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ABSTRACT

Trade-offs are an inherent feature of organismal biology and fundamental to the evolution of natural populations. Here, we use
experimental evolution in large, genetically diverse populations of Drosophila melanogaster to directly measure the manifesta-

tion of trade-offs in response to fluctuating selection on ecological timescales. We first conducted a lab-based selection exper-

iment to quantify a genome-wide signal of fluctuating selection elicited in response to shifting population densities and in the

absence of fluctuating abiotic conditions. We then conducted an independent experiment to show that lab-based manipulations

of population density can identify loci relevant to selection during population expansion and collapse in an outdoor setting,
where multiple biotic and abiotic conditions fluctuate simultaneously. In concert, our data indicate a role of eco-evolutionary
feedbacks and generic fitness trade-offs in the maintenance of variation in natural populations and show how a coarse-grained
genetic architecture of adaptation can lead to predictable evolutionary change across settings.

1 | Introduction

A fundamental tenet of evolutionary theory is that trait adap-
tation is restricted by trade-offs: the cost to individual fitness
when an advantageous change in one trait occurs at the det-
riment to another (Roff and Fairbairn 2007; Stearns 1989).
Trade-offs often emerge in the context of life-history traits and,
consequently, form the basis of the theory of life history evolu-
tion (Stearns 1989). A key theoretical implication of trade-offs is
that they maintain variation by constraining the simultaneous

optimization of traits associated with fitness under different
environmental conditions (Charlesworth 1994; Curtsinger
et al. 1994; Rose 1982; Stearns 1989).

A fundamental life-history trade-off is the balance between
directing energy towards survival or reproduction: periods
of stressful environmental conditions favour somatic mainte-
nance at the cost of reproductive investment (Flatt et al. 2013).
Evidence of this trade-off is widespread across species (Cole
et al. 2024; Johnston et al. 2013; Mérot et al. 2020), and it is
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clearly apparent among populations of Drosophila melano-
gaster inhabiting temperate environments: increased food
accessibility and warmer climates during summer spur expo-
nential population growth, followed in winter by harsher con-
ditions and population collapse (Band and Ives 1961; Gleason
et al. 2019; Ives 1945). These cyclical boom-bust population
dynamics occur over approximately 10 generations and co-
incide with the evolution of several classic life history traits:
increased reproduction (e.g., fecundity, faster developmental
rates) is favoured during spring and summer as populations
expand, followed by an increase in stress tolerance traits
(e.g., desiccation and starvation resistance) throughout the
harsh winter and subsequent population collapse (Behrman
et al. 2015; Behrman and Schmidt 2022; Boulétreau-Merle
et al. 1987). It is indeed possible that trade-offs underpin these
patterns of phenotypic evolution, as negative genetic correla-
tions have been quantified between these seasonally evolving
reproduction and stress tolerance traits (Behrman et al. 2015;
Hiraizumi 1961; Hoffmann and Parsons 1989a, 1989b;
Schmidt et al. 2005; Service 1987; Zera and Harshman 2001).

Recent genome-wide sequencing of wild populations, and
outbred populations evolved in semi-natural mesocosms,
provides further evidence of the role of trade-offs in adapta-
tion across seasons. Specifically, hundreds of independent
loci exhibit signatures of selection concurrent to phenotypic
evolution. Many of these loci exhibit a molecular hallmark of
underlying trade-offs, antagonistic pleiotropy: the allele fa-
voured during one seasonal phase becomes selected against
when the environment fluctuates and contrasting traits evolve
(Bergland et al. 2014; Bitter et al. 2024; Machado et al. 2021;
Rose 1982; Rudman et al. 2022). Interestingly, there is high
repeatability in the genomic loci subject to such fluctuating
selection across independent bouts of seasonal adaptation, de-
spite differences in the particular environmental conditions in
which patterns of evolutionary change have been quantified
(e.g., different study years and locales) (Bergland et al. 2014;
Bitter et al. 2024; Machado et al. 2021). One hypothesis for this
predictability at the genomic level is that the loci responding to
selection are not sensitive to specific environmental variables
(which can be idiosyncratic across study locales and years),
but rather respond more coarsely to the generic and repeatable
demographic fluctuations in the system, such as shifts in pop-
ulation density. The observed genomic parallelism may then
represent the manifestation of fundamental fitness trade-offs
emerging in response to these shifting demographic condi-
tions (via, e.g., generalised stress response pathways) (Battesti
et al. 2011; Kiiltz 2005; Zhu 2016). Rigorously testing this hy-
pothesized role of density fluctuations in the repeatable ge-
nomic patterns of seasonal adaptation necessitates isolating
these biotic selective forces from the complex suite of abiotic
pressures that fluctuate in natural settings.

Here, we tested whether density fluctuations repeatedly drive
selection and elicit trade-offs in D. melanogaster using two
complementary experimental evolution approaches. In our first
experiment, we isolated and quantified the impact of shifting
population densities on genomic variation in genetically diverse,
replicate populations housed in a controlled, indoor environ-
ment (Figure 1; Figure S1). The second experiment then directly
quantified the relative contribution of density-induced selection

and trade-offs to patterns of seasonal adaptation by pairing ob-
servations of allele frequency change in an indoor (lab-based)
mesocosm with those from an outdoor (field-based) mesocosm,
each seeded from the same initial founder population. In con-
cert, our results provide evidence for: (1) strong, parallel selec-
tion elicited by changes in population density; (2) genome-wide
trade-offs associated with contrasting selective regimes of pop-
ulation expansion and truncation; and (3) relevance of the loci
responding to density selection in a controlled, lab-based setting
to patterns of adaptation in response to natural environmental
fluctuations.

2 | Materials and Methods

2.1 | Experiment 1: Indoor Expansion
and Truncation to Elicit Reproduction/Stress
Tolerance Trade-Offs

In Experiment 1 we quantified patterns of genomic variation
in genetically diverse, replicate populations housed in a con-
trolled, indoor environment throughout nine discrete (non-
overlapping) generations of population expansion, and a single
bout of population truncation (Figure 1; Figure S1). Our repli-
cate populations were derived from a reconstituted, outbred
population initiated from 145 inbred (DGRP) lines and evolution
proceeded in four replicate cages (0.6 X 0.6 X 1.2 m) (Figure 1;
Supporting Information; Methods; Data File S1). Throughout
population expansion food availability in the replicate cages
was commensurate with increasing population sizes, generat-
ing a selective regime that eliminated the impact of intraspecific
competition (e.g., for food or egg laying space) and favoured
the reproduction-associated traits expected when resources are
abundant, such as fecundity and developmental rate (Behrman
et al. 2015). Due to logistical constraints, a random dilution fol-
lowed by re-continued expansion was initiated at generation 5
(Figure 1; see Supporting Information; Methods). We ensured
non-overlapping generations during expansion by allowing each
cohort of newly eclosed flies to lay eggs for a period of 24 h, after
which the adults were removed from each replicate. The re-
maining embryos (i.e., subsequent generation of flies) were then
left to develop and eclose, a process repeated for a total of nine
generations.

Population truncation, initiated after the first four generations
of reproduction selection, was aimed to generate strong selec-
tion for traits antagonistic to those favoured throughout ex-
pansion. Accordingly, all food and water were removed from
our replicate cages and the surviving individuals sampled as
the replicate populations collapsed. This mirrors the dynam-
ics of a population that has reached, or exceeded, carrying ca-
pacity and is faced with a single bout of strong selection for
stress tolerance mechanisms over the course of a single gener-
ation, such as during an extreme weather event (Baeckens and
Donihue 2025; Del Monte-Luna et al. 2004). Notably, while
both food and water were removed, we anticipate desiccation
resistance to be the primary driver of selection throughout this
phase, as desiccation-induced mortality manifests on substan-
tially faster timescales than starvation (e.g., on the order of
several hours vs. days to weeks) (Da Lage et al. 1989). Samples
for later DNA extraction and estimation of genome-wide allele
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FIGURE 1 | Schematic of Experiment 1. Four replicate, 0.6 X0.6 x1.2m cages were seeded with a genetically diverse, outbred population gen-

erated via four generations of recombination (IN=145 inbred lines). Evolution proceeded in discrete generations, whereby the amount of food was
doubled every generation until replicate populations reached a census size of approximately 600,000 flies per cage (generation four). At this point,
eggs from the generation 5 cohort were collected and food and water were removed from the replicate cages. The adult cohort of the generation 4 flies
was then sampled at seven time points (h 0-21) as the absence of resources collapsed the populations. The generation 5 eggs were used to re-seed the
replicate cages, which underwent continued population expansion for four additional generations. DNA in vials denotes generations of expansion,
and hours of truncation, during which pooled samples were collected for pooled allele frequency calculation. Schematic generated with bioRender

(https://www.biorender.com/).

frequencies were collected during each of the nine generations
of population expansion and at seven time points during pop-
ulation truncation (N=100 males and 100 females per sam-
pling time point and replicate).

2.2 | Experiment 2: Paired
Indoor and Outdoor Mesocosm Selection

Our second experiment specifically aimed to quantify
whether alleles identified via selection under sustained popu-
lation expansion in a laboratory setting can predict patterns of
adaptation and trade-offs in an outdoor, semi-natural setting.
Specifically, during an independent study year we monitored
patterns of genomic variation in a genetically diverse, out-
bred population that was split into a series of large, replicate
cages maintained in controlled indoor mesocosms (N =10), as
well as outdoor mesocosms exposed to natural environmen-
tal fluctuations (N=12). The indoor mesocosms were located
in a temperature-controlled laboratory at the University of

Pennsylvania (Philadelphia, PA, USA). The outdoor meso-
cosms were located approximately 1.5km from this labora-
tory and comprised replicate cages harbouring a single dwarf
peach tree and exposed to natural environmental fluctuations
(data generated for the outdoor mesocosm was previously
described in Bitter et al. (2024)). The replicate populations
inhabiting both mesocosms were seeded with the same genet-
ically diverse, outbred population in June (derived from an in-
bred reference panel originally collected in local Pennsylvania
orchards), and then monitored as they rapidly expanded until
reaching carrying capacity after approximately 2 months (see
Supporting Information; Methods). Monitoring of the out-
door mesocosms continued throughout the onset of winter,
during which time a total crash of the adult populations in
the cages was observed. Population-level samples for later
DNA sequencing and analysis were collected throughout pop-
ulation expansion in each environment and, for the outdoor
mescosms, during the onset of winter and throughout the pop-
ulation collapse (N =100 female flies per sampling time point
and replicate).
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2.3 | Sample Sequencing, Allele Frequency
Estimation and Statistical Analysis

All samples of pooled flies collected throughout Experiments
1 and 2 were subject to whole genome sequencing. We used
the resulting sequencing reads and a local inference method
and pipeline to compute high-accuracy, haplotype-informed
allele frequency estimates at genome-wide single nucleotide
polymorphisms (SNPs) previously identified in our inbred ref-
erence panels (Kessner et al. 2013; Tilk et al. 2019). In effect,
we retained 1.7M and 1.9 SNPs across Experiments 1 and 2,
respectively, for statistical analysis and inference. Extended
detail of the sequencing and bioinformatic pipelines used
in the analysis of all sequenced samples is provided in the
Supporting Information.

All statistical analyses and data visualisations were carried
out using R v.3.5. For samples collected in Experiment 1, we
first quantified genome-wide divergence between samples
collected during population expansion and truncation using
Fgp. For both experiments, we identified SNPs with systematic
shifts in allele frequencies through time using a generalised
linear model. This model assessed the significance of the lin-
ear relationship between allele frequency and time of sam-
pling across all cages, using a quasibinomial error model to
reduce false positive associations (Wiberg et al. 2017). While
an association between allele frequency and sampling time-
point within a single cage may represent either drift or selec-
tion, a significant parallel association across all four replicate
cages indicates allele frequency trajectories that are parallel
across replicate populations. In this case, selection (or linked
selection) is the more parsimonious explanation. Accordingly,
we used this approach to identify sets of SNPs with signatures
of selection and the extent to which the same set of alleles
were selected during alternate ecological regimes. Finally,
Wright-Fisher simulations in SLiM were implemented to fur-
ther disentangle the processes underpinning patterns of al-
lele frequency fluctuations observed in our data (Haller and
Messer 2023). Additional methodological details for these
analyses are provided both in the Results below, as well as our
extensive Supporting Information.

3 | Results

3.1 | Lab-Based Population Expansion Elicits
Genome-Wide Signals of Strong, Parallel Selection

We observed parallel shifts in allele frequencies across the
four replicate populations during Experiment 1's population
expansion, indicating adaptive responses to the shared selec-
tive pressures imposed in our lab-based system. We quanti-
fied these systematic allelic shifts using several approaches.
We first computed genome-wide divergence as average Fg;
across all segregating sites (N=1.7M SNPs) pairwise among
all expansion samples. A linear mixed effects model using
these data indicated that Fg; divergence from the generation
0 populations increased steadily across cages throughout
expansion (F=400.97; p<<0.001), though with significant
variation in the rate and magnitude of this divergence among
individual replicate cages (F=6.67; p-value=0.0027). We

next used pairwise Fg; values as a distance metric to create
multi-dimensional scaling (MDS) plots, in which divergence
between samples is represented as distance among the points
in a 2-D plane. Colouring samples based on replicate cage
identity indicated that genome-wide allele frequencies in one
replicate were perturbed, shifting its points from the remain-
ing three replicates throughout expansion (Figure 2B). We
suspect this offset to be driven by idiosyncratic selection (i.e.,
‘batch’ effects) imposed upon this replicate prior to sampling,
as we did not detect a genomic signature of population bottle-
necking that could have similarly given rise to this offset (e.g.,
genome-wide Tajima's D at the first time point of sampling
was near equivalent across samples: 0.253, 0.255, 0.253, 0.255
for replicates 1-4, respectively). Despite this idiosyncratic
cage-effect, samples from all replicates shifted across the 2-D
MDS plane in the same direction through time, suggesting
underlying parallel shifts in genome-wide allele frequencies
(Figure 2C, Figure S3; a trend that was also detected using
principal component analysis; Figure S4).

We systematically quantified the signature of parallel evolu-
tion observed in the two-dimensional MDS space (Figure 2C)
by first translating the MDS coordinates for each cage such
that the centroid of all generation 0 samples was centered at
the origin. We then used these translated points to fit a simple
linear regression model to samples from expansion genera-
tions 0-4 (Supporting Information; Methods; Figure S5). The
resulting axis represents the primary axis of variation in the
2D plane during early expansion for each replicate. We hy-
pothesized that if sustained, directional selection imposed by
population expansion was a primary driver of patterns of ge-
nomic variation, samples from the remaining expansion gen-
erations (generations 6-9) would continue to proceed along
the established axis of variation in the same direction. Indeed,
projection of late expansion samples onto this axis of varia-
tion indicated a significant correlation of sample collection
generation and distance along the axis (Figure 2D; Median
correlation coefficient across replicates: 0.98; correlation co-
efficient p-value: 0.03 (derived via N=100 permutations);
Table S1). When segregating this analysis by chromosomal
arm, however, this parallelism was only evident on chromo-
somal arms 2L, 3L and 3R. Re-sampling genome-wide SNPs
iteratively confirmed that the variation in parallelism across
chromosomal arms was not simply due to reduced power on
arms with a fewer number of SNPs (Supporting Information;
Figure S6, Table S2), and may rather reflect facets of the un-
derlying structure of variation located within these arms (e.g.,
a lack of chromosomal inversions on X).

To determine the distribution of SNPs contributing to parallel
evolution across cages, a generalised linear model (GLM) was
fit to allele frequencies across generations 0-9 of expansion.
A total of 389,588 SNPs (22.9% of all sites) showed signifi-
cant parallelism after multiple testing correction (Benjamini-
Hochberg false discovery rate <0.01 and allele frequency
change >2%; Data File S2). These SNPs showed systematic,
directional selection across replicates throughout expansion
(Figure 2E; Figure S7) and their distribution spanned all
five chromosomal arms (Figure 2F). We used a clustering
analysis and identified 250 loci as the minimum number of
non-overlapping, putatively unlinked targets of selection
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FIGURE 2 | Adaptation under sustained population expansion elicits strong, genome-wide parallel responses. (A) Mean, genome-wide F;. be-
tween biological replicates (‘Biological Replicates’; same replicate/collection time point, different pooled sample/extraction of flies) and evolved rep-
licate samples and their respective generation 0 expansion sample (‘Gen. 0—>n’). Faded coloured points indicate individual replicate samples, and
black diamonds the average value for each x-axis group. Reported F and p-values in the top left of the panel result from a linear mixed effects model
evaluating the impact of collection generation, and the interaction of replicate and collection generation, on F; variation throughout the experiment.
F, differentiation from generation 0 samples increased monotonically as function of collection generation (F=400.97; p-value <0.001), and a sig-
nificant effect of the interaction between collection generation and replicate cage on Fy;. was observed (F=6.67; p-value =0.0027). (B, C) MDS of F;.
values computed pairwise across all expansion samples, coloured according to (B) replicate cage or (C) collection generation. (D) Average Pearson
Correlation across replicates (+/— standard deviation) between sample expansion generation and distance along a one-dimensional axis construct-
ed using F;. MDS coordinates for early expansion (generation 0-4) samples (C). Purple points and error bars correspond to observed values (mean
+/— standard deviation across cages), while grey points and error bars correspond to values derived from N=100 permutations. (E) Trajectories of
rising alleles at SNPs identified via GLM (FDR <0.01 and effect size > 2%) across all nine generations of expansion. (F) Manhattan plot depicting the
distribution of SNPs along the genome, as a function of their -log,  FDR-corrected p- value derived from a GLM assessing the association of SNP allele
frequency and expansion generation. The coordinates of the major cosmopolitan inversions segregating in our founding reference panel at greater
than 4% frequency in our founding strains are depicted above the x-axis. (G) Leave-one-out cross-validation to infer replicate-level parallelism of
adaptation to sustained population expansion. Portrayed is the median shift of the rising allele for sets of target SNPs (points) identified via GLM
(FDR <0.01 and effect size >2%) in 3 of 4 cages, relative to medians derived from a matched control SNP set (X's), in the fourth replicate. Target SNP
medians are coloured red if the distribution of phased allele frequency shifts was significantly greater than that of matched control sites (two-tailed
t-test, FDR <0.05).

underpinning this signal (loci ranged in size from 30 to 305 kb)
(Data File S3) (Rudman et al. 2022). Quantification of allele
frequency trajectories of the most significant SNPs within
each locus indicated strong directional selection throughout
expansion, with median selection coefficients of 7% per gen-
eration (Figure S8). This parallelism was further validated
using a leave-one-out cross validation: sets of SNPs identified
via GLM in three of the four replicates exhibited a predomi-
nantly parallel direction of selection and magnitude of allele
frequency change that exceeded background allele frequency
movement (quantified using matched control SNPs) in the
fourth replicate cage (Figure 2G). While the chromosome-
level Fq, analysis described above, which focused on signal
averaged across all segregating sites, suggested that idiosyn-
cratic behaviour may dominate variation on 2R and X, this
analysis demonstrates that there still existed at least some
subset of SNPs with parallel allele frequency movement across
replicates present on each chromosomal arm.

3.2 | Genomic Evidence of Trade-Offs Induced by
Fluctuating Selection Across Population Expansion
and Truncation

The parallel frequency shifts observed throughout expan-
sion may be the product of three, not mutually exclusive,
evolutionary dynamics: (1) directional selection in response
to sustained reproduction selection, (2) adaptation to the lab
environment and/or (3) the purging of recessive deleterious
alleles (i.e., negative selection) in our outbred population. To
disentangle these various dynamics and, in turn, identify the
presence of fitness trade-offs at putatively selected alleles, we
leveraged our samples collected throughout truncation selec-
tion. Specifically, alleles identified during expansion that were
a product of consistent lab selection and/or negative selection
against unconditionally deleterious recessives should continue
to show systematic, directional change throughout truncation
(as their effect is not conditional on the specific treatment).
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FIGURE 3 | Genome-wide signal of fitness trade-offs between population expansion and truncation. (A) MDS of pairwise Fg, values across all
samples collected throughout expansion (purple-hue points) and truncation (orange-hue points), shaded according to collection time point (darker
hues indicate later expansion or truncation sampling generation/h). (B) Average Pearson correlation across replicates (+ standard deviation) between
sample expansion generation and distance along a one-dimensional axis constructed using Fg; MDS coordinates for early expansion (generation 0-4)
samples (A). Orange points and error bars correspond to observed values (mean + standard deviation across cages), while grey points and error bars
correspond to values derived from N=100 permutations. (C) Trajectories of SNPs identified via GLM regression across replicates throughout expan-
sion, measured during truncation. Trajectories are coloured for SNPs that exhibited evidence of systematic allele frequency changes across replicates
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(D) Ratio of parallel to fluctuating dynamics for expansion-favoured alleles quantified during truncation, segregated by chromosomal arm and per-
centile of truncation allele frequency shift. Points are further coloured if the ratio of parallel to fluctuating behaviour differed significantly from that
expected based on a matched control set (X? test p-value <0.05). (E) Manhattan plot depicting allele frequency shifts throughout expansion (purple
points) and truncation (orange points) for alleles increasing in frequency systematically across replicates during expansion.

However, alleles with treatment-specific behaviour during ex-
pansion and truncation (i.e., moving in the opposite direction)
represent those that likely underpin trade-offs between fecun-
dity and stress tolerance selection.

We initially tested for evidence of context-specific behaviour
and trade-offs genome-wide SNPs by re-conducting our MDS
analysis of pairwise divergence (F) values, this time includ-
ing all samples collected throughout expansion and trunca-
tion. If the dominant direction of allele frequency change
was sustained across both expansion and truncation (indi-
cating sustained lab selection or purging of deleterious mu-
tations), truncation samples would be ordered from early to

late, mirroring the pattern observed for expansion samples
(Figure 2B). Instead, we observed that samples taken during
truncation shifted back towards earlier expansion samples,
suggesting a genome-wide reversion of allele frequencies
(Figure 3A; Figure S9). We quantified these trends as above,
translating the MDS coordinates of truncation samples such
that the centroid of h 0 samples was centered at the origin,
and then projected them onto the single axis derived from our
linear regression model of early expansion points (Figure 2D;
Figure S5). Correlations between collection time and dis-
tance along this axis were, genome-wide, significantly nega-
tive [Median correlation coefficient across replicates: —0.75,
correlation coefficient p-value: 0.01 (derived via N=100
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permutations)], but once again showed heterogeneity among
chromosomal arms (Figure 3B; Table S1; Figure S10).

To further resolve the genomic distribution of loci underpin-
ning trade-offs, we interrogated raw allele frequency trajec-
tories. Specifically, we selected those SNPs with GLM-based
evidence of selection during expansion and measured the
average frequency shifts of the rising allele across replicates
throughout truncation. We compared the dynamics of these
SNPs to a set of randomly selected, matched control SNPs
and found that expansion-favoured SNPs were more likely
to become selected against than to be subject to sustained
directional selection during truncation (X?>=1123.6; p-value
<0.001; Figure 3C). We subset this analysis to only those SNPs
that displayed evidence of linked selection (via GLM) during
both expansion and truncation, finding that fluctuating se-
lection was approximately 3.5 times more likely than sus-
tained directional selection across selection regimes (19,158
fluctuating vs. 5656 directional SNPs). This is visualised in
Figure 3D in which we depict the ratio of SNPs with sustained
directional, relative to fluctuating, selection. The genomic
distribution of sites exhibiting directional or fluctuating be-
haviour across phases is then depicted in Figure 3E, where for
all expansion-favoured alleles we plot separately their allele
frequency shift during expansion (purple points) and trunca-
tion (orange points).

In the supplement, we show that these patterns of fluctuating
selection are in part, but not solely, driven by large and common
chromosomal inversions segregating in our study population
(Figures S11 and S12, Data Files S4). The Supplement also con-
tains analyses demonstrating the dominant signal in our data
to be one of fluctuating selection using empirical cumulative
distributions derived from allele frequency trajectories, as well
as truncation trajectories of the 250 expansion-identified loci
(Figures S13 and S14; Data File S2). Finally, the supplement con-
tains results from an analysis comparing synteny independently
for those SNPs identified during expansion and truncation, as
well as their propensity to exhibit fluctuating selection across
selection regimes (Figures S15 and S16).

It is important to note that our inferences of fluctuating se-
lection reported here are insensitive to the stringency of
our filtering criteria, as well as the putative loss/fixation of
expansion-selected alleles during truncation (see Supporting
Information; Methods Section I.v). Furthermore, our infer-
ence of fluctuating selection cannot be a spurious artefact
driven by regression to the mean, as the allele frequency data
from which the trajectories were computed are entirely inde-
pendent across expansion and truncation (i.e., share no over-
lapping time points).

3.3 | One and Two Locus Simulations of Linkage,
Selection and Antagonistic Pleiotropy

We explored whether patterns of linkage between loci, an-
tagonistic pleiotropy at a single SNP, and/or haplotype-level
antagonistic pleiotropy could generate the patterns of allele fre-
quency change observed in Experiment 1 using Wrigh-Fisher
simulations in SLiM (see Supporting Information) (Haller and

Messer 2023). We first simulated a scenario in which a single
SNP had an advantageous effect on fitness during expansion,
which was countered by a disadvantageous effect during trun-
cation. As expected, this produced frequency trajectories across
reproduction and stress tolerance selection that recapitulated
the patterns observed in our empirical data (Figure S17). Next,
we focused on a series of two-locus scenarios in which SNP A
was directionally favoured during expansion with neutral fit-
ness effects during truncation, while SNP B had neutral fitness
effects during expansion and then came under directional se-
lection during truncation. We then computed fitness values
(empirical selection coefficients) during the first generation
of truncation (which represents the single generation (no-
recombination) of stress tolerance selection in our experiment)
to infer how the relationship between the two SNPs may influ-
ence their behaviour across phases. Under scenarios in which
the two loci were unlinked, their frequency trajectories were
largely independent across phases: SNP A increased systemat-
ically during expansion with neutral dynamics during trunca-
tion, while SNP B exhibited neutral dynamics during expansion
and then systematic increases during truncation (Figure 4;
Figures S18 and S19). Under a scenario of high linkage and a net
attraction between the favoured allele at each SNP (i.e., the fa-
voured allele at SNP A was non-independently assorted with the
favoured allele at SNP B), trajectories were largely correlated,
causing empirical selection coefficients to indicate a selective
advantage of SNP A during truncation even though the locus
was in fact neutral during this phase (Figure 4; Figures S20
and S21). Alternatively, under a scenario of high linkage and
net repulsion between the favoured alleles at each SNP (i.e., the
favoured allele at SNP A was non-independently assorted with
the disadvantageous allele at SNP B), SNP A exhibited a trajec-
tory of fluctuating selection whereby it systematically increased
in frequency during expansion and then declined during trun-
cation (Figure 4; Figures S22 and S23). This scenario thus rep-
resents a form of haplotype-level antagonistic pleiotropy driven
by the orientation of causal alleles and the underlying haplo-
type structure in the population. Finally, under a scenario in
which the attracted and repulsed states of the selected alleles
occur at equal probability (i.e., random assortment of alleles be-
tween loci), the net-effect of possible linkage patterns produces
allele frequency trajectories and empirical fitness values that
recapitulate the dynamics observed in the ‘unlinked’ scenario
(Figure 4; Figures S24 and S25).

As we have no prior knowledge of a non-independent assort-
ment of selected alleles in our focal population, the final simu-
lated scenario (independent assortment of advantageous alleles
between locus A and B) likely represents the most plausible dy-
namic occurring in our experiment, should two linked SNPs be
under differential selection across selection regimes. Therefore,
within the confines of the current data (i.e., not yet knowing the
underlying causal loci), we conservatively interpret our observa-
tions of reversions in allele frequency trajectories as antagonistic
pleiotropy at a single SNP, though recognise the possibility that it
could in fact represent antagonistic pleiotropy at the haplotype-
level. Quantifying how such haplotype structure could be main-
tained over long time periods, via either strong selection for
the repulsed linkage between selected alleles or some form of
recombination suppression (e.g., an inversion), hinges upon re-
solving the causal loci in this system.
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3.4 | The Emergence of Trade-Offs in Response to
Natural Environmental Fluctuations

Our second experiment aimed to quantify whether alleles iden-
tified via selection under sustained population expansion in a
laboratory setting can predict patterns of adaptation and trade-
offs in an outdoor environment, where populations adapt both
to changes in population density as well as a suite of additional

Despite dramatic differences in abiotic conditions between our
paired indoor and outdoor mesocosms, we found far greater
overlap in SNPs exhibiting signatures of selection than expected
by chance (one-tailed hypergeometric test; p-value <<0.001;
Figure 5A). Furthermore, the dominant direction of selection on
selected SNPs was conserved between environments throughout
population expansion (Figure 5B; Table S6). Notably, we failed to
detect significant statistical overlap using the set of loci identified

abiotic variables (Supporting Information; Figure S26; Table S7). during the reproduction selection experiment of Experiment 1

Linkage state: unlinked Linkage state: attraction Linkage state: repulsion Linkage state: combined

1 1
1
i
201 9 H k
1
! Y
154 q ] <
z : g
2 ! 2
[ =1
QO 10 1 | 1 w
) a
[
5 1 1 1
i
1
0 T T T } T T T Locus
r — A
— B
| i
: 1 =
! 5
! a
! 1 8
1 =4
! S
: T %)
[} 4 @
Q
i i 1 °
1 1
| 1 § 1
[} 1 1
1 1 1
0 T } T T T | T T - T } T T
0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4
S S S S

FIGURE 4 | Simulations of multi-locus antagonistic pleiotropy. Kernel density estimates of empirical selection coefficients (s) computed during
the first generation of truncation selection in two-locus SLiM simulations (N =1000 simulations per scenario). In each case, the A and B loci are 1 Mb
away, with locus A selected during expansion (fitness of favoured allele during expansion=1.1), but neutral during truncation, while B is neutral
during expansion and favoured throughout truncation (fitness of favoured allele during truncation =1.1). The columns represent different scenarios
of linkage between the two loci, whereby ‘attraction’ represents a scenario in which the favoured alleles at each locus are non-independently assorted
with each other, and a state of ‘repulsion’ represents a scenario in which the favoured allele at each locus was non-independently assorted with the
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with the outdoor mesocosm of Experiment 2 (one-tailed hyper-
geometric test; p-value >0.05), likely a result of the distinct inbred
reference panels used for each experiment (see Section 4).

We next tested whether this independent, paired indoor-outdoor
mesocosm study also revealed the pervasive genome-wide trade-
offs quantified in Experiment 1 (Figures 1-4). Specifically, we
leveraged an additional month of sampling from the outdoor
mesocosm, during which time a population decline and ultimate
collapse was observed as winter and the deterioration of abiotic
conditions progressed (Bitter et al. 2024). We hypothesized that
should those alleles identified in the indoor environment under-
pin antagonistic pleiotropy and trade-offs for fitness-relevant
variation, allele frequencies should reverse in direction as the
outdoor mesocosms collapsed. Indeed, we found a significant
genome-wide reversion in allele frequencies in the outdoor cages
throughout this period, a dynamic primarily driven by patterns
of variation on 2L and 3R (Figure 5C; Table S6). Thus, in concert,
our two independent experiments provide strong support that
seasonal shifts in population density not only underpin patterns
of selection observed in natural populations but also elicit trade-
offs that preclude the rapid fixation of alleles advantageous in
particular ecological contexts.

4 | Discussion

Here, we report data from two experimental evolution studies
with large, genetically diverse populations of D. melanogaster
to quantify genome-wide evidence of fitness trade-offs elicited
by ecologically realistic population density fluctuations. In our
first experiment, we found that nine generations of sustained
population expansion in the absence of density regulation drove
parallel, genome-wide shifts in allele frequencies across four,
independent replicate populations. The strength of selection
coefficients quantified throughout this period (~7% per genera-
tion) are comparable to those quantified during sampling indi-
viduals of the species between summer and fall from both wild
populations and outdoor mesocosms (Bergland et al. 2014; Bitter
etal. 2024; Machado et al. 2021; Rudman et al. 2022). Thus, while
it has been previously speculated that such patterns of evolution
of D. melanogaster across seasons may be dominated by adapta-
tion to shifting temperatures (e.g., Boulétreau-Merle et al. 1987),
our lab-based manipulation here provides direct evidence that
the sole impact of shifting population densities can also drive
rapid adaptation over the course of several generations.

By imposing a bout of truncation selection midway through pop-
ulation expansion, during which time individual survival and as-
sociated patterns of allele frequency change revealed differences
in relative stress tolerance (e.g., desiccation resistance) among
genotypes, we quantified a pervasive, genome-wide signal of
fluctuating selection. This pattern is indicative of antagonistic
pleiotropy, whereby selected alleles conveying advantageous trait
values for the phenotypes favoured during reproduction selection
convey disadvantageous trait values for the suite of phenotypes
favoured during truncation (Connallon and Chenoweth 2019;
Curtsinger et al. 1994). Interestingly, at level of larger, struc-
tural variants, we found evidence that two major cosmopolitan
inversions in the species (In3RP and In3RK) were antagonisti-
cally pleiotropic across expansion and truncation. This adds to

a growing body of work showing how reduced recombination
within inversion breakpoints can give rise to the accumulation
of putatively adaptive alleles (Kirkpatrick 2010; Kirkpatrick and
Barton 2006; Sturtevant 1921; Sturtevant and Beadle 1936), and
the particular importance of these inversions in clinal patterns of
variation in geographically widespread populations of D. melan-
ogaster (Kapun et al. 2016). It further suggests how such inver-
sions may, over long periods, maintain allelic structure within
populations that generate haplotype-level, pleiotropic fitness
effects, as we simulated in Results section: One and two locus
simulations of linkage, selection, and antagonistic pleiotropy.
Ultimately, the key implication of the pervasive, genome-wide
antagonistic pleiotropy we quantified is that it may maintain
variation in the population by precluding the fixation of condi-
tionally advantageous alleles (Curtsinger et al. 1994; Rose 1982;
Turelli and Barton 2004; Wittmann et al. 2017). The key chal-
lenge for future work is to then discern the underlying causal
loci driving these patterns and whether fluctuating selection bal-
ances alternate alleles over long time-periods.

It is important to note that those loci with signatures of fluc-
tuating selection identified in Experiment 1 cannot solely be
responding to lab-based selection, as the lab environment was
held constant across the expansion and truncation phases of the
experiment. Still, there may be unquantified aspects of the selec-
tive environment beyond strictly fecundity and stress tolerance
selection alone that induce phase-specific patterns of selection.
Furthermore, it is noteworthy that the timescale over which
we evaluated allele frequency behaviour for expansion and
truncation differed: expansion occurred across nine discrete
generations, while truncation comprised a single generation of
desiccation-associated selection. In a natural context, this de-
sign mirrors a population at or near carrying capacity that is
faced with a pulse abiotic challenge that selects in an extreme
manner for stress tolerance, such as a severe drought, heat wave,
or severe storm (Baeckens and Donihue 2025). An interesting,
and complementary, extension of this work is now to examine
how the dynamics quantified here correspond to those in which
the timescale of selection is roughly equivalent across contrast-
ing selection regimes.

Our second experiment, which compared observations of allele
frequency shifts between indoor (lab-based) and outdoor (semi-
natural) mesocosms, demonstrated that selection induced by
population size expansion is likely a prominent force driving
patterns of adaptation across seasons in natural populations,
where shifting population densities occur in concert with a suite
of fluctuating abiotic conditions. In effect, this finding indicates
that the repeated signals of fluctuating selection quantified
across populations and through time (Bergland et al. 2014; Bitter
et al. 2024; Machado et al. 2021; Rudman et al. 2022) may be
underpinned by fundamental life-history trade-offs that emerge
as a result of population boom-bust demographic dynamics. As
such boom-bust dynamics are a generic feature of populations
across taxa, this phenomenon may thus be more widespread
than previously recognised and provide a key instance of the in-
terplay of ecological and evolutionary forces in natural popula-
tions (Boor et al. 2018; Carroll et al. 2007; Hendry 2016; Kendall
et al. 1999). This predictability of adaptation bolsters an addi-
tional hypothesis regarding the nature of the underlying genetic
variation: loci responding to rapidly fluctuating selection are not
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specific in their response to particular abiotic parameters, but
rather respond more coarsely to generic and repeatable features
of the selective environments, in this case the population den-
sity fluctuations that occur yearly in the system. Such a ‘coarse-
graining’ of the architecture of the adaptive response could
position life-history trade-offs and fluctuating selection as a key
force maintaining variation in natural populations.

It is noteworthy that the two separate experiments conducted
here revealed distinct genetic architecture of underlying fitness
trade-offs in the species. For example, chromosomal arm 2L
exhibited strong evidence of antagonistic pleiotropy between
population expansion and collapse during our paired indoor-
outdoor mesocosm experiment, but was not involved in the
trade-offs elicited by the expansion/truncation selection re-
gimes of Experiment 1. Furthermore, we did not detect any
shared enrichment of SNPs with evidence of linked selection
across Experiments 1 and 2. While there were distinct method-
ological and environmental differences that may have played a
role in this discordance, a more salient driver may be the use of
a different inbred reference panels. As our analyses ultimately
identify sets of SNPs in tight linkage to an underlying causal
locus, differences in patterns of linkage across mapping popu-
lations could, in effect, lead to dramatic differences in the rela-
tive effect size of marker alleles across studies (Hu et al. 2025).
Thus, resolving the specific causal loci underpinning selection
in this system is a key future step in resolving how ecological
dynamics shape patterns of variation in natural populations of
the species.
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