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abstract: Determining whether and how evolution is predictable
is an important goal, particularly as anthropogenic disturbances
lead to novel species interactions that could modify selective pres-
sures. Here, we use a multigeneration field experiment with brown
anole lizards (Anolis sagrei) to test hypotheses about the predictabil-
ity of evolution. We manipulated the presence/absence of predators
and competitors of A. sagrei across 16 islands in the Bahamas that
had preexisting brown anole populations. Before the experiment and
again after roughly five generations, we measured traits related to lo-
comotor performance and habitat use by brown anoles and used
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double-digest restriction enzyme–associated DNA sequencing to esti-
mate genome-wide changes in allele frequencies. Although previous
work showed that predators and competitors had characteristic effects
on brown anole behavior, diet, and population sizes, we found that
evolutionary change at both phenotypic and genomic levels was diffi-
cult to forecast. Phenotypic changes were contingent on sex and hab-
itat use, whereas genetic change was unpredictable and not measur-
ably correlated with phenotypic changes, experimental treatments,
or other environmental factors. Our work shows how differences
in ecological context can alter evolutionary outcomes over short
timescales and underscores the difficulty of forecasting evolutionary
responses to multispecies interactions in natural conditions, even in
a well-studied system with ample supporting ecological information.

Keywords: experimental evolution, parallel evolution, species in-
teractions, adaptation.

Introduction

In a famous thought experiment, Gould (1989) imagined
“replaying life’s tape”: if the history of life on Earth started
again, would evolution produce the same outcomes? This
metaphor neatly encapsulates a fundamental debate in bi-
ology about the predictability of evolution and the relative
role of deterministic versus stochastic forces (Blount et al.
hicago. All rights reserved. Published by The University of Chicago Press for

mailto:timothy.thurman@mail.mcgill.ca
mailto:rpringle@princeton.edu
mailto:rpringle@princeton.edu
mailto:rowan.barrett@mcgill.ca
https://orcid.org/0000-0002-9602-6226
https://orcid.org/0000-0001-5710-9750
https://orcid.org/0000-0002-4236-9960
https://orcid.org/0000-0002-4236-9960
https://orcid.org/0000-0002-3666-0700
https://orcid.org/0000-0003-0383-0061
https://orcid.org/0000-0003-0383-0061
https://orcid.org/0000-0002-8488-0580
https://orcid.org/0000-0002-8488-0580
https://orcid.org/0000-0003-0767-4713
https://orcid.org/0000-0002-3424-528X
https://orcid.org/0000-0002-3424-528X
https://orcid.org/0000-0003-4712-8258
https://orcid.org/0000-0001-7487-5393
https://orcid.org/0000-0003-3044-2531
https://orcid.org/0000-0003-3044-2531


538 The American Naturalist
2018). This debate has played out in many arenas, from
the role of selection versus drift in structuring genetic var-
iation within populations (Kreitman and Akashi 1995;
Nei et al. 2010) to macroevolutionary studies of pheno-
typic convergence across distantly related lineages (Losos
2011). The predictability of evolution is not merely an ac-
ademic concern. Anthropogenic disturbances are a grow-
ing threat to biodiversity, and predicting how species and
ecosystems will respond to these challenges is crucial for
effective conservation (Urban et al. 2016).
As the economic costs of invasive species increase and

climate-change-induced range shifts create novel commu-
nities (Williams and Jackson 2007; Diagne et al. 2021),
predicting hownovel species interactions could alter evolu-
tionary trajectories will be particularly important. Such
novel interactions can have profound ecological and evolu-
tionary consequences (Mooney andCleland 2001; Sax et al.
2007; Simberloff et al. 2013). These outcomes depend on
the nature of the interaction: novel competitors, for exam-
ple, may be less likely to cause species extinctions than
novel predators (Davis 2003; Doherty et al. 2016). The eco-
logical effects of predation and competition frequently
depend on environmental conditions (Chamberlain et al.
2014) and can interact with one another (Chase et al. 2002;
Chesson and Kuang 2008). These dependencies and inter-
actionsmay influence the degree to which evolution caused
by novel species interactions is predictable.
Biologists have often studied “predictability” through a

retrospective approach, by examining multiple lineages
that appear to have faced the same adaptive challenges.
Repeated evolution of the same genotypes or phenotypes
in the past is evidence that similar changes could be pre-
dictable in the future. Studies taking this approach have
generally found that evolution can be repeatable and thus
retroactively predictable, although the degree of predict-
ability varies across traits, timescales, and levels of biolog-
ical organization (Oke et al. 2017; Bolnick et al. 2018). The
chief drawback of this approach is that direct knowledge of
the past is scarce. The prior states of both the lineages be-
ing studied and the ecological conditions under which
they evolved must be assumed or reconstructed, introduc-
ing uncertainty into inferences about predictable evolu-
tionary trajectories (Schluter et al. 1997). The difficulties
of reconstructing the past multiply when considering
complex scenarios, such as understanding how multiple
species interactions might alter evolutionary trajectories
in diverse assemblages.
In principle, experimental approaches are a powerful

way to address this issue while also allowing for tests of
“true” (i.e., prospective) predictability. In practice, exper-
iments present their own challenges. Many evolutionary
experiments are done in the laboratory using model organ-
isms (e.g., Lenski et al. 1991; Segrè et al. 2006; Burke et al.
2010). Evolution in the laboratory can be predictable, de-
pending on factors such as population size, experimental
complexity, and the genetic diversity of starting popula-
tions (Bailey et al. 2018; Blount et al. 2018). However, a
common critique of laboratory evolution studies is that
they are too environmentally simple (Kawecki et al. 2012;
Bailey and Bataillon 2016). Results from the laboratory
may not apply to natural populations in which context-
dependent behaviors or variable environmentsmight com-
plicate evolutionary predictions. Field experiments with
natural populations are one way to address this issue. Un-
fortunately, the logistical difficulties of fieldwork often ne-
cessitate simple experimental designs and low levels of
replication. Researchers often manipulate only one factor
(e.g., Losos et al. 2004, 2006) or manipulate a slate of fac-
tors simultaneously, which complicates causal attribution
(e.g., by transplanting organisms to a different habitat;
Reznick et al. 1990). Although simple designs can be pow-
erful, understanding the evolutionary outcomes of mul-
tispecies interactions or the independent effects of co-
varying environmental variables requires more complex
experiments.
Here we present results from a large-scale, multigen-

eration field experiment with Anolis lizards in which we
manipulated both predation and competition. Caribbean
Anolis lizards are an oft-cited example of predictable evo-
lution, as different species have repeatedly evolved into
six ecomorphs during their adaptive radiation across
the Greater Antillean islands (Williams 1972). Ecomorphs
are adapted to differentmicrohabitats. For example, trunk-
ground species occupy broad perches near the ground and
are stocky, long legged, and dusky colored; in contrast,
trunk-crown anoles occur higher in the canopy, are shorter
limbed and green, and have larger toepads (Losos 2009).
Laboratory and field studies have shown how the traits that
distinguish ecomorphs, such as skeletal (particularly limb)
and toepadmorphology, are linked to biomechanical perfor-
mance in these different microhabitats (reviewed in Losos
2009).
The adaptive radiation of anoles is generally interpreted

through the lens of competition: Anolis species from dif-
ferent ecomorphs spatially partition habitats to facilitate
coexistence (Losos 2009), and this ecological displacement
can drive rapid phenotypic adaptation (Stuart et al. 2014).
However, previous field experiments have shown that pre-
dation can also have important impacts on anoles. Intro-
duced predators can alter the strength and direction of
natural selection on morphological traits and behavior
(Losos et al. 2004, 2006; Lapiedra et al. 2018). Thus, there
is strong reason to expect that both competition and pre-
dation cause predictable adaptive evolutionary changes in
Anolis poulations, but there is less basis for predicting how
these forces might interact.
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We performed our experiment on 16 Bahamian islands
already occupied by brown anoles (Anolis sagrei), a sexu-
ally dimorphic, trunk-ground ecomorph (Butler and Lo-
sos 2002). Wemanipulated predation and competition by
introducing a terrestrial predator (the curly-tailed lizard,
Leiocephalus carinatus) and a congeneric competitor (the
green anole, Anolis smaragdinus, which is a trunk-crown
anole) in a 2#2 factorial design.We have previously shown
that these introductions have strong ecological effects
(Pringle et al. 2019). Both predators and competitors sup-
pressed population growth of brown anoles, and predators
caused brown anoles to shift their habitat use to higher
perches. On islands with all three species, this upward shift
of brown anoles intensified competitive overlap, in terms
of both space use and diet, with the more arboreal green
anole. On two of the four experimental islands with all
three species, this increased competition for predator-free
space led to the extirpation of the introduced green anole
population.
In the current study, we sought to predict the short-

term evolutionary consequences of these strong ecologi-
cal interactions in our experimental populations of brown
anoles. On small islands in the Bahamas, low year-to-year
survival rates make brown anoles effectively an annual
species with one generation per year (Calsbeek and Smith
2007; Cox and Calsbeek 2010). We quantified phenotypic
and genetic changes after 5 years (roughly five genera-
tions). Our research builds on a long tradition of labora-
tory and field experiments with Anolis lizards, which in-
forms our predictions about how brown anoles might
evolve in response to introduced predators and compe-
titors. Three morphological traits in particular have been
extensively studied in relation to how these ecological inter-
actions affect survival, locomotion, and behavior.
First, body size has been shown to be under natural se-

lection in anoles, as in many animals. Multiple studies
have found that predators exert selection for larger body
size in females but not in males (Losos et al. 2004; Cals-
beek and Cox 2010). Larger lizards may be harder for pred-
ators to subdue, and female brown anoles, which are smaller
and perch lower to the ground than males, may experi-
ence stronger predator-induced selection. We thus pre-
dicted that introduced predators would result in the evolu-
tion of larger females (as measured by snout-vent length
[SVL]).
Second, hindlimb length has been extensively studied

in relation to locomotor performance, perch use, and pre-
dation. Lizards with relatively longer hindlimbs are faster
sprinters on broad surfaces, while lizards with shorter
limbs aremore agile on narrow perches (Losos and Sinervo
1989; Losos and Irschick 1996). Losos et al. (2004, 2006) in-
troduced curly-tailed lizards to islands with brown anoles,
which began perching on higher, narrower perches, leading
to strong natural selection on relative hindlimb length.
Thus, Losos et al. (2006) predicted that over multiple gen-
erations, brown anoles should evolve shorter hindlimbs
better suited to moving on the high, thin perches that offer
refuge from predators. Given the changes in perch behav-
ior previously documented in our experiment (Pringle et al.
2019), we predicted that the relative hindlimb length of
brown anoles would decrease on islands with predators rel-
ative to islands without predators.
Third, toepad morphology is related to perch use. Ar-

boreal Anolis species tend to have larger toepads with more
lamellae (subdigital scales; Glossip and Losos 1997; Mac-
rini et al. 2003; Elstrott and Irschick 2004), conferring im-
proved clinging performance (Elstrott and Irschick 2004).
Stuart et al. (2014) found that native Anolis carolinensis
perched higher in response to the introduction of brown
anoles in Florida, and these populations evolved hindlimb
toepads with more lamellae after 20 generations. Again,
given the changes in perch height observed in our exper-
iment, we expected brown anoles to evolve a greater num-
ber of hindlimb lamellae on islands with predators rela-
tive to controls.
For all three of these traits, the possible effects of inter-

specific competitors are less clear: most research on how
competition leads to natural selection on brown anole
traits has examined intraspecific competition (e.g., Cals-
beek 2009; Calsbeek and Cox 2010; Calsbeek et al. 2010).
However, given the increased competitive overlap on is-
lands with all three species and themore pronounced effects
on habitat use, diet, and population size on those islands
(Pringle et al. 2019), we predicted that the presence of com-
petitors would positively interact with the presence of pred-
ators, as intensified competition might lead to stronger se-
lection on islands with all three species.
We measured a number of other traits associated with

ecomorph type, but for which we did not have clear a
priori predictions about how predators and competitors
would affect phenotypic evolution. This was also the case
at the genetic level, because little is known about the ge-
netic architecture of most traits that define Anolis eco-
morphs. For this reason, we tested whether predators and
competitors drove predictable evolution by quantifying the
consistency in multivariate phenotypic changes and by
testing for consistent allele frequency changes across rep-
licate populations. This is similar to the retrospective ap-
proach discussed above, with the advantage that it does
not require assumptions about ancestral states (Bolnick
et al. 2018).
In sum, our study examines how predation and compe-

tition influence the predictability of evolution in multiple
ways and across multiple scales. First, we consider pro-
spective predictability: do the data support our a priori pre-
dictions about the evolution of body size, relative hindlimb
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length, and toepad lamellae? Next, we quantify whether pre-
dation, competition, and their interaction had consistent,
and thus retroactively predictable, effects on the trajecto-
ries of multivariate phenotype. We ask similar questions
at the genetic level, examining genome-wide changes in
allele frequency for signals of parallelism. Finally, we con-
sider these phenotypic and genetic changes jointly, across
sexes, and in relation to data on population density to
evaluate what forces modulate the predictability of evolu-
tionary change in this system.
Material and Methods

Description of Field Experiment

Our work was conducted within a large-scale, long-term
field experiment in the Bahamas. Established in 2011, this
experiment uses island-level manipulations to test the in-
dependent and interactive impacts of interspecific compet-
itors (green anoles) and predators (curly-tailed lizards) on
brown anoles.We briefly describe the experimental design
here; additional details are provided in the supplemental
PDF and Pringle et al. (2019).
On 16 islands (average vegetated area, 1,634m2; table S1)

that have been continuously inhabited by brown anoles
for decades, we translocated 10 or 11 green anoles and five
to seven curly-tailed lizards from nearby islands in a 2#2
factorial design, creating four treatments that were ran-
domly assigned to islands: unmanipulated control (CON)
islands with no introduced species, competitor (COMP)
islands with added green anoles, predator (PRED) islands
with added curly-tailed lizards, and islands with all three
species (ALL).
Each year from 2011 to 2016, we conducted a census in

late April or earlyMay to estimate the population sizes for
each species of lizard. In 2011 this census was performed
for brown anoles only and was completed immediately
before we began our experimental translocations. In each
survey, three to six researchers searched islands for all liz-
ard species over three consecutive days, using a mark-
resight procedure developed for Caribbean Anolis to esti-
mate population size (Heckel and Roughgarden 1979;
Pringle et al. 2015, 2019; see the supplemental PDF). We
also recorded data on habitat use, including perch height
and diameter, for each lizard we observed.
Phenotypic and Genetic Sampling

We collected phenotypic and genetic data from brown
anoles at two time points. In May 2011, before the intro-
duction of the green anoles and curly-tailed lizards, we
sampled brown anoles from all 16 experimental islands.
In January 2016, after roughly five generations, we col-
lected posttreatment samples from all 16 experimental
islands. During sampling, we attempted to capture lizards
as we encountered them on each island, althoughmany in-
dividuals evaded capture.We used a portable X-ray to cap-
ture full-body X-ray images for measuring skeletal traits,
scanned the undersides of lizards to count lamellae, and
collected a small piece of tail tip as tissue for genetic anal-
ysis. For most islands, we phenotyped all captured liz-
ards, but on some islands we collected additional tissue
samples from brown anoles in the field without collecting
phenotypic data. After sampling, all lizards were returned
to the location where they were captured and marked with
a small dot of water-soluble nail polish to prevent recapture.
Skeletal and Toepad Measurements

Wemeasured 15 traits that are associated with ecomorph
type: SVL (a measure of body size), head width and length,
pectoral and pelvic width, forelimb length (total and sepa-
rated into humerus, ulna, and toe length), hindlimb length
(total and separated into femur, tibia, and toe length), and
the number of lamellae on the toepad of the third toe of
the fore foot and the fourth toe of the hind foot (fig. S3).
We are unaware of estimates of heritability for toe length
in Anolis, but all other skeletal traits we measured have
been found to be heritable, sometimes highly so, in brown
anoles (Calsbeek and Smith 2007; Calsbeek and Bonneaud
2008; McGlothlin et al. 2019, 2022). To our knowledge, the
heritability of lamella number has not been quantified, but
common-garden experiments also suggest a genetic basis
for this trait (Thorpe et al. 2005; Stuart et al. 2014).
All skeletal measurements were made by a single per-

son without knowledge of experimental treatment. Skel-
etal traits were measured from X-ray images in ImageJ
version 1.49v (Rasband 1997–2018; Schneider et al. 2012)
using the ObjectJ plug-in (Vischer and Nastase 2015).
The number of toepad lamellae was independently counted
twice by two researchers without knowledge of experimen-
tal treatment. We counted the number of lamellae directly
from scans.
We measured a subset of X-rays and scans multiple

times to estimate repeatability (the intraclass correlation).
Repeatability was high (10.95) for all skeletal traits and
slightly lower (10.85) for counts of toepad lamellae (ta-
ble S2). For X-rays and scans measured multiple times,
we took the mean of the repeated measurements. For toe-
pad lamellae, we averaged counts of lamellae across mea-
surers. For bilateral traits, we measured both the left and
right sides whenever possible and used the mean of the
two sides, unless only one side could be measured. After
measuring all of the lizards, we excluded juvenile lizards
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from further phenotypic analysis (see the supplemental
PDF). After removing juveniles, we analyzed phenotypes
from 967 adult brown anoles (mean N p 15.1/island/
sex/year, range p 3–35; table S3).
Univariate Phenotypic Change

We analyzed univariate changes in SVL, relative hind-
limb length, and number of lamellae on the hind foot
(i.e., the traits for which we had a priori predictions) using
linear mixed models (LMMs). We included presence/ab-
sence of the predator, presence/absence of the competi-
tor, sampling year (as a factor), and all possible interac-
tions of these three variables as fixed effects and included
island as a random intercept. We ran separate LMMs for
males and females for each trait. Because hindlimb length
is strongly correlated with body size (Beuttell and Losos
1999), we included SVL as a covariate in the LMMs analyz-
ing relative hindlimb length and used partial pooling to al-
low the effect of SVL to vary across islands. Lamella num-
ber is thought to be fixed at birth and independent of size
(Hecht 1952) and is not significantly associated with size in
our data (see table S5). Thus, we did not correct for body
size in the LMM for lamella number. We tested for signif-
icant trait changes due to predators, competitors, and their
interaction by examining the two- and three-way interac-
tions of these effects with year. Although we focus our uni-
variate analysis on these three traits for which we made a
priori predictions, we also ran univariate models for all
other traits (see the supplemental PDF).
We implemented LMMs in a Bayesian framework with

the R package brms (Bürkner 2017, 2018). We used the
Student’s t distribution as our likelihood function for the
residual error in the model. This is similar to a Gaussian
likelihood but more robust to possible outliers (Gelman
and Hill 2007). We used weakly informative priors and fit
four independent chains with 1,000 iterations of warm-
up and 1,000 iterations of sampling each, using the brms
default control parameters (see the supplemental PDF for
full details of priors and models). We assessed statistical
significance for the coefficients (bs) of the interactions of
interest by determining whether the 95% highest posterior
density interval (HPDI) for that parameter contained zero.
We performed a post hoc power analysis with the R

package simr to determine minimum effects that we
could detect for our focal traits with 80% power (Green
and MacLeod 2016; see fig. S4). We compared these with
the amount of phenotypic change we might expect for
SVL and relative hindlimb length given previously esti-
mated strengths of selection and heritabilities (Losos et al.
2004, 2006; Calsbeek and Smith 2007; Calsbeek and Bon-
neaud 2008; McGlothlin et al. 2019).
Multivariate Phenotypic Change

We examined whether predators and competitors affected
the predictability of multivariate phenotypic change by
quantifying metrics of parallelism and convergence across
our experimental populations. Following Bolnick et al.
(2018), we define parallelism and convergence geometri-
cally, in terms of the positions and trajectories of popula-
tions inmultivariatemorphospace. Under this framework,
“parallelism” refers to the similarity of population trajec-
tories in morphospace and can be broken down into two
quantifiable components: parallelism in the magnitude
of evolution (i.e., are trajectories of similar length?) and
parallelism in direction of evolution (i.e., is the angle be-
tween population trajectories small?). The geometric def-
inition of convergence is closely related: populations that
are getting closer in multivariate morphospace are con-
verging, and those getting further apart are diverging. Bi-
ologically, these quantities describe how the average phe-
notypes of populations change through time: magnitude
considers the absolute value of the change, direction con-
siders the sign of the change, and convergence considers
whether differences in mean phenotype are increasing or
decreasing. These definitions are useful because they de-
compose the related (and sometimes conflated) concepts
of parallel evolution and convergent evolution into three
independent, continuously varying metrics that quantify
the degree to which populations are evolving in similar
ways (Bolnick et al. 2018).
For our analysis, we treated each island as a population

and calculated each population’s position in morpho-
space at each of our two sampling points (in 2011 and
in 2016). We considered 13 phenotypes, and thus a 13-
dimensional morphospace, including the two counts of la-
mellae and all skeletal traits except total forelimb length
and total hindlimb length (which we excluded to avoid
redundancy with the component limb traits). To remove
the effect of body size on skeletal traits other than SVL, we
calculated residuals from sex-specific LMMs and used the
modeling approach described above for relative hindlimb
length but without the year, predator, and competitor ef-
fects. Then, within each sex, we standardized all trait values
to have a mean of 0 and a standard deviation of 1, to re-
move possible scaling or sex ratio effects when averaging
across traits. Finally, we determined each population’s po-
sition in morphospace by taking the population average of
each phenotypic trait at that time point.
We then quantified parallelism in the magnitude and

direction of evolution using the phenotypic change vector
(PCV) analysis developed by Collyer and Adams (2007)
and Adams and Collyer (2009). The PCV is the vector be-
tween a population’s position in morphospace across two
time points. Importantly, the PCV quantifies both the
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magnitude of change (the length of the vector, D) and the
direction of change relative to another vector (v). We cal-
culated PCVs for each of our populations (islands) and
then calculated the length of each PCV (D), all pairwise
differences in length across islands (DD), and all pairwise
differences in direction (v). To quantify the degree of con-
vergence or divergence, we calculated all possible pairwise
Euclidean distances between each population at each of
our two time points and took the difference of these pair-
wise distances. We then scaled this change in Euclidean
distance by the starting distance so that all pairwise com-
parisons had the same maximum amount of convergence
(21). We call this scaled degree of convergence (when
negative) or divergence (when positive) Q. We used linear
models to test whether competitors, predators, and their
interaction had significant effects on the average D, DD,
v, and Q within a treatment using linear models. We also
usedWelch’s t-tests to examine whether the average pair-
wise DD, average pairwise v, or average pairwise Q varied
depending on whether the islands being compared were
in the same or different treatments.
Library Preparation and Sequencing

We extracted DNA from lizard tail tips using a standard
phenol-chloroform-based method and cleaned the geno-
mic DNA using NucleoSpin gDNA cleanup kits (Takara
Bio). We next prepared sequencing libraries for double-
digest restriction enzyme–associated DNA sequencing (Pe-
terson et al. 2012). We used sequencing adaptors with
48 individual barcodes and 16 library barcodes, allowing
us to multiplex up to 768 samples per lane of sequencing.
In the P2 adaptor, we included a small degenerate base re-
gion (Schweyen et al. 2014), slightly modified from the de-
sign of Vendrami et al. (2017), that was designed to allow us
to bioinformatically filter polymerase chain reaction (PCR)
duplicates. Full details of library preparation are provided
in the supplemental PDF. In total, we assembled 28 librar-
ies for sequencing by Génome Québec (Montreal). We se-
quenced these libraries across two lanes (16 libraries in
one lane, 12 in the other) of an Illumina NovaSeq 6000
S4 flow cell using paired-end 150-bp reads.
Bioinformatic Pipeline

We briefly summarize our bioinformatic pipeline here;
see the supplemental PDF for full details of programs and
options. We demultiplexed raw reads and filtered out
PCR duplicates using the process_radtags and clone_filter
tools in Stacks version 1.46 (Catchen et al. 2011, 2013).We
used fastx_trimmer and cutadapt version 2.1 to remove
extra bases and adaptor contamination and then mapped
reads to the preliminary Anolis sagrei genome (A. Geneva,
personal communication) using the default settings of the
BWA-MEMalgorithm in bwa version 0.7.15, keeping only
alignments with a mapping quality of at least 20 (Li and
Durbin 2009; Martin 2011; Li 2013). We then used
ANGSD version 0.918 and PCAngsd version 0.98 to per-
form a principal components analysis of genome-wide
population structure across our experiment (Korneliussen
et al. 2014; Meisner and Albrechtsen 2018). From this
point, our analysis diverged according to the two methods
we used to quantify genetic parallelism.
Our first approach measures correlations between

changes in allele frequency (see below). We calculated al-
lele frequencies for each island at each time point directly
from the mapped reads using ANGSD version 0.918
(Korneliussen et al. 2014). Our second analysis uses the
Cochran-Mantel-Haenszel (CMH) test to quantify par-
allel allele frequency change. We used the multialle-
lic single-nucleotide polymorphism (SNP) caller in the
mpileup/call pipeline of samtools version 1.5 and bcftools
version 1.5 to generate a VCF file of called genotypes (Li
2011; Danecek et al. 2014). We used vcftools version 0.1.14
(Danecek et al. 2011) to filter these raw variants. We re-
tained only biallelic SNPs with an experiment-wide minor
allele frequency greater than 5%, a minimum genotype
quality score of 25, a maximum of 50% missing genotypes
across the experiment, a minimum mean depth per sam-
ple of 5, and a maximum total depth of 42. After filtering,
we retained 85,888 SNPs.
Parallelism of Genetic Change

We first examined parallel genetic change at a genome-
wide scale. To do this we estimated allele frequencies for
each population at each of the two time points (table S3).
We calculated these estimates directly from the sequencing
read data using the maximum likelihood model imple-
mented in ANGSD (Kim et al. 2011). This model accounts
for some of the special features of low-coverage, next-
generation sequencing data, including read misalignment,
base-calling errors, variation in read depth, and genotype
uncertainty (Kim et al. 2011; Korneliussen et al. 2014). Im-
portantly, this method allows us to accurately make use of
read and SNP data that would be discarded in more tradi-
tional, quality-filtered approaches.
We removed SNPs with a minor allele frequency less

than 5% at either time point and then calculated the
change in allele frequency, Dp, for all SNPs within a given
island. For each island, we used the changes in allele fre-
quency to estimate the average variance effective popula-
tion size, Ne, during the experiment (Jorde and Ryman
2007; see the supplemental PDF). Then, for all possible
pairwise comparisons of islands, we calculated the correla-
tion (Pearson’s r) between Dp for variants shared between
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the two populations, which we denote as rDp. As with phe-
notypes, we used linear models and Welch’s t-tests to test
whether correlations in allele frequency differed signifi-
cantly across treatments.
We also tested for parallel changes in allele frequency at

a per-SNP level using the CMH test. The CMH test is
analogous to Fisher’s exact test across replicate samples
or populations: it is used to test for independence across
2#2#K contingency tables, where K is the number of
replicates and 2#2 refers to allele counts for a biallelic
SNP across two groups (Orozco terWengel et al. 2012).
This test is popular in evolve-and-resequence studies to
test whether allele frequencies at a single locus have changed
significantly across replicate populations (Schlotterer et al.
2015). We used PLINK version 1.9 to perform the CMH
test on the four islands in each treatment (Chang et al.
2015; Purcell and Chang 2017). That is, we performed
the CMH test four times: once as a 2#2#4 test on
the CON islands, once as a 2#2#4 test on the PRED is-
lands, and so on. At the individual-SNP level, we used the
Benjamini-Hochberg method to correct for multiple test-
ing, controlling the false discovery rate ata p :05 for each
treatment. We also tested for significant parallelism across
larger genomic windows (genome-wide and in 100-, 50-,
and 10-kb windows) using the harmonic mean P value
(HMP) method for combining dependent tests of Wilson
(2019). Last, we performed associationmapping of our three
focal traits (SVL, relative hindlimb length, and hindlimb
lamellae) in an attempt to identify candidate SNPs for
which we could examine possible parallel allele frequency
changes; however, we did not find significantly associated
SNPs (see the supplemental PDF for details) and thus did
not pursue this analysis further.
Ecological Correlates of Predictability across Scales

We examined how measures of predictability at the phe-
notypic level and genetic level were correlated across
sexes and whether they were related to differences in liz-
ard density across islands. To examine whether sex-
specific multivariate phenotypic changes might promote
or inhibit population-level parallelism, we repeated our
multivariate analysis separately for each sex. Treating the
males and females from individual islands as belonging
to separate populations, we calculated sex-specific PCVs
and sex-specific metrics of parallelism and convergence
(D, DD, v, and Q). For the density analysis, we used data
on the yearly density of the competitor and predator spe-
cies to calculate two pairwise distance matrices of den-
sity differences, one for differences in competitor density
(DdensCOMP) and one for differences in predator density
(DdensPRED). Thus, for all pairwise comparisons of islands,
we have measures of both population-level and sex-
specific estimates of multivariate phenotypic parallelism
and convergence (D, DD, v, and Q), a measure of genetic
parallelism (rDp), and measures of the similarity of lizard
density (DdensCOMP and DdensPRED). We tested for rela-
tionships between these measures either by using Mantel
tests (when both measures were true distance or dissim-
ilarity matrices) or by testing for significant correlations
(when one measure was not a true dissimilarity matrix,
as with rDp and Q).
Additional Software Used

In addition to the programs listed above, we used a variety
of other R packages for data processing, analysis, and
visualization: assertthat (Wickham 2019a), broom (Rob-
inson et al. 2020), cowplot (Wilke 2020), doParallel (Mi-
crosoft and Weston 2020a), dplyr (Wickham et al. 2020),
forcats (Wickham 2020a), foreach (Microsoft and Weston
2020b), ggmap (Kahle and Wickham 2013), ggokabeito
(Barrett 2021), ggplot2 (Wickham 2016), ggrepel (Slowi-
kowski 2021), ggsn (Santos Baquero 2019), IRanges (Law-
rence et al. 2013), kableExtra (Zhu 2020), knitr (Xie 2014),
lemon (Edwards 2020), lme4 (Bates et al. 2015), lmerTest
(Kuznetsova et al. 2017), readr (Wickham andHester 2020),
renv (Ushey 2020), stringr (Wickham 2019b), tibble (Müller
and Wickham 2020), tidyr (Wickham 2020b), and vegan
(Oksanen et al. 2020).
Results

Univariate Trait Changes

Introduced predators both reduced brown anole popula-
tion size and caused brown anoles to use higher perches
(see Pringle et al. 2019; fig. 1A), consistent with previous
work (Schoener et al. 2002, 2005). However, the effects
of predators on phenotypic change did not occur as pre-
dicted. While we expected that predators would select for
larger body size in female brown anoles, we found that
predators had a negative, albeit not statistically signifi-
cant, effect on female SVL (fig. 1B; posterior mean of
bpred:year p 20:69, 95% HPDIp21.48 to 0.15) and a sig-
nificant negative effect on male SVL (fig. 1B; posterior
mean of bpred:year p 21:76, 95% HPDI p 23.02 to
20.64). Likewise, our predictions that brown anoles
would evolve shorter hindlimbs and a greater number of
toepad lamellae were not supported. The effect of preda-
tors on female hindlimb length was near zero (fig. 1C;
bpred:year p 0, 95% HPDI p 20.37 to 0.39). In males, the
effect of predators was positive but not statistically sig-
nificant (fig. 1C; bpred:year p 0:39, 95% HPDI p 20.13 to
0.82). Changes in lamella number were nonsignificant
for females, while for males predators had a significantly
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negative, not positive as expected, effect on lamella num-
ber (fig. 1D; bpred:year p 20:37, 95% HPDI p 20.64 to
20.11). For our three focal traits, the direct effects of in-
terspecific competitors were nonsignificant, as were the
interactive effects of predators and competitors (fig. 1; ta-
ble S4). Considering all of the traits, the only significant ef-
fects of competitors were negative effects onmale headwidth
and pectoral width, and the only significant predator-
competitor interaction was a negative interaction for fe-
male femur length (table S6; see the supplemental PDF
for discussion of these traits).
Our post hoc power analysis revealed that we had rea-

sonable power to detect the phenotypic changes we ex-
pected, given the high heritabilities and strong selection
gradients previously reported in brown anoles (Losos
et al. 2004, 2006; Calsbeek and Smith 2007; Calsbeek
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and Bonneaud 2008; McGlothlin et al. 2019; table S7; see
the supplementary PDF for details). Thus, our nonsignif-
icant results are not simply due to a lack of power but rather
because univariate phenotypic changes did not occur as
expected.
Multivariate Phenotypic Parallelism and Convergence

We found little evidence that introduced predators or
competitors drove predictable changes in multivariate
phenotype. Competitors and predators did not have sig-
nificant effects on the magnitude of phenotypic change for
each island, D (all P 1 :05; table S8). Considering only
pairwise comparisons of islands in the same treatment (six
pairwise comparisons within each treatment, 24 total),
predators and competitors had little effect on differences
in magnitude, DD (fig. 2A; all P 1 :05; table S9). In terms
of the direction of phenotypic change, introduced compet-
itors decreased parallelism (i.e., increased v; fig. 2B; b p
26:1, P p :002), as did introduced predators (b p 17:72,
P p 0; table S10). There was a significant predator-by-
competitor interaction, such that evolution in the ALL
treatment had a similar level of parallelism in direction as
CON islands (fig. 2B; b p 246:2, P p 0). Overall, these
within-treatment results suggest that phenotypic changes
in response to predators and competitors on treatment
islands were less parallel than the phenotypic changes on
CON islands.
We further examined parallelism at the treatment level

by considering all 120 possible pairwise comparisons be-
tween the 16 islands, testing for greater parallelism (smaller
v or smaller DD) when comparisons were between islands
in the same treatment.We found no significant differences
(v: t p 0:43, P p :67; DD: t p 20:41, P p :68), and the
distribution of v and DD was similar for comparisons
within and between treatments (fig. 2D, 2E).
Phenotypic convergence, Q, differed significantly across

treatments, but CON islands—not manipulated ones—
showed the greatest convergence among pairwise com-
parisons within treatments (fig. 2C; table S11). Likewise,
when considering all pairwise comparisons, the amount
of convergence was not greater for islands from the same
treatment (fig. 2F; t p 1:07, P p :29). Interestingly, there
was a general trend toward phenotypic convergence in our
experiment: of 120 pairwise comparisons between islands,
71 converged (binomial test, P p :055).
Parallelism of Genetic Changes

As at the phenotypic level, we found little evidence of
parallel genetic change within treatments. Our principal
component analysis found substantial initial population
structure: the first six principal components explained
roughly 35% of genome-wide variation and clustered in-
dividuals by island, with population structure changing
little during the course of the experiment (fig. S5). Esti-
mates of effective population sizes were generally small
(range N e p 43–145; table S13). This genetic distinctive-
ness led to wide variation in the number of shared SNPs
for calculating rDp (mean p 6,792 sites, range p 2,204–
14,801). Across all pairwise comparisons, rDp ranged
from mild positive correlation (rDp p 0:303) to mild neg-
ative correlation (rDp p 20:296), but there were few
clear patterns related to our experimental manipulations
(fig. 3).
Considering only comparisons between islands of the

same treatment (the dark-outlined triangles along the di-
agonal of fig. 3), correlations were weakest among the
ALL islands, most strongly positive among the COMP
islands, and most strongly negative among the PRED
islands. Only predators had a statistically significant effect
on the amount of correlation in allele frequency change
among islands in the same treatment, tending to decrease
the amount of genetic parallelism (table S12; b p 20:11,
P p :04). Considering all pairwise tests, rDp did not dif-
fer according to whether the islands were in the same or
different treatments (t p 20:72, P p :47). This result
again suggests that introduced predators and competitors
did not promote parallel evolution at the molecular level
in our experiment.
At the level of individual SNPs, no sites showed signif-

icant evidence of parallel changes in the CMH test after
correcting P values for multiple testing. Using the HMP ap-
proach to test for signs of parallelism across larger genomic
regions, we found a genome-wide signature of parallelism
for the COMP islands (HMP p :04), although we could
not narrow down this signal (all HMP 1 :05 across
smaller windows). The genome-wide and window-level
tests across the other treatments showed no significant
parallelism (all HMP 1 :05).
Ecological Correlates of Predictability across Scales

Compared with each other, our metrics of phenotypic par-
allelism (DD, v, and Q) were generally not significantly
correlated: DD and Q were moderately negatively corre-
lated (r p 20:24, P p :01). All other pairwise correla-
tions between metrics of phenotypic parallelism (DD, v,
and Q) were not significant (P 1 :05). The pairwise degree
of genetic parallelism, rDp, was weakly and nonsignificantly
correlated with all measures of pairwise phenotypic paral-
lelism (jrj ! 0:15, all P 1 :05). Considering the sex-specific
PCVs, males and females showed little similarity in the di-
rection of phenotypic change. The average angle between
the male and female PCVs from the same island was large
(�v p 52:67) and not significantly different from the average
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difference in direction across all pairwise comparisons be-
tween populations (t p 0:11, P p :913). In other words,
the amount of parallelism in direction for males and females
from the same population was similar to the amount of par-
allelism (or lack thereof) at the population level. The lengths
of sex-specific PCVs for each population were moderately
correlated (D: r p 0:48, P p :059), such that females and
males within the same population had a similar amount of
phenotypic change, albeit in different directions. We found
that differences in the direction of phenotypic change were
associated with differences in the density of the competi-
tor, the green anole, such that islands with more similar
Figure 3: Heat map of the correlation in allele frequency change for all single-nucleotide polymorphisms (SNPs) across islands. Shaded
colors indicate the strength and direction of correlation for each pairwise comparison. The Pearson correlation coefficient for all SNPs,
rDp, is shown in each cell, printed in black if statistically significant and in gray if nonsignificant. Islands are grouped by treatment (shown
with dotted lines), and the within-island comparisons are in the solid triangles along the diagonal. CON p unmanipulated control islands
with no introduced species; COMP p competitor islands with added green anoles; PRED p predator islands with added curly-tailed
lizards; ALL p islands with all three species.
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competitor densities evolved in more similar directions
(fig. 4A; r p 0:4, P p :02). There was also a positive cor-
relation between Q and differences in density of curly-
tailed lizards, such that islands with more similar predator
densities showed more convergence (smaller Q, r p 0:22,
P p :015; fig. 4B). All other metrics of phenotypic and ge-
netic parallelism were uncorrelated to predator and com-
petitor density (P 1 :05).
Discussion

This study reports the evolutionary outcomes of a field
experiment testing the responses of brown anole lizards
to introduced predators and competitors. Although these
novel species interactions had strong and consistent eco-
logical effects on habitat use, diet, and population size of
brown anoles (Pringle et al. 2019), they did not necessar-
ily lead to predictable phenotypic and genotypic changes.
Our a priori predictions about how three traits would
evolve—informed not just by the ecological dynamics in
our own experiment but also by a large body of previous
work on selective dynamics (Losos et al. 2004, 2006; Kolbe
et al. 2012; Stuart et al. 2014; Lapiedra et al. 2018) and func-
tional morphology (Losos and Sinervo 1989; Losos 1990a,
1990b; Losos and Irschick 1996) in brown anoles and re-
lated species—were not supported. At the treatment level,
we found scant evidence that predators and competitors
drove consistent changes in multivariate phenotype or
genotype. There was little correlation between different
metrics of parallelism or across biological scales. This gen-
eral lack of parallelism was partially explained by sex-
specific responses and by island-level differences in species’
densities within treatments. Taken together, what do these
results tell us about the predictability of evolution in re-
sponse to novel species interactions?
Predicting Univariate Trait Changes

We first consider our predictions about evolution in body
size, relative hindlimb length, and lamella number. Con-
trary to expectations, introduced predators did not lead to
larger female brown anoles. Instead, predators had an
overall negative effect on body size, especially in males.
One can imagine selective reasons for this, drawn from
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general theories of predation. Smaller lizards may experi-
ence lower mortality from a ground-dwelling predator if
they are less conspicuous or can more easily shift to arbo-
real habitat or if larger prey are more profitable for pred-
ators (Pyke et al. 1977). In light of past Anolis research,
however, these explanations seem unlikely. Previous within-
generation studies of brown anoles have reported positive
directional selection or no selection by predators on body
size (Losos et al. 2004; Calsbeek 2009) rather than negative
directional selection, while the size distributions of all
brown anoles on islands with and without terrestrial pred-
ators suggest that small lizards likely face higher predation
rates (Schoener et al. 2002). Two alternative ecological pos-
sibilities seem more plausible. First, although body size is
highly heritable (Calsbeek and Smith 2007; Calsbeek and
Bonneaud 2008), it is also related to food intake: lizards
that eat less do not grow as large (Bonneaud et al. 2015).
Many animals modify their foraging activity when preda-
tion risk is high (Sih 1980; Lima andDill 1990), and brown
anoles have been shown to reduce activity levels, especially
on the ground, in the presence of curly-tailed lizards (Lopez-
Darias et al. 2012; Lapiedra et al. 2018). It therefore seems
probable that brown anoles on islands with predators for-
age less often and/or less productively, which could nega-
tively affect mean body size in the population. This hy-
pothesis is also consistent with data showing that brown
anole diets in our experiment shifted dramatically in the
PRED treatment, notably via reduced consumption of
large, ground-dwelling cockroaches (Pringle et al. 2019).
A secondmutually compatible possibility is that predators
alter the age structure of brown anole populations. Most
reptiles have indeterminate growth, so a decrease in aver-
age body size could indicate a decrease in the proportion of
old lizards in a population. The fact that the negative effect
of predators on body size was strongest on PRED islands
and not ALL islands (the positive predator-competitor in-
teraction) could be explained by the fact that predator
densities tended to be higher in the former treatment
(Pringle et al. 2019). Phenotypic plasticity and changes in de-
mography could together explain why within-generation
selection, if it was occurring in our experiment, did not
lead to the expected changes inmean phenotype overmul-
tiple generations.
We also predicted that the higher perch heights of

brown anoles in the presence of predators would result
in relatively shorter hindlimbs and more lamellae on
the hindlimb toepads. If anything, the opposite occurred:
predators had a positive (albeit nonsignificant) effect on
relative hindlimb length in males and had negative effects
on the number of lamellae in both sexes. These results are
surprising, particularly for hindlimb length: comparative
morphology within the Anolis genus (Losos and Irschick
1996; Beuttell and Losos 1999), performance trials with
lizards (Losos and Sinervo 1989; Losos 1990a, 1990b;
Losos and Irschick 1996), and field experiments (Losos
et al. 1997, 2004, 2006; Kolbe et al. 2012) all point to rel-
ative hindlimb length as a target of natural selection re-
lated to habitat use. Another recent study, published after
we began our experiment, also found a lack of hindlimb
evolution in response to introduced Leiocephalus carina-
tus. Schoener et al. (2017) quantified changes in relative
hindlimb length over 7 years and found no significant ef-
fects of predators, which they attributed to disturbances
from multiple hurricanes. Hurricanes have not detectably
impacted our study, however, suggesting the need for some
other explanation.
A closer look at our census data on perch height and

perch diameter reveals one possibility: although brown
anolesmoved to higher perches on islands with predators,
they were rarely found on very narrow perches. Labora-
tory trials show that it is not perch height per se that im-
pedes the performance of long-legged lizards in arboreal
settings but rather perch diameter, which typically scales
negatively with height from rocks and tree trunks up to
branch tips (Losos and Sinervo 1989; Losos and Irschick
1996). In those trials, sprint performance markedly de-
creased on 0.6-cm perches (Losos and Irschick 1996). In
our experiment, the average perch diameter used by brown
anoles decreased on islands with predators, largely driven
by a decrease in the number of brown anoles found on the
ground (Pringle et al. 2019). However, even on islands with
predators, brown anoles rarely perched on the very narrow
perches that would impede performance. In 2011, before the
introduction of predators, brown anoles on PRED and ALL
islands were found on perches !1 cm in diameter in just
3.6% of observations. After introducing predators, that rate
increased but remained low (5.5% of observations from 2012
to 2015). These patterns of perch behavior are consistent
with results from laboratory trials, which show that brown
anoles prefer to perch on broad surfaces when substrates
with multiple diameters are available (Kolbe et al. 2021).
Our experimental islands were chosen, in part, be-

cause they were large enough to support the tall vegeta-
tion necessary for green anole populations to persist
(Losos and Spiller 1999). This is in contrast to the smaller
islands with shorter vegetation that have been used in the
previous field experiments that informed our predictions
(e.g., 104–324m2 in Losos et al. 2004; 487–3,320 m2 in our
study; table S1). The taller vegetation on our islands
seems to have allowed brown anoles to move higher while
still finding wide perches that did not impede their per-
formance and thus select for shorter legs. Besides taller
vegetation, larger islands may differ in other ways that
could attenuate predator-induced selection: for example,
increased environmental heterogeneity on large islands
may lead to more predator-free refuges (Schoener et al.
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2016). These hypotheses would not obviously explain the
negative effect of predators on number of lamellae. Com-
petitors also had a (marginal) negative effect on lamella
number in males, but the predator-by-competitor inter-
action was strong and positive, making the results on la-
mellae particularly difficult to interpret. Given the links
between lamella number and perch use, we have no coher-
ent explanation for this puzzling combination of predator
and competitor effects on behavior and morphology.
These patterns underscore the difficulty of forecasting

evolution arising from novel species interactions. For body
size, within-generation estimates of selection were not in-
formative for predicting multigenerational changes. For
hindlimb length and number of lamellae, a change in eco-
logical context compared with the experiments on which
we based our predictions (namely, our use of larger islands
with taller vegetation) led to unexpected patterns of phe-
notypic change. In retrospect, our extensive behavioral and
ecological data suggest a partial explanation for at least
some of these results: the effects of predators are context
dependent, and on islands with large vegetation, brown
anoles can find perches that are high enough to avoid
ground-dwelling predators yet sufficiently wide to not im-
pose strong selection for more arboreal traits.
Predicting Multivariate Trait Changes

The observed patterns of multivariate phenotypic change
reveal a similar story, in which our supporting ecological
data suggest at least a partial explanation for the observed
lack of parallelism. At the treatment level, introduced pred-
ators and competitors did not promote parallelism in
the magnitude of multivariate phenotypic change and in-
hibited parallelism in the direction of change (fig. 2). The
lack of parallelism could be the result of our experimental
manipulations not imposing similar selection pressures
across populations in the same treatment. On the other
hand, similar selection pressures could lead to nonparallel
trajectories of phenotypic change if populations start at
different points in morphospace. For example, consider
stabilizing selection on a single phenotype: populations
starting with average phenotypes above and below the op-
timal trait value will evolve in different directions to reach
the same adaptive peak. In that case, populations in the
same treatment would tend to converge in multivariate
morphospace. Although there was an experiment-wide
trend toward convergence, this was unrelated to the pres-
ence of predators and competitors, which tended to de-
crease the degree of phenotypic convergence. Our analy-
ses suggest two factors that might explain this overall lack
of predictability.
First, we found clear differences in phenotypic change

between sexes. This was most pronounced in the direc-
tion of phenotypic change, where the average angle be-
tween male and female trajectories within the same island
(�v p 52:67) was not significantly different from the aver-
age angle between population-level trajectories across
islands (�v p 50:97). Brown anoles are sexually dimorphic
for many traits, including body size and shape (Butler and
Losos 2002), dewlap size and color (Cox et al. 2017), perch
behavior (fig. S2; Butler and Losos 2002), and defensive
behaviors (Reedy et al. 2017). Previous comparative stud-
ies across the genus have found that dimorphism is likely
caused by males and females adapting to independent
niches and microhabitats, though sexual selection may
also play a role (Schoener 1967; Schoener and Schoener
1980; Butler and Losos 2002; Butler 2007). Field experi-
ments have also found differing patterns of natural selec-
tion on body size and hindlimb length for males and
females in brown anoles (Calsbeek 2009; Cox and Cals-
beek 2010). Our finding of sex-specific phenotypic re-
sponses to introduced predators and competitors reinforces
the idea that selection due to habitat use is largely sex-
specific in brown anoles. This complicates the prediction
of population-level responses to novel species interactions,
which will depend on the between-sex genetic correlation
for the trait(s) under selection. Between-sex correlation for
body size varies across some populations of brown anoles
(McGlothlin et al. 2019), and it seems plausible that cor-
relations among the shape traits we examine here could
also vary across our experimental populations.
Second, we found that some differences in multivariate

change were related to differences in the densities of the
competitor and predator species: islands with more sim-
ilar competitor densities had smaller differences in direc-
tion, while islands with more similar predator densities
had greater convergence (fig. 4). These results further dem-
onstrate the utility of ecological and behavioral data for
parsing complex interactions, as they provide some expla-
nation for why our treatment-level analysis, which did
not consider density, found that competitors and preda-
tors tended to decrease parallelism. Categorical analysis
is common in ecology and evolution: populations from
discrete habitat types are often analyzed in this way (e.g.,
light and dark soils [Barrett et al. 2019] or high-predation
vs. low-predation streams [Gotanda and Hendry 2014]),
even when the underlying variables of interest (e.g., soil
color, number of predators) are quantitative. Although a
categorical, treatment-level analysis is appropriate given
our replicated, factorial experimental design, discrete cate-
gories can also obscure important variation within groups.
This might be particularly true in a field experiment like
ours, in which the initial manipulation (absolute number
of colonizing competitors) was constant but the amount
of competition depended on a variety of factors, including
island size and the growth rate of green anole populations.
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In both our univariate andmultivariate analyses of phe-
notypic change, predators and competitors rarely had the
predicted significant interactive effects: only the direction
of phenotypic change, v, had a significant interaction
term. This may partially reflect the decreased statistical
power for interactions versus main effects (fig. S4), as in
some cases the estimated interaction was large but uncer-
tain. Overall, though, the interactive effect of predators
and competitors on ecological outcomes in our experiment
(e.g., decreased brown anole populations sizes, increased
interspecific competition, and extirpation of green anole
populations; Pringle et al. 2019) may not lead to strong in-
teractions in evolutionary outcomes.
Taken together, these results suggest that predicting phe-

notypic change due to novel species interactions will con-
tinue to be challenging, requiring extensive ecological and
behavioral data to account for the context dependence of
species interactions and natural selection. The patterns of
change that we see on our unmanipulated CON islands re-
inforce this. With our factorial experimental design, our
conclusions about the effects of predators and competitors
are drawn in comparison to our CON islands, which them-
selves displayed phenotypic changes and nonparallelism
(fig. 2). This is not unexpected for a large-scale field exper-
iment: our CON islands are not “controls” in the sense that
we eliminated all other possible sources of variance, but in-
stead they are simply unmanipulated reference points. This
makes our experiment ecologically realistic: our CON is-
lands provide context on the wide range of ecological and
evolutionary forces that are at work outside those we ma-
nipulated. Of course, these many forces may lead to less
tidy experimental outcomes, but attempts to control all
of these sources of variance would make our study less rel-
evant to its natural ecological context. This is the blessing
and the curse of evolutionary field experiments. Although
adding predators and competitors tended to decrease pre-
dictability even further, the CON islands revealed that
these populations were not at an ecological or evolutionary
equilibrium to begin with. This complicates prediction, but
we expect that this is true formost if not all free-living pop-
ulations and species that people might care to make predic-
tions about. If further experiments can examine and disen-
tangle some of these forces, then they can be incorporated
into updated models, as can our new understanding of the
context dependence of hindlimb length change, to improve
future forecasts of phenotypic change (Urban et al. 2016).
Predicting Genetic Changes

At the genetic level, we found little evidence that evolu-
tionary change could be explained, even post hoc, by these
novel species interactions. Population structure changed
little during our experiment (fig. S5), and population-level
allele frequency changes were not correlated within treat-
ments, not associated with phenotypic change, and not re-
lated to ecological differences between islands. These null
results suggest that drift may be the main driver of the fre-
quency changes in the SNPs we examined, which cover a
small proportion of the genome. This would be consistent
with the small effective population sizes estimated for
these islands (table S13). Most previous field experiments
with brown anoles have not had a genetic component, and
the exceptions (e.g., Kolbe et al. 2012) have not calculated
effective population size, so we do not know whether our
populations have unusually small effective population size
for island populations of brown anoles.
Another possible explanation is that genetic adaptation

is occurring but through modes that we lacked the statis-
tical power to detect in single-SNP tests. When traits un-
der selection have a diffuse genetic architecture (i.e., hun-
dreds or thousands of loci affecting the trait in small,
difficult-to-detect ways), genetic adaptation occurs through
subtle, coordinated shifts in the frequencies of multiple
alleles. Of the phenotypic effects we focused on, relative
hindlimb length is perhaps unlikely to experience highly poly-
genic selection: variation in this trait was recently mapped
to a large-effect locus (Bock et al. 2021). We found no sig-
nal of this association in our populations. This could be bi-
ological: the genetic architecture of traits can vary across
populations within a species. In rainbow trout (Oncor-
hynchus mykiss), for example, a large-effect locus underly-
ing life history variation at lower latitudes is not associated
with life history in an Alaskan population (Weinstein et al.
2019). Or we may simply lack statistical power to detect
phenotype-associated SNPs, especially given the signifi-
cant population structure across our islands (Santure
and Garant 2018). We know little about the genetic archi-
tecture of the other traits we examined and thus can say
little about whether selection at these traits could lead to
polygenic adaptation. Detecting polygenic selection re-
mains challenging, despite recent progress (e.g., Bourret
et al. 2014; Gompert et al. 2017). One promising approach
for detecting polygenic selection is to use time series data
(e.g., Terhorst et al. 2015; Gompert 2016; Buffalo and
Coop 2019). As our experiment continues and we accu-
mulate more sampling points for allele frequencies, we
may be able to uncover signatures of selection at the genetic
level that we do not yet have the power to detect, if such se-
lection is indeed occurring.
We can draw parallels between our experiment and

similar studies to better understand some of the factors
influencing the predictability of evolution in natural pop-
ulations. Des Roches et al. (2017), for example, found un-
expected patterns of survival for southwestern fence
lizards (Sceloporus cowlesi) with seemingly mismatched
genotypes, despite previously strong associations between
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coloration, genotype, and survival. They attributed their
unexpected results, in part, to a change in ecological con-
text: their field experiment took place along an ecotone,
whereas previous work had been performed in consistent
habitat. As with our change in context from small to large
islands, seemingly small changes in context can greatly al-
ter evolutionary outcomes and complicate predictions.
Other studies have found high repeatability and predict-
ability. In threespine stickleback (Gasterosteus aculeatus),
for example,multiple experiments have demonstrated con-
sistent patterns of allele frequency change at Eda, a gene
associated with armor plating, when marine-derived indi-
viduals colonize freshwater ponds (Barrett et al. 2008;
Schluter et al. 2020). Such large environmental changes
led to strong selection (i.e., s ≈ 0:5), which increases pre-
dictability, especially when using genetically similar start-
ing individuals (heterozygotes at Eda [Barrett et al. 2008];
F2s from an intercross [Schluter et al. 2020]). However,
this predictability decreases with the degree of ecological
and genetic complexity being considered. Rennison et al.
(2019) manipulated the presence/absence of predators in
seminatural experimental ponds with freshwater stickle-
back and found less predictability: some armor traits and
genes diverged as expected, while others were more vari-
able. As we see in our experiment, adding further ma-
nipulations of ecological interactions can lead to an even
bigger decrease in predictability, as does carrying out ex-
periments in natural populations. Nevertheless, our results
demonstrate the value of careful experimentation tied to
extensive data collection informed by ecology, which led
to explanations for some of the phenotypic changes we ob-
served and which can in turn be incorporated into future
attempts at prediction. In (one version) of Gould’s thought
experiment, the tape of life is rewound to an earlier point,
some small change is made, and then life proceeds again.
Our experiment is, in some ways, a large-scale instantia-
tion of this thought experiment using wild populations
of organisms. We found that these small changes can have
important consequences for how the tape of life plays for-
ward under complex natural conditions and that the limits
to predictability can be surprisingly near.
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