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Abstract

Selectiononstandinggenetic variationmaybeeffectiveenoughtoallowforadaptationtodistinctnicheenvironmentswithinasingle

generation.Minorallele frequencychangesatmultiple, redundant lociof small effect canproduce remarkablephenotypic shifts.Yet,

demonstrating rapid adaptation via polygenic selection in the wild remains challenging. Here we harness natural replicate popula-

tions that experience similar selection pressures and harbor high within-, yet negligible among-population genetic variation. Such

populations can be found among the teleost Fundulus heteroclitus that inhabits marine estuaries characterized by high environ-

mental heterogeneity. We identify 10,861 single nucleotide polymorphisms in F. heteroclitus that belong to a single, panmictic

population yet reside in environmentally distinct niches (one coastal basin and three replicate tidal ponds). By sampling at two time

points within a single generation, we quantify both allele frequency change within as well as spatial divergence among niche

subpopulations.We observe few individually significant allele frequency changes yet find that the “number” ofmoderate changes

exceeds the neutral expectation by 10–100%.Wefindallele frequency changes to be significantly concordant in both direction and

magnitude among all niche subpopulations, suggestive of parallel selection. In addition,within-generation allele frequency changes

generate subtle but significant divergence among niches, indicative of local adaptation. Although we cannot distinguish between

selectionandgenotype-dependentmigrationasdriversofwithin-generationallele frequency changes, the trait/sdeterminingfitness

and/or migration likelihood appear to be polygenic. In heterogeneous environments, polygenic selection and polygenic, genotype-

dependent migration offer conceivable mechanisms for within-generation, local adaptation to distinct niches.

Key words: within-generation adaptation, Fundulus heteroclitus, allele frequency change, standing genetic variation, ge-

netic redundancy, matching habitat choice.

Introduction

Can natural selection lead to adaptation on ecological time-

scales? Can populations respond to environmental challenges

within generations or amongwell-connected demes, allowing

them to adapt to their local, heterogeneous, and unstable

environments (Hairston et al. 2005; Hendry et al. 2007;

Significance

Natural selection allows organisms to adapt to novel environmental conditions over just a few generations, yet the

underlying mechanisms allowing for rapid and repeated adaptation remain elusive. One possible explanation is that

selection acts, not by removing a deleterious allele at a single gene of large effect but by subtle changes at many

genes, each with a minor effect on an adaptively important trait. Here we show that populations inhabiting distinct

environmental niches exhibit subtle, yet significant changes at many positions in the genome within a single gener-

ation, and that these changes lead to genetic differentiation among niches. Subtle changes at multiple genes of small

effect may allow organisms to adapt to specific niches over just a single generation.
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Richardson et al. 2014; Messer et al. 2016)? For decades, the

consensus among evolutionary biologists was “No.”

Evolutionary adaptation on ecological scales is unlikely due

to fundamental limits on the extent of selectively important

allelic variation and the rate of adaptive change (Haldane

1957; Kimura 1968; Lewontin 1974; Orr 2005). Yet, an

ever increasing number of studies demonstrate adaptation

on both short temporal (Bergland et al. 2014; Gompert

et al. 2014; Stuart et al. 2014; Paccard et al. 2018; Barrett

et al. 2019; Dayan et al. 2019) and small spatial scales

(Williams and Oleksiak 2011; Fraser et al. 2015; Reid et al.

2016; Wagner et al. 2017). These observations conflict with

the predictions of classic, mutation-limited adaptation.

Fortunately, adaptation via selection on standing genetic var-

iation offers a tangible solution to this problem (Barrett and

Schluter 2008). Selection on alleles already segregating in a

population can readily effect phenotypic change, however,

their importance and prevalence is hotly debated (Kreitman

1996; Harris et al. 2018; Kern and Hahn 2018; Jensen et al.

2019). For instance, selective sweeps rapidly erode genetic

variation, especially when the selected trait has a nonredun-

dant, mono- or oligogenic architecture (Hermisson and

Pennings 2005; Przeworski et al. 2005). In highly heteroge-

neous environments with alternating selection pressures, suc-

cessive sweeps will therefore erode the genetic variation upon

which they act, making adaptation from standing genetic

variation unsustainable in the long term (Rockman 2012).

Under a polygenic framework, in which redundancy allows

for multiple genetic solutions to effect a phenotypic change,

adaptation only requires slight allele frequency changes at a

subset of potentially adaptive loci that are already segregating

in the population (Pritchard and Di Rienzo 2010; Pritchard

et al. 2010; Yeaman 2015; Sella and Barton 2019). The

advantages of redundant, polygenic adaptation are manifold

as follows: 1) selection on standing genetic variation is highly

effective and can occur within a single generation, 2) poly-

morphism and therefore future adaptive potential is largely

maintained, and 3) adaptation is less sensitive to migration

because gene flow promotes genetic variation upon which

polygenic selection can act (Przeworski et al. 2005; Pritchard

and Di Rienzo 2010; Pritchard et al. 2010; Yeaman 2015;

Barton et al. 2017; Wittmann et al. 2017; Barton and

Etheridge 2018; Sella and Barton 2019).

However, demonstrating redundant, polygenic adaptation

in a natural setting is inherently challenging (Latta 1998; Le

Corre and Kremer 2003, 2012; Yeaman 2015). First, pheno-

typic variance is split among multiple loci, thereby reducing

per-locus effect size. This implies allele frequency changes in

response to selectionwill also beminor and difficult to identify

and distinguish from neutral drift or demographic effects

(Harris et al. 2018; Barton et al. 2019; Berg et al. 2019;

Sohail et al. 2019; Johri et al. 2020; Whiting and Fraser

2020). Second, genetic redundancy implies that the number

of allelic variants required to reach a local phenotypic

optimum (nopt) is much lower than the total number of var-

iants affecting a trait (ntot), that is, nopt � ntot (Nowak et al.

1997; Yeaman 2015). Hence, unique subsets of redundant

alleles may equally lead to local adaptation in replicate pop-

ulations (Latta 1998; Le Corre and Kremer 2003, 2012;

Yeaman 2015; Reid et al. 2016). Third, as per-locus, additive

effect sizes decrease, gene-by-gene interactions must be in-

creasingly responsible for any phenotypic effect (Latta 1998;

Le Corre and Kremer 2003, 2012). Consequently, it is unlikely

that natural selection will alter the same loci among replicate

populations or in replicate experiments exposed to the same

selection pressures (Yeaman 2015). Distinguishing adaptive

allele frequency changes from stochastic changes due to,

for example, drift is therefore extremely challenging, espe-

cially given the countless theoretical models in which certain

parameterizations of demography, mutation rates, and back-

ground selection are shown to create genomic patterns typ-

ically associated with selection on standing genetic variation

(Harris et al. 2018; Sella and Barton 2019; Johri et al. 2020).

We are beginning to explore polygenic selection and re-

dundancy in laboratory settings by employing massively par-

allel, experimental selection (Barghi et al. 2019); however,

studies pursuing redundant, polygenic adaptation in nature

are rare and mostly human focused (Pritchard et al. 2010;

Berg and Coop 2014). Here, we harness the Fundulus heter-

oclitus model system to demonstrate redundant, polygenic

adaptation occurring at extremely small temporal and spatial

scales in the wild. Fundulus heteroclitus, a small, marine tele-

ost, native to the eastern coast of the United States, primarily

inhabits tidal estuaries and demonstrates extremely high site

fidelity to a single watershed (Lotrich 1975; Skinner et al.

2005, 2012; Able et al. 2012). Within these estuaries exist

several, unique niches (or microhabitats), each characterized

by distinct biotic and abiotic factors such as temperature,

dissolved oxygen, or predator abundance (Able 1984; Able

and Felley 1986; Smith and Able 2003; Hunter et al. 2007,

2009; Kimball and Able 2012). Fundulus heteroclitus inhabit

the entire estuary and demonstrate some degree of site fidel-

ity to specific niches, thus forming multiple subpopulations

within the larger population. Nevertheless, fish from across

the estuary reproduce at a common location on a yearly basis

(Taylor et al. 1979), essentially homogenizing allele frequen-

cies and maintaining panmixia.

Contrary to the prediction that panmictic breeding inhibits

local adaptation, previous work identified significant genetic

divergence among F. heteroclitus inhabiting distinct niches

<100m apart in three replicate estuaries/populations

(Wagner et al. 2017). The authors identified single nucleotide

polymorphisms (SNPs) displaying significant spatial differenti-

ation among well-connected niches in each of three isolated

estuaries and supported by three different selection tests.

Although none of the outlier loci were shared among all three

replicate populations, many SNPs occur either 1) within the

same gene at a different position, 2) in a duplicate gene or

Ehrlich et al. GBE
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paralog, or 3) among genes that share narrow, well-defined

Gene Ontology (GO) terms (Wagner et al. 2017). That is, al-

though no outlier SNPs were shared among the three repli-

cate populations, there were signals of selection in the same

gene or genes of similar function, a hallmark of redundancy.

The authors concluded that redundant, polygenic selection

was surprisingly effective in altering allele frequencies among

multiple, distinct SNPs that likely share similar biological func-

tions in response to environmental and ecological differences

over very small geographic distances. Yet, it remains difficult

to believe that significant genetic divergence among well-

connected niches results from repeated, within-generation

selection rather than assortative mating or active,

phenotype-dependent niche sorting.

Our study builds on prior work and tests for within-

generation local adaptation in a single, panmictic

F. heteroclitus population by harnessing both spatial and tem-

poral data.We specifically examine subpopulations residing in

distinct niches and quantify temporal allele frequency changes

within a single generation from spring to fall, when natural

mortality is highest (Kneib 1993). We find both the number

and magnitude of within-generation allele frequency changes

to be beyond what is expected by neutral drift. Analyses are

strengthened further by detecting significant concordance in

both the magnitude and direction of allele frequency changes

among subpopulations. Finally, we show that within-

generation allele frequency changes generate subtle, yet sig-

nificant, divergence among subpopulations, suggestive of

fine scale, local adaptation to distinct niche environments

within a single generation. On a “per-locus” basis we find

only few individually significant loci, yet the “total number” of

loci demonstrating substantial allele frequency change in time

and divergence among niches is significantly elevated, sug-

gestive of a polygenic architecture. Hence, although the signal

is moderate, as is expected given the limitations of testing for

polygenic selection, the data presented here support the hy-

pothesis of local adaptation within a single generation.

Materials and Methods

Tagging and Sample Collection

Initial tagging and tissue collection took place in late spring

2016 (22 May–5 June) at the Rutgers University Marine Field

Station (RUMFS), NJ. Over a 10-day period, 2,200

F. heteroclitus were caught using minnow wire traps at four

sampling sites (550 fish per site) throughout a single saltmarsh

estuary (fig. 1). The collection sites included a coastal basin

and three permanent, intertidal ponds, all part of the same

watershed and interconnected during spring tides occurring

�5–15 times per month (Hunter et al. 2007, 2009).

Five hundred fish from each sampling site were weighed,

measured (total length), sexed, and uniquely tagged using

sequential coded wire tags (Northwest Marine Technology

Inc., Shaw Island, WA). Caudal fin clips were taken from

the remaining 50 fish and stored in guanidinium hydrochlo-

ride (GuHCl) buffer solution. After tagging/clipping, fish were

released at their respective capture location. Tagged fish were

recaptured in early fall 2016 (30 August–10 September) by

trapping at the same four collection sites. Trapping efforts

were continued until 50 tagged fish had been recaptured at

each location (only 45 were recaptured in the basin).

Recaptured, tagged fish were weighed, measured (total

length), and sexed. Caudal fin clips were taken from all 195

recaptured fish and stored in GuHCl buffer solution. Coded

wire tags were dissected from each individual and cross-

referenced with spring tagging data. Only residents, that is,

fish that were tagged and recaptured at the same location,

were included in further analysis. This sampling scheme

allowed for spatial comparisons among sampling sites as

well as assessment of temporal change from spring to fall.

Although summer residency does not implicate genetic, eco-

logical, or reproductive substructure, for the purpose of this

analysis, resident individuals from a single collection site are

henceforth collectively referred to as a subpopulation.

Differences in length and growth rate among subpopulations

were assessed using Kruskal–Wallis tests followed by post

hoc, Mann–Whitney U tests in R v3.6.1. Weight data were

excluded due to the high abundance of gravid females during

spring collection that may have confounded results.

DNA Isolation and Library Preparation

Genomic DNA was isolated from 30 individuals from each

resident subpopulation and time point (spring and fall) using

a custom SPRI magnetic bead protocol, yielding a total of 240

isolates. Genotyping-by-sequencing (GBS) libraries were pre-

pared using a modified protocol after Elshire et al. (2011).

Briefly, high molecular weight genomic DNA was aliquoted

and digested using AseI restriction enzyme. Digests from each

sample were uniquely barcoded, pooled, and size selected to

yield insert sizes between 350 and 550bp. Pooled libraries

were amplified using custom primers that extend into the

insert by one base (cytosine). This approach systematically

reduces the number of sequenced GBS tags, ensuring suffi-

cient sequencing depth.

Sequencing and SNP Calling

Pooled libraries were sequenced on one lane of the Illumina

HiSeq 4000 in 2 � 150 bp paired-end mode yielding �467

million paired-end reads (>140Gb). Reads were aligned to

the Fundulus_heteroclitus-3.0.2 reference genome (NCBI

RefSeq accession number: GCF_000826765.1), and single

nucleotide polymorphisms (SNPs) were called using the

GBeaSy analysis pipeline (Wickland et al. 2017) with the fol-

lowing filter settings: minimum read length of 30bp after

barcode and adapter trimming, minimum phred-scaled vari-

ant quality of 30, andminimum read depth of 5 at the sample

Within-generation Selection among Ecological Niches GBE
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level. This yielded a total of 2,393,661 SNPs that were further

filtered using VCFtools 0.1.13. Specifically, only biallelic SNPs

without extreme heterozygote excess (q value > 0.01) were

included. Although within-generation selection may cause

departures from Hardy–Weinberg equilibrium (HWE), remov-

ing loci with extreme heterozygote excess excludes artifacts

resulting from the alignment of paralogous sequences. While

this conservative filter may have excluded potentially interest-

ing loci, it effectively removed only 6.4% of SNPs (supplemen-

tary table S1, Supplementary Material online). SNPs were

further filtered to a maximum of 10% missing data and a

minimum minor allele frequency of 5%. Filtering was also

applied at the sample level to only include individuals with

more than 60% completeness, that is, <40% missing geno-

types per sample. To minimize the confounding effect of link-

age disequilibrium (LD), the variant set was thinned to a

minimum of 300bp between SNPs (see supplementary fig.

S2, Supplementary Material online). The final, filtered set con-

tained 193 individuals genotyped at 10,861 SNPs. Sample

sizes by location and season remained relatively balanced fol-

lowing filtering (spring:fall ¼ 86:107; Basin:Pond 1:Pond

2:Pond 3¼ 51:46: 49:47). Here, “allele frequency” refers to

the frequency of the F. heteroclitus reference genome allele.

Because only biallelic SNPs were used in the analysis, the al-

ternate allele frequency is implied.

Within-generation Allele Frequency Change and Niche

Divergence

Global and pairwise FST statistics were calculated using

VCFtools v0.1.13. Principal component analysis (PCA) was

performed in R v3.6.1 using SNPRelate v1.18.1. p values

quantifying the significance of spatial (i.e., among sites) and

temporal (i.e., between seasons) allele frequency differences/

changes were attained via three distinct tests. These were as

follows: 1) a permutation analysis, 2) a simulation approach,

modeling neutral drift and sampling variance, and 3) a

Barnard’s exact test.

Permutations were performed using a custom, parallelized

bash script. Briefly, p values were generated by comparing

empirical FST values, either between sites in fall (spatial) or

between seasons (temporal), to permuted values conditioned

on heterozygosity as in FDIST2 (Beaumont and Nichols 1996),

that is, only SNPs of similar heterozygosity (HE 6 0.0025)

were compared. Samples from all locations and both time

points were permuted in order to increase permutation space

and decrease the likelihood of generating sets that match

empirical data.

Simulations of neutral drift and sampling variance were

generated to test for significant allele frequency changes

from spring to fall (R v3.6.1). Specifically, for every subpopu-

lation, spring and fall empirical data were considered two

samples of a temporally invariant population. For every SNP,

the weightedmean allele frequency of spring and fall samples

was used to simulate a subpopulation in HWE. Simulated

subpopulations were then randomly sampled ni times without

replacement, where n is the empirical sample size at each SNP

at time point i. Random sampling of the simulated subpopu-

lations is representative both of random death in the wild as

well as experimental sampling effects in the field and during

sequencing. This yielded a simulated “spring” and “fall” sam-

ple from which apparent temporal allele frequency change

FIG. 1.—Location of the four sampling sites within the watershed around the Rutgers University Marine Field Station (RUMFS). Inset shows the location

of the RUMFS on the coast of New Jersey, USA.
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was calculated. Ten thousand Monte Carlo iterations were

performed per SNP, generating SNP-specific distributions of

apparent allele frequency change under the null hypothesis of

neutral drift. By conducting SNP-specific simulations, the em-

pirical allele frequency, which conditions the magnitude of

allele frequency change, is accounted for. Empirical allele fre-

quency changes were then compared with the simulated dis-

tributions and p values generated according to rank.

Independent simulations were produced for every subpopu-

lation in order to account for potential genetic structure.

Simulated subpopulation sizes were 1,300 and 400 for the

basin and ponds, respectively. These estimates are based on

the observed F. heteroclitus abundance in the wild, deter-

mined by exhaustively trapping at each collection site until

no further fish were captured for two consecutive trapping

periods of 4h each.

Simulations testing significant spatial allele frequency dif-

ferences were conducted in a similar fashion. Here, SNP-

specific populations were generated under the null hypothesis

of spatial homogeneity. Subpopulations were considered

samples of a single, panmictic, population and their weighted

mean allele frequency used to simulate a metapopulation in

HWE. Distributions of apparent allele frequency differences in

the absence of spatial structure were generated by repeatedly

sampling (10,000Monte Carlo iterations) the simulatedmeta-

population with sample sizes nj, where j indicates the specific

subpopulation. Empirical allele frequency differences among

subpopulations were compared with the distribution of ap-

parent allele frequency differences under panmixia and p val-

ues generated as above. Spatial simulations were only

conducted on fall data in order to remain agnostic to potential

temporal change.

Barnard’s exact test was performed on contingency tables

of allele counts comparing either temporal changes (within

each subpopulation) or pairwise spatial differences (fall only).

Barnard’s test is statistically similar to Fisher’s exact test and,

while computationally more demanding, better suited to ge-

netic data because it does not condition on margin totals.

Tests were performed using the Exact package in R v3.6.1.

To facilitate further analysis, p values from the permutation

approach, simulation analysis, and Barnard’s tests were com-

bined by taking their geometric mean. The geometric mean is

a conservative aggregation method, appropriate for combin-

ing highly correlated p values, where Spearman’s q > 0.9

(Vovk and Wang 2020) (supplementary fig. S3,

Supplementary Material online). This resulted in a single p

value per SNP and subpopulation, quantifying the significance

of temporal allele frequency change, as well as a single p value

per SNP and pairwise comparison, quantifying the significance

of spatial differentiation in fall. Multiple test correction was

performed using the p.adjust function in R v3.6.1 by applying

both the false discovery rate (FDR¼ 10%) and nonsequential

Bonferroni methods.

Temporal Concordance

A Cochran–Mantel–Haenszel (CMH) test was applied to tem-

poral data in order to determine whether allele frequency

changes were significantly concordant among niches, specif-

ically ponds, and hence likely due to selection. The CMH test

assesses the degree of concordance with respect to both

magnitude and direction of allele frequency change.

Concordance was tested as follows: 1) among all four sub-

populations, 2) among the three ponds only, and 3) among

every other three-way combination, for example, Basin:Pond

1:Pond 2. To assess the degree of spurious concordance,

CMH tests were also performed on 1,000 simulations of tem-

porally invariant subpopulations (see above for details). Tests

were performed on contingency tables of allele counts using

the mantel.haenszel function in R v3.6.1.

Results

Phenotypic Divergence yet Negligible Population Structure

Of the 2,000 fish tagged in spring 2016, 195 (9.8%) were

successfully recaptured in the fall of the same year.

Recaptured F. heteroclitus demonstrated high site fidelity

with 186 (95.4%) individuals recaptured at their respective

tagging site. Nine migrant fish were excluded from further

analysis.

Fundulus heteroclitus subpopulations displayed significant

body length differences in spring (Kruskal–Wallis, P� 0.05)

(fig. 2A), with Basin individuals exhibiting the highest mean

total length. The bimodal length distribution of all subpopu-

lations suggests the presence of two cohorts of different ages

(supplementary fig. S4, SupplementaryMaterial online). In the

Basin subpopulation, the proportion of larger and likely older

fish is substantially higher than in the ponds. The reason for

this asymmetric age structure is unclear but could potentially

be due to increased mortality of larger (i.e., older) fish in the

ponds. Growth rates, calculated for recaptured individuals

only, were also significantly different among locations

(Kruskal–Wallis, P� 0.05) (fig. 2B). Notably, although Basin

residents show marginally higher growth rates when group-

ing individuals from all ponds (Mann–Whitney U, P¼ 0.058),

this result is driven by significant variation among distinct

ponds (Mann–Whitney U, P< 0.05). In fact, Pond 1 residents

exhibit the same growth rate as Basin residents (Mann–

Whitney U, P¼ 0.52), suggesting each pond may present

unique environmental conditions leading to distinct growth

profiles (Stuart et al. 2017).

Despite high site fidelity, F. heteroclitus show negligible

population structure based on all 10,861 SNPs, with a global,

mean weighted FST among all subpopulations and time points

of 8.5 � 10�4. A PCA biplot using all 10,861 SNPs (supple-

mentary fig. S5, Supplementary Material online) shows neg-

ligible structure in both space (i.e., among sampling sites) and

time (i.e., between seasons). The absence of spatial structure

Within-generation Selection among Ecological Niches GBE
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is expected in a highly connected population with yearly pan-

mictic breeding. Likewise, the lack of a temporal signal be-

tween spring and fall collections suggests no major allele

frequency shifts, expected for populations near equilibrium.

Consequently, any signal is likely to be moderate and limited

to a minor subset of alleles.

Significant Within-generation Allele Frequency Changes

Resident fish are assumed to have been exposed to their

niche-specific environments and associated selection pres-

sures during summer. Selective death or genotype-

dependent emigrationwill therefore be reflected in significant

allele frequency changes relative to the spring sample.

The significance of temporal allele frequency change was

quantified by the geometric mean p value, summarizing three

separate significance tests (Barnard’s test, permutation, and

simulation analyses) (fig. 3). This approach yielded 611 signif-

icant allele frequency changes in the Basin, 664 in Pond 1, 571

in Pond 2, and 625 in Pond 3 (geometric mean p< 0.05),

unlikely due to sampling error, random death, or random

emigration. However, these totals narrowly exceed the

expected number of false positives under a uniform p value

distribution (5% of 10,861¼ 543). In fact, only two SNPs

within Pond 1 remain significant after multiple test correction

(red points, fig. 3). SNPs that were significant at an FDR of

10% are also significant at the Bonferroni level and are hence

displayed as the latter. The absence of major, temporal allele

frequency changes paired with a moderately elevated

“number” of significant SNPs is suggestive of widespread al-

lele frequency changes of small effect, a pattern associated

with polygenic selection (Latta 1998; Le Corre and Kremer

2003, 2012).

To further investigate this idea, the observed number of

significant allele frequency changes was compared with the

expected number of significant allele frequency changes un-

der neutral drift (see Gompert et al. 2014; Barrett et al. 2019

for a similar approach). Figure 4 shows the observed to

expected (O:E) ratio of significant allele frequency changes

evaluated across a spectrum of alpha levels to determine

the excess of significant allele frequency changes at both

moderate and strict significance thresholds. Whereas Pond

2 predominantly falls within the 95% confidence interval of

FIG. 2.—Significant phenotypic differences among subpopulations. Box plots showing total length of tagged fish in spring (A) and growth rate of

recaptured individuals as a percentage of spring total length. (B) Global Kruskal–Wallis tests are highly significant for both spring length and growth. Post hoc,

pairwise comparisons are displayed as lowercase letters; subpopulations with the same letter are not significantly different (Wilcoxon, P>0.05).

FIG. 3.—Significant within-generation allele frequency changes in

each subpopulation. Temporal change in the reference allele frequency

and associated p value for all 10,861 SNPs. p values shown are the geo-

metric mean of p values generated from three separate significance tests

(Barnard’s test, permutation, and simulation). SNPs with a significant allele

frequency change are shown in color (blue, p<0.05; red, Bonferroni

corrected). Gray contour lines show the high density of loci with insignif-

icant allele frequency changes.
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neutral drift, the observed number of significant allele fre-

quency changes in Basin, Pond 1, and Pond 3 exceeds the

neutral expectation at intermediate alpha levels between

10�1 and 10�2.5. In these subpopulations, we observe 1.1

to 2-fold more SNPs showing significant, temporal allele

frequency changes than expected due to random drift and

sampling error. However, at lower alpha levels around 10�3,

only Pond 1 shows a significant O:E ratio. This pattern is in-

dicative of an elevated number of moderate allele frequency

changes in the absence of any major shifts as would be

expected under polygenic selection (Latta 1998; Le Corre

and Kremer 2003, 2012).

Concordant Allele Frequency Change among Niches

To further test the hypothesis of within-generation, polygenic

selection, we assessed the concordance of allele frequency

changes in both direction and magnitude, specifically among

pond subpopulations that are exposed to similar environmen-

tal conditions.

Of the 10,861 SNPs tested, we find three that show sig-

nificantly concordant allele frequency changes among pond

residents at an FDR of 10% with one SNP showing signifi-

cance at the Bonferroni level. Although this is not overwhelm-

ing, pond subpopulations (red line, fig. 5) also display a

significantly elevated number of concordant allele frequency

changes. The empirical data exceed both the expected

number of false positives at any given alpha level as well as

1,000 simulations under neutrality for which concordance is

spurious by design (gray lines, fig. 5). The median O:E ratio of

neutral simulations falls below the null expectation of 1. This

confirms that the CMH test is in fact conservative, strictly

controlling Type I error at the expense of Type II error.

Nevertheless, the O:E ratio for the number of concordant al-

lele frequency changes among ponds lies well above 1. For

instance, at an alpha level of 10�2 an O:E ratio of 1.6 suggests

60% more SNPs than expected exhibit concordant allele fre-

quency changes among the three ponds over summer.

Although the unexpectedly large number of concordant

SNPs among pond subpopulations is suggestive of niche-

specific allele frequency changes resulting from parallel selec-

tion, other three-way combinations, which include the basin

subpopulation, show similarly elevatedO:E ratios (blue shaded

lines, fig. 5). In fact, the number of concordant SNPs among

all subpopulations (green line, fig. 5) is up to 3-fold higher

than expected and exceeds 1,000 neutral simulations, indic-

ative of parallel, ecosystem-wide allele frequency shifts. Of

these, two SNPs remain significant after multiple test correc-

tion at an FDR of 10% with one showing significance at the

Bonferroni level. Significant, concordant allele frequency

changes at these loci seem to be unrelated to niche environ-

ment and are potentially due to a common selection pressure

experienced by all subpopulations.

FIG. 4.—Number of significant, within-generation allele frequency

changes exceeds the neutral expectation. Observed to expected ratio of

the number of significant allele frequency changes, evaluated across sig-

nificance thresholds (alpha levels). The black, solid line marks the expected

ratio of 1 under neutral drift. The black, dashed line and gray shadingmark

the one-tailed 95% confidence interval.

FIG. 5.—Significant concordance inwithin-generation allele frequency

changes among subpopulations. Observed to expected ratio of the num-

ber of significantly concordant allele frequency changes among different

combinations of subpopulations (Cochran–Mantel–Haenszel test). Gray

lines show 1,000 simulations of concordance among three simulated sub-

populations under the null hypothesis of neutral change and no spatial

differentiation. The solid, black line shows the median O:E ratio of the

neutral simulations, dashed lines encompass 95% of simulations.
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Fine Spatial Structure among Niche Populations

Although there is negligible spatial structure when utilizing all

10,861 SNPs (supplementary fig. S5, Supplementary Material

online), pairwise comparisons among subpopulations in fall

yield individual loci with exceptional FST values (supplementary

fig. S6, Supplementary Material online), often exceeding 0.2

and ranging as high as 0.43. Nevertheless, only two pairwise

comparisons yield SNPs that remain significant after multiple

test correction; Basin:Pond 2 (two SNPs) and Pond 1:Pond 2

(one SNP) (Bonferroni corrected). Further, Pond:Pond pairwise

comparisons yield SNP-specific FST values of similar magnitude

and significance as Basin:Pond comparisons (supplementary

fig. S6, Supplementary Material online), contrary to the prior

expectation of genetic divergence among environmentally

distinct niches (Wagner et al. 2017).

The results presented here partially corroborate the find-

ings of Wagner et al. (2017) who also found significant

spatial outlier SNPs among niches in this and other salt

marsh estuaries. However, the authors did not compare

within niche type, making it difficult to attribute spatial

divergence to a niche effect as opposed to divergence

among subpopulations distributed in space. Of the 4,741

SNPs assayed by Wagner et al. (2017), only 115 are suc-

cessfully genotyped here. The low overlap can be mostly

attributed to the filtering required to minimize missing data

as well as the thinning approach employed by both studies

to avoid inflating outlier numbers due to LD (supplemen-

tary table S1 and fig. S2, Supplementary Material online).

Nevertheless, of the 63 spatial outlier SNPs identified by

Wagner et al. (2017) in 2013, four are present in the cur-

rent data set of which one shows significant spatial diver-

gence (Basin:Pond 1, p< 0.05).

Perhaps more important than the presence of singular,

spatial outlier SNPs is the proportion of SNPs exhibiting signif-

icant spatial differentiation compared with the expectation

under complete panmixia and neutral drift. Figure 6 shows

the ratio of the observed to expected number of significantly

differentiated SNPs, evaluated across alpha levels. For every

pairwise comparison, the O:E ratio of spatially significant SNPs

falls above the neutral expectation for moderate alpha levels

between 10�1 and 10�2. However, at lower alpha levels of

10�3 pairwise comparisons yield no more significant, spatial

outlier SNPs than expected by the Type I error rate. Hence,

although the number of SNPs exhibiting moderate spatial dif-

ferentiation is elevated beyond what is expected due to neu-

tral processes alone, only few SNPs are individually

significantly differentiated. This is indicative of fine, spatial

structure among subpopulations, potentially due to weak,

polygenic selection. Contrary to prior expectations (Wagner

et al. 2017) but consistent with temporal data, Pond:Pond

pairwise comparisons yield similar, significantly elevated num-

bers of spatially diverged SNPs (mean of 635 significant SNPs

per pairwise comparison, p< 0.05) as opposed to Basin:Pond

comparisons (mean of 638 spatially significant SNPs per pair-

wise comparison, p< 0.05). Fine, spatial structure within the

estuary is therefore likely to be more complex than binary

differentiation between two broadly defined niche types (ba-

sin vs. pond environments).

FIG. 6.—Number of spatially differentiated SNPs exceeds the neutral expectation. Observed to expected ratio of the number of SNPs showing significant

spatial differentiation, evaluated across alpha levels for each pairwise comparison among subpopulations in fall. Basin:Pond pairwise comparisons are

displayed on the left, Pond:Pond comparisons on the right. Black solid lines mark the expected ratio of 1 under the null hypothesis of no spatial differen-

tiation. Black, dashed lines and gray shading mark the one-tailed 95% confidence intervals.
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Within-generation Allele Frequency Changes Generate

Fine Spatial Structure

Both the number of loci exhibiting significant within-genera-

tion allele frequency changes, as well as those displaying sig-

nificant spatial divergence, exceed the neutral expectation. In

order to elucidate the spatiotemporal relationship of these

non-neutral patterns, we examined the intersection of tem-

porally and spatially significant SNPs. We found a significant

enrichment of SNPs that show both a significant allele fre-

quency change over time as well as spatial differentiation (v2

test, p� 0.01). This holds true upon evaluating all temporally

significant SNPs, regardless of subpopulation, and all spatially

significant SNPs, regardless of pairwise comparison.

Significant enrichment also occurs within any given pairwise

comparison, that is, when only temporally and spatially sig-

nificant SNPs pertaining to the subpopulations in a specific

pair are taken into account (v2 test, p�0.01 for all pairwise

comparisons). This suggests that within-generation allele fre-

quency changes during summer generate fine spatial struc-

ture among subpopulations.

Figure 7 displays the within-generation allele frequency

changes of 788 SNPs that exhibit significant spatial divergence

in fall (geometric mean p< 0.01). To simplify visualization,

data from all six pairwise comparisons were collapsed into a

single graphic. The x and y axes display temporal allele fre-

quency change for any arbitrary pair of subpopulations. The

coloration indicates the spatial differentiation among these

subpopulations in fall (see supplementary fig. S7,

Supplementary Material online, for specific pairwise compar-

isons). Spatially diverged SNPs have a bimodal distribution and

are largely found in the upper left and lower right quadrants.

This suggests that the majority of significantly diverged SNPs

has experienced minor, antagonistic allele frequency changes

during summer. The relatively low density of SNPs around the

origin indicates that only few loci exhibit significant spatial

divergence without having undergone recent allele frequency

changes. In fact, spatially diverged SNPs exhibit significantly

larger temporal allele frequency changes than non-diverged

SNPs (one-tailed Wilcoxon rank sum test, p� 0.05). This is

further highlighted by the observation that SNPs with the

greatest spatial divergence (warmer colors, fig. 7) demon-

strate the largest antagonistic allele frequency changes.

Taken together, this suggests that fine spatial structure is pre-

dominantly the result of within-generation allele frequency

changes and not due to niche sorting at an earlier point in

time.

Discussion

High site fidelity at small spatial scales (Lotrich 1975; Skinner

et al. 2005, 2012; Able et al. 2012) combined with a large tag

and recapture effort allowed for in situin situ monitoring of

selective processes in this F. heteroclitus population. We find

significant morphological differences among individuals

inhabiting distinct niche environments (fig. 2). Although mor-

phological divergence could be purely environment driven,

that is, plastic, it is indicative of significant environmental dif-

ferences among niches that could potentially be driving selec-

tion. For instance, the disparate temperature and dissolved

oxygen regimes (Smith and Able 2003; Hunter et al. 2007)

experienced by tidal pond and coastal basin residents are

plausible drivers of selection given their direct effect on fitness

related life history traits in ectotherms (Huey and Berrigan

2001; Stierhoff et al. 2003; Hunter et al. 2007; Kingsolver

and Huey 2008; Dibble and Meyerson 2012; Hochachka

and Somero 2014; Flatt 2020). Minimal spatial structure (sup-

plementary fig. S5, Supplementary Material online) resulting

from synchronous breeding in a common location provides a

homogeneous genetic baseline upon which selection may act

in any single environmental niche. In fact, GBS data of larval

fish, caught throughout the estuary 2–4weeks postspawn-

ing, do not show any population structure nor increased kin-

ship among larvae caught at the same location (unpublished).

Within a single generation we find an elevated number of

significant allele frequency changes that are unlikely caused

FIG. 7.—Within-generation allele frequency changes generate fine,

spatial structure. Temporal allele frequency changes of 788 SNPs exhibiting

significant spatial divergence in fall (geometric mean p<0.01). x and y

axes show the allele frequency change in two of the four subpopulations,

with all six pairwise comparisons overlaid. Dashed lines mark the origin;

solid contour lines the density distribution of SNPs. Coloration indicates the

spatial allele frequency difference in fall. Inset shows the distribution of

absolute allele frequency changes for non-diverged SNPs (purple) and for

SNPs showing significant divergence in fall (orange).
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by random mortality, sampling effects, linkage, or other neu-

tral processes alone (fig. 4). In addition, we find an unexpect-

edly high proportion of allele frequency changes to be

concordant among subpopulations in both magnitude and

direction (fig. 5). Spatial data corroborate previous findings

by Wagner et al. (2017), showing an elevated number of

significantly differentiated SNPs among interbreeding, resi-

dent subpopulations within the same estuary (fig. 6). Finally,

we show that spatially differentiated loci have undergone

larger temporal allele frequency changes than undifferenti-

ated loci (fig. 7). This suggest that fine spatial structure among

niche subpopulations is primarily the result of within-

generation allele frequency changes, not prior spatial

structure.

Within-Generation, Local Adaptation by Polygenic
Selection

Given its prolonged presence in New Jersey salt marshes

(�15,000years) (Ropson et al. 1990), large effective popula-

tion sizes on the order of 104–105 (Valiela et al. 1977;

Duvernell et al. 2008), and a short generation time of 1 year

(Kneib and Stiven 1978), one might expect F. heteroclitus to

have successfully adapted to its habitat and reached equilib-

rium. Instead, we find an unexpectedly high number of minor

allele frequency changes that shape spatial divergence among

subpopulations, suggestive of local adaptation to niche envi-

ronments. These observations are hard to reconcile, especially

when selection is strong enough to produce detectable allele

frequency changes within a single generation.

Polygenic selection leading to fine scale adaptation to niche

environments offers a plausible explanation for the observed

patterns. Given sufficient standing genetic variation andmod-

erate redundancy in the alleles underlying a polygenic, fitness-

related trait, subpopulations could potentially respond to

niche-specific selection every generation following panmictic

breeding (Goldstein and Holsinger 1992; Yeaman 2015).

Assuming numerous combinations of redundant alleles can

equally confer higher fitness, local adaptation is readily

achieved with just minor allele frequency changes at multiple

loci of small effect (Latta 1998; Le Corre and Kremer 2003,

2012). This makes quantitative traits with redundant, poly-

genic architectures and high levels of genetic variance the

most likely candidates for this type of within-generation

selection (Houle 1992; Yeaman 2015). In fact, several

higher-order, fitness-related traits have been shown to be

under redundant, polygenic control (Boyle et al. 2017;

Zhang et al. 2018; Barghi et al. 2019; Flatt 2020).

Repeated, within-generation selection can be viewed as a

particular case of local adaptation that does not result in evo-

lutionary change across generations. However, it still gener-

ates subtle phenotypic divergence among niche residents that

raises the niche-specific fitness of each subpopulation. In a

heterogeneous landscape, within-generation selection may

then create microgeographic patterns of local adaptation

that are continuously generated and eroded (Richardson

et al. 2014). Such genetic and phenotypic patterning at

both short temporal and small spatial scales may then not

only be of evolutionary interest but also have far-reaching

ecological consequences (Hairston et al. 2005; Urban et al.

2020).

An essential requirement of adaptation via polygenic selec-

tion is high standing genetic variation which is however rap-

idly depleted by successive bouts of selection (Yeaman 2015;

Jain and Stephan 2017). Sustained within-generation selec-

tion therefore requires genetic variance to be maintained

across generations. However, the mechanisms underlying

the maintenance of genetic variance remain poorly under-

stood, especially in the case of polygenic traits with a redun-

dant architecture. Nevertheless, several factors may facilitate

the maintenance of polymorphism in F. heteroclitus. For in-

stance, spatially heterogeneous environments have been

shown to promote and maintain high standing genetic varia-

tion (Gillespie 1974; Gulisija and Kim 2015; Svardal et al.

2015). Density-dependent, soft selection (Wallace 1975) in

resource-limited patches, such as the tidal ponds inhabited

by F. heteroclitus (Kneib 1993; Hunter et al. 2007, 2009;

Dibble and Meyerson 2012), has been shown to maintain

polymorphism experimentally (Gallet et al. 2018).

Likewise, temporally heterogeneous environments can also

maintain polymorphism in a population (Gillespie 1973;

Bergland et al. 2014; Svardal et al. 2015; Wittmann et al.

2017; Bertram and Masel 2019). Fluctuations in biotic or abi-

otic factors, such as predator abundance or temperature

(Yoshida et al. 2003; Paccard et al. 2018), can result in cyclic

selection pressures that restrict fixation of temporarily benefi-

cial alleles (Bergland et al. 2014; Gulisija and Kim 2015;

Bertram and Masel 2019). In addition, age-dependent selec-

tion and overlapping generations can further stabilize poly-

morphism via the storage effect (Ellner and Hairston 1994;

Gulisija and Kim 2015). For example, if selection predomi-

nantly occurs during the larval stage as it does for most tele-

osts like F. heteroclitus (Kneib and Stiven 1978; Kneib 1993),

adult fish may “store” momentarily deleterious alleles until

the environment reverts to conditions under which these be-

come beneficial again. Stored alleles can then rise in fre-

quency, possibly explaining the concordant, ecosystem-wide

allele frequency changes observed here.

Finally, a continuous supply of newmutations is likely to be

critical for sustained selection on standing genetic variation.

Fortunately, this is discernibly higher for redundant, polygenic

traits due to their larger mutational target, that is, the number

of loci at which a new mutation will have an effect (Yeaman

2015; Hermisson and Pennings 2017; Höllinger et al. 2019). In

addition, its large effective population size (Valiela et al. 1977;

Duvernell et al. 2008) allows F. heteroclitus to attain one of

the highest nucleotide diversities among vertebrates of 1.6%

(Reid et al. 2016). Such genetic diversity, demonstrative of an
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elevated population-scaled mutation rate, may form the re-

quired basis for repeated within-generation local adaptation

in F. heteroclitus.

Genetic Divergence among Replicate Niches

We did not observe a clear signal of pond subpopulations

diverging in parallel from the basin subpopulation. Although

significantly elevated, concordance among the three ponds is

not higher than among any other three-way combination that

includes the Basin, for example, Basin:Pond 1:Pond 3.

Nevertheless, we observe within-generation allele frequency

changes that result in an unexpected number of significantly

differentiated loci among resident subpopulations, regardless

of niche type. This result, previously demonstrated byWagner

et al. (2017), suggests environmental heterogeneity does not

present as discrete partitioning into binary pond/basin niche

types, but rather as a continuum ofmultiple, possibly obscure,

environmental factors. Stuart et al. (2017) have shown that

cryptic environmental differences among lake and stream

habitats can explain the apparent lack of parallelism among

paired stickleback populations. Likewise, cryptic environmen-

tal variables among ponds may be of similar, or higher, im-

portance as the documented temperature and dissolved

oxygen differences to the basin. For example, Hunter et al.

(2007, 2009) demonstrated that tidal pond flooding fre-

quency is positively correlated with female F. heteroclitus

gonadosomatic index. The authors suggest that increased nu-

trient availability, introduced by frequent tidal flooding, may

allow for higher reproductive allocation, a key life history and

fitness-related trait. Hence, quasi-isolated, resident subpopu-

lations are likely exposed to a multidimensional, heteroge-

neous fitness landscape with distinct selection pressures

resulting in unique pheno- and genotypic responses.

An alternative explanation for the relative lack of parallel-

ism among ponds is redundancy in the genetic architecture of

traits under selection (Yeaman et al. 2018; L�aruson et al.

2020). If distinct combinations of redundant alleles can induce

the same phenotype, then replicate populations experiencing

similar selection pressures may not necessarily share the same

adaptive alleles (Fraser et al. 2015; Barghi et al. 2019). Under

redundant, polygenic selection pond subpopulations may

therefore showparallel, phenotypic divergence from the basin

without exhibiting molecular parallelism. In fact, this mode of

selection would present as mild divergence at redundant,

adaptive loci among replicate niches as was observed here.

Which loci ultimately effect an adaptive trait shift in any given

niche may then simply depend on stochastic effects

(Hermisson and Pennings 2017; Höllinger et al. 2019). For

example, random dispersal of larvae across the estuary gen-

erates mild heterogeneity in standing genetic variation among

ponds. Assuming similar effect sizes among redundant alleles,

those at intermediate frequencies will be more responsive to

selection (Hermisson and Pennings 2005; Barrett and Schluter

2008), resulting in unique adaptive outcomes within each

pond. Nevertheless, distinguishing genetic redundancy from

cryptic environmental differences among replicate niches is

complex, especially in an uncontrolled, natural setting.

Matching Habitat Choice

The majority of F. heteroclitus exhibit limited dispersal (>60%

stay within 20 m over several months), yet a significant pro-

portion readily travels between niches during spring tides

when the estuary floods (Skinner et al. 2005, 2012; Able

et al. 2012). During early summer, monthly pond emigration

rates can reach 30% compared with mortality rates of 20%

(Hunter et al. 2009). Similar migration rates have also been

reported in the basin, suggesting niches are in fact highly

connected (Able et al. 2012). Here, the absence of tagged

individuals in fall may therefore be due to either mortality or

emigration. Although only a small proportion of tagged indi-

viduals migrated among sampling sites (4.6%), we cannot

exclude the possibility of emigration into unsampled locations.

Hence, the significant temporal allele frequency changes and

resulting spatial structure observed here can be both the con-

sequence of selection and/or non-random, genotype-

dependent emigration. Note that immigration cannot have

caused the observed allele frequency changes because immi-

grant fish, which carried either no tag or a “foreign” tag,

were excluded from the analysis.

Genotype-dependent migration, or matching habitat

choice, describes the process of organisms sensing their sur-

roundings and actively seeking environments in which their

fitness is maximized (Edelaar and Bolnick 2012; Nicolaus and

Edelaar 2018). This can lead to adaptive, genetic divergence

even when migration rates are prohibitively high for local ad-

aptation under migration-selection balance (Edelaar and

Bolnick 2012; Richardson et al. 2014). Further, matching hab-

itat choice significantly reduces genetic load in outbred pop-

ulations and can allow for the maintenance of standing

genetic variation because alleles are not removed by selection

but rather redistributed in space (Nicolaus and Edelaar 2018).

Although several studies have demonstrated matching habi-

tat choice in the wild (Jones and Probert 1980; Bolnick et al.

2009; Karpestam et al. 2012), it is a costlier strategy than

evolving locally adapted genotypes or phenotypic plasticity

(Nicolaus and Edelaar 2018). In fact, matching habitat choice

is only favorable in 1) an actively dispersing species (Jacob

et al. 2015) that 2) breeds panmictically, where 3) offspring

distribute randomly throughout a habitat that is 4) highly het-

erogeneous both in space and time yet 5) offers minimal

barriers to dispersal (Nicolaus and Edelaar 2018). Fundulus

heteroclitus inhabiting New Jersey salt marshes evidently

meet these criteria, making matching habitat choice a plausi-

ble, alternative explanation for the observed within-

generation allele frequency changes.
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Linkage Disequilibrium

The GBS approach only allowed for querying �0.3% of the

�1Gb F. heteroclitus genome. It is therefore plausible that

large allele frequency changes in unsequenced regions of the

genome were not identified. Hence, we cannot exclude the

possibility that within-generation selection in F. heteroclitus is

driven by large-effect loci. Linkage to unobserved loci under

strong selection could also lead to an elevated number of

minor, yet significant, allele frequency changes via

“hitchhiking” (Barton 2000; Maynard Smith and Haigh

2007). Still, although we cannot exclude the presence of

large-effect loci, it is unlikely that our observations are the

result of hitchhiking alone. First, LD decays rapidly (within

�500 bp, supplementary fig. S2, Supplementary Material on-

line), indicating that the F. heteroclitus population is large and

outbred. As a result, the extent of hitchhiking is reduced and

the size of genomic islands around potential loci under strong

selection are small (Barton 2000). The likelihood that the small

proportion of loci assayed via GBS happen to be in linkage

with and hitchhiking alongside unobserved, large-effect loci is

therefore low. Second, if the elevated number of significant

allele frequency changes would be caused by hitchhiking

alone, significant SNPs should cluster around loci under strong

selection. Instead, we find both loci with significant temporal

allele frequency changes as well as significant spatial differ-

entiation are evenly distributed throughout the genome (sup-

plementary fig. S8, Supplementary Material online). Finally,

the number of significant SNPs per scaffold is highly correlated

to its length (Pearson’s r¼ 0.75, p� 0.05) (supplementary

fig. S9, Supplementary Material online), further supporting

the conclusion that allele frequency changes are pervasive

and evenly distributed, a pattern typical of polygenic architec-

tures (Visscher et al. 2006).

Although linkage to unsampled, large-effect loci cannot

explain our observations, linkage among the assayed loci

could potentially be influencing our results. Within local re-

combination “cold spots,” for instance, tight linkage can in-

flate the observed number of significant loci relative to the

expectation, leading to an overestimated O:E ratio. We re-

duced this bias by pruning the SNP set to only include loci

separated by at least 300bp which, in this naturally outbred

population, significantly reduces mean linkage among loci

(supplementary fig. S2, Supplementary Material online).

Although our pruning approach does not exclude more dis-

tant linkage interactions, the results suggest that it sufficiently

controls for linkage bias. Specifically, the permutation ap-

proach implicitly accounted for linkage because individuals

rather than specific SNPs were permuted. p values generated

by the permutations are highly correlated and near identical

to those resulting from the simulation analyses and Barnard’s

tests (supplementary fig. S3, Supplementary Material online).

If results were primarily driven by linkage bias, permutation

analyses would detect markedly fewer significant loci than the

methods assuming independence among loci. Since this is not

the case, linkage among assayed loci is unlikely to have caused

elevated O:E ratios and within-generation, polygenic selection

at multiple loci of small effect remains the most plausible

explanation.

Conclusion and Future Directions

We have discovered significant, concordant allele frequency

changes within a single generation among independent sub-

populations of a well-mixed, larger population. Although only

few loci are individually significant, we find an excess of allele

frequency changes that are unexpected in a finite, closed

population evolving under neutrality. Further, these allele fre-

quency changes generate subtle, yet significant, divergence

among subpopulations, suggestive of fine scale, local adap-

tation to distinct niche environments within a single genera-

tion. Although we cannot distinguish between selection and

genotype-dependent emigration as drivers of significant allele

frequency changes, the underlying genetic architecture seems

to be polygenic. That is, the unknown trait involved in trait-

dependent mortality (selection) and/or trait-dependent emi-

gration likely has a polygenic basis. Although some ambigu-

ities remain, redundant, polygenic selection, and/or trait-

dependent emigration offer conceivable mechanisms for

within-generation, local adaptation and polymorphism main-

tenance in the F. heteroclitus system.

Still, further work is necessary to validate this interpreta-

tion. First, comprehensive phenotyping of individuals is re-

quired to confirm selection and/or trait-dependent

emigration effects a shift in trait means among niche resi-

dents. Given the stark differences both in temperature and

dissolved oxygen between pond and basin habitats (Smith

and Able 2003), traits known to be impacted by these abiotic

factors are the most promising targets (Huey and Berrigan

2001; Stierhoff et al. 2003; Hunter et al. 2007; Kingsolver

and Huey 2008; Dibble and Meyerson 2012; Hochachka

and Somero 2014; Flatt 2020). In addition, differential survi-

vorship in caged, reciprocal transplants of basin and pond

residents could confirm selection on niche conditions and

eliminate matching habitat choice as a potential mechanism.

Comprehensive whole-genome sequencing is required to

determine the effect size distribution and confirm that poly-

genic architectures govern within-generation niche adapta-

tion. A repeat of this experimental design would allow for

assessing the consistency of allele frequency changes be-

tween generations and give a measure of genetic redundancy

(Yeaman et al. 2018; L�aruson et al. 2020). Finally, by combin-

ing phenotypic and genetic data, associations can be drawn

between niche-specific allele frequency changes and the phe-

notypes under selection.

Detecting subtle signatures of redundant, polygenic selec-

tion on complex traits remains elusive. We acknowledge the

limitations of the data presented here but encourage further
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work addressing repeated within-generation, polygenic selec-

tion not only in a laboratory setting but also in natural

populations.
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