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1  |  INTRODUC TION

Over half of the planet's biodiversity is centred in the tropics 
(Primack, 2005), making tropical rainforests crucial areas for conser-
vation. Effective conservation efforts must consider the evolutionary 

processes that generate and maintain biodiversity. However, long-
standing debates over the evolutionary processes that generate and 
maintain rainforest biodiversity and especially the lack of robust 
tests of competing hypotheses have impeded holistic approaches to 
conservation efforts. A central question in this debate hinges on the 
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Abstract
Accelerating climate change and habitat loss make it imperative that plans to conserve 
biodiversity consider species' ability to adapt to changing environments. However, in 
biomes where biodiversity is highest, the evolutionary mechanisms responsible for 
generating adaptative variation and, ultimately, new species are frequently poorly un-
derstood. African rainforests represent one such biome, as decadal debates continue 
concerning the mechanisms generating African rainforest biodiversity. These debates 
hinge on the relative importance of geographic isolation versus divergent natural se-
lection across environmental gradients. Hindering progress is a lack of robust tests 
of these competing hypotheses. Because African rainforests are severely at-risk due 
to climate change and other anthropogenic activities, addressing this long-standing 
debate is critical for making informed conservation decisions. We use demographic 
inference and allele frequency-environment relationships to investigate mechanisms 
of diversification in an African rainforest skink, Trachylepis affinis, a species inhabiting 
the gradient between rainforest and rainforest-savanna mosaic (ecotone). We pro-
vide compelling evidence of ecotone speciation, in which gene flow has all but ceased 
between rainforest and ecotone populations, at a level consistent with infrequent 
hybridization between sister species. Parallel patterns of genomic, morphological, and 
physiological divergence across this environmental gradient and pronounced allele 
frequency-environment correlation indicate speciation is mostly probably driven by 
ecological divergence, supporting a central role for divergent natural selection. Our 
results provide strong evidence for the importance of ecological gradients in African 
rainforest speciation and inform conservation strategies that preserve the processes 
that produce and maintain biodiversity.
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relative importance of geographic isolation versus divergent natural 
selection across environmental gradients to speciation. Robust tests 
to disentangle their respective contributions are of immense prac-
tical importance, as these two mechanisms have different implica-
tions for the conservation of current and future diversity.

Genetic examinations of diverse African rainforest species, in-
cluding birds (Endler, 1982; Fuchs & Bowie, 2015; Smith et al., 1997, 
2011, 2021; Zhen et al.,  2017), mammals (Anthony et al.,  2007; 
Gonder et al.,  2011; Mizerovská et al.,  2019; Nicolas et al.,  2011; 
Ntie et al., 2017; Quérouil et al., 2003), reptiles (Allen et al., 2021; 
Freedman, Thomassen, et al., 2010), amphibians (Barratt et al., 2018; 
Charles et al., 2018; Jaynes et al., 2021; Jongsma et al., 2018; Leaché 
et al., 2019; Portik et al., 2017), and plants (Debout et al., 2011; Ley 
et al., 2017; Piñeiro et al., 2017), have revealed varying degrees of 
population structure. Frequently, rough geographic concordance 
between patterns of genetic differentiation and hypothesized rain-
forest refugia are used to support arguments for allopatric isolation 
in ancient forest refugia as the primary generator of rainforest bio-
diversity; far fewer studies indicate an exclusive (Allen et al., 2021) 
or contributing (Anthony et al.,  2007; Leaché et al.,  2019; Portik 
et al., 2017) role for river barriers. Moreover, only a few recent stud-
ies have attempted to test the refugial model's fit to genome-scale 
data (Barratt et al., 2018; Charles et al., 2018; Jaynes et al., 2021; 
Leaché et al., 2019; Portik et al., 2017).

The cyclical dynamics of rainforest cover are not in question. 
Strong evidence for periodic fragmentation of rainforest into refugia 
is found in longitudinal palaeoecological studies (Anhuf et al., 2006; 
Maley,  1996; Maley & Brenac,  1998), and detailed plant genetic 
investigations (Helmstetter et al.,  2020; Piñeiro et al.,  2021). The 
latter jointly uncover population structure among putative refugial 
areas, reductions in genetic diversity with distance from them, and 
expected post-glacial population expansions out of them during 
warmer, wetter periods. However, claims for the importance of refu-
gia to the diversification of taxa occupying rainforest environments 
are often made despite few efforts to examine possible roles of 
environmental gradients, contributions of environmental variation 
to genetic divergence, or analyses of adaptative phenotypic varia-
tion. In the absence of such data, an alternative hypothesis, namely 
divergence-with-gene-flow speciation (Rice & Hostert, 1993), can-
not be adequately tested. Consequently, the refugia hypothesis can 
become an implicit null model without the evidence to justify this 
status. For speciation along the African rainforest-savanna gradient, 
evidence has been indirect and often many decades old and based 
on data such as the frequency of contact zones between forest and 
savanna habitats versus those between refugia (Endler, 1982).

In contrast, many more recent studies find divergent natural 
selection across environmental gradients may be an essential gen-
erator of African rainforest biodiversity (Freedman, Thomassen, 
et al., 2010; Kirschel et al., 2011; Smith et al., 1997, 2005, 2011; Zhen 
et al., 2017). These studies rely on either differentiation in pheno-
typic traits involved in local adaptation or evidence for isolation-
by-environment (IBE; Wang & Bradburd,  2014), in which allele 
frequency–environment correlations cannot be explained solely by 

geographic distance—to provide evidence for selection along the 
rainforest-savanna gradient. While these studies indicate diversify-
ing natural selection may be contributing to an ongoing process of 
genomic divergence, none of them have demonstrated that specia-
tion across the gradient has actually occurred. Incomplete or partial 
inferences of refugial isolation may collectively highlight a gap in our 
knowledge regarding the mechanisms that generate and maintain 
biodiversity in African tropical forests. We address this gap, using 
genomic data to simultaneously test refugia and ecological gradient 
hypotheses of diversification in an African rainforest lizard, the skink 
Trachylepis affinis. T. affinis inhabits a wide range of bioclimates, span-
ning both rainforests where hypothesized refugia are located and 
the gallery forest-savanna transition zone (or ecotone). Rainforest 
and ecotone populations of the African rainforest skink T. affinis are 
morphologically differentiated in body size, limb length, and head 
shape (Freedman, Thomassen, et al., 2010), traits all well-known to 
be involved in local adaptation in reptiles (Calsbeek & Irschick, 2007; 
Donihue et al., 2018; Schneider et al., 1999) (Figure 1b,c). They are 
also physiologically divergent in a manner consistent with local ad-
aptation to different temperature regimes (Yuan et al., 2018). Broad 
geographic distribution and environment-associated phenotypic 
variation make T. affinis an ideal system for testing alternative diver-
sification hypotheses simultaneously. Our goals in this study were 
to use genomic data to: (1) quantify population structure and gene 
flow among T. affinis populations and relate these to potential geo-
graphic barriers to gene flow, (2) fit demographic models to genomic 
variation to test competing diversification hypotheses, (3) quantify 
signatures of local adaptation in the form of associations between 
allele-frequency and remotely sensed environmental variation, and 
(4) integrate results to understand the likely mechanism that pro-
moted speciation in T. affinis.

2  |  MATERIAL S AND METHODS

2.1  |  Specimen collection

Morphological measurements and tissue samples were collected 
from T.  affinis captured at 12 sites in Cameroon and two sites in 
Gabon (Figure  1; sampling site geographic coordinates available 
as part of NCBI SRA project PRJNA763817), following protocols 
described in Freedman, Thomassen, et al.  (2010). Within the geo-
graphic region where sampling took place—Cameroon and Gabon—
sites were selected to maximize geographic coverage, capturing a 
range of interpopulation geographic distances, and substantial en-
vironmental variation. Despite intensive sampling effort totaling 
approximately 14 months over 4 years, we were unable to obtain 
samples from ecotone sites in Cameroon geographically intermedi-
ate between our forest and ecotone sites there. This is due to both 
very low population density of T.  affinis in ecotone and logistical 
challenges working for extended periods in remote areas. Tissue 
samples and field-prepared whole-body skink specimens are housed 
at the Centre for Tropical Research at the University of California, 
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    |  3FREEDMAN et al.

Los Angeles and the Museum of Comparative Zoology at Harvard 
University.

2.2  |  DNA sequencing and SNP discovery

Single digest RAD-seq libraries were prepared following the pro-
tocol described in Zhen et al.  (2017), with minor modifications. A 
combination of single and paired-end libraries were sequenced on 
an Illumina HiSeq 2000 (Table  S1). Following sequencing, we use 
FASTQC (http://www.bioin​forma​tics.babra​ham.ac.uk/proje​cts/
fastq​c/) to examine overall data quality. We processed RADseq 
reads using the STACKS pipeline version 1.32 (Catchen et al., 2011, 
2013). First, we demultiplexed the data, removed low-quality reads 
and adapter sequences, and trimmed the reads to 94  bp (without 
barcode) altogether using process_radtags. Then, for paired-end 
reads, we removed PCR duplicates using clone_filter. We then com-
bined data from multiple runs together, and de novo assembled RAD 
loci; for the STACKS denovo_map.pl script, parameter settings were: 
m = 3 M = 4 n = 4. The parameters for de novo assembly were deter-
mined empirically as described in Zhen et al. (2017) using methods 
adapted from previously published methods (Harvey et al., 2015; Ilut 
et al.,  2014), such that values of m and M were selected to mini-
mize the impact of duplicating loci. For genotype calling, STACKS 
implements a multinomial-based likelihood model by estimating the 

likelihood of two most frequently observed genotypes at each site 
and performing a standard likelihood ratio test using a χ2 distribution 
(Catchen et al., 2011; Hohenlohe et al., 2010). We used the default 
χ2 significance level of α = 0.05. Paralogous loci that were stacked 
together were identified and removed by later quality control steps 
built into STACKS (e.g., max number of stacks per loci = 3) (Harvey 
et al., 2015; Ilut et al., 2014).

We then identified a set of high-quality RAD loci for down-
stream population genetic analysis using the following steps: We 
filtered out RAD loci that had more than 40 SNPs along the 94 bp 
RAD loci sequence, as these probably represented sequencing 
errors or over-clustering of paralogous loci. Because visual in-
spection of the RAD loci that have higher number of SNPs did not 
reveal any obvious SNP-causing misalignments, we did not apply 
any additional filters to avoid introducing additional biases. We 
used BLAT (Kent, 2002) to compare RAD loci sequences against 
each other, and removed ones that had a match. This step fur-
ther removes duplicate RAD loci. Following these filters, we ob-
tained our 59,699 final consensus set of RAD loci. We exported 
genotypes for these final consensus RAD loci in VCF format using 
stacks populations program (only biallelic SNPs). We additionally 
removed SNPs from the last 7 bp of each RAD locus as this part 
of the locus was enriched for erroneous SNPs due to the lower 
sequencing quality at the 3′ end of reads. This led to a set of RAD 
loci with median and maximum number of SNPs per locus of 3, and 

F I G U R E  1  Sampling localities in Cameroon and Gabon, population structure in Trachylepis affinis and morphological divergence across 
habitats. (a) Sampling localities, with colours representing forest (red) and ecotone (cyan) populations. Background is tree cover derived 
from the Moderate Resolution Imaging Spectroradiometer (MODIS) (Hansen et al., 2002), with the discontinuity in tree cover denoting the 
approximate boundary between rainforest and ecotone habitats; insert is ADMIXTURE plot for K = 2 indicating strong divergence, with 
minimal admixture, between forest and ecotone habitats. (b, c) For rainforest (RF), lower ecotone (LE) and upper ecotone (UE), size-corrected 
boxplots for snount-vent length (SVL) and head depth, respectively, with p-values for significant Wilcoxon rank sum tests indicated by bars. 
Physiological divergence between rainforest and ecotone T. affinis populations has been previously reported (Yuan et al., 2018).
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20, respectively. Of 205,935 remaining SNPs, we randomly se-
lected one per RAD locus, leaving a final data set of 56,055 SNPs. 
After performing exploratory analyses without further filtering on 
this data set, we discovered an inverse correlation between me-
dian depth of coverage in an individual, and the number of single-
tons in that individual, strongly suggestive that rare variants were 
enriched for erroneous genotype calls. Therefore, we filtered out 
sites with a minor allele frequency (MAF) < 0.05 and individuals 
with missing data at >25% of sites. This produced a final data set 
of 14,896 SNPs across 194 individuals, with populations.

2.3  |  Population structure

To visualize genetic distances between sampled populations we 
first converted the SNP data to PLINK format, and then used PLINK 
version 1.90b3s (Purcell et al.,  2007) to construct an identity-by-
state matrix (IBS). We called the function nj in the R package ape 
to construct a neighbour-joining tree on 1-IBS, and visualized this 
phylogeny with the APE plotphylo function. We then performed 
principal components analysis with the R package SNPRelate (Zheng 
et al., 2012) version 3.1.5.

In a separate analysis, we inferred ancestry fractions and popu-
lation structure for 2–10 estimated ancestral populations (K) using 
the maximum likelihood, model-based method implemented in the 
program ADMIXTURE (Alexander et al.,  2009) version 1.3.0. For 
a set of genetic samples, ADMIXTURE uses maximum likelihood 
to estimate the proportions of ancestry contributed by a user-
specified number of ancestral populations (K). We defined K that 
best fit the data as that which minimized the 10-fold cross-validation 
error rate. Finally, we calculated Weir and Cockerham's FST (Weir & 
Cockerham, 1984) between all pairs of populations with VCFTOOLS 
(Danecek et al., 2011) version 0.1.14.

2.4  |  Migration patterns

To visualize patterns of migration in geographic space, we esti-
mated migration surfaces with the software environmental evalu-
ation modelling system (EEMS) (Petkova et al., 2016). EEMS takes 
SNP data and sample locality information to estimate dissimilar-
ity between localities. Those dissimilarities are then interpolated 
across a defined study area in order to highlight regions where 
dissimilarity increases at a rate greater than expected under 
isolation-by-distance, that is, where gene flow is reduced rela-
tive to the expectation under isolation-by-distance; EEMS also 
constructs similar diversity surfaces that highlight regions where 
diversity is lower (or greater) than expected. We performed five 
separate EEMS runs with different starting seeds with which to 
initialize the MCMC, confirmed that chains were properly mixed 
(Figure S1), and combined runs when reporting the estimated mi-
gration (and diversity) surfaces as posterior mean migration rates 
(and diversity) as output by EEMS.

2.5  |  Demographic inference

We used the diffusion approximation-based method implemented 
in the program δaδi (Gutenkunst et al., 2009) to evaluate the rela-
tive fit of site-frequency spectra derived from our polymorphism 
data to a large suite of demographic models. δaδi estimates joint 
site-frequency spectra (JSFS) from the observed data for up to three 
populations, and compares the estimated JSFS with that obtained 
through simulation under a specified demographic model. δaδi takes 
input parameters which describe the coarseness of the grid upon 
which to perform the diffusion approximation. Coarser grids provide 
a reasonable approximation of relative model fit, while finer grids, 
which are more computationally intensive, yield more accurate pa-
rameter estimates.

For model fitting and parameter estimation, we adapted the 
workflow implemented by Portik et al.  (2017) and subsequent re-
lated research (Barratt et al., 2018; Charles et al., 2018), which can 
be found at https://github.com/dport​ik/dadi_pipeline. For the first 
round of optimization, we used threefold perturbed random starting 
parameters, performing 50 optimization replicates with 20 itera-
tions per mode. We then fed the parameter estimates from the best 
fitting model (based upon Akaike's Information Criterion; AIC) to 
the second round of optimization, using twofold perturbed random 
starting parameters of 50 optimization replicates with 30 iterations 
per model. Finally, we fed the best fitting model parameters from 
that round to a final round of optimization using one-fold perturbed 
random starting parameters for 100 optimization replicates with 50 
iterations per model.

Based upon the topology of the IBS neighbour-joining tree and 
ADMIXTURE results, for exploratory analyses we used the unfiltered 
data to fit 34 different models: 15 different two-population models 
employed by Portik et al. (2017) with forest and ecotone individuals 
comprising the two populations, and 19 three-population models 
with an initial split between forest and ecotone, and a subsequent 
split between southern forests (SF) and Southwest Province (SWP) 
(Appendix S1; Tables S3 and S4; Figures S2 and S3). AIC indicated 
that the 2D-JSFS models unequivocally fit the data better than the 
3D-JSFS models (Table S4), so we did not consider three-population 
models further.

In order to obtain more accurate parameter estimates, we then 
repeated the model fitting procedure for the 2D-JSFS models with a 
finer grid, restricting our analyses to the 15 two-population models, 
and an additional seven two-population, 3-epoch models. The latter 
models were used to evaluate whether the two-epoch models might 
fail to detect temporal dynamics more indicative of refugial expan-
sions and contractions. Specifically, inclusion of these seven addi-
tional models was motivated by the fact that, given the expected 
distribution of genealogies during severe bottlenecks, it may be dif-
ficult to distinguish our best-fit 2-epoch from 3-epoch models with 
histories that alternate between isolation and gene flow, and which 
might be equally consistent with refugial isolation or ongoing gene 
flow, depending upon the direction and timing of population size 
changes and periods of genetic exchange. All 22 models were fit to 
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the polymorphism data filtered on MAF and individual-level missing-
ness. Because the data are filtered on MAF, there are, by definition, 
portions of the 2D-JSFS where genotypes are unobservable in the 
empirical data, that is, sites with low MAF in both forest and eco-
tone. In initial model-fitting of the filtered data, we determined that 
nearly all the unobservable fraction of the 2D-JSFS encompassed a 
10 row by 10 column section (where row and column units are num-
bers of alleles), and so masked the 2D-JSFS in order to exclude this 
region from calculations of model fit.

In addition to evaluating AIC, we evaluated model fit with respect 
to the distribution of Anscombe residuals that quantify differences 
between the JSFS predicted by the model and that of the empiri-
cal data; Anscombe residuals were computed internally within δaδi. 
We visualize residuals in two ways using standard plotting functions 
available in δaδi: a one-dimension histogram and a two-dimensional 
representation that depicts residuals across the JSFS. A model that 
fits the data well should have (1) a 1D histogram that is centred on 
zero with a narrow distribution (residuals are relatively small), and 
(2) 2D residuals for which the spatial pattern of is essentially ran-
dom such that large residuals do not cluster in sections of the JSFS. 
We further tested the goodness-of-fit of the top four models to the 
data using the Simulate_and_Optimize.py script updated pipeline that 
wraps goodness-of-fit functions in δaδi. Specifically, we compared 
the empirical χ2 statistic to the distribution of χ2 statistics obtained 
through model simulations, as well as the empirical and simulated 
log-likelihoods.

Transforming demographic parameters inferred with δaδi is 
challenging for three reasons: substantial uncertainty regarding mu-
tation rate in reptiles, known genealogical biases in RAD-seq data 
(Arnold et al., 2013), and uncertainty regarding how to define the 
total length of sequences assayed. The total sequence length is re-
quired to extract the effective population size of the ancestral pop-
ulation, because in δaδi, θ = 4Nrefμ, but the mutation rate, μ, is not 
per site per generation, but per (total) sequence per generation. An 
estimate of Nref is required for subsequent parameter conversions 
to biologically interpretable units. To do so, we assume a squamate 
mutation rate of 7.89 × 10−9 after Green et al.  (2014). Based upon 
comments posted on the δaδi google site, and following work by 
others (Charles et al., 2018; Portik et al., 2017), we calculated total 
sequence length by multiplying the RAD locus length (94 bp) by the 
total number of loci output by STACKS, which includes invariant loci. 
Finally, we assume a generation time of 3 years (McCoy et al., 2010). 
While a cautionary note should be made concerning uncertainty 
in dating demographic events—particularly because of uncertainty 
surrounding the mutation rate used to transform demographic pa-
rameters into year scale—the relative length of intervals should be 
robust, indicating a long period of divergence-with-gene-flow fol-
lowed by a relatively recent speciation event. Confidence intervals 
for both the untransformed parameter estimates of the best model 
were obtained by first generating 200 bootstrap samples without 
replacement of the empirical 2D-SFS using a custom python script, 
BoostrapDadiInfileWithReplacement.py. We then wrapped the dadi.
Godambe.GIM_uncert function with GIMuncertaintyFullMatrix.py 

to produce a Godambe Information Matrix (GIM). The GIM was then 
converted to a variance–covariance matrix for the estimated demo-
graphic parameters (including θ), using the python numpy module 
via numpy.linalg.inv(GIM). For the untransformed parameters, con-
fidence intervals were calculated as ±1.96 × SE. Transformed pa-
rameters are extracted from composite parameters, for example, 
N1a = nu1a × Nref, and thus variance estimates must incorporate co-
variance with θ. To do this, we follow guidance from developers of 
δaδi (https://dadi.readt​hedocs.io/en/lates​t/user-guide/​uncer​taint​
y-analy​sis/), deriving variance estimators as described in Ku (1966).

2.6  |  Demographic simulations and genome-
wide FST

Because allele frequencies and summary statistics such as FST 
can be strongly influenced by population expansions (Excoffier & 
Ray, 2008; Lotterhos & Whitlock, 2014) such as those expected dur-
ing glacial cycles (Anthony et al., 2007; Hewitt, 1996), we used simu-
lations to evaluate the extent to which expansions estimated with 
δaδi contribute to overall patterns of genome-wide divergence be-
tween rainforest and ecotone. To better understand how the demo-
graphic history inferred by our best-fit model leads to the frequency 
distribution of FST for individuals SNPs in our empirical data, we first 
used VCFTOOLS with observed genotypes to produce Weir and 
Cockerham's FST between forest and ecotone. Next, to make sure 
that our simulation method did not produce any biases that would 
impact comparisons, we used δaδi to generate the empirical 2D-
JSFS, then sampled allele frequencies from it, and from those fre-
quencies generated a new “simulated from empirical data” vcf. Next, 
we applied VCFTOOLS to genotypes simulated under our best-fit 
model to produce a comparable set of FST values. Because the dis-
tributions from these three sets of FST –empirical data, empirical ob-
tained from sampling the 2D-JSFS, and best-fit model—were similar, 
we then permuted parameters under the best-fit model to produce 
three additional simulated FST data sets. First, we entirely removed 
the initial demographic expansion occurring during divergence (T1a) 
by setting the effective population size scalars to be the same as the 
ancestral population, then simulated the FST distribution under this 
model; population size parameters in δaδI are scalars expressing the 
ratio of the population in question to the ancestral effective popula-
tion size (Nref). Second, we generated FST data by removing the popu-
lation expansion at T1b relative to T1a, by setting the scalars for T1b 
to be equivalent to those for T1a. Third, we removed the bottleneck 
during T2 by setting the scalars to be equivalent to those for T1b.

2.7  |  Genomic variation - environment 
relationships

In order to determine how genomic variation is distributed across 
a landscape, and which environmental variables were most closely 
associated with these changes, we ran gradient forest (Ellis 
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et al., 2012) models on the filtered SNPs. A gradient forest is a non-
linear, nonparametric machine learning technique that attempts to 
split a response variable (in our case, the allele frequencies of the 
suite of alleles mentioned above) into bifurcations in which varia-
tion in resulting bins is minimized. These bifurcations are repeated 
for all predictor variables across a subset of all records (i.e., our 14 
T. affinis populations) in an iterative, random manner. Our environ-
mental predictors consist of 16 environmental variables (Table S5; 
Fick & Hijmans, 2017; Hansen et al., 2002; Long et al., 2001; Zhang 
et al., 2005) that capture the environmental characteristics of habi-
tats across the range of T. affinis in Central Africa, including aspects 
of temperature, precipitation, seasonality and vegetation. Each 
run represents a regression tree, and when they are run together, 
comprise a random forest. When multiple responses are tested si-
multaneously, a gradient forest is produced. In order to determine 
whether these gradient forests were providing true signal of the re-
lationship between genomic and environmental variation, we also 
performed replicates of these models (n = 100 with n = 200 random 
trees in each), instead randomizing the association between allele 
frequencies and environmental characteristics. Should these models 
provide equivalent performance and/or explanatory power (based 
on number of SNPs with R2 > 0 or with overall average R2 of the full 
model), results from the actual model could be considered spurious 
and not valuable for assessing the relationship between genes and 
environment.

The result of these gradient forests models is (1) a ranking of en-
vironmental variables in terms of their importance in explaining ge-
nomic variation (as measured by the decrease in model performance 
when said variable is removed), and (2) a model object that describes 
the relationship between genomic variation and environmental vari-
ables at each location where data was collected. Using this model, 
we were then able to predict, based on the environmental varia-
tion found at 10,000 random pixels distributed across the range of 
T. affinis, the genomic variation that is expected at these sites, even 
though they were not sampled. The result of these predictions is 
a spatially explicit map of genomic variation, where changes in ge-
nomic variation are represented by changes in colour on a standard 
RGB scale, across the range of T. affinis in Central Africa.

3  |  RESULTS

3.1  |  Genomic divergence and restricted rainforest-
ecotone gene flow

We use restriction site-associated DNA sequencing (RAD-Seq) to 
generate 56,055 single nucleotide variants (SNPs) for 208 individu-
als spanning 14 populations in Cameroon and Gabon (Figure  1a, 
Tables S1 and S2). Filtering out sites with MAF <0.05 and inidividu-
als with missing data at >25% of called sites led to a final data set of 
14,896 SNPs in 194 individuals. Post-filtering number of individu-
als, number of SNPs, and nucleotide diversity per population are 
summarized in Table S2. Overall, the major bipartition of genomic 

variation is between forest and ecotone, with a second division be-
tween forest populations Cameroon's Southwest Province (SWP) 
and the other forest populations (Figures 1a and 2a, Figures S2–S4). 
Ancestry inference with ADMIXTURE reveals that, at K = 2, four for-
est populations north of the Sanaga River contained a minimal frac-
tion of ecotone ancestry (Figure 1a). At higher levels of K assayed, 
there was no evidence of admixture between forest and ecotone 
populations. At K = 3, following forest versus ecotone, the next major 
partition of genomic variation was between forest populations from 
Southwest Province (SWP), Cameroon and the remaining southern 
forest populations (SF) (Figure S2b–f), a pattern supported by other 
methods for inferring population structure (Figure 2, Figures S2–S4). 
At K < 5 ecotone populations were recovered as a single cluster, but, 
at higher K, ecotone was partitioned into western and eastern sub-
clusters (Figure S2d–f). Cross-validation error in ADMIXTURE analy-
ses decreases with increasing K, but remains relatively stable from 
K = 4 onward (Figure S2g).

Admixture was detected across the Sanaga River, the major river 
in Cameroon that bisects the distribution of study site, thus river 
barriers do not appear to have played an important role in either 
rainforest-ecotone or intra-rainforest genetic structure in T. affinis. 
River barriers may have contributed to intra-ecotone population 
structure, as ADMIXTURE analyses at higher levels of K differenti-
ated eastern and western sampling sites, which fall on either side of 
the Djerem River. Whether river barriers or local adaptation along 
an east–west climatic gradient drive this structure requires further 
study.

The hierarchical aspect of population structure is clearly illus-
trated by principal component analysis (PCA) (Figure 2a), with PC1 
separating out ecotone from forest populations, and PC2 separat-
ing SF populations in Cameroon and Gabon, associated with the 
Congolian forest block, from SWP populations that probably have 
an origin in the Guinean forests. PC2 also captures finer latitudinal 
structure within SF, with larger values of PC2 found for populations 
closer to the equator. The magnitude of genetic differentiation be-
tween forest and ecotone populations cannot simply be attributed 
to geographic distance, as the slope of Slatkin's linearized FST over 
geographic distance is greater for forest versus ecotone compari-
sons than either forest versus forest or ecotone versus ecotone 
(Figure 2b). This is a classic signal of IBA, indicating an acceleration 
of genetic divergence due to local adaptation.

Inferring migration surfaces with EEMS, we find substantially less 
gene flow along the boundary between rainforest and ecotone than 
expected under an isolation-by-distance model (Figure 3). This pat-
tern of reduced gene flow and population structure between rain-
forest and ecotone, is suggestive of recent or incipient speciation.

3.2  |  Demographic inference of ecotone speciation

To determine whether gene flow between rainforest and ecotone 
skinks has ceased, we used the forward-time inference methods 
implemented in δaδi (Gutenkunst et al.,  2009) to fit 41 different 
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    |  7FREEDMAN et al.

demographic models to our polymorphism data (Figure S5). These 
comprised two and three-population models capturing the signifi-
cant patterns of differentiation between forest and ecotone and 
between SF and SWP forest blocks, allowing us to test alternative 
diversification hypotheses for African rainforests formally.

We find strong support for a two-population forest versus ec-
otone model in which there are population expansions at the time 
of divergence between forest and ecotone populations, concur-
rent with asymmetric gene flow (T1a) for ~32 ky, followed by ~52 
ky of more dramatic population expansions in both habitats, during 
which gene flow ceases (T1b), and a period of secondary contact 
(T2) of ~80 years that is accompanied by dramatic population bot-
tlenecks (T1b) (Figure 4a, Tables S6 and S7); confidence intervals 
for all demographic parameter estimates are relatively narrow. 
Relative support for different demographic models is based upon 
model fit estimated with Akaike information criterion (AIC). The 
Akaike weight, which reflects the relative support among a set of 
models, indicates there is no support for alternative models rela-
tive to our top model. Fit of a particular model can be evaluated 
based upon correspondence between model and data in terms of 
the distribution of residuals (Figure S6) and goodness-of-fit tests 
(Figure  S7). Residuals are narrowly distributed around zero and 
show weak spatial structure across the 2D-SFS indicative of good 
model fit (Figure S6). Similarly, χ2 statistic evaluating the fit of the 
model to the empirical data falls within the distribution of that for 
data simulated under the model (Figure S7a). The log-likelihood of 
the data under the model falls just outside and to the left of the 
distribution for values simulated under the model (Figure S7b), an 

F I G U R E  2  Population structure in Trachylepis affinis. (a) Principal 
component analysis (PCA) of genotypes for 14 populations 
of Trachylepis affinis in Cameroon and Gabon. PC1 uncovers 
genomic divergence between forest and ecotone populations, 
while PC2 primarily separates southern forest (SF) populations 
from Southwest Province (SWP) forest populations. Second, PC2 
separates out SF populations latitudinally, with populations at lower 
latitudes characterized by larger values and vice versa. (b) Biplot of 
linearized FST over geographic distance, with colours and trendlines 
distinguishing within habitat versus between habitat comparisons. 
Trend lines fitted with the R lm function indicate greater genetic 
turnover with distance between habitats than within them, 
indicative of isolation-by-adaptation.

(a)

(b)

F I G U R E  3  Effective migration surface estimated with 
environmental evaluation modelling system (EEMS) (Petkova 
et al., 2016), with brown and green colours indicating regions 
with less and more gene flow, respectively than expected under 
isolation-by-distance. EEMS infers reduced gene flow intervening 
between rainforest (left) and ecotone (right) populations. Insert 
indicates the location of the study area relative to the surrounding 
region.
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8  |    FREEDMAN et al.

indication of a poorer fit than revealed by other measures. Overall, 
all but one of our performance metrics indicate there is good fit 
between the data and the inferred model.

Rates of gene flow between forest and ecotone inferred from 
the best model are very low. Proportions of populations comprising 
immigrants, while asymmetric, did not vary between T1a and T2, and 
are approximately 2.5 and 4.4 immigrants per 10,000 individuals, for 
ecotone and forest, respectively (Table S7). When we transform mi-
gration rates for T1a and T2 into numbers of migrants-per-generation 
(transformed migration rate × population-specific Ne), the num-
ber of migrants-per-generation during the divergence-with-gene 
flow phase are (mean ± 1.96 * SE) 0.340 ± 0.033 for ecotone, and 
0.899 ± 0.052 for forest (Figure 4b). These rates decrease dramati-
cally during the period of secondary contact: 95% CIs: 0.037 ± 0.007 
and 0.124 ± 0.006 for forest and ecotone, respectively (Figure 3b). 
To better understand whether estimated rates of gene flow between 
forest and ecotone would leave a detectable signature of introgres-
sion, we conducted ancestry inference with ADMIXTURE at k = 2 

for (1) genotypes sampled from the empirical SFS; (2) genotypes 
simulated under the best-fit model; (3) genotypes simulated under a 
modified version of the best-fit model, in which the period of isola-
tion (T1b) is made extremely short, allocating all the time from T1b 
to T1a, that is, a model with an extended period of gene flow, and (4) 
the model described in 3, but increasing gene flow 10-fold. In all sce-
narios, almost no ecotone ancestry is assigned to forest individuals 
and no forest ancestry is inferred for forest individuals (Figure S8). 
This lack of an introgression signature is consistent with a scenario 
of sporadic, infrequent gene flow between distinct species over 10s 
of 1000s of years.

F I G U R E  4  Demographic evidence for ecotone speciation. (a) 
Schematic of the best-fitting demographic model inferred with δaδi, 
consisting of three epochs, with population expansions in both 
forest and ecotone at divergence, during which there is asymmetric 
gene flow (during T1a), followed by bottlenecks and cessation of 
gene flow (T1b), followed by the most recent epoch leading up 
to the present (T2) in which there is the resumption of gene flow 
(i.e., secondary contact); levels of gene flow are extremely low. (b) 
Means ± 1.96 × SE for number of migrants per generation, indicating 
very low gene flow during T1a, and dramatically lower gene flow 
during the secondary contact phase (T2).

F I G U R E  5  Environmental drivers of allele frequency divergence 
along the rainforest-savanna gradient. (a) Spatial projection of the 
gradient forest model fitting allele frequencies to environmental 
variables. (b) Principal component analysis (PCA) representation of 
the gradient forest model, with vectors of driving environmental 
variables superimposed in PCA space.
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    |  9FREEDMAN et al.

3.3  |  Environment drives divergence across the 
rainforest-ecotone gradient

Fitting gradient forest models to allele-frequency environment 
associations, we find a clear environmental signature of genomic 
divergence between rainforest and ecotone populations, both 
in geographic space (Figure  5a) and principal component axes 
(Figure 5b). Driving this separation are differences in the diurnal 
temperature range (Bio2), temporal variation in vegetation rough-
ness (standard deviation of Quickscat radar measurements, a 
proxy for seasonality), and mean annual precipitation (Figure S9a). 
In contrast, null models based upon randomized associations be-
tween genomic and environmental variation from the original data 
set exhibit weaker predictive performance (Figure S9b), suggest-
ing that our model captures a genuine biological relationship be-
tween genomes and the environment.

If patterns of genome-wide FST cannot be attributed to pop-
ulation expansions—particularly the moderate spike in frequency 
of SNPs with high forest-ecotone FST –then it is more likely that 
diversifying selection plays an important role in generating asso-
ciations between allele-frequency and environment. Specifically, 
the simulated genome-wide FST distribution obtained when re-
moving population expansions during divergence-with-gene-flow 
in time T1a from our best model produce little if any deviation 
in the bimodal pattern of FST observed in our empirical data and 
removing the expansions during T1b dramatically increases the 
frequency of high FST SNPs (Figure  S10). In contrast, removing 
the divergence bottlenecks in T2 eliminates the second peak of 
elevated FST (Figure S10). While demographic processes can con-
tribute to allele frequency - environment correlations, the absence 
of a confounding effect of population expansions suggests that 
a non-trivial fraction of environment-associated allele frequency 
turnover along the rainforest-savanna gradient is due to local 
adaptation. Given the extremely low probability of detecting a 
directly selected site with RAD-seq, broad patterns of linkage be-
tween sequenced loci and genomic sites under divergent selection 
along the forest-ecotone gradient, not demography, shape the ob-
served allele-frequency environment correlations.

4  |  DISCUSSION

Parallel patterns among genomic, physiological, and morphological 
divergence in T. affinis across the rainforest-savanna gradient pro-
vides compelling evidence for recognizing forest and ecotone line-
ages of T. affinis as recently diverged species. Our findings support 
previous research on the possible role of ecotones in speciation in 
African rainforest birds (Smith et al., 1997; Smith et al., 2005; Smith 
et al., 2011; Zhen et al., 2017). More broadly, our results add further 
support to the role of ecological gradients in generating biodiversity 
(Schluter & Pennell, 2017). Below, we discuss population structure 
in T. affinis, evidence for ecotone speciation, and the conservation 
implications of rainforest-ecotone diversification.

4.1  |  Population structure

Analyses of population structure, ancestry, and migration patterns 
consistently identify the rainforest-ecotone gradient as the major 
axis of genomic differentiation in T. affinis. This is consistent with the 
pattern previously recovered for this species with AFLPs (Freedman, 
Thomassen, et al.,  2010). Forest-ecotone divergence does not co-
incide with any known geographic barrier, suggesting a role for di-
vergence via habitat adaptation. We also recover weaker population 
structure within the rainforest zone between hypothesized rainfor-
est refugia, with ancestry inference revealing substantial hybridiza-
tion between them.

Rainforest-ecotone divergence in T.  affinis is consistent with 
evidence found in other species, supporting the hypothesis that 
the rainforest-savanna gradient is an engine of diversification. 
Genetic, morphological, and song divergence across the gradient 
were observed in the little greenbul (Andropadus virens; Kirschel 
et al., 2011; Slabbekoorn & Smith, 2002; Smith et al., 1997, 2005; 
Zhen et al., 2017). The olive sunbird (Cyanomitra olivacea) exhibits 
morphological divergence along the gradient despite little popula-
tion structure due to the homogenizing effects of gene flow (Smith 
et al.,  2011). As rainforest and ecotone have distinct thermal re-
gimes, we predict genetic divergence along the gradient will be prev-
alent in ectotherms such as reptiles and insects, resulting from local 
physiological adaptation reducing gene flow. Rainforest-ecotone 
physiological divergence has already been recorded for T.  affinis 
(Yuan et al., 2018) and Bicyclus dorothea, a Central African butterfly 
(Dongmo et al., 2021).

4.2  |  Diversification hypotheses: predictions 
versus data

The demographic history we inferred for T. affinis involves sequen-
tial periods of divergence-with-gene-flow, no gene flow, and a re-
sumption of gene flow, spanning an estimated time of approximately 
85 ky. A greater understanding of the evolutionary process underly-
ing this model requires identifying the correct drivers of genomic di-
vergence and evaluating whether the magnitudes of divergence and 
gene flow are indicative of speciation or merely ongoing intraspe-
cific divergence.

Regarding the first of these considerations, rainforest-ecotone 
divergence is inconsistent with a model of refugial isolation for 
several reasons. First, rainforest-ecotone divergence initially takes 
place in the face of gene flow, while the refugial model predicts 
that divergence occurs in allopatry. Second, population expansions 
inferred under our model are temporally inconsistent with predic-
tions of a refugial model. Glacial cycles occur approximately every 
100 ky, with the LGM 12.5 kya. Thus, at 100 kya, the African rain-
forest would have been near its maximal extent, contracting into 
refugia with minimal extent at the LGM (Maley,  1996; Maley & 
Brenac, 1998). The contraction of species ranges into refugia pre-
dicts a genetic signal of population bottlenecks. Our inferred model 
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10  |    FREEDMAN et al.

indicates the opposite for T.  affinis, with both rainforest and eco-
tone populations undergoing expansion over much of the last glacial 
cycle. Furthermore, the most dramatic expansions take place during 
a period in which gene flow ceases. In contrast, if cycles of refugial 
isolation drive divergence, any gene flow should occur upon sec-
ondary contact of lineages previously isolated in refugia. Finally, a 
vanishing refuge scenario (Vanzolini & Williams, 1981) in which ec-
otone populations get stranded in a refugial ecotone isolate and un-
dergo local adaptation without the evolutionary constraint of gene 
flow from the forest is highly unlikely. During the cool, dry condi-
tions occurring in glacial periods, as rainforest habitats would have 
contracted towards the equator, the ecotone would have followed, 
occupying regions previously covered by rainforest and remaining 
adjacent to the shrinking rainforest zone. Ecological niche modelling 
(ENM) of tree cover at the LGM replicates this phenomenon, and the 
predicted distribution of T. affinis also contracts, tracking their suit-
able habitat along shifting rainforest-ecotone gradient (Freedman, 
Thomassen, et al., 2010).

Rather than a model of divergence between stable refugia, 
we suggest persistent parapatry between rainforest and ecotone-
adapted populations even as the location and extent of the zone 
of parapatry shifted through time. Consistent with ENMs for both 
rainforest cover and the distribution of T.  affinis, this would allow 
divergence-with-gene-flow along the rainforest-savanna gradient 
to steadily augment genomic divergence. Under this scenario, the 
cessation of gene flow during the second model epoch could result 
from evolving reproductive isolation, a reduction in habitat connec-
tivity around the LGM impeding already weak gene flow, or synergy 
between these two processes.

4.3  |  IBA and sampling bias

One concern regarding the interpretation of forest-ecotone diver-
gence and demographic models indicating minimal gene flow is that 
ecotone populations intermediate between our forest and ecotone 
sampling sites in Cameroon were not sampled. Should those unsam-
pled populations fall within a broad hybrid zone, we may have un-
derestimated the magnitude of gene flow along the gradient and, 
conversely, overestimated the extent to which forest and ecotone 
gene pools have become isolated from one another. The strong sig-
nal of IBA (Figure  2b) lessens this concern for two reasons. First, 
the higher rate of genetic turnover between habitats compared to 
turnover within them implies that reproductive isolation has evolved 
in response to local adaptation. Second, the relationships between 
linearized FST and geographic distance predict that, for any particular 
geographic distance, forest-ecotone divergence will remain higher 
than that within either forest or ecotone. Thus, forest-ecotone 
population pairs separated by geographic distances equivalent to 
those between unsampled ecotone populations and our sampled 
forest sites are still predicted to experience less gene flow than 
what would be expected due to (1) clinal variation simply resulting 
from limited dispersal or (2) across a broad hybrid zone with little 

selection against hybrids. Even if gene flow was underestimated due 
to sampling bias, simulations with 10× more gene flow across both 
the divergence-with-gene-flow and isolation periods of our original 
model predict minimal amounts of ecotone ancestry in rainforest 
and no rainforest ancestry in ecotone. This lack of admixture sug-
gests that our inferences are robust and not biased. In summary, the 
pattern of IBA, and the meagre rates of gene flow inferred suggest 
that, if a hybrid zone exists, it is quite narrow with strong selection 
against hybrids. If this were to be the case it would be more typical 
of a hybrid zone between two well-defined species.

4.4  |  Evidence for ecotone speciation

Levels of gene flow estimated by our demographic model are so 
low that simulations under the model fail to recover individuals of 
admixed ancestry. Gene flow between rainforest and ecotone T. af-
finis is lower than commonly observed in hybridizing taxa (Harrison 
& Larson, 2014; Pavón-Vásquez et al., 2021; Taylor & Larson, 2019; 
Yang et al., 2021). Even when we modified our model so that gene 
flow was 10-fold higher than originally inferred, and occurred across 
the entire history of divergence, analysis simulated genotypes in-
dicated little admixture and only in the forest. Our results and the 
growing body of studies documenting interspecific hybridization are 
consistent with a “genic view of speciation” (Barton & Hewitt, 1985; 
Barton & Hewitt, 1989; Wu, 2001). Support for this view has grown 
with the availability of genome-scale data for diverse nonmodel or-
ganisms (Taylor & Larson, 2019). The assertion here is that genomes 
are semipermeable, with gene flow between species varying among 
genomic regions: less taking place in genomic regions containing 
genes related to local adaptation, more in regions less constrained 
by selective forces (Barton & Hewitt, 1985; Barton & Hewitt, 1989; 
Harrison & Larson, 2014; Wu, 2001). We assume a generation time 
in skinks of 3 years (McCoy et al., 2010), but a generation time of 
2 years has also been reported (Vitt & Cooper,  1986). If the gen-
eration time of T. affinis were between two and 4 years, speciation 
would have occurred sometime between 57 ky and 113 ky ago, dur-
ing the Pleistocene. It remains an open question whether climate 
cycles, resulting changes in habitat structure and distribution, and 
diversifying selection may have acted synergistically to accelerate 
diversification in T. affinis along the rainforest-savanna gradient over 
such a short time scale. The concordance between allele frequency 
with environment variables, morphological and physiological diver-
gence along the rainforest-savanna gradient are all consistent with a 
role for diversifying selection in the speciation process.

4.5  |  Conservation implications in a warming world

The ecotone encompassing Africa's Congo Basin's rainforest edge 
and the joining forest-savanna mosaic can be as much as 1000 km 
wide, and historically covered over 8 million square kilometres, an 
area immense enough to support the evolutionary dynamics and the 
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    |  11FREEDMAN et al.

progression to new species. The slope of an ecological gradient is a 
critical determinant of how natural selection operates (Bachmann 
et al., 2020; Doebeli & Dieckmann, 2003) and, ultimately, how bio-
diversity is generated. Anthropogenic flattening of the rainforest-
ecotone gradient can substantially weaken differential selection 
(Freedman, Buermann, et al., 2010) along the gradient. Ongoing land 
cover changes caused by land clearing and urbanization in tropical 
Africa may homogenize ecological gradients that are essential drivers 
of adaptive diversification. Viewed in the context of climate change, 
the ongoing destruction of the rainforest-ecotone gradient has far-
reaching implications for biodiversity conservation efforts (Smith 
et al., 2021). While the potential for species to persist in a warming 
world will be determined by many factors (Catullo et al., 2019), maxi-
mizing adaptive genetic variation across natural populations serves 
a useful bet-hedging measure to increase the probability that at least 
some populations will survive. Our evidence for ecotone speciation 
strengthens the view of the rainforest-ecotone gradient as an es-
sential engine of adaptive genetic variation that is probably crucial 
for species persistence. The continued erosion of rainforest-ecotone 
gradients may well hinder evolutionary responses to climate change 
(Smith et al.,  2021), increase extinction rates, and accelerate the 
speed at which tropical Africa crosses a possible “biodiversity cli-
mate horizon” (Trisos et al., 2020), beyond which collapse of ecologi-
cal and evolutionary processes become more likely.
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