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Abstract 
An evolutionary debate contrasts the importance of genetic convergence versus genetic redundancy. In genetic convergence, the same adap-
tive trait evolves because of similar genetic changes. In genetic redundancy, the adaptive trait evolves using different genetic combinations, and 
populations might not share the same genetic changes. Here we address this debate by examining single nucleotide polymorphisms (SNPs) 
associated with the rapid evolution of character displacement in Anolis carolinensis populations inhabiting replicate islands with and without a 
competitor species (1Spp and 2Spp islands, respectively). We identify 215-outliers SNPs that have improbably large FST values, low nucleotide 
variation, greater linkage than expected and that are enriched for genes underlying animal movement. The pattern of SNP divergence between 
1Spp and 2Spp populations supports both genetic convergence and genetic redundancy for character displacement. In support of genetic 
convergence: all 215-outliers SNPs are shared among at least three of the five 2Spp island populations, and 23% of outlier SNPS are shared 
among all five 2Spp island populations. In contrast, in support of genetic redundancy: many outlier SNPs only have meaningful allele frequency 
differences between 1Spp and 2Spp islands on a few 2Spp islands. That is, on at least one of the 2Spp islands, 77% of outlier SNPs have allele 
frequencies more similar to those on 1Spp islands than to those on 2Spp islands. Focusing on genetic convergence is scientifically rigorous 
because it relies on replication. Yet, this focus distracts from the possibility that there are multiple, redundant genetic solutions that enhance the 
rate and stability of adaptive change.
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Introduction
If we could re-run evolutionary events, would we end up 
with similar adaptive outcomes? Famously, Gould stated 
that evolution is not predictable (Gould, 1994); instead, phe-
notypes are constrained by the history of species (Gould & 
Lewontin, 1979) and would not re-occur if earth’s history 
were restarted and allowed to re-evolve (Gould, 2002). Such 
stochastic evolution is found in Darwin’s finches (Grant & 
Grant, 2002) and the experimental evolution of Escherichia 
coli over 60,000 generations (Good et al., 2017). Yet, conver-
gent phenotypes are often found among independent taxa: 
three spine stickleback populations (Gasterosteus aculea-
tus) independently evolved reduced body armor with inva-
sion into freshwater (Hendry et al., 2013; Hohenlohe et al., 
2010; Schluter, 2000); Anolis species independently evolved 
common morphology when occupying common niche space 
among Caribbean islands (Losos, 2011); guppy populations 
in Trinidad (Poecilia reticulata) independently evolved similar 
life history and coloration when subjected to higher preda-
tion (Kemp et al., 2018; Reznick & Bryga, 1996; Reznick et 
al., 1996); and across a wide geographic range, aquatic fish 
species from colder environments have independently evolved 

higher than expected metabolic rates (White et al., 2012). 
These convergences extend to biochemical traits: Fundulus 
species independently evolve the higher expression of the 
same three glycolytic enzymes in colder environments (Pierce 
& Crawford 1997), and diverse bird taxa that routinely 
encounter high altitudes have independently evolved hemo-
globins with greater oxygen affinities (Natarajan et al., 2016).

Based on these and other studies, adaptive evolution can 
be both idiosyncratic and surprisingly repeatable among 
closely related taxa (Blount et al., 2018). What is unclear 
is whether phenotypic convergence is the result of genetic 
convergence, arising from the same genetic changes. Genetic 
convergence depends on the genomic architecture of a phe-
notypic trait. If there is a single gene of large effect, like 
coat color in mammals, then repeated use of a single gene 
is common (Manceau et al., 2010; Yeaman, 2022). In con-
trast, if the genomic architecture is polygenic with genetic 
redundancy, then genetic convergence is less likely because 
many different gene combinations can drive adaptive evolu-
tion (Barghi et al., 2019, 2020; Yeaman, 2015). This debate 
is important because redundant polygenic adaptive evolu-
tion has the advantage of being rapid, being less sensitive to 
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migration, and maintaining genetic polymorphisms (Barghi 
et al., 2020; Ehrlich et al., 2021; Yeaman, 2015). Thus, iden-
tifying the genomic architecture underlying rapid evolution 
is fundamentally important to understand the effects of 
human-induced environmental change and to inform species 
conservation strategies (Gilman et al., 2010; Hoffmann & 
Sgro, 2011; Vandvik et al., 2020).

To address the genetic convergence vs. genetic redundancy 
debate, we investigate the genomic architecture of charac-
ter displacement in Anolis carolinensis (Stuart et al., 2014). 
Character displacement is an evolved response among com-
petitors that reduces niche overlap (Brown & Wilson, 1956; 
Germain et al., 2018; Grant, 1972; Huey & Pianka, 1974; 
Schluter, 2000; Schluter & Grant, 1984; Stuart & Losos, 
2013). This reduction in shared niche space corresponds 
with increased interspecific phenotypic differences while 
reducing intraspecific variation (Reynolds et al., 2019). To 
investigate the genomic architecture of character displace-
ment, we sampled A. carolinensis that live on spoil islands 
in the intracoastal waters along the central coast of eastern 
Florida (Figure 1). The arrival of Anolis sagrei, a competitor, 
was documented for many of these small islands in 1994. By 
2010, approximately 20 generations after A. sagrei’s arrival, 
A. carolinensis on two species islands (i.e., islands with com-
petitors) showed evolutionary divergence in toe pad morphol-
ogy associated with an increase in perch height (Stuart et al., 
2014). Here, using the individuals sampled in 2010 (Stuart 
et al., 2014), we sequenced A. carolinensis from three islands 
without competitors (hereafter, 1Spp islands) and five islands 
with competitors, where A. carolinensis co-occurred with 
A. sagrei (hereafter, 2Spp islands, Figure 1, Supplementary 
Tables S1 and S2). We show that there are 215-outliers single 

nucleotide polymorphisms (SNPs) where 2Spp islands have 
small but significant allele frequency differences compared to 
1Spp islands. Supporting the effect of natural selection, these 
outlier SNPs had lower nucleotide variation (pi) and greater 
LD (linkage disequilibrium) than expected. One perspective 
of these evolved differences in SNP allele frequencies between 
1Spp and 2Spp islands is genetic convergence: all 215-outliers 
SNPs had similar changes on three out of five 2Spp islands, 
indicating convergence at the nucleotide level. An alternative 
perspective is a genetic redundancy: each 2Spp island had 
substantial allele frequency differences in a unique subset of 
outlier SNPs. We suggest that both perspectives are correct.

Materials and methods
Anoles and genomic DNA
Tissue or DNA for 160 Anolis carolinensis and 20 A. sagrei 
samples were provided by the Museum of Comparative 
Zoology at Harvard University (Supplementary Table S2). 
These samples were collected in 2010 to examine character 
displacement in native A. carolinensis following the introduc-
tion of A. sagrei onto man-made spoil islands in Mosquito 
Lagoon, Florida (Stuart et al 2014). One hundred of the sam-
ples were genomic DNAs, and 80 samples were tissues (termi-
nal tail clip, Supplementary Table S2).

Genomic DNA was isolated from tail tips using a cus-
tom SPRI magnetic bead protocol (Kamath et al., 2020). 
All DNA samples were gel electrophoresed to ensure high 
molecular mass and quantified by spectrophotometry and 
fluorescence using Biotium AccuBlueTM High Sensitivity 
dsDNA Quantitative Solution according to manufacturer’s 
instructions.

Genotyping-by-sequencing (GBS) libraries were prepared 
using a modified protocol after Elshire et al (2011). Briefly, 
high-molecular-weight genomic DNA was aliquoted and 
digested using the ApeKI restriction enzyme. Digests from 
each individual sample were uniquely barcoded, pooled, and 
size selected to yield insert sizes between 300–700 bp (Kemp 
et al., 2018). Pooled libraries were PCR amplified (15 cycles) 
using custom primers that extend into the genomic DNA 
insert by three bases (CTG). Adding three extra-base pairs 
systematically reduces the number of sequenced GBS tags, 
enhancing sequencing depth. The final library had a mean size 
of 424 bp ranging from 188 to 700 bp.

Anolis SNPs
Pooled libraries were sequenced on one lane on an Illumina 
HiSeq 4000 in a 2 × 150 bp paired-end configuration, yield-
ing approximately 459 million paired-end reads (~138 Gb). 
The medium Q-Score was 42 with the lower 10% Q-Scores 
exceeding 32 for all 150 bp. The initial library contained 180 
individuals with 8,561,493 polymorphic sites. Twenty indi-
viduals were Anolis sagrei, and two individuals (Yan 1610 
and Yin 1411) clustered with A. sagrei and were not used to 
define A. carolinesis’ SNPs.

Anolis carolinesis reads were aligned to the Anolis 
carolinensis genome (NCBI RefSeq accession number:/
GCF_000090745.1_AnoCar2.0). SNPs for A. carolinensis 
were called using the GBeaSy analysis pipeline Wickland 
et al 2017 with the following filter settings: minimum read 
length of 100 bp after barcode and adapter trimming, mini-
mum phred-scaled variant quality of 30 and minimum read 
depth of 5. SNPs were further filtered by requiring SNPs 

Figure 1. Mosquito Lagoon and experimental islands. Spoil islands in 
central Florida Intracoastal Waterway created by dredging with latitude 
on the right axis. Collection islands are named. Islands with * are 1Spp 
islands having only A. carolinensis. Total linear distance among the eight 
islands is 12.5 km. Each island is ~100 m in diameter.
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to occur in > 50% of individuals, and 66 individuals were 
removed because they had less than 80% of called SNPs. 
These filtering steps resulted in 51,155 SNPs among 94 
individuals. Final filtering among 94 individuals required 
all sites to be polymorphic (with fewer individuals, some 
sites were no longer polymorphic) with a maximum of 
two alleles (all are biallelic), minimal allele frequency 0.05, 
and expected heterozygosity (He) that does not “exceed” 
Hardy–Weinberg equilibrium (HWE and a false discov-
ery rate <0.01). SNPs with large He that exceeded HWE 
frequencies were removed (2,280 SNPs). These SNPs with 
large significant heterozygosity may result from aligning 
paralogues (different loci), and thus may not represent 
polymorphisms. No SNPs were removed with low He (due 
to possible demography or other exceptions to HWE). After 
filtering, 94 individuals yielded 44,120 SNPs. Thus, the final 
filtered SNP data set was 44K SNPs from 94 individuals 
(1Spp n = 39 and 2Spp n =54).

Statistical analyses
Eight A. carolinensis populations were analyzed: three pop-
ulations from islands with A. carolinesis only (1Spp islands) 
and five populations from islands where A. carolinesis co-ex-
ist with A. sagrei (2Spp islands, Table 1, Supplementary Table 
S1). Most analyses pooled the three 1Spp islands and con-
trasted these with the pooled five 2Spp islands. Minor allele 
frequency (MiAF), where the minor allele is defined across 
all 94 individuals and thus may be > 0.5 in one or more 
populations.

Two approaches were used to define SNPs with unusually 
large allele frequency differences between 1Spp and 2Spp 
islands: (1) comparison of FST values to random permutations 

and (2) a modified FDIST approach to identify outlier SNPs 
with large and statistically improbable FST values.

Shared, substantial differences in MiAF were defined by 
the 95% confidence interval (CI) across the five 2Spp islands 
for each SNP. Specifically, if the difference between 1Spp 
and 2Spp MiAF was positive (2Spp has a lower MiAF), then 
2Spp’s SNP MiAF had to be less than the upper 95% CI for 
2Spp islands. Similarly, if 2Spp MiAF was greater than 1Spp 
MiAF (negative difference), then the 2Spp MiAF had to be 
larger than 5% CI for 2Spp islands. That is, a substantial dif-
ference occurs when the 2Spp MiAF is more similar to 2Spp 
MiAF than to the other 1Spp MiAF.

Random permutations
FST values were calculated in VCFTools (version 4.2; Danecek 
et al., 2011 where the p-values per SNP were defined by com-
paring FST values to 1,000 random permutations using a cus-
tom script (supplemental). Basically, random populations are 
individuals with all of their SNPs randomly assigned to one 
of eight islands or to 1Spp vs. 2Spp groups, using the original 
sample sizes (55 for 2Spp and 39 for 1Spp islands). FST val-
ues were re-calculated for every 1,000 randomizations using 
VCFTools.

Modified FDIST
To identify outlier SNPs with statistically large FST values, 
a modified FDIST (Beaumont & Nichols, 1996) was imple-
mented in Arlequin (Excoffier et al., 2005). This modified 
approach applies 50,000 coalescent simulations using a hier-
archical population structure, in which demes are arranged 
into K groups of d demes and in which migration rates between 

Table 1. MiAF of 215 outlier SNPs. (A) MiAF for 1Spp and 2Spp islands, (B) MiAF for 1Spp and 2Spp islands for SNPs with shared substantial 
differences in five out of five, four out of five, and three out of five 2Spp islands, (C) and (D) the same as (B), but conditioned on whether 2Spp > 1Spp 
MiAF or vice versa. Starred (*) chi-square significant (p < .002) for three convergence categories (5, 4, 3) contingent on if 2Spp > 1Spp MiAF or not. The 
significant chi-square occurs when there is substantial change in five out of five 2Spp islands depending on the relative 1Spp and 2Spp MiAF. When 
2Spp > 1Spp MiAF, there are too few five out of five convergences (3 vs. expected 12), and when 1Spp > 2Spp, there are too many (47 vs. expected 
37); p < .002.

 1Spp 2Spp Count % OF 215 

A

MiAF 0.255 0.134 215 100.0%

MiAF when 2Spp > 1Spp 0.063 0.361 54 25.1%

MiAF when 1Spp > 2Spp 0.319 0.058 161 74.9%

B

MiAF convergence all, 5 out 5 0.196 0.029 50 23.3%

MiAF convergence 4 out of 5 0.278 0.163 131 60.9%

MiAF convergence 3 out of 5 0.251 0.178 34 15.8%

C When 2Spp > 1Spp

MiAF convergence all, 5 out 5 0 0.241 3* 1.4%

MiAF convergence 4 out of 5 0.066 0.367 39 18.1%

MiAF convergence 3 out of 5 0.067 0.3709 12 5.6%

D When 1Spp > 2Spp

MiAF share all, 5 out 5 0.208 0.016 47* 21.9%

MiAF share 4 out of 5 0.368 0.076 92 42.8%

MiAF share 3 out of 5 0.351 0.074 22 10.2%

Note. MiAF = minor allele frequency; SNP = single nucleotide polymorphism.
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demes are different within and between groups. Unlike the 
finite island models, which have led to large frequencies of 
false positives because populations share different histories 
(Lotterhos & Whitlock, 2014), the hierarchical island model 
avoids these false positives by avoiding the assumption of 
similar ancestry (Excoffier et al., 2009).

Population DAPC and structure
To investigate population structure, we applied discrimi-
nant analysis of principal components and Structure analy-
ses. Discriminant analysis of principal components (DAPC; 
Jombart et al., 2010) in the R-package “adegenet” (ver. 2.0.1) 
(Jombart, 2008; Jombart & Ahmed, 2011) was used to visual-
ize demographic relationships among islands. Bayesian infor-
mation criterion was used to identify the most likely number 
of clusters, and adegenet optimization was used to identify the 
number of principal components analysis (PCAs) (Jombart 
et al., 2010). DAPC was run using a wide variety of PCAs: 
from 3 to 1/3N. Seven PCAs were chosen based on the opti-
mization in DAPC (Jombart et al., 2010). Structure (Pritchard 
et al., 2000), similar to DAPC, provides the likely number 
of clusters by applying a Bayesian algorithm. One to eight 
clusters were used for the Structure admixture model. Each 
cluster was run with seven replicates, 25,000 burn-in periods, 
>110,000 replications, and correlated allele frequencies.

For Structure with admixture (Pritchard et al., 2000), 
the best K as suggested by Evanno et al. (2005) was used 
to align replicate runs. The Evanno approach relies on the 
rate of change in the log probability of data between suc-
cessive K values as implemented using Structure Harvester 
(Earl & vonHoldt, 2011). CLUMPP (Porras-Hurtado et al., 
2013) was used to align replicate runs. Colors were matched 
to DAPC colors as closely as possible using Structure Plots v.2 
(http://omicsspeaks.com/strplot2/; Ramasamy et al., 2014).

LD: Linkage disequilibrium
TASSEL software (Bradbury et al. 2007; Glaubitz et al. 2014) 
was used to calculate LDs as D’ and the correlation between 
allele frequencies (R2) within each “population” (1Spp and 
2Spp islands) using a hundred SNP window size (i.e., 100 
SNPs, not 100 bp window) for the 44K SNP dataset and a 
215 SNP window size (all SNPs) for the 215 SNP data set. 
Distances among LD pairs were used to partition the data into 
300 bp or less, > 300 bp within a chromosome, and interchro-
mosomal. The significances of LDs (D’) were calculated rela-
tive to random values as defined in TASSEL (Bradbury et al. 
2007; Glaubitz et al. 2014). For the 1,000 random LDs, 215 
SNPs were chosen from 55 2Spp island individuals with 17K 
SNPs derived from the 44K SNPs without the SNP-outliers 
and He > 0.1. Non-outlier SNPs with He > 0.1 were chosen to 
match the genetic variation among outliers: among both 2Spp 
and 1Spp islands (median He = 0.275, 2.5% and 97.5 %CI = 
0.114 and 0.446); larger He increases the frequency of large 
LD values but does not alter the finding.

Annotations
SNPeff (Cingolani et al., 2012) and PANTHER version 
16.0 (released 2020-12-01) (Mi et al., 2012; Thomas, 2003) 
were used to annotate 44K SNPs (Supplementary Table 
S4). Identification of SNP’s genomic location (intronic, 
coding, etc., Supplementary Table S5) used SNPeff with 
A. carolinensis genome NCBI RefSeq accession number: /
GCF_000090745.1_AnoCar2.0. GO analyses focused on 

Biological Processes Complete and compared the 215-outli-
ers SNP gene ids (single entry for each annotated gene) to 
44K gene ids. Probabilities are based on the Fisher Exact test.

Results
SNPs were identified using genotyping by sequencing (GBS; 
Elshire et al. 2011) which randomly sampled 0.1% of the A. 
carolinensis genome. We identified 44,120 SNPs in 94 indi-
viduals (1Spp n = 39 and 2Spp n =55), after requiring that 
each SNP was present in 50% of individuals and that each 
individual had a least 80% of SNPs. Additionally, we required 
that each SNP has at least 5% MiAFs (calculated across all 
94 individuals) with at least 5 reads per allele. We choose 
5% MiAFs so that each minor allele occurred in more than 
four individuals; this, plus the minimum of five reads, helped 
ensure that SNPs were not sequencing errors.

Population structure and demography
Among 1Spp and 2Spp islands, pairwise FST values calculated 
using all 44,120 SNPs were small; most were significant (26 
out of 28 pairs) and were unrelated to 1Spp versus 2Spp island 
status (Supplementary Figure S1, Supplementary Table S3). 
Moreover, geographic distance was unrelated to island-pair-
wise FST values (Supplementary Figure S1), even though dis-
tances between island pairs ranged from 30 m between Ying 
and Yang to 12.5 km between Osprey and Lizard (Figure 
1). Similarly, the relative number of migrants per generation 
(Nem) was unrelated to distance (Supplementary Figure S1). 
Notably, the median Nem was 3.4 (range among pairs of 
islands was from 1.6 to 13.5 migrants per generation). These 
migration rates are large enough to prevent neutral diver-
gence among islands (Slatkin, 1994).

To corroborate these FST results without predefining popu-
lations, we used all 44,120 SNPs and applied two clustering 
algorithms: Structure (Pritchard et al., 2000) and discriminant 
analysis of principal components (DAPCs; Jombart et al., 
2010; Figure 2). Both Structure and DAPC cluster individuals 
by shared allele frequencies to define common ancestry. The 
Structure analysis with the best support was for three groups 
(K = 3). At K = 3, neither 1Spp nor 2Spp island populations 
shared a common ancestor. Instead, each of the three clades 
shared individuals from both 1Spp and 2Spp islands. DAPC 
analysis agrees with these Structure analyses, finding that all 
2Spp island individuals clustered with individuals from one 
or more 1Spp islands. Choosing Ks with different group num-
bers did not alter these findings (Figure 2). Thus, we conclude 
that regardless of the K values, the results for Structure and 
DAPC are similar to the pairwise FST values: genetic struc-
ture in A. carolinensis is unrelated to 1Spp vs. 2Spp status or 
geographic distance (Figure 2). Thus, demographic processes 
should not confound the detection of adaptive genetic differ-
ences (Casillas & Barbadilla, 2017; Lotterhos & Whitlock, 
2014).

Outlier SNPs
To detect individual SNPs most likely evolving by natural 
selection in response to competition, we used two approaches. 
First, we identified SNPs with large and improbable FST values 
that differentiated 1Spp from 2Spp islands (Supplementary 
Table S4) by pooling the three 1Spp island samples and con-
trasting these to the pooled samples from the five 2Spp islands 
(Figure 3). The significance of these observed FST values was 
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determined by comparing them to 1,000 random permuta-
tions of the 44K SNPs (total of 44 × 106 random FST values), 
where individuals were randomly assigned to a population 
while maintaining the same sample sizes as the observed pop-
ulations. Relative to random permutations, 1,737 SNPs had 
large, improbable FST values (p ≤ .002; Figure 3).

The second approach was a modification of FDIST 
(Beaumont & Nichols, 1996) to define outlier SNPs. This 
approach compares a single SNP’s FST value to genome-wide 
FST distributions by contrasting it to all SNPs with similar 
heterozygosity. The likelihood of an SNP’s FST value is calcu-
lated from 50,000 coalescent simulations in which there is no 
assumption that migration rates are equal among populations 
(Excoffier et al., 2005). Comparing FST values between pooled 
1Spp and pooled 2Spp islands revealed 254 outlier SNPs 
(p-values between 0.01 and 10–27; Supplementary Figure S2B 
and C). All 254 outlier SNPs were also significant (p < .002) 
in the random permutations used in the first approach. Of 
these 254 SNPs, 215-outliers SNPs were exclusive to 1Spp vs. 
2Spp island comparisons and were not significant within 1Spp 
comparisons or within 2Spp comparisons. These 215-outlier 
SNPs are distributed across the genome (Figure 4) and have a 
minimum FST value of 0.16 (average 0.222, maximum 0.45).

We next asked, how likely is it that there will be 215 SNPs 
with FST values of at least 0.16 within a set of 44K SNPs due 
to chance? That is, within each of the 1,000 random sets of 
44K SNPs, how often are there SNPs with FST values > 0.16, 
the minimum FST value for the 215-outliers (Supplementary 
Figure S2A)? The average number of SNPs with FST values 
>0.16 among each of the 1,000 random 44K SNP sets was 
only 6.5 (s.e. = 0.26, range 0–158), and 999 of the 1,000 ran-
dom sets had fewer than 70 SNPs with FST values > 0.16. 
Thus, FST values > 0.16 rarely occur randomly (Figure 3), and 
as many as 215 SNPs with FST values > 0.16 were never seen 
among the randomized 44K SNP sets (Supplementary Figure 
S2A). Thus, this conservative set of 215-outliers SNPs is most 
likely evolving by natural selection and is responsible for the 
character displacement in A. carolinensis.

Pi, LD, and GO for the 215-outliers
If 215-outliers SNPs are rapidly evolving by natural selection, 
some selection scenarios predict reduced nucleotide variation 
(i.e., pi) around these SNPs and higher allele frequency cor-
relations among them (i.e., LD) (Barghi et al., 2020).

We calculated pi, the average number of pairwise nucle-
otide differences per site (Nei & Li, 1979) across 300bp. Pi 
for the 215-outlier SNPs among 2Spp islands is 0.23% and, 
as predicted, is significantly less than pi of 0.27% on 1Spp 
islands (p < .0001 Kolmogorov–Smirnov, Supplementary 
Figure S4). Yet, the mean pi for the 215 outliers is significantly 
greater than pi for the non-outliers on the 2Spp islands (pi = 
0.15%) and for the 1,000 random sets of 215 SNPs for 2Spp 
islands (p < .0001 Kolmogorov–Smirnov). Using a window 
of 1,000 bp did not alter these findings because there are few 
SNPs that are 300–105 bp apart (Supplementary Figure S3).

Significant LD among the 215-outliers SNPs occur in 42 
SNPs forming 59 significant LD pairs (Supplementary Figures 
S5 and S6). For these 42 SNPs, the frequency of significant LD 

Figure 2. Structure and discriminant analysis of principal component 
(DAPC) plots for different assumed number of groups (K). (A) K = 
2, (B) K = 3, and (C) K = 5. For each panel the top is Structure plots 
with admixture and are color coded similar to DAPC. Underneath the 
Structure plots are color bars showing the 94 individuals color coded to 
match the populations identified by DAPC in the lower plot. For Structure 
plot and color bar, islands are listed from south to north, with gold line 
indicating 2Spp islands, and green lines indicating 1Spp islands (having 
only the native A. carolinensis). For DAPC, the optimal number of PC = 
7, as defined using the optimization criterion. Structure was run seven 

times for each K of 2–8. CLUMPP was used to align replicate runs. For 
Structure, the best number of groups is K = 3 as defined by the rate of 
change in the log probability. DAPC did not identify K with a meaningful 
minimum Bayesian information criterion (BIC) (minima were K = 1 or 80).
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is the same for 1Spp and 2Spp islands because all outlier SNP 
pairs are in LD within 300 bp or 1,000 bp. However, compared 
to non-outlier SNPs in LD on 2Spp or 1Spp islands, outlier 
SNPs have nearly twice as many significant LD pairs (100% 
of the outliers with significant LD vs. 53% for non-outliers, p 
< .001). Compared to 1,000 random sets of 215 SNPs on 2Spp 
islands, outlier SNPs again have nearly twice as many signif-
icant LD pairs (100% for 215-outliers vs. 55% for random 
sets, p < .001; Supplementary Figure S5). Importantly, not all 
44K SNPs were used for determining random LDs; instead, 
the random LDs only used 17K SNPs with similar He to the 
observed 215-outliers. Thus, the smaller LDs among random 
pairs of SNPs are not due to differences in allele frequencies.

Finally, we investigated the enrichment of the 215-outli-
ers SNPs relative to the 44K SNPS for genomic regions (e.g., 
exons vs. introns or in the transcribed 3ʹ UTR; Supplementary 
Table S5). Two of the 215-outliers SNPs are non-synony-
mous changes, but the relative frequency of non-synonymous 
polymorphisms is no larger than that found in all 44K SNPs. 
The only genomic region significantly different between the 
215-outliers and the remaining 44K SNPs was the frequency 
of 3’ UTR SNPs: 2.1% of 215-outliers vs. 0.7% of 44K were 
3’ UTRs (p < .012) (Supplementary Table S5). Among signif-
icant GO terms (Supplementary Table S6), there is approx-
imately sevenfold enrichment for genes associated with 
animal locomotive behavior and walking behavior (p < .05) 
relative to expectation based on 44K SNPs. This is consistent 

with a shift in A. carolinensis’ perching behavior in the pres-
ence of A. sagrei.

Genomic architecture of character displacement: 
Polygenic, standing genetic variation, and 
convergence vs. redundant SNPs
We asked three questions concerning genomic architecture: (1) 
is character displacement polygenic, (2) do the derived outlier 
SNP alleles on 2Spp islands arise from standing genetic vari-
ation, and (3) what evidence exists for genetic convergence 
versus genetic redundancy?

First, is the evolution of character displacement polygenic, 
involving many genes across the genome? The 215-outliers SNPs 
in A. carolinensis are distributed across the genome (Figure 4). 
Of these 44K SNPs, 47% are associated with expressed genes, 
which is similar to the proportion of genic regions in the whole 
A. carolinensis genome. Both these data indicate an unbiased 
sampling of the genome. Importantly, these 215-outliers SNPs 
were discovered by sequencing only 0.1% of the A. carolinensis 
genome. Thus, across the entire genome, there are potentially 
many more outlier SNPs, indicating that the response by A. car-
olinensis to competition is polygenic.

Second, does adaptation arise from standing genetic vari-
ation? If we assume that 1Spp islands represent the ances-
tral, pre-competition state, then derived adaptive SNP alleles 
would arise from these 1Spp populations. On 1Spp islands, 
the average MiAF (where the minor allele is defined across 
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all 94 individuals and thus may be > 0.5 in one or more 
populations) for the 215-outliers SNP was 0.26, and 191 of 
these outlier SNPs have heterozygosity (He) that exceeds 0.1 
with MiAF > 0.05 (Figure 5A). These allele frequencies and 
resulting He are large and indicative of evolution from stand-
ing genetic variation. Additionally, the 215-outliers MiAF 
are significantly larger than the 44K non-outlier MiAF: for 
both 1Spp and 2Spp islands, the MiAF for 215-outliers 
SNPs (median 1Spp = 0.23 and 2Spp = 0.09) is significantly 
greater than 44K SNP MiAF (median = 0.033 and 0.034). 
These data indicate that most outlier MiAF on 1Spp islands 
are not rare and exceed the MiAF for non-outliers, indicat-
ing that divergence between 1Spp and 2Spp islands arose 
from standing genetic variation, not new mutations or rare 
polymorphisms.

Third, what was the relative evidence for genetic conver-
gence and genetic redundancy in response to the competition? 
Convergence is demonstrated by outlier MiAF being similar 
among 2Spp islands and outside of the range of 1Spp MiAF. 
Visually, the shared bright colors (red or blue; vs. white) in 
Figure 5B indicate SNPs with similar MiAF on 2Spp islands 
that are different from MiAF on 1Spp islands. This is more 
clearly seen in Figure 5C which shows 10 arbitrary outlier 
SNPs with MiAFs for each island: many of the colored circles 
representing each 2Spp island’s MiAF are outside the range of 
all 1Spp islands’ MiAF. We can quantify convergence on 2Spp 
island by counting the number of outlier SNPs where a 2Spp 
island MiAF is outside the range of 1Spp island MiAF and ask 
on how many islands this has occurred (Figure 5D). Figure 
5D shows that 144 of the 215 (67%) outlier SNPs are outside 
the 1Spp MiAF range on all five 2Spp islands and nearly all 
outlier SNPs (213, 99%) are outside the range of 1Spp island 
MiAF for three or more 2Spp islands. This convergence is also 
seen by correlating change in MiAF among 2Spp islands: the 
average R2 for MiAF among pairs of 2Spp islands is 68% 
(range of 59%–70%; Supplementary Figure S8) and all R2 are 
significant and positive.

Other evidence supports redundancy. For example, we can 
determine the frequency of 2Spp island SNPs where there is 
a shared, substantial difference in MiAF relative 1Spp MiAF 
and how often they occur on all five, four, or three 2Spp islands 
(Table 1). A shared, substantial difference has two criteria: (1) 
shared: the outlier SNPs’ MiAF are within the 2Spp MiAF 
95% CI, and (2) substantially different: outside the range of 
1Spp MiAF. Figure 5E shows that only 50 (23%) of 215-outli-
ers SNPs have shared, substantial MiAF differences on all five 
2Spp islands and thus, 165 outlier SNPs (77%) lack a shared, 
substantial difference on one or more 2Spp islands. That is, 
on one or more 2Spp islands, a majority of the 215-outlier 
SNPs (77%) have more similar MiAF to 1Spps islands than 
to 2Spp islands. All 2Spp islands have a similar number of 
215-outlliers SNPs with MiAF more similar to 1Spp islands: 
among each 2Spp island the average number of SNPs with 
MiAF more similar to 1Spp island is 26 (range 23–28). Thus, 
each island has its own unique set of 215-outlier SNPs that 
is substantially different from 1Spp islands. There are signifi-
cantly more shared SNP (chi-square 13.1, p < .001) across all 
five 2Spp islands when there is a reduction in MiAF on 2Spp 
islands (47 with an expected 37.4 when 1Spp > 2Spp MiAF) 
and too few when 2Spp island MiAF is greater than 1Spp 
MiAF (only 3 with expected 12.5; Table 1). Closer inspection 
of MiAF (Supplementary Table S4) shows that 42 of the 50 
SNPs shared among all five 2Spp islands have 2Spp MiAF 

that are equal to zero. That is, of the 50 SNPs that share a 
substantial difference across all five 2spp islands, there is an 
enrichment for the loss of the minor allele on 2Spp islands.

Discussion
On small islands in Mosquito Lagoon, Florida, between 1995 
and 2010 A. carolinensis rapidly evolved character displace-
ment in response to competition with A. sagrei, evolving 
larger toe pads in association with a shift to higher perch 
height (Stuart et al., 2014). Nearly a decade later in 2019, a 
survey of these same islands confirmed that perch height was 
positively correlated with competitor presence and compet-
itor density (Kamath et al., 2020; Stuart et al., 2014), indi-
cating that competition was driving change in habitat use 
and subsequent morphological evolution. To investigate the 
genomic architecture driving this adaptive character displace-
ment, we sequenced ~0.1% of the A. carolinensis genome, 
revealing 44K SNPS of which 215 SNPs were statistical outli-
ers with significant allele frequency differences between 1Spp 
and 2Spp islands.

We propose that the 215-outliers are evolving by natural 
selection because (1) these 215-outliers SNPs have FST values 
that are significantly larger than the FST values among other 
SNPs in genome-wide comparisons (Figure 3, Supplementary 
Figure S2), (2) a large number of outliers is highly improbable, 
(3) pi for these 215-outliers are smaller on 2Spp islands than 
on 1Spp islands (Supplementary Figure S5), (4) the 215-out-
liers have more significant LD than expected by chance 
(Supplementary Figure S6), and (5) on at least three of the 
five 2Spp islands, all 215-outliers have a shared substantial 
difference in allele frequencies from 1Spp island populations.

The 215-outliers occur between 1Spp and 2Spp islands 
where the demographic structure is unrelated to 1Spp and 
2Spp status (Figure 2). The lack of demographic struc-
ture and the high migration rates among islands (Figure 2, 
Supplementary Figure S1, Supplementary Table S3) mean that 
neutral processes are unlikely to confound the outlier tests 
(Casillas & Barbadilla, 2017; Lotterhos & Whitlock, 2014). 
That is, because 1Spp and 2Spp islands share a common 
gene pool (Figure 2), it is less likely that any SNP will have 
a large FST value. Additionally, the high false positive rates 
associated with some outlier tests (Lotterhos & Whitlock, 
2014) are minimized here because the coalescence analysis 
avoids the assumptions of similar ancestry or equal migration 
among populations (Excoffier et al., 2009). Furthermore, the 
large number of outliers (i.e., 215) was never observed among 
1,000 random sets of 44K SNPs; all but one random SNP set 
having < 70 outliers.

We cannot be sure that all 215-outliers are specifically asso-
ciated with the adaptive evolution of character displacement. 
First, not all 215-outlier SNPs are independent: 42 of these 
SNPs are in LD with distances ranging from a few base pairs 
to tens of millions of base pairs or between chromosomes 
(Supplementary Figure S5). Thus, a few of the 215-outliers 
may not be evolving independently because they are physi-
cally linked to other outliers. Second, while among random 
sets of 44K SNPs, there are many fewer than the 215-outliers, 
some of these SNPs from random populations are the outlier, 
which means that random populations can create significant 
outliers. Thus, it is likely that some of the 215-outliers are 
false positives. However, each of the 215-outlier SNPs has 
shared substantial differences in MiAF from 1Spp islands 
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on three or more islands, and no island has a greater share 
of these SNPs. Overall, our data indicate that random, neu-
tral, or demographic processes are unlikely to be driving the 
improbably large FST values among all 215-outliers SNPs, and 
thus, it is more parsimonious to suggest that a majority of the 
215-outliers SNPs are evolving by natural selection.

The conclusion that the 215-outliers are evolving by natu-
ral selection is further supported by the observed reduction in 
nucleotide diversity (pi) between 2Spp and 1Spp islands and 
the larger-than-expected LDs. Pi and LD are altered by selec-
tive sweeps, where selection for an allele will decrease pi and 
increase LD with the largest effects occurring with rare alleles 
(Beaumont & Nichols, 1996; Charlesworth, 2010; Pritchard 
& Przeworski, 2001). As predicted, the pi surrounding the 
215-outliers on 2Spp islands is significantly smaller than it is 
on 1Spp islands (Barton et al., 2017; Pennings & Hermisson, 
2006; Przeworski, 2002; Przeworski et al., 2005). Yet, pi val-
ues for these 215-outliers SNPs are larger than for non-outli-
ers on 2Spp islands. Additionally, as expected there are nearly 
twice as many significant LD pairs on 2Spp islands com-
pared to non-outliers or to 1,000 random sets of 215 SNPs 
(Supplementary Figure S5). There is also an expectation that 
the derived loci relative to the ancestor will have greater LD 
(Voight et al., 2006). Yet, for the 215-outliers SNPs, there is 
no difference in the frequencies of LDs within the 1Spp and 
2Spp islands. These data on pi and LD, therefore, meet some 
expectations for evolution by natural selection suggesting a 
more complex scenario, which is discussed below.

Selective sweeps are most effective in decreasing pi and 
increasing LDs for alleles with low MiAF, (Beaumont & 
Nichols, 1996; Charlesworth, 2010; Pritchard & Przeworski, 
2001), yet, alleles with large MiAF (or large He) are more effec-
tive for adaptive change (Falconer & Mackay, 1996; Simons 

et al., 2018). Here, the 215 outliers are derived from 1Spp 
islands where the MiAF is large, and these SNPs have a large 
He. Thus, on 2Spp islands, we suggest most of the 215-outliers 
are caused by directional selection acting on SNPs with large 
ancestral MiAF in the 1Spp populations. This generates 2Spp 
outliers with smaller pi than on 1Spp islands (as expected) but 
with larger pi than for 2Spp non-outliers. For LDs, the larger 
LDs among 215-outliers than among random or non-outli-
ers support the supposition that these outliers are affected by 
natural selection. Yet, LDs were similar for 1Spp and 2Spp 
islands. An explanation for these LD patterns is that relative 
to the other 44K non-outlier SNPs, the 215-outlier SNPs are 
effecting a phenotypic change and thus, more likely to have 
functional constraints. This would enhance background selec-
tion and increase LDs in both populations and result in larger 
LDs than randomly expected (Beaumont & Nichols, 1996; 
Charlesworth, 2010; Pritchard & Przeworski, 2001). Overall, 
then, the large improbable FST values, the smaller pi on 2Spp 
islands than on 1Spp islands, and the larger LD relative to 
random expectation are indicative of natural selection.

Genomic architecture
Character displacement in Anolis carolinensis is polygenic, 
relying on many more than the 215-outliers discovered by 
sequencing 0.1% of the genome. This supposition assumes 
that the sequences used to identify the 44K SNPs are not 
biased to coding regions but are a representative sample of 
the non-repetitive genome. Support for a representative sam-
ple is shown by the distribution of SNPs across the entire A. 
carolinensis genome (Figure 4) and the fact that the frequency 
of the SNP’s genomic regions (e.g., intergenic) is similar to 
the frequency in the whole genome (Supplementary Table S5). 
Only one type of genomic region differs between the 44K and 

Figure 5. Minor allele frequency (MiAF) for the 215-outliers single nucleotide polymorphisms (SNPs). (A) MiAF heatmap across five pooled 2Spp 
islands and the three pooled 1Spp islands. Rows are 215-outliers SNPs. (B) Differences in MiAF from 1Spp islands average. Columns display the MiAF 
differences between 1Spp islands average vs. 2Spp islands average (first column) or vs. each individual island. At the top of each row is the island 
name (2Spp = gold; 1Spp = green). SNPs are in the same order for (A) and (B) and are listed from largest to smallest difference between pooled 2Spp 
vs. 1Spp islands. Values for (A) and (B) heatmap colors range from −0.76 to +0.76. (C) MiAF for ten arbitrary outlier SNPs (every 20th SNP based on 
chromosomal position) listed in rank order of the difference between 2Spp and 1Spp MiAFs (rank order is unrelated to position). 1Spp islands are green 
kernel densities with green “X” for each of the three 1Spp islands. 2Spp islands are gold kernel densities with color spots for each of the five 2Spp 
islands. (D) Histogram of frequency of outlier SNPs found on how many 2 Spp islands (out of five possible) that are outside the range of 1Spp island 
MiAF. “5” indicates that 67% of outlier SNPs MiAF on all five 2Spp islands are > 1Spp MiAF. (E) Histogram of frequency of outlier SNPs on 2Spp islands 
that are substantially different from 1Spp MiAF. Specifically, 2Spp islands MiAF are within the 95% confidence limits of 2Spp island MiAF and outside 
the range of 1Spp island MiAF. “5” indicates that 23% of outlier MiAF are substantially different on all five 2Spp islands.
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215 outliers: the outliers have a threefold significant overrep-
resentation by 3’ UTRs, suggesting that adaptation relied on 
RNA expression pathways (transcription, splicing, stability, 
etc.).

The inferred genomic architecture also provides an expla-
nation for rapid evolution of character displacement. Rapid 
evolution is more likely if derived alleles arise from standing 
genetic variation (Höllinger et al., 2019; Przeworski, 2002; 
Przeworski et al., 2005). On 1Spp islands, 89% of 215-outlier 
SNPs are frequent, with a minimum He of 0.1 and a MiAF 
of > 0.05 (this MiAF differs from the 5% minimum allele 
frequency used to filter SNPs across all eight populations). 
Additionally, the MiAF for all 215-outlier SNPs on 1Spp 
islands is significantly higher than the MiAF for the other 
44K SNPs (median 0.23 vs. 0.03, p < .001). If we assume the 
ancestral state is represented by 1Spp island populations, then 
large starting MiAF for the 215-outliers suggests evolution 
from standing genetic variation and not from rare alleles or 
recent mutations.

In summary, character displacement evolved from standing 
genetic variation primarily from non-coding genetic variants 
and potentially involves 1,000-fold more outlier SNPs than 
the 215-outliers defined here.

Convergence and redundancy
There are two perspectives on the evolution of character dis-
placement among the five 2Spp islands: shared genetic con-
vergence and idiosyncratic genetic redundancy.

One evolutionary perspective is convergent or parallel 
evolution (Conte et al., 2012; Waters & McCulloch, 2021). 
Convergence is when the same adaptation occurs in indepen-
dent populations or species. Adaptation often favors conver-
gent phenotypic traits (Hendry et al., 2013; Hohenlohe et 
al., 2010; Natarajan et al., 2016; Pierce & Crawford, 1997; 
Schluter, 2000). Yet, here we are asking about genetic con-
vergence: the shared nucleotide variation associated with an 
adaptive phenotype. For our purposes, genetic convergence is 
a substantial difference in outlier allele frequencies between 
2Spp and 1Spp islands shared among 2Spp islands; that is, the 
2Spp MiAF is outside of the range of 1Spp’s MiAF and within 
the 2Spp’s 95% CI. Our data on genetic convergence during 
character displacement are evidenced by the 50 outlier SNPs 
(23%) that have a shared substantial difference on all five 
2Spp islands (Figure 5E), and the fact that all of the 215-out-
lier SNPs had a shared substantial difference on at least three 
of the five 2Spp islands.

The 23% of outlier SNP with genetic convergence shown 
across all five 2Spp islands is not dissimilar to other reports 
of genetic convergence (Conte et al., 2012; Ferris et al., 2021; 
Hohenlohe et al., 2010; Stern, 2013). A review of convergent 
evolution among eukaryotes including vertebrates and arthro-
pods found a mean 32% convergence probability of sharing 
the same gene (Conte et al., 2012). For example, threespine 
stickleback populations adapting to similar ecosystems share 
37% of the same genomic windows (Rennison et al., 2019) 
(though not necessarily the same SNPs). For the killifish 
Fundulus heteroclitus, a rapid adaptive response to pollution 
involved some of the same genes across four replicate popula-
tions but not the same site-specific polymorphisms (Reid et al. 
2016). Similarly, in response to independent environmental 
clines, wild mouse populations have similar genetic changes 
in 16% of genes (Ferris et al. 2021). In one of the best-under-
stood cases, the ability of adult humans to drink milk involves 

the same locus across all human populations, yet the SNPs 
and their effects differ among human populations (Segurel 
& Bon, 2017; Tishkoff et al., 2007). These examples and the 
synthesis by Conte et al. (2012) suggest that genetic conver-
gence for the same gene or genetic region is not unusual. The 
data presented here suggest that genetic convergence using 
the same SNP also occurs when populations share a common 
genetic background. That is, when we re-run adaptive evo-
lution on five separate islands united by migration, the same 
SNP often has similar adaptive changes.

The second perspective is genetic redundancy where there 
are many more adaptive alleles than needed to achieve an 
adaptive phenotype (Barghi et al., 2020; Nowak et al., 1997; 
Yeaman, 2015, 2022). With an abundance of adaptive alleles, 
many different combinations of alleles can produce an adap-
tive phenotype and evolving populations can have a unique 
set of adaptive loci (Barghi et al., 2019, 2020; Yeaman, 2015). 
Two other important aspects of redundancy are that (1) with 
many potential combinations, adaptive alleles will not go to 
fixation, which maintains polymorphism, and (2) migration 
has less impact on mitigating adaptive divergence (Barghi et 
al., 2020; Yeaman, 2015). Yet, evolution with redundancy cre-
ates a scientific challenge to identify adaptive alleles because 
there will be inconsistency in the genes associated with adap-
tion among populations (Barghi et al., 2019; Ehrlich et al., 
2021; Yeaman, 2015) as well as temporal inconsistency as the 
alleles affecting adaptation turnover (Yeaman, 2022).

Evidence for genetic redundancy in Anolis character dis-
placement emerges when an outlier SNP’s MiAF on a 2Spp 
island is more similar to the 1Spp MiAF than it is to the MiAF 
of the other 2Spp islands. For example, SNPs #24, #152, and 
#202 (Figure 5C) have MiAFs within the range of 1Spp MiAF. 
Across the 215-outliers SNPs, 33% show this pattern (Figure 
5D). Moreover, we stated that convergence was evident 
because across all five 2Spp islands, 50 SNPs (23%) had a 
shared, substantial difference from 1Spp MiAF. Yet, this also 
means that on one or more 2Spp islands, 77% of the 215-out-
liers SNPs are not substantially different from 1Spp islands 
(Figure 5E). Interestingly, these different changes among the 
five 2Spp islands occur even though migration is significant. 
This redundancy is not driven by one or a few unusual 2Spp 
islands; instead, each 2Spp island has a similar number of 
outlier SNPs that lack a substantial difference from 1Spp 
islands. Thus, each 2Spp island uses a unique subset of the 
215-outlier SNPs associated with adaptation. This is the hall-
mark of redundancy: populations utilizing different genetic 
combinations to achieve an adaptation.

We argued that 215-outlier SNPs are evolving by natural 
selection, yet we cannot be sure that all 215-outliers are spe-
cifically associated with the adaptive evolution of character 
displacement. A common solution to this uncertainty is to 
only examine the most extreme outliers. We identified the ten 
SNPs with the largest change in MiAF for each 2Spp island 
relative to 1Spp MiAFs. On average a 2Spp island only shares 
3.6 of these top 10 SNPs (range 2–5 out of ten SNPs) with 
any other 2Spp island. For any pair of 2Spp islands, the max-
imum number shared is three. Thus, 70% of outliers with 
the largest allele frequency changes are not shared among all 
2Spp islands. Among the top 10 SNPs with the most extreme 
differences, the largest difference in MiAF occurs on Yang 
Island where the MiAF is 0.76 larger than the average 1Spp 
MiAF. This is nearly an 80% increase in allele frequency 
for the derived allele on this 2Spp island from the ancestral 
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allele on the 1Spp islands. Yet, on the other four 2Spp islands, 
26%–56% of individuals are homozygotes for the ancestral 
allele for this extreme SNP, i.e., many to most individuals lack 
this derived allele on the other 2Spp islands. Thus, even when 
examining the most extreme evolved difference among 2Spp 
and 1Spp islands, there is a lack of convergence—the outlier 
SNP is not substantially increased in all populations—again 
suggesting genetic redundancy during replicated adaptation.

Our observations add to the growing number of examples 
of rapid evolution via polygenic, redundant changes (Barghi 
et al., 2019, 2020; Crawford et al., 2020; Ehrlich et al., 
2021; Librado & Rozas, 2016; Margres et al., 2017; Perrier 
& Charmantier, 2019; Rennison et al., 2019). Importantly, 
with many independently derived variants affecting adapta-
tion, redundancy may be one of the more important expla-
nations for why there is so much standing genetic variation 
(Lewontin, 1997).

Caveats concerning redundancy
A concern with the genetic convergence shown here is the 
potential lack of evolutionary independence among islands. 
Specifically, the derived alleles arise from a common genetic 
background but the changes on 2Spp islands may not be 
independent. That is, since alleles are shared through migra-
tion, these islands lack sufficient independence. Yet, the high 
migration and the lack of demography that separates 1Spp 
from 2spp islands would also reduce the differences in allele 
frequency between these two types of islands. That is, with no 
demographic separating 1Spp and 2Spps islands, migration 
from 1Spp islands should reduce the effectiveness of natural 
selection (Slatkin, 1994). And evolution would have to act 
differently on each 2Spp island to drive the SNPs-specific dif-
ference in 215-outliers. Thus, for the 215-outliers, the shared 
substantial difference between all 2Spp islands and 1Spp 
islands is indicative of convergence from a shared genetic 
background.

Second, we may be underestimating the extent of genetic 
redundancy because we excluded 39 outlier SNPs that were 
significant outliers within an ecological island type (within 
1Spp or 2Spp islands). We excluded these 39 SNP to remove 
SNPs that might be evolving to island-specific conditions and 
not due to competition. While this is a conservative approach, 
it does remove potentially redundant SNPs. Our findings 
were also biased away from redundancy by pooling 1Spp and 
2Spp islands to calculate FST values, which would miss a large 
change in allele frequency on a single 2Spp island.

Finally, we might also be overestimating redundancy. First, 
we assumed that the only meaningful ecological difference 
among islands was the presence or absence of the competi-
tor, A. sagrei. If islands vary ecologically and favor different 
local adaptations, then we might see unique SNP sets on each 
island (e.g., Ehrlich et al., 2021). However, each 215-outlier 
SNP lacked significant FST values within either 1Spp islands 
or 2Spp islands. Second, by not sequencing the whole genome 
it is possible that there are undiscovered loci of major effect 
with fixed differences between 1Spp and 2Spp island popu-
lations. Third, it is possible that adaptation on 2Spp islands 
is ongoing and that a more consistent pattern of allele fre-
quency changes will appear. However, a 2019 study on some 
of these islands found little additional evolution in toe mor-
phology on 2Spp islands (Kamath et al., 2020). Thus, while 
the allele combinations responsible for the adaptive evolution 
observed in 2010 may continue to evolve, they were sufficient 

to achieve a stable phenotype. Fourth, adaptive evolution is 
best detected by repeatability, but redundancy is the absence 
of repeatability. There is no solution to this concern: inconsis-
tency in a gene’s influence on adaptive evolution could reflect 
redundancy or, alternatively, nothing biologically important 
has been detected.

Conclusion
Genetic convergence and genetic redundancy are not mutually 
exclusive. Character displacement in A. carolinensis has attri-
butes of both genetic convergence (all 215-outliers SNPs are 
substantially different on at least three of five 2Spp islands) 
and genetic redundancy (77% of outlier SNPs are not shared 
among all five 2Spp islands). This is likely because behavioral 
and morphological responses to competition are complex 
and driven by polygenic adaption. Polygenic adaptation with 
genetic redundancy means that many genes affect a pheno-
type, and there are a diverse number of genotype-to-pheno-
type mappings. While complex adaptation lacks repeatability, 
and is often ignored, it has the advantageous attributes of 
acting rapidly on standing genetic variation, being less sen-
sitive to homogenizing migration, and maintaining genetic 
polymorphisms (Barton et al., 2017; Pritchard & Di Rienzo, 
2010; Sella & Barton, 2019; Wittmann et al., 2017; Yeaman, 
2015). More broadly, these data suggest that polygenic traits 
with redundancies and large-standing genetic variation 
should be able to respond to anthropogenic climate change 
that alters community structure and ecological interactions.

Supplementary material
Supplementary material is available online at Evolution 
(https://academic.oup.com/evolut/qpad031).

Data availability
The complete sequence data are available at NCBI Bioproject 
PRJNA833453, which includes all 94 individuals used here, 
plus Anolis sagrei samples, and individuals excluded because 
of low coverage. Sequences are named as “Spp_Island_Status_
MCZ#_sex” where “Spp” is Ac or As (A. carolinensis or A. 
sagrei, respectively) and islands are as defined in Figure 1 
and Supplementary Tables S1 and S2. MCZ # is the Museum 
of Comparative Zoology, Harvard, identification number. A 
more useable data set is the VCF file for the 44K SNPs in the 
94 individuals used here, and these curated data are available 
in Dryad.

Dryad data
All curated data, including VCF for all 94 individuals and 
44,120 SNPs, primary analyses (FST, He, MAF…), and tables 
are available in Dryad (https://datadryad.org/stash/share/
aHnTommLunFup2qjv71x1Kt8QGORIShPF7xR0h-kypI). 
These include: (1) 94_44K_ALL_V.vcf: a VCF file of all 44K 
SNPs in 94 A. carolinensis used in the analyses presented 
here; (2) Supplemental_215_outlier_details.txt: a tab-delim-
ited file of 215-outliers SNPs, with chromosomal position, 
annotation, HO, FST, randomization values, p-values, He, and 
minor and major allele frequencies; (3) Supplemental 44K_
SNPs_details.txt: a tab-delimited file of all 44,120 SNPs, with 
chromosomal position, annotation, HO, FST, randomization  
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values, p-values, He, and minor and major allele frequencies; 
and (4) Supplemental_islands_descripiton.txt: a tab-delimit-
ed file with Island name, eco-type (1Spp vs. 2Spp), latitude 
and longitude, and sample size per island. Supplemental_
Sample_description.txt: a tab-delimited file of individual 
samples used from the Museum of Comparative Zoology, 
Harvard University with catalog numbers, abbreviations, 
sex, and tissue.
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