and bill depth in a bird. If 360 

those two traits are positively genetically correlated, direct selection for deeper bills would result 361 

in the evolution of longer bills as well, via indirect selection. If a change in the environment 362 

caused those two traits to become uncorrelated, then natural selection for deeper bills could 363 

result in deep bills that remain short: traits may respond more independently to natural selection. 364 

The opposite may be true as well. If the environment changes in a manner that causes stronger 365 

correlation among traits, indirect selection would be stronger. When correlated traits are being 366 

selected in opposing directions, adaptive evolution can be strongly constrained, since indirect 367 

selection opposes direct selection. In this manner biological modification of environments has 368 

the potential to modify the evolutionary independence of traits or conversely, the strength of 369 

evolutionary constraints. 370 

In the extreme, if an environment changes the direction of a correlation, then the direction 371 

of indirect selection could change as well. Consider a trait that is not under direct selection, but is 372 

correlated to one that is, and the direction of that correlation changes with the environment (Fig. 373 

3D). In one environment it may evolve in a given direction because of direct selection on the 374 

correlated trait, yet in another environment, direct selection in the same direction on the 375 

correlated trait could cause a response in the opposite direction because of indirect selection. 376 

That is, divergence in a trait across environments may result, even when the direction of direct 377 
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selection is the same in those environments. Biological modifications of the environment can 378 

thereby alter trajectories of evolutionary divergence. 379 

 380 

Diversification and evolutionary extremes 381 

It has been argued that certain manifestations of biological modifications of environments, such 382 

as IGEs (Wolf et al. 1998; Bijma and Wade 2008) or maternal effects in particular (Wolf and 383 

Wade 2009, 2016), can contribute to the evolution of extreme phenotypes and ultimately 384 

speciation. When environment-modifying traits have a genetic basis and are subject to 385 

directional selection, the environment itself can evolve. In these cases, the optimal phenotype can 386 

change as a function of the evolving environment-modifying trait, and the population must adapt 387 

to a moving target. This alone can lead to the evolution of more extreme phenotypes, since the 388 

environment itself may become more extreme. 389 

Adapting to one's own environment, moreover, contributes to diversification and 390 

potentially reproductive isolation. Co-adaptation of offspring traits to match the environment 391 

created by mothers, for example, results in lineages that are adapted to their own modified 392 

environment, but which are potentially less adapted to the environmental modifications of other 393 

lineages (Wolf et al. 1998; Wolf and Wade 2009, 2016). Mating across those two lineages 394 

produces a mismatch of environments and adaptations, resulting in reduced hybrid offspring 395 

fitness: a manifestation of reproductive isolation. 396 

When biologically modified environments influence not only the strength and direction 397 

of natural selection but also the expression of genetic variances and covariances, the evolutionary 398 

processes of divergence, and possibly diversification as just discussed, are contingent on those 399 

changes in genetic parameters. In concert, selection may be in the direction of more extreme 400 
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phenotypes and divergence, but environmental effects on genetic parameters may limit those 401 

trajectories (Fig. 2C). On the other hand, changes in genetic parameters could augment 402 

trajectories of divergence, or even change the direction of short-term outcomes. The prevailing 403 

scenario will be dependent on how biologically modified environments alter genetic parameters. 404 

 405 

Future challenges 406 

Predicting the evolutionary outcomes of biologically modified environments and their 407 

ability to modify genetic parameters depends on knowing how genetic variances of traits depend 408 

on continuous, multifactorial environments. This review shows abundant evidence that genetic 409 

parameters are environment-dependent, and descriptive estimates of functions of how genetic 410 

parameters change with environments are certainly possible, as those studies show. However, 411 

our mechanistic understanding of how genetic parameters change with environments, especially 412 

continuous or multifactorial environments, is very limited. Moreover, descriptive studies in 413 

existing environments cannot necessarily project changes in genetic parameters in novel 414 

environments.  415 

As of yet, we have little ability to predict values of genetic parameters that would be 416 

expressed in novel environments, despite the urgency of doing so under conditions of rapid 417 

environmental change. Some process-based models that are calibrated to specific genotypes can 418 

predict the phenotypes expressed in novel environments (reviewed in Chuine and Régnière 419 

2017), and the phenotypic differences among genotypes in those environments (i.e., their genetic 420 

variance; Burghardt et al. 2015). While we are far from a general framework for making such 421 

predictions, these models are an important step forward. 422 
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Even assuming such functions of environment-dependent changes in genetic parameters 423 

can be obtained, we do not yet have explicit evolutionary models that predict population 424 

outcomes when environmentally modifying traits evolve in ways that influence the expression of 425 

genetic parameters (Fig. 4). Translating the environmental modifications of individuals into 426 

spatially explicit models of changes in environments experienced by a population, or subsets of a 427 

population, is necessary. Models that include covariances between genotypes and environments 428 

are a promising start (Aastveit and Aastveit 1993; Plomin 2014; Wood and Brodie 2015, 2016). 429 

More consideration of how environmental changes combine across a landscape is necessary to 430 

anticipate how trait evolution alters environments locally or more regionally across the 431 

distribution of a population. Future models could project evolutionary trajectories for a single 432 

environment-modifying trait in a population, for other traits expressed by individuals in the same 433 

population, or even of traits of other organisms in different populations or different species. 434 

Coevolutionary models could incorporate how genetic parameters of one species depends on the 435 

environmental modifications made by another species. 436 

Working alongside advances in modeling, appropriately designed experiments that can 437 

test for changes in genetic parameters due to biological modification of environments are key. 438 

Researchers working in systems with niche construction or IGEs should consider violations to 439 

the default assumption that genotypes will be randomly distributed across their environments and 440 

interpret results in light of these violations. A second step forward will be to add to the growing 441 

number of studies that explicitly quantify how individuals with different environment-modifying 442 

traits alter the environment (Matthews et al. 2014). Experiments that explicitly test for changes 443 

in genetic parameters caused by biological modifications of the environment are challenging, but 444 

they are possible. For example, "modified” versus “non-modified” environments can be 445 
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generated as a result of ongoing environmental-modification behaviors within an experiment, or 446 

they can be artificially manipulated by manipulating the genetic composition of the population 447 

with respect to the environment-modifying traits (as in Matthews et al. 2014); genetic parameters 448 

can then be estimated in these "modified" and "non-modified" environments. Lastly, 449 

experimental evolution studies can then test if these changes in genetic parameters increase or 450 

decrease responses to selection over time by executing selection experiments in modified vs. 451 

non-modified environments. 452 

In summary, to incorporate the evolution of environments into models of trait evolution, 453 

we need to consider how those environments alter not only selection, but also the expression of 454 

genetic parameters. Several challenges remain in that endeavor (Fig. 5). First, abundant evidence 455 

exists that phenotypic traits influence the environments that organisms experience, and that those 456 

environmental factors can influence the expression of genetic variance and covariance. However, 457 

few cases have demonstrated that modified environments alter genetic parameters in the same 458 

system. Even descriptive studies of how genetic parameters change in response to changes in 459 

evolvable traits would provide valuable information on how common the dynamics discussed 460 

here may be in nature. Second, predicting how genetic parameters change in response to 461 

environments remains a significant challenge. Process-based models have promise for 462 

contributing to this endeavor. Other mechanistic analyses of resource limitation and resource 463 

allocation may also offer some predictive ability. Empirically, systems biology may provide 464 

insight into how networks of genetic and epigenetic interactions combine to produce phenotypes 465 

in environment-specific ways, and experimental evolution in model systems could provide 466 

specific estimates of changes in genetic parameters and changes in evolutionary responses to 467 

altered environments. Third, developing theoretical models of trait evolution that incorporate 468 
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environment-dependent genetic parameters, when environments themselves evolve, seems well 469 

within range. Doing so requires consideration not only of how G-matrices change with 470 

environments, but also how environmental modifications that are determined by individuals in a 471 

population combine to determine environments that are experienced by collections of individuals 472 

in that population. Finally, extending these approaches to coevolutionary models would enhance 473 

our understanding of the evolution of species interactions. 474 

  475 

Conclusion 476 

In contemporary environments, with extreme and rapid anthropogenic changes, a 477 

pressing question is how quickly populations can adapt to environments that are available to 478 

them. It is important to consider not only the effects of those environments on the strength and 479 

direction of natural selection, but also their effects on genetic expression, which determines 480 

evolutionary potential and the speed of adaptation. Processes of evolutionary rescue—the 481 

prevention of extinction via adaptation—are highly dependent on rates of adaptation. Knowing 482 

how organisms buffer or expose themselves to environmental change through their own activities 483 

is crucial. Considering environmental modifications to genetic parameters is also critical to 484 

predicting the plausibility of rescue. Here we show that genetic parameters commonly change in 485 

response to environmental change and argue that traits and behaviors of organisms can make 486 

similar environmental modifications. Thus, to anticipate evolutionary rates and outcomes 487 

including the probability of extinction, it is important to consider how evolvable traits of 488 

organisms alter genetic parameters and evolutionary potential. 489 
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TABLE CAPTIONS 794 

 795 

Table 1: Biologically modified environments can alter genetic parameters. The left-hand 796 

column indicates the trait that alters environmental factors to which organisms are exposed, 797 

which are indicated in the center column. The last column summarizes general trends whereby 798 

environmental conditions can influence genetic variance and covariance. 799 

 800 

Table 2: Future challenges 801 

 802 

  803 
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FIGURE CAPTIONS 804 

 805 

Figure 1. The environment alters genetic variances and covariances. A) Environment-806 

dependent genetic variance. When different genotypes respond differently to the environment, 807 

the differences among genotypes (genetic variance) can change with the environment (left). The 808 

rank order of genotypes can also change across environments (right). B) Environment-dependent 809 

genetic covariances. When different traits exhibit different patterns of plasticity, genetic 810 

covariances among traits can change with the environment. In this example, height is plastic, and 811 

genotypes differ in how they respond to height. Width is not plastic, and both genotypes have the 812 

same, non-plastic response. The association between height and width is positive in the first 813 

environment, but negative in the second environment. 814 

 815 

Figure 2: Evolutionary consequences of altered genetic variance. A) The breeder's equation 816 

gives the evolutionary response to selection (Δz̅) as a function of the strength of selection (S), 817 

genetic variance (Vg), and total phenotypic variance (Vp). B) Different functions (shown in 818 

different colors) may exist for the relationship between traits and the environments they produce 819 

(, in the terminology of IGEs), indicated by axes labeled in black. The simplest function is a 820 

linear relationship (black line), but environments may change in response to changes in 821 

phenotypes of environment-modifying traits in a threshold (blue), sigmoidal (red), or 822 

diminishing (green) manner, or in other functions not shown here. Likewise, those same 823 

functions may describe the relationship between environments and how the expression of genetic 824 

variation is altered (, in Fig. 4), indicated by axes labeled in red. Those function that are shown 825 

exhibit positive relationships between variables on the x- and y-axes, but the mirror image of 826 
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those functions (not shown) would show negative associations. C) How genetic variance changes 827 

over time (generations) as the environment-modifying trait, z, evolves. The trait, z, (blue line) 828 

changes over time; this alters the environment, as in "B". Here we assume a linear relationship 829 

between the trait and the environment (black line and black axes in panel B). Genetic variance 830 

(black dashed line) changes in response to the environment (as in panel B, red axes). Here again, 831 

we assume a linear relationship between the environment and the expression of genetic variation. 832 

Depending on whether an increase in the environment-determining trait, z, causes an increase in 833 

the expression of genetic variance (positive association; upper panels) or a decrease in the 834 

expression of genetic variance (negative association; lower panels), evolutionary responses to 835 

selection can be more constrained (left-hand. blue sub-panels) or more sustained (right-hand, 836 

green sub-panels). Note that changes in genetic variance may also occur if the environment-837 

altering trait, z, is plastic rather than genetically evolving.  838 

 839 

Figure 3: Evolutionary consequences of altered genetic covariances. A) Genetic correlations 840 

in three different environments. Environment A (left) produces positive correlations between 841 

traits z1 and z2; environment B (center) produces no correlation; Environment C (right) produces 842 

a negative correlation. If direct selection favors an increase in phenotype z1, then indirect 843 

selection on trait z2 will be positive, zero, or negative, respectively. By altering environments, 844 

niche construction can alter correlations between traits and consequently alter indirect selection. 845 

B) Scenario in which direct selection favors an increase in both traits. Adaptation is faster in 846 

Environment A than C. Correlations between traits z1 and z2 are shown as "+", “∅”, or "-".  1 847 

and  2 indicate direct selection on traits z1 and z2, respectively. C) Scenario in which direct 848 

selection favors a decrease (dotted line) in z1, but an increase (solid line) in z2. Adaptation is 849 
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slower in Environment A than C. D) Scenario in which direct selection favors an increase in z1, 850 

but does not act directly on z2. Trait z2 diverges across Environment A and C, despite no direct 851 

selection on z2 and a consistent direction of selection on trait z1.  852 

 853 

Figure 4: Incorporating GxE into models of Indirect Genetic Effects (IGEs). The original 854 

formulation of IGE is shown in black type, with the breeder's equation indicating evolutionary 855 

responses to selection (Δz̅) as a function of environment-dependent selection ( ) and genetic 856 

variances and covariances (G). In the original formulation, a phenotype of individual j, z'j, is 857 

determined by additive genetic effects, a'j, and random environmental effects e'j. The phenotype 858 

of individual j, z'j, produces an environment, ez'j, which then influences the expression of a 859 

phenotype in a second individual, zi, according to the parameter ij. (See Fig. 2B for potential 860 

functions whereby traits may influence environments.) That environment also exerts selection, , 861 

on trait zi. Red type indicates factors that were not included in the original formulation of IGEs. 862 

Also shown (in red) are effects of the trait-dependent environment on genetic parameters, and 863 

specifically average allelic effects, "a". How "a" is altered by "e" is described by parameter "". 864 

(See Fig. 2B for potential functions of this parameter). The left-hand panels show different 865 

scenarios whereby the combined environment (ecombined) is determined by all members of the 866 

population, including individuals j and i (the grey dotted arrow indicates that the environmental 867 

modification by individual i also contributes to the total environmental modification, "e 868 

combined"). ecombined alters "a" and "". The upper left panel depicts additive effects of 869 

environments, such that the combined environment experienced by all individuals is the mean of 870 

the environments produced by individuals in the population. The center left panel shows a 871 

scenario in which some environmental modifications have a greater impact on the combined 872 
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environment than others (similar to dominance). The bottom left panel shows a scenario in which 873 

the environment that is experienced is more strongly determined by individuals that are closer in 874 

space (or other metric of interaction). In this example, an individual (near the bottom) is nearer to 875 

the red environment than to the blue one, so its environment is nearly red.  876 

  877 
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Table 1: Biologically modified environments can alter genetic parameters. The left-hand 878 

column indicates the trait that alters environmental factors to which organisms are exposed, 879 

which are indicated in the center column. The last column, whose order of items is unrelated to 880 

the first two columns, summarizes general trends whereby environmental conditions can 881 

influence genetic variance and covariance.  882 

 883 

Genetically based traits      Environments   Genetic parameters 

Shelter construction 

 

 

Environmental tracking 

(spatial and temporal) 

 Canalized (non-novel) 

environments 

 

Non-stressful 

environments 

Novel environmentsĄ 

higher genetic variance 

 

Stressful environments Ą 

higher genetic variance 

because they are "novel" 

Toxicity via secondary 

metabolites, allelopathy 

 

 

Reduced competition: 

Resource abundance 

(self) or resource quality 

(recipients of toxins) 

Poor resource / stress Ą  

slow growth Ą  

less synchronized timing, more 

difference among genotypes, 

higher genetic variance 

Resource-capture 

constructions 

 

Resource consumption 

 

Provisioning 

 

 

 

 

 

Resource abundance 

Poor resource / stress Ą 

truncated phenotypes, less 

difference among genotypes, 

lower genetic variance 

 

 

Social behaviors 

 

 

Stressful environments 

 

Resource abundance 

 

Resource quality 

Poor resource Ą  

allocational tradeoffs, negative 

genetic correlations 

 

High resourcesĄ 

genetic variation in resource 

acquisition is expressed Ą  

positive genetic correlations 

 884 

  885 
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Table 2: Future challenges. 886 

  887 

 Future Challenges 

 

 

Effects of environment-

modifying traits on the 

environment 

Predicting Vg in different 

environments 

Developing population-level 

evolutionary models of response 

to selection 

Quantify how individuals 

with different traits alter 

specific environmental 

factors.  

 

Determine how those 

environmental modifications 

are experienced by the 

organism itself and/or by 

other organisms in the 

population. 

 

Quantify how the 

environment experienced by 

different individuals within a 

population changes with 

different frequencies of 

environment-modifying 

phenotypes in a population, 

using spatially explicit 

models, if necessary. 

Directly measure genetic 

variances and covariances in 

experiments that explicitly 

manipulate or observe 

biological modification of 

environments.  

 

Develop process-based 

models based on 

physiological responses of 

specific genotypes to specific 

environments, thereby 

allowing predictions of how 

genetic variance will respond.  

 

Quantify how altered 

environments influence 

genetic parameters of other 

species, for incorporation into 

co-evolutionary models.  

To model evolutionary dynamics 

requires considering:  

a) changes to the population 

composition with respect to 

environmentally modifying traits  

b) consequent changes to the 

environment experienced by 

different individuals in the 

population, 

 c) how those environments alter 

average effects of alleles and the 

expression of genetic variance for 

traits at the population level 

d) how such environmental 

effects on multiple traits--

estimated as G-matrices in 

biologically modified 

environments--combine to 

influence evolutionary responses 

to selection. 

 888 

  889 
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Figure 1 890 
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Figure 2 893 

 894 

  895 

A

B
Phenotype

Genetic variance

Phenotype (z)

E
n
vi

ro
n

m
e

n
t

Phenotype influences environment ()

Generation

P
h

en
o

ty
p

e 
(z

)

G
en

et
ic

 v
ar

ia
n

ce

Generation

P
h

en
o

ty
p

e 
(z

)

G
en

et
ic

 v
ar

ia
n

ce

Environment
G

e
n

e
ti
c 

va
ri

a
n

ce

Environment influences Vg ( )

Phenotype (z)

E
n
vi

ro
n

m
e

n
t

Environment

G
e

n
e
ti
c 

va
ri

a
n

ce

Phenotype influences environment ()

Environment influences Vg ( )

P
h

en
o

ty
p

e 
(z

)

G
en

et
ic

 v
ar

ia
n

ce

P
h

en
o

ty
p

e 
(z

)

G
en

et
ic

 v
ar

ia
n

ce

Response to selection

Dz= Vg * S

Vp



Evolving environments and GxE   

46 
 

Figure 3 896 
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Figure 4 899 
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Figure 5 902 

 903 

  904 

Future Directions

Predicting Vg in 
different environments

Process-based models 
based on physiological 
responses of specific 
genotypes to specific 
environments may 
permit predictions of 
how specific genotypes 
respond to 
environments, and 
thereby how genetic 
variance will respond.  

Developing population-level 
evolutionary models of 
response to selection

The degree to which genetic 
variance is altered by niche 
construction depends on the 
environment experienced by 
the whole population, which 
is a function of the 
frequency of individuals with 
specific niche-constructing 
traits and the effect of each 
individual on the whole 
environment.  To model 
evolutionary dynamics 
requires considering changes 
population composition and 
consequent changes in the 
environment.  

Effects of niche-constructing 
traits on the environment

Quantifying how individuals 
with different niche-
constructing traits alter 
specific environmental 
factors is necessary.  It is also 
necessary to quantify how 
the environment changes 
with different frequencies of 
niche-constructing 
phenotypes in a  population. 
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Supplemental Table S1:  How biological modifications of environments alter genetic 905 
parameters.  "Environmental change" refers to an environmental factor that is altered by 906 

organismal traits. If an upward arrow is shown, the table shows the effect of an increase in that 907 

environmental factor; if a downward arrow is shown, the table shows the effect of a decrease in 908 

that factor. "Change in genetic parameter" indicates the genetic parameter that changes in 909 

response to the environmental change indicated in the first column.  Arrows show the direction 910 

of change in the genetic parameter. "NS" denotes a non-significant change. 911 

 912 

Environmental change Change in genetic 

parameter 

Traits affected References 

Novel environment  ↑ genetic variation  Developmental time Clausen et al. 1940 

Holloway et al. 1990 

Guntrip et al. 1997 

  Morphology Clausen et al. 1940 

   Ledón-Rettig et al. 

2010 

  Size/mass Guntrip et al. 1997 

 Negative to NS 

correlation 

Developmental time, 

size/mass, fecundity 

Simons & Roff 1996 

Guntrip et al. 1997 

 Negative to more 

negative correlation 

Fecundity, starvation 

resistance 

Service & Rose 1985 

↑ food quality ↑ genetic variation Size/mass Gebhardt-Henrich & 

Noordwijk 1991 

  Morphology 

 

Ebert et al. 1993 

Merilä 1997 

 ↓ genetic variation Morphology De Moed et al. 1997 

  Developmental time Kause & Morin 2001 

 Negative (or NS) to 

positive correlation 

Age, size/mass, 

developmental time 

Gebhardt & Stearns 

1988 

Kause & Morin 2001 

  Fecundity, longevity Messina & Fry 2003 

↑ habitat quality ↑ genetic variation Morphology Larsson 1993 

Garant et al. 2004 

  Size/mass Kasule 1991 

  Fecundity, reproductive 

traits 

Kasule 1991 

Lazarević et al. 1998  

 Negative to positive 

correlation 

Morphology Larsson 1993 

 NS to positive 

correlation 

Developmental time, 

survival, fecundity 

Krebs & Loeschcke 

1999 

 Decrease in magnitude 

of positive correlation 

Development time, 

size/mass, fecundity 

Lazarević et al. 1998 

↑ habitat duration Negative to positive 

correlation 

Development time, 

size/mass 

Newman 1989 

Spring vs. winter 

dispersal 

↑ genetic variation Development time Donohue et al. 2005a 
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 ↓ genetic variation Development time, 

Morphology 

Donohue et al. 2005b 

↑ temperature ↑ genetic variation Developmental time Szafraniec et al. 2001 

  Morphology Rutherford & 

Lindquist 1998 

 ↓ genetic variation Morphology De Moed et al. 1997 

  Developmental time 

(2nd generation) 

D’Aguillo et al. 2019 

 Negative to positive 

correlation 

Developmental time, 

morphology 

Windig 1994 

Norry & Loeschcke 

2002 

↑ temperature + stress ↑ genetic variation Developmental time, 

viability 

Bubliy & Loeschcke 

2000 

↑ temperature variability ↑ genetic variation Developmental time Snell-Rood et al. 

2016 

↑ light ↑ genetic variation Plastic response to 

density 

Donohue et al. 2000 

 Negative to positive 

correlation 

Fecundity, birth rates Giesel 1986 

↑ light + ↓  density NS to negative 

correlation 

Morphology, 

reproduction 

Donohue et al. 2000 

↑ light + ↓  seed 

stratification 

↑ genetic variation Developmental time 

(2nd generation) 

Munir et al. 2001 

↑ moisture Negatived to NS 

correlation 

Reproductive traits, 

developmental time 

Shakhatreh et al. 

2001 

 Negative to positive 

correlation 

Reproductive traits, 

morphology 

Shakhatreh et al. 

2001 

↑ salinity ↑ genetic variation Size/mass McGuigan et al. 2011 

↑ competition ↓ genetic variation Microhabitat use Emery & Ackerly 

2014 

↑ density ↑ genetic variation Post-dispersal density 

(2nd generation) 

Wender et al. 2005 

Donohue et al. 2005c 

 Positive to NS 

correlation 

Morphology Donohue & Schmitt 

1999 

 Negative to positive 

correlation 

Morphology Donohue & Schmitt 

1999 

↑ herbivory NS to negative 

correlation 

Fitness, herbivore 

tolerance 

Stinchcombe 2002 

↑ predation cues ↑ genetic variation Reproductive traits Auld 2010 
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