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ABSTRACT 
The rapid global loss of biodiversity calls for a robust understanding of how populations will 
respond demographically to environmental change. The viability of many populations will 
depend on their ability to adapt to rapidly changing environmental conditions. Heritability of 
traits under selection is known to affect the efficacy of adaptation. However, the effects of the 
genetic architecture underlying the heritability of selected traits (e.g., the number and effect sizes 
of the causal loci) on population viability remain poorly understood. We found from a wide 
range of deterministic theoretical models and individual-based simulations of divergent life 
histories (approximating corals and large mammals) that the genetic architecture of a selected 
trait can strongly affect population viability during selection associated with a rapidly shifting 
phenotypic optimum. Polygenic architectures (i.e., many loci, each with a small phenotypic 
effect) appear to confer greater adaptation and higher population viability than genetic 
architectures including large-effect loci responsible for 50-90% of the initial heritability of 
selected traits. Our results also suggest that the viability of populations with large-effect loci can 
depend strongly on initial allele frequencies, with already-frequent and very rare positively-
selected alleles conferring low adaptive potential and viability compared to moderately low 
large-effect allele frequencies. These results uncover a crucial role of the genetic architecture 
underlying the heritability of fitness traits in determining eco-evolutionary dynamics and 
population viability during rapid environmental change. 
 
 
INTRODUCTION 
One of the most urgent undertakings for science and society is to understand how biodiversity 
will respond to human-driven environmental changes that threaten the persistence of numerous 
taxa globally1-4. Predicting if populations are likely to adapt and respond demographically to 
selection imposed by environmental change (e.g., global warming) is a difficult task, but crucial 
to understanding and mitigating the ongoing extinction crisis 2,3,5-8. Higher heritability (h2, the 
proportion of phenotypic variance arising from additive genetic effects) is known to confer 
increased adaptation per generation. Measuring h2 is therefore key to understanding how 
populations are likely to respond to environmental change2,4,6,9-11. However, the influence of the 
number, distribution of effect sizes, and allele frequencies of loci underlying the h2 of selected 
traits (i.e., the genetic architecture) on demographic responses to selection remains poorly 
understood.  
 
How does the genetic architecture underlying the h2 of a selected phenotype affect population 
viability? This question is timely because recent advances in genomics make it feasible, though 
still challenging12, to dissect the genetic architecture of phenotypes. Recent studies show that 
while many fitness-related traits are highly polygenic (affected by many loci, each with a small 
effect)13, many others, including traits likely to affect adaptation to climate change14, are 
governed by loci with very large phenotypic effects14-21. Such large-effect loci are often thought 
to facilitate rapid adaptation22-24. Indeed, the initial steps of adaptation usually occur via fixation 
of beneficial alleles with the largest effect sizes25. Large-effect loci may therefore facilitate the 
maintenance of large population sizes through bouts of rapid environmental change. However, 
basic quantitative genetics theory predicts higher evolutionary potential for polygenic traits 
(Figure S1), and that h2 and the rate of adaptation decline more rapidly for traits with large-effect 
loci than for polygenic traits26,27. Populations with polygenic selected phenotypes may therefore 
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be more likely to adapt to new conditions, and maintain larger and more viable populations, than 
when large-effect loci are responsible for much of the h2. 
 
Our objective was to determine how the genetic architecture underlying the h2 of a selected 
phenotype affects the viability of populations subjected to a shifting optimal phenotype caused 
by rapid environmental change. Importantly, we did so while controlling for the h2 of the 
selected trait at the onset of selection (ℎ"#), and allowing h2 to fluctuate through time as the 
underlying allele frequencies evolve. We considered a wide range of scenarios including 
divergent life histories, h2 ranging from 0.4 to 0.8, initial beneficial allele frequencies from 0.05 
to 0.95, and a range of gene flow rates.  We also quantified effects of linkage along 
chromosomes, a stochastic temporal increase in the optimum phenotype, and phenotypic 
plasticity.  To address these objectives, we used both deterministic analytical models and 
stochastic individual-based simulations.   
 
 
RESULTS 
An analytical model of evolutionary and demographic responses to environmental change 
We first report results from a deterministic analytical model of selection on a quantitative trait 
and density-dependent population growth in a sexually reproducing species with discrete 
generations. This builds upon previous quantitative genetic, evolutionary-demographic models 
used to investigate the prevention of extinction via evolutionary rescue9,10,28,29 (model details are 
in the Materials and Methods). We use this model to determine expectations for phenotypic 
evolution and population growth under a range of simple genetic architectures with purely 
additive phenotypic effects, unlinked loci, and no epistasis or plasticity, as described below. We 
then apply individual-based simulations to determine the effects of genetic architecture under 
more complex (and perhaps more realistic) scenarios.  
 
We iterated our deterministic model for 80 generations to evaluate the effects of the number of 
loci underlying h2 on the evolutionary and demographic responses to a sudden shift in the 
optimum phenotype due to an environmental change. We first considered simple cases where 
there was either one or two large-effect loci, or a large number of loci with small and equal 
effects responsible for the additive genetic variance of the phenotype (VG). The populations are 
assumed to have an initial mean phenotype (𝑧"̅) equal to its initial optimum value (𝜃"), which 
shifts permanently to a new value of 𝜃'in the first generation. We assume ℎ"# = 0.6, and that 
each of n = 1, 2, or 100 loci contributed equally to the VG. We also assume that both 𝑧"̅ and 𝜃" = 
100 (in arbitrary units),	𝜃' = 110, the initial population size was 𝑁" = 0.5 × 𝐾 (where K is the 
carrying capacity), and the initial frequency of positively-selected alleles at each of n loci was p0 
= 0.1, 0.3, 0.5, 0.7, or 0.9. Note that this model, and the models below, control for the initial 
evolvability (mean-scaled additive genetic variance)30 in addition to ℎ"#. 
 
Results from this model suggest that the genetic architecture underlying the h2 of a selected trait 
can strongly affect the evolutionary and demographic responses to a rapid environmentally-
induced shift in 𝜃. First, phenotypic evolution and population growth after the onset of selection 
were highly dependent on the p0 of large-effect alleles, but relatively insensitive to p0 when many 
small-effect loci were involved (Figure 1). For example, populations with a single large-effect 
locus and p0 ≥ 0.5 were predicted to decline precipitously towards extinction while N eventually 
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approached K in populations with p0 < 0.5. The time to reach 𝑁 ≈ 𝐾	was approximately 60 
generations longer when there was a single large-effect locus and p0 = 0.3 compared to p0 = 0.1 
(Figure 1A). With 2 large-effect loci, the expected time to reach 𝑁 ≈ 𝐾 was nearly identical for 
p0 = 0.1 and p0 = 0.3. Populations with 2 large-effect loci were predicted to recover slowly with 
p0 = 0.5, and to decline towards extinction with p0 > 0.5 (Figure 1B). However, for populations 
with a polygenic selected trait, the expected rate of adaptation and population recovery was 
much less affected by p0, with the phenotype approaching 𝜃', and N approaching K under all 
values of p0 (Figure 1C). Results from analyses of this model with ℎ"# = 0.4 and  ℎ"# = 0.8 agree 
qualitatively with the results presented here (Figures S2, S3). These results suggest that large-
effect loci confer adaptation and demographic recovery from selection that is similar or higher 
than with a polygenic architecture only when the positively-selected alleles are initially 
infrequent (p0 ≈ 0.1 − 0.3). Additionally, this model suggests that predictions of demographic 
responses to environmental change will be more reliable when the selected trait(s) is polygenic 
as doing so does not require precise estimates of the underlying allele frequencies. 
 
While the deterministic model above is useful for understanding population responses to 
selection, it makes some assumptions that are unlikely to hold in natural populations. For 
example, the model assumes the absence of selection-induced linkage disequilibrium. Linkage 
disequilibrium (LD) among loci affecting a selected phenotype could be substantial, and may 
affect the pace of adaptation when multiple loci are involved and locus-specific selection 
coefficients are large31. The model (and previous similar models) also assumes that the selected 
phenotype is normally distributed. However, strong selection and/or large-effect loci can skew 
the phenotype distribution away from normality31. We therefore repeated the above analyses, 
implementing an explicit simulation-based model of genotype and the phenotype distributions 
and found that the results were not substantively different from those described above (Figure 
S4).  
 
Stochastic, individual-based simulations of evolutionary and demographic responses 
environmental change 
We developed an individual-based simulation model to account for the effects of stochasticity on 
phenotypic evolution (i.e., genetic drift) and demography on responses to environmentally-
induced phenotypic selection (see Materials and Methods). We retain the assumptions of random 
mating, viability selection, and homogeneous initial allele frequencies and effect sizes across all 
of the loci underlying VG. We model individual phenotypes as a function of additive effects at the 
underlying loci plus random environmental effects. Mates are paired at random, and the number 
of offspring is assumed to be Poisson distributed with a mean of 𝑛89 = 4 offspring (arbitrarily). 
Initial population sizes were set arbitrarily to 500 with a carrying capacity of K = 1,000. We 
calculated the extinction rate each generation as the proportion of 500 replicate simulated 
populations with fewer than 2 individuals remaining. 
 
Similar to the deterministic model results in the previous section, the lowest initial positively-
selected, large-effect allele frequency (p0 = 0.1) conferred substantially increased adaptation, 
recovery of N, and a lower extinction rate compared to large-effect alleles with higher p0 (Figure 
2A, 2B). The polygenic architecture resulted in lower extinction rate and larger N on average 
compared to the large-effect genetic architectures for all p0 values except p0 = 0.1, in which case 
the large-effect genetic architecture resulted in faster phenotypic and demographic responses to 
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selection (along with lower extinction rates) than the polygenic architecture. We repeated the 
analysis of this individual-based simulation model using lower and higher initial heritability 
(ℎ"# = 0.4 and 0.8), and the results agreed qualitatively with those for ℎ"# = 0.6 (Figure S5, S6, 
S7, S8). 
  
The analyses above assumed that all of the positively-selected alleles conferring a larger 
phenotype have the same p0 and equal phenotypic effects. A more realistic situation is likely 
where a selected phenotype is governed by both large- and small-effect loci across a wide range 
of initial allele frequencies. We therefore used our individual-based simulations to evaluate the 
effects of genetic architecture on population responses to selection when both large- and small-
effect loci were present. We again assumed that the selected phenotype is affected by additive 
genetic effects at 100 loci. One of the 100 loci was responsible for between 50% and 90% of the 
genetic variance, with the other 99 loci contributed the remaining additive genetic variance. For 
each of 500 independent simulation repetitions, the frequency of the positively selected large-
effect allele was drawn at random from a uniform distribution ranging from 0.05 to 0.95. We set 
these p0 limits to avoid extremely large phenotypic effects (i.e., extreme values of a) at the large-
effect loci. The p0 at the 99 small-effect loci were drawn at random from a beta distribution with 
parameters 𝛼 and 𝛽 each set to 0.5, which results in a typical U-shaped allele frequency 
distribution where most loci had the minor allele at low frequency, as expected at mutation-drift 
equilibrium32 [p. 147]. We parameterized the simulations to be informative of evolutionary and 
population dynamics for species with life histories typical of large mammals33 (high survival and 
low fecundity) and corals34 (low survival and high fecundity) to determine if life history strategy 
affected the results. We assumed N0 = 500 and K = 1,000, and N0 = 10,000 and K = 20,000 for 
simulations assuming approximate large mammal and coral life histories, respectively.  
 
These simulation results are similar to the results from the simpler models presented above, with 
the very large-effect alleles conferring lower adaption, smaller population sizes, and a higher 
extinction rate on average than when the selected trait was polygenic (Figure 3). For example, 
the extinction rate at generation 80 was 2.0 times higher with the large-effect locus (64% 
extinction rate) compared to the polygenic architecture (32% extinction rate) in simulations 
assuming a large mammal life history. Similarly, the extinction rate was 2.7 times higher among 
populations with a large-effect locus (72% extinction rate) compared to the polygenic 
architecture (27% extinction rate) in simulations assuming a coral-like life history. 
 
We ran 1,500 additional simulation repetitions with a large-effect locus and 99 small-effect loci 
affecting the selected phenotype to determine how p0 of a large-effect locus affected population 
dynamics (Figure 4). These results suggest that p0 strongly affects population dynamics. The 
final population sizes were highest for both life histories when p0 was ~0.1-0.2. The lower 
population growth with p0 < 0.1 is likely caused by rare, positively-selected alleles frequently 
being lost to genetic drift as the populations rapidly declined due to selection. The weaker 
evolutionary and demographic response in populations with already-frequent, large-effect 
positively selected alleles resulted in lower population growth rates and eventual extinction in a 
large fraction of populations with p0 > 0.2. Strikingly, all of the populations with a coral life 
history and p0 > 0.5 went extinct by generation 80.  
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We tested whether similar effects of genetic architecture held across a range of alternative 
scenarios by varying the parameters in our simulation models. We simulated lower and higher 
initial heritability (ℎ"#=0.4 and 0.8), gene flow from a population with a different (stationary) 
phenotypic optimum, weaker effect sizes at large-effect loci, a stochastic linear temporal increase 
in the phenotypic optimum10 (instead of a sudden shift as above), and plasticity in the selected 
phenotype.  Polygenic architectures generally conferred substantially higher population viability 
on average compared to architectures including large-effect loci in all of these scenarios (Figs. 
S6-S13). However, the increased evolutionary and demographic responses to selection associated 
with polygenic architecture was smaller when there was immigration, and when the large-effect 
loci contributed a smaller fraction of the h2. For example, the extinction rate was only 1.38 times 
higher with a large effect locus than for the polygenic architecture (compared to a 2-fold 
difference in the simulations of closed populations above) when there were 4 immigrants per 
generation from a population where the phenotypic optimum did not shift in the first generation 
(Figure S9, see also Figure S10 for similar results with 8 immigrants per generation). 
Additionally, the extinction rate among populations with a large-effect locus explaining only 
50% of h2 was 1.28 times higher than with a polygenic architecture (Figure S11). 
 
 
DISCUSSION 
Our results suggest a crucial role of the genetic architecture of fitness in adaptation and 
population viability in rapidly changing environments. It has long been known that populations 
with heritable genetic variation for selected traits are expected to adapt to new conditions. 
However, our results suggest that the characteristics of the genetic architecture underlying 
heritability at the onset of selection can strongly affect population viability during rapid 
environmental change. When loci with large phenotypic effects are present, the initial frequency 
of large-effect beneficial alleles can strongly affect population responses to selection. Polygenic 
architectures on average conferred higher evolutionary potential, more consistent evolutionary 
responses to selection, and increased population viability compared to when the selected trait 
was governed in part by a large-effect locus. Additionally, while understanding how wild 
populations will respond to ongoing rapid environmental change remains a difficult task, the 
models and results presented here may inform future efforts to understand eco-evolutionary 
dynamics and the extent of the ongoing extinction crisis. 
 
The influence of genetic architecture on variation in population responses to environmental 
change will depend on how often fitness traits have loci with large enough effects to 
substantially influence the temporal dynamics of h2 during bouts of adaptation. Recent results 
from several taxa, including mammals15-18, salmonids14,19, and birds20,21 suggest that very large-
effect alleles often influence fitness-related traits. Interestingly, seemingly complex fitness-
related traits that are often assumed to be polygenic, such as horn size (a sexually-selected, 
condition-dependent trait)15, migration timing14, and age at maturity19, have in some cases turned 
out to be driven almost entirely by variation at individual loci. It is therefore crucial to quantify 
the effect sizes and allele frequencies at loci with large effects when they are present in systems 
where future eco-evolutionary dynamics are of interest.  
 
It can be difficult to predict or measure the frequency of alleles with large beneficial effects 
under rapid environmental change. For example, large-effect alleles for traits subjected to 
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historical balancing selection are likely to be at intermediate frequencies 35. Recent large-effect 
mutations are likely to be found at low frequencies. Previously neutral or nearly-neutral alleles 
that affect fitness in new conditions are likely to be found across the entire spectrum of allele 
frequencies. Fortunately, increasingly efficient DNA sequencing and improving approaches for 
conducting genotype-phenotype association analysis provide the tools necessary to estimate h2, 
and to identify large-effect loci (and to estimate their allele frequencies) where they exist7,36. 
 
Why do polygenic architectures usually confer increased population viability compared to 
genetic architectures including large-effect loci? This finding appears to arise in part from a 
slower and less variable decline in h2 during adaptation for polygenic traits than for traits with 
large-effect loci (Figures S2, S3, S4, S5)26. The rapid decline in h2 when large-effect beneficial 
alleles are already common, and the frequent loss of initially rare large-effect alleles means that 
there is a narrow window of p0 where traits with large-effect architectures are likely to evolve in 
response to selection as fast or faster than polygenic traits. Additionally, evolutionary and 
demographic responses to selection were more stochastic in populations with large-effect loci 
(Figures 3). This suggests that reliably predicting population responses to selection is more 
difficult when large-effect loci are present, particularly if the initial frequency of large effect 
alleles is not known precisely. Specifically, these results highlight the importance of identifying 
large-effect loci where they exist, and using information on their effect-sizes and allele 
frequencies along with ℎ"# in models predicting demographic responses to environmental change. 
Predictions of population responses to selection that do not account for the strong effects of 
genetic architecture on the temporal dynamics of h2 and adaptation are likely to be misleading.  
 
 
Understanding how populations will respond to environmental change is both challenging and 
vitally important in conservation and evolutionary ecology2. Reliable predictions of how 
biodiversity will respond to large-scale environmental change are necessary to efficiently 
prioritize scarce conservation resources and to develop effective strategies to conserve 
populations, and to mitigate inevitable biodiversity losses. However, there are considerable 
obstacles to reliably predicting responses to selection. For example, the complex and interacting 
effects of environmental stochasticity, genotype-by-environment interactions, phenotypic 
plasticity, pleiotropy, dominance interactions, gene flow, simultaneous selection on multiple 
potentially correlated traits, and changing community structure (i.e., species interactions) could 
all strongly affect adaptation and population dynamics, but are also difficult to measure and to 
forecast into the future. It will often be difficult to reliably predict how wild populations will 
respond to large-scale environmental change. We therefore encourage caution when attempting 
to predict eco-evolutionary dynamics under climate change and other human-driven 
environmental changes. 
 
Our results uncover a likely widespread phenomenon where, for a given h2 starting condition, 
polygenic architectures can often confer higher average adaptive potential and increased 
population viability under rapidly shifting phenotypic optima compared to genetic architectures 
with large-effect loci. Incorporating these effects of genetic architecture into population viability 
models could substantially advance understanding of the consequences of human-driven 
environmental change for species survival and biodiversity conservation. Improved 
understanding of vulnerability to environmental change could also advance strategies to conserve 
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vital natural and agricultural resources7,37,38, for example by identifying populations and species 
to prioritize for conservation action.  
 
 
MATERIALS AND METHODS 
An analytical model of eco-evolutionary dynamics 
We model diploid populations that have discrete generations and follow a discrete logistic 
model39 of density-dependent population growth. Individual fitness is modeled as a Gaussian 
function of a quantitative trait, such that the fitness of an individual with phenotype value z is  
 

𝑊(𝑧) = 	𝑊?@A𝑒
(CDE)F

FGF 	,                                  (1) 
 
where Wmax is the fitness of an individual with optimum phenotype value 𝜃 when the population 
size N → 0, and c2 defines the width of the fitness function. The population is assumed to have an 
initial mean phenotype of 𝑧"̅ equal to the initial phenotypic optimum 𝜃". The selected phenotype 
is assumed to be normally distributed with additive genetic (VG) and random environmental (VE) 
variance components summing to the total phenotypic variance Vz (h2 = VG / Vz). The 
phenotype’s probability density function is therefore 
 

𝑃(𝑧) = '
JC√#L

𝑒M
(CDC8)F

FNC ,                                   (2) 
 
where 𝑧̅ is the mean phenotype value in the population, 𝜎P is the phenotype standard deviation. 𝑧 ̅
is calculated as  
 
𝑧̅ = 	 𝜃" − 𝐺̅" + 𝑛

∑ TU
VWU

X
UYZ
∑ TU

VX
UYZ

	,                            (3) 

 
where 𝐺̅" is the mean additive genetic value in the first generation, 𝑓\] is the frequency of the ith 
of the three possible diploid genotypes, and 𝑔\ is the genetic value of the ith of the three possible 
genotypes. A sudden environmental change permanently shifts 𝜃 from its initial value 𝜃" in the 
first generation to 𝜃', thus imposing directional selection on the phenotype and an environmental 
challenge to the persistence of the population.  
 
We assume that the allele conferring a larger phenotype (the A1 allele) has the same initial 
frequency p0 at each of n biallelic loci. Further, the frequency of the A1 allele(s) is assumed to 
evolve identically at each of the n loci, such that p in generation t + 1 at each locus is 
 
𝑝`a' =

bcdeZZabc('Mbc)deZF
dec

,                              (4) 
 
where 𝑤e11 and 𝑤e12 represent the mean relative fitness of homozygous A1A1 genotypes, and 
heterozygous A1A2 genotypes, respectively, and 𝑤e` is the mean individual fitness in generation 
t. Mean individual fitness in the population is calculated by integrating over the product of the 
fitness and phenotype density functions: 
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𝑤e = ∫𝑊(𝑧)𝑃(𝑧)	𝑑𝑧.                                    (5) 
 
The mean genotype-specific relative fitness (i.e., 𝑤e'' or 𝑤e'#) is calculated as in (5) except with 
the variance (Vz) and mean (𝑧̅) of the phenotype probability density function being conditional 
on holding the genotype constant at a locus. The Vz conditional on holding the genotype constant 
at a locus is  
 
𝑉P,k = 	∑ 2𝑝(1 − 𝑝)𝑎# + 𝑉noM'

\p' ,                  (6) 
 
where a is half the phenotypic difference between the two alternative homozygous genotypes.  
The mean phenotype conditional on holding the genotype constant at a locus is 
 
𝑧W̅ = 	𝜃" − 𝐺̅" + 𝑔] + (𝑛 − 1)

∑ TU
VWU

X
UYZ
∑ TU

VX
UYZ

,        (7) 

 
where 𝑔′ is the genetic value of the single-locus genotype being held constant (i.e., 𝑔′ = 0 for 
genotype A2A2, 𝑔′ = a for A1A2, and 𝑔′ = 2a for A1A1), 𝑓\] is the frequency of the ith of the 
three possible diploid genotypes, and 𝑔\ is the genetic value of the ith of the three possible 
genotypes. The first two terms in (7) center the phenotype distribution at 𝜃" in the first 
generation. The mean genotype-specific fitness [i.e., 𝑤e'' and 𝑤e'# in (4)] is calculated as in (5), 
after first replacing 𝑧̅ and Vz with 𝑧W̅ and 𝑉P,k  in (2). 
 
We calculate h2 each generation as   
 
ℎ# = ∑ #bU('MbU)rF

s
UYZ

tu
.                                     (8) 

 
Population size (N) in generation t + 1 is calculated following a discrete logistic model of 
population growth as  
 

𝑁`a' = 𝑁`𝑒
vwx(dec)y'M

zc
{ |},                             (9) 

 
where K is the carrying capacity.  
 
An individual-based simulation model of eco-evolutionary dynamics 
Our model simulates populations with stochastic, density-dependent population growth and 
viability selection on a quantitative trait. The simulations began by initializing the population 
with N0 individuals in generation one. Genotypes at 100 unlinked, diallelic SNPs for the N0 
individuals were drawn at random from the specified initial allele frequency (p0) distribution. p0 
was either held constant across all loci (e.g., for data shown in Figure 2), or sampled from a beta 
distribution with shape parameters of 𝛼 = 0.5 and 𝛽 = 0.5 (e.g., for the data presented in Figure 
3). These beta distribution parameters produced a U-shaped allele frequency distribution where 
most loci had low minor allele frequencies, as expected at mutation-drift equilibrium 32 [p. 147]. 
 
For simulations with a large-effect locus responsible for 50%, 70%, or 90% of	ℎ"#, we selected 
the large-effect locus at random from the 100 SNPs, and assigned the additive genetic variance 
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for this locus as, for example, 2pqa2 = 0.9VG  (for the case where the large-effect locus was 
responsible for 90% of VG), where a is the allelic effect (half the average phenotypic difference 
between the two homozygous genotypes). The remaining phenotypic variance (VE) was 
attributed to random environmental differences among individuals (VE = Vz – VG, VG = h2Vz). 
Each small-effect locus was assumed to contribute the same additive genetic variance to the 
selected phenotype. The simulations then iterated through the following sequence of events (SI 
Appendix Fig. S16) until either extinction or 100 generations.   
 
Simulating the selected phenotype 
We assumed that the selected phenotype had an initial variance of Vz = 10. Individual i’s 
phenotype was determined as 
 
𝑧\ = 	𝜃" − 𝐺̅" + ∑ 𝑐�\	𝑎�o

�p' +	ε\,                 (10) 
 
where	𝜃" is the specified mean phenotype in the first generation, 𝐺̅" is the mean additive genetic 
value among individuals in the first generation, cji is individual i’s count of the allele conferring a 
larger phenotype at the jth locus, and aj is the allelic effect at the jth locus, at n SNPs, and the 
environmental effect 𝜀\ is drawn at random from a normal distribution with mean=0 and 
variance=VE. We assume no dominance or epistatic effects. 
 
Fitness as a function of phenotype 
Each population was subjected to viability selection on the simulated phenotype. The expected 
(deterministic) fitness (w) for each individual in generation t was calculated as in equation (1) 
above. The mean deterministic fitness in generation t (𝑤e`), Nt, and K were applied to equation (9) 
to find the deterministic expected population size in generation t + 1 (Nexp,t+1, the total expected 
number of offspring left by generation t). The survival probability of each individual in 
generation t was then calculated as  
 
𝑠̅ = ���u,c�Z

�co8�
.                                                   (11) 

 
The number of individuals in generation t surviving to maturity was calculated as  
 

𝑁�,` = ∑ 𝑟\	
�c
\p' �0			if	𝑅\ > 	 𝑠̅1			if	𝑅\ 	≤ 	 𝑠̅

,                       (12) 

 
where Ri is a number selected at random from a uniform distribution bounded by 0 and 1 (using 
the runif function in R). 𝑁�,` individuals surviving to maturity in generation t are then selected at 
random (using the sample function in R) from Nt individuals, with sampling weight w, such that 
individuals with w closer to 𝜃' are more likely to survive to maturity. 
 
Mating and meiosis 
Mates were paired at random with no self-fertilization allowed. The number of offspring per 
family was Poisson distributed, with mean of 4 offspring for simulated mammal populations 
(rmax = 0.41), and 26 offspring for coral populations (rmax = 0.26). Each offspring inherited gene 
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copies from the parents following Mendelian probabilities. We assumed unlinked loci (i.e., free 
recombination among all pairs of loci).    
 
Note simulation-based and analytical approaches above control for the initial evolvability (mean-
scaled additive genetic variance)30 in addition to ℎ"#. The R packages implementing the 
deterministic and simulation models above, along with example scripts are freely available 
(https://github.com/martykardos/geneticArchPopDynamics). 
 
Statistical analysis 
We constructed 95% percentile bootstrap confidence intervals40 for the proportion of extinct 
populations in each of our 14 simulation scenarios. The confidence intervals shown in Figures 3, 
S9, and S10 were constructed as follows. First, we randomly resampled 400 simulation data sets 
1,000 times, with replacement, from the 400 original simulation repetitions. For each of the 
1,000 bootstrap samples, we calculated the proportion of the 400 simulated populations that were 
extinct in each of the 100 generations. We constructed the 95% bootstrap confidence intervals 
for the extinction rate for each of the 100 generations as the 2.5% and 97.5% quantiles from the 
bootstrapped parameter distributions.  The same procedure was used to construct confidence 
intervals for the final population sizes (N100) shown in Fig. 3. 
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FIGURES 
 

 
 
Figure 1. Deterministic analytical predictions of evolutionary (bottom row) and demographic 
(top row) responses to directional selection in density-regulated populations with a single large-
effect locus (A), two large-effect loci (B), and 100 small-effect loci (C) affecting a quantitative 
trait under directional selection after a sudden environmental change. The y-axis in the top row 
shows population size (N) as a fraction of carrying capacity (K). The initial heritability was ℎ"#  = 
0.6 in all cases. Line types indicate the initial frequencies of the positively selected allele(s) 
conferring a larger phenotype. Initial population size was K/2.  
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Figure 2. Individual-based simulations of evolutionary and demographic responses to directional 
selection in density-regulated populations with a single large-effect locus (A), two large-effect 
loci (B), and 100 small-effect loci (C) affecting a quantitative trait under directional selection 
after a sudden environmental change. The initial heritability was ℎ"# = 0.6 in all cases. Line types 
indicate the initial frequencies of the positively selected allele(s) conferring a larger phenotype. 
Initial population size was N0 = 500, and varying capacity was K = 1,000.  
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Figure 3. Effects of genetic architecture on phenotypic evolution and population dynamics in 
closed populations with life histories approximating large mammals (A), and corals (B). Results 
from populations with a large-effect locus are shown in blue; populations where the selected trait 
was polygenic are in orange. Thin lines show the population size (top row) and mean phenotype 
(middle row) through time. Thick lines show the mean population size and phenotype across all 
500 repetitions. The bottom panels show the proportion of extinct populations through time, with 
percentile bootstrap 95% confidence intervals. 
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Figure 4. Effects of the initial large-effect allele frequency (p0) on final population size in 
simulations with approximate large mammal (A) and coral (B) life histories. The y-axis 
represents the final population size at generation 80 (N80), and the x-axis shows the large-effect 
allele p0.  The solid lines represent the mean N80 across 2,000 simulation repetitions in non-
overlapping p0 windows of width 0.05. Dashed lines are 95% percentile bootstrap confidence 
intervals for mean N80. 
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Effects of gene flow on the influence of genetic architecture on population viability 
Previous work suggests that selection with gene flow can favor the evolution of genetic 
architectures that have large-effect loci1. The presence of large-effect loci may therefore confer 
more robust evolutionary and demographic responses to selection when there is gene flow from 
populations with a different phenotypic optimum. We ran simulations equivalent to our 
individual-based simulations with a large mammal-like life history in the main text, except with 
immigration (either 4 or 8 immigrants / generation) from a population where the phenotypic 
optimum remained at 100 instead of shifting to 110 in the first generation.  
 
The polygenic trait architecture conferred higher population viability in populations with 
immigration from a population with a different phenotypic optimum. The extinction rate was 
55% among populations with a polygenic architecture, and 76% in populations with a large-
effect locus when the immigration rate was four individuals per generation (Figure S9). With a 
higher immigration rate (8 individuals per generation), the extinction rate was 48% among 
populations with the polygenic architecture, and 74% in populations with a large-effect locus 
(Figure S10).  
 
We then evaluated the influence of the major locus effect sizes on evolutionary and demographic 
responses to selection. We ran our simulations of large mammals with the large-effect locus 
responsible for 50%, 70% and 90% of ℎ"# and compared the results to simulations where the 
selected trait was polygenic. In all cases, the responses to selection were stronger for the 
polygenic architecture than when there was a large-effect locus. The extinction rates were 1.28, 
1.84, and 2.01 times higher with large-effect loci responsible for 50%, 70%, and 90% of ℎ"#, 
respectively, than for the polygenic architecture (extinction rate = 0.32, Figure S11).  
 
 
Effects of genetic architecture on population viability with a temporally increasing and 
stochastic phenotypic optimum value  
Our analyses in the main text of the paper focused on the simple scenario where selection is 
induced by a sudden and permanent environmental change. However, some environmental 
change is often stochastic and spread out over long periods of time. We therefore used our 
individual-based simulation model with a large mammal-like life history to evaluate the effects 
of genetic architecture on population dynamics under this type of environmental change. We ran 
simulations equivalent to those shown in Figure 3A in the main text, except here the phenotypic 
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optimum increased linearly with time (from 100 to 110) over the first x generations, with an error 
term to incorporate temporal stochasticity. The phenotypic optimum value for generation t was 
calculated as 
 
 

𝜃` = �𝜃" +
`
�
(𝜃�r� − 𝜃") + 	𝜀										if	𝑡 < 𝑥																																												

𝜃�r� + 𝜀																																						if	𝑡	 ≥ 𝑥																																											
            (S1) 

 
 
where 𝜃" is the initial phenotypic optimum, 𝜃�r� is the final deterministic phenotypic optimum 
value, and 𝜀 is normally distributed with mean of zero and standard deviation of 2. We ran 500 
simulation replicates with x = 10 generations, and also with x = 20 generations. The results are 
show below in Figure S13, and were qualitatively equivalent to those presented in Figure 3A in 
the main text. 
 
Effects of genetic architecture on population viability with linked loci 
Our analyses in the main text assumed that loci were unlinked. Linkage disequilibrium arising 
from having linked fitness-related loci can affect the response to selection2. We therefore ran 
simulations equivalent to those shown in Figure 3A, except here we placed the selected loci 
randomly across 10 linkage groups, each with a genetic length of 50 cM and physical length of 
100 Mb, randomly selected crossover locations, and a Poisson distributed number of crossovers 
per meiosis. The results are shown in Figure S14 below, and were nearly identical to those in 
Figure 3A. 
 
 
Effects of the genetic architecture on population viability with phenotypic plasticity 
A previous theoretical population genetic model suggested that loci with large effects may 
provide higher adaptive potential and population viability when the selected phenotype is 
plastic3. We therefore tested effects of genetic architecture in the presence of phenotypic 
plasticity. We used a model of plasticity similar to that of Nunney3. We modified equation (10) 
from the main text to incorporate a linear effect of the optimal phenotype on the realized 
phenotype as  
 
𝑧\ = 	𝜃" − 𝐺̅" + ∑ 𝑐�\	𝑎�o

�p' + 	𝑚�𝜃` − �𝜃" − 𝐺̅" + ∑ 𝑐�\	𝑎�o
�p' ��	+	ε\,            (S2)       

 
where m is the rate change in expected phenotype per unit difference between the optimal 
phenotype and individual i’s expected phenotype in the absence of plasticity. The plasticity 
model is shown with examples in Figure S15 below. We ran 500 simulation replicates equivalent 
to those described above (where there is a stochastic and linear increase in 𝜃 with time) except 
here we considered values of m = 0.1, 0.2, and 0.4. The results from these simulations are 
consistent with the results above and in the main text (e.g., Figure 3). The polygenic architecture 
on average conferred higher population sizes and a lower extinction rate than when there was a 
large-effect locus in simulations with m = 0.1, and m = 0.2 (Figure S16). The extinction rate was 
<0.05 for both genetic architectures when phenotypic plasticity was strong (m = 0.4).  
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SUPPLEMENTARY FIGURES 
 
 

 
 
Figure S1. Evolutionary potential in populations with a single large-effect locus (A), and 100 
small-effect loci (B) controlling a phenotypic trait under directional viability selection. The 
initial heritability was h2 = 0.5 in all cases. Mating was assumed to be random and genotypes are 
assumed to be in Hardy-Weinberg proportions. The expectations for potential phenotypic change 
as the positively selected allele(s) conferring a larger phenotype go from the initial allele 
frequency p0 to fixation are shown for p0 ranging from 0.1 to 0.9.  
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Figure S2. Deterministic predictions of evolutionary and demographic responses to directional 
selection in density-regulated populations with a single large-effect locus (A), two large-effect 
loci (B), and 100 small-effect loci (C) affecting a quantitative trait under directional selection 
after a sudden environmental change. The initial heritability was h2 = 0.4 in all cases. Line types 
indicate the initial frequencies of the positively selected allele(s) conferring a larger phenotype. 
Initial population size was K/2.  
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Figure S3. Deterministic predictions of evolutionary and demographic responses to directional 
selection in density-regulated populations with a single large-effect locus (A), two large-effect 
loci (B), and 100 small-effect loci (C) affecting a quantitative trait under directional selection 
after a sudden environmental change. The initial heritability was h2 = 0.8 in all cases. Line types 
indicate the initial frequencies of the positively selected allele(s) conferring a larger phenotype. 
Initial population size was K/2.  
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Figure S4. Evolutionary and demographic responses to a sudden change in the phenotypic 
optimum in density-regulated populations with a single large-effect locus (A), two large-effect 
loci (B), and 100 small-effect loci (C) affecting a quantitative trait under directional selection 
after a sudden environmental change. The lines in the first, second, and third rows show the 
mean population size, heritability, and mean phenotype across all 500 simulation repetitions 
versus time in generations.  The initial heritability was h2 = 0.5 in all cases. We varied the initial 
frequencies of the positively selected alleles conferring a larger phenotype from 0.1 to 0.9. Initial 
population size was N0 = 500, and carrying capacity was K= 1,000 in all simulations. The lines 
show the mean of each parameter across 500 simulation repetitions. The mean h2 and phenotype 
values shown were calculated across all populations with sizes > N = 0 each generation. The 
model used here is identical to that used to produce the data shown in Figure 1 in the main text, 
except here we simulated the distributions of individual genotypes and phenotypes to account for 
any selection-induced linkage disequilibrium and deviations from the normality in the 
phenotypic distribution. Specifically, each generation we simulated the genotypes, phenotypes, 
and mating among 50,000 pseudo individuals. The genotypes in the first generation were 
initialized using the assumed p0. The phenotypes were simulated following the individual-based 
quantitative genetic model described in the main text. Offspring were assigned parents using 
weighted sampling (with the sample function in R), with the weights assigned based on 
phenotype using equation (1) in the main text. Population size in year t + 1 (Nt+1) was determined 
with equation (9) in the main text, with 𝑤e` replaced with the mean fitness among the 50,000 
pseudo individuals in year t. This approach allowed us to precisely determine the expected 
distribution of individual fitness while accounting for any selection-induced linkage 
disequilibrium and non-normality in the phenotype distribution. 
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Figure S5. Individual-based simulations of evolutionary and demographic responses to 
directional selection in density-regulated populations with a single large-effect locus (A), two 
large-effect loci (B), and 100 small-effect loci (C) affecting a quantitative trait under directional 
selection after a sudden environmental change. The initial heritability was ℎ"# = 0.4 in all cases. 
Line types indicate the initial frequencies of the positively selected allele(s) conferring a larger 
phenotype. Initial population size was N0 = 500, and varying capacity was K = 1,000. The 
extinction rates from these simulations are shown in Figure S6. The lines in the first, second, and 
third rows show the mean population size, heritability, and mean phenotype across all 500 
simulation repetitions versus time in generations.   
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Figure S6. Extinction rates in density-regulated populations with a single large-effect locus (A), 
two large-effect loci (B), and 100 small-effect loci (C) affecting a quantitative trait under 
directional selection after a sudden environmental change. The initial heritability was ℎ"# = 0.4 in 
all cases. Line types indicate the initial frequencies of the positively selected allele(s) conferring 
a larger phenotype. Initial population size was N0 = 500, and varying capacity was K = 1,000.  
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Figure S7. Individual-based simulations of evolutionary and demographic responses to 
directional selection in density-regulated populations with a single large-effect locus (A), two 
large-effect loci (B), and 100 small-effect loci (C) affecting a quantitative trait under directional 
selection after a sudden environmental change. The lines in the first, second, and third rows show 
the mean population size, heritability, and mean phenotype across all 500 simulation repetitions 
versus time in generations.  The initial heritability was ℎ"# = 0.8 in all cases. Line types indicate 
the initial frequencies of the positively selected allele(s) conferring a larger phenotype. Initial 
population size was N0 = 500, and varying capacity was K = 1,000. The extinction rates from 
these simulations are shown in Figure S8. 
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Figure S8. Extinction rates in density-regulated populations with a single large-effect locus (A), 
two large-effect loci (B), and 100 small-effect loci (C) affecting a quantitative trait under 
directional selection after a sudden environmental change. The initial heritability was ℎ"# = 0.8 in 
all cases. Line types indicate the initial frequencies of the positively selected allele(s) conferring 
a larger phenotype. Initial population size was N0 = 500, and varying capacity was K = 1,000.  
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Figure S9. Effects of genetic architecture on phenotypic evolution and population dynamics in 
populations with an approximate large mammal life history and a low immigration rate (4 
immigrants per generation) from a population with a constant phenotypic optimum of size = 100. 
Results from populations with a large-effect locus are shown in blue; populations where the 
selected trait was polygenic are in orange. Thin lines show the population size (top row) and 
mean phenotype (middle row) through time. Thick lines show the mean population size and 
phenotype across all 500 repetitions. The bottom panels show the proportion of extinct 
populations through time, with bootstrap 95% confidence intervals. 
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Figure S10. Effects of genetic architecture on phenotypic evolution and population dynamics in 
populations with an approximate large mammal life history and a high immigration rate (8 
immigrants per generation) from a population with a constant phenotypic optimum of size = 100. 
Results from populations with a large-effect locus are shown in blue; populations where the 
selected trait was polygenic are in orange. Thin lines show the population size (top row) and 
mean phenotype (middle row) through time. Thick lines show the mean population size and 
phenotype across all 500 repetitions. The bottom panels show the proportion of extinct 
populations through time, with bootstrap 95% confidence intervals. 
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Figure S11. Effects of the effect size of large-effect loci on population dynamics.  
The results are from simulations parameterized as in our simulations shown in Figure 3A, except 
here we varied the proportion of the genetic variance attributed to the large effect locus. Results 
from populations where a major locus was responsible for 90% (green), 70% (red), 50% (blue) 
of the additive genetic variance (VG). Orange lines show results from populations where there 
selected trait was polygenic (no large-effect locus). The bottom panel shows the proportion of 
extinct populations though time.  
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Fig. S12. Flowchart of the sequence of events in the simulation model. Details of each step in the 
simulation procedure are described in detail above in the Material and Methods.  
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Figure S13. Effects of genetic architecture on phenotypic evolution and population dynamics in 
populations with a large mammal-like life history and with a stochastic linear increase in the 
optimum phenotype value with time. We ran simulations where the expected optimum 
phenotype increased linearly from 100 to 110 in either 10 (A) or 20 (B) generatiosn. Results 
from populations with a large-effect locus are shown in blue; populations where the selected trait 
was polygenic are in orange. Thin lines show the population size (top row) and mean phenotype 
(middle row) through time. Thick lines show the mean population size and phenotype across all 
500 repetitions. The bottom panels show the proportion of extinct populations through time, with 
bootstrap 95% confidence intervals. 
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Figure S14. Effects of genetic architecture on phenotypic evolution and population dynamics 
with linkage in closed populations with life histories approximating large mammals (A), and 
corals (B). Results from populations with a large-effect locus are shown in blue; populations 
where the selected trait was polygenic are in orange. Thin lines show the population size (top 
row) and mean phenotype (middle row) through time. Thick lines show the mean population size 
across all simulation replicates. The bottom panels show the proportion of extinct populations 
through time, with bootstrap 95% confidence intervals. 
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Figure S15. Model of plasticity shown as the individual phenotype plotted against the optimum 
phenotype. The dashed black line represents the case where individual phenotype equals the 
optimum phenotype. The expected phenotypes (i.e., ignoring random environmental effects) are 
shown for two individuals with breeding values of 102 and 107. The blue lines show the 
expected phenotypes with plasticity parameter m = 0.2, and the orange lines show the expected 
phenotypes with m = 0.5.   
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Figure S16. Effects of genetic architecture on phenotypic evolution and population dynamics in 
populations with life histories approximating large mammals and plasticity in the selected 
phenotype. Results are shown form simulation with the strength of selection set to m = 0.1 (A), 
m = 0.1 (B), m = 0.4 (C). Results from populations with a large-effect locus are shown in blue; 
populations where the selected trait was polygenic are in orange. Thin lines show the population 
size (top row) and mean phenotype (middle row) through time. Thick lines show the mean 
population size across all simulation replicates. The bottom panels show the proportion of extinct 
populations through time, with bootstrap 95% confidence intervals. 
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