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ABSTRACT OF THE DISSERTATION

Adaptive Diversification and Anthropogenic Impacts

on African Rainforest Biodiversity

by

Adam Howard Freedman
Doctor of Philosophy in Biology
University of California, Los Angeles, 2009

Professor Thomas Smith, Chair

The relative contributions of genetic drift and natural selection are central to the
ongoing debate concerning mechanisms that generate rainforest biodiversity. While
evidence has been presented supporting allopatric divergence via drift in rainforest
refugia, more recent studies point to a greater role for divergent natural selection
along ecological gradiehts. Thus, in chapter 1, I investigated the relative importance
of rainforest refugia and ecological gradients in Cameroon to diversification in
Trachylepis affinis, a rainforest skink. I performed genome scans to distinguish

neutrally evolving loci from those under divergent selection across environments.



Generalized dissimilarity modeling was then used to build separate models of
associations between either neutral or adaptive genetic variation and data on climate
and vegetation from satellite remote sensing. In conjunction with niche models of
species distribution change since the last glacial maximum, results from these
analyses found little support for rainforest refugia as an important driver of
diversification. A more significant role was found for divergent selection along
gradients between rainforest and the rainforest-savanna ecotone, and between lowland
and montane rainforest. In chapter 2, I used ecological niche models to investigate
whether deforestation in Cameroon was facilitating the invasion of rainforest by
savanna snake species. Models for three species demonstrated that rainforest habitats
were normally unsuitable, but that deforestation created favorable microhabitats that
were facilitating large-scale invasions of the rainforest zone. Because dramatic
changes in land use since the early 20th century may be erasing the evolutionary
potential of the rainforest-ecotone gradient, in chapter 3 I investigated the
evolutionary implications of deforestation for the little greenbul (Andropadus virens),
a common rainforest bird species. Using satellite-based estimates of forest cover,
morphological data collected from museum specimens predating widespread
deforestation, and recent morphological data, I showed that the gradient has become
shallower in West Africa than in Central Africa, and that as a result, there has been a
loss of morphological variation in West Africa in traits important to fitness. In
contrast, I found no loss of morphological variation over time in Central Africa where

there has been less deforestation and gradients have remained more stable.
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Genomic Signals of Diversification Along Ecological Gradients

in a Tropical Lizard

Introduction

Recent efforts to distinguish the relative roles of drift and natural selection in the
evolution of populations suggest that selection may play the dominant role in
diversification (Clegg et al. 2002; McKinnon et al. 2004; Coyne and Orr 2004; Smith et
al. 2005a; Nosil et al. 2008). Although crucial to understanding which mechanisms are
primarily responsible for observed patterns of biodiversity, simultaneous evaluation of
these two processes is rare. Yet, such an approach would be useful in understanding
speciation process in rainforests where debate over the relative roles of drift and selection
has been particularly intense (Endler 1982; Mayr and O’Hara 1986; Smith et al. 1997,
Moritz et al. 2000).

In equatorial Africa, persistence of rainforest refugia during cool, dry glacial
periods are supported by paleoecological studies (Maley 1996; Dupont ef al. 2000), and
their importance to speciation has been inferred from patterns of species richness and
endemism (Mayr and O’Hara 1986; Linder 2001; Tchouto et al. 2008; Wronski and
Hausdorf 2008), as well as patterns of inter- and intraspecific genetic variation (Roy
1997; Quérouil et al. 2003; Bowie et al. 2006; Anthony et al. 2007). However, the
mechanisms that generate morphological or reproductive divergence between refugia are
seldom clear (Moritz et al. 2000); claims of vicariance generated by river barriers

(Quérouil et al. 2003; Anthony et al. 2007) similarly lack precise mechanistic



explanations. In contrast, more recent studies in the tropical rainforests of Africa, South
America, and Australia suggest divergent natural selection along ecological gradients
frequently drives diversification even in the face of substantial gene flow (Smith ef al.
1997, 2000, 2005a; Schneider et al. 1999; Moritz et al. 2000; Graham et al. 2004), i.c.
“divergence-with-gene-flow” (Rice and Hostert 1993). While past molecular studies on
tropical rainforest species have relied on neutral markers, a comparison of neutral
variation with that under selection would permit a more direct assessment of the
evolutionary processes that generate rainforest biodiversity.

A recent approach for evaluating the contribution of natural selection to
diversification is to examine intraspecific heterogeneity in genomic divergence (Nosil et
al. 2009). This typically begins with a genome scan from which a large number of
anonymous genetic markers are generated. Samples are grouped by habitat or other
ecologically relevant dimensions, and outlier loci whose genetic divergence among
groups exceeds neutral expectations are identified as those likely to be under divergent
selection. Comparisons between divergence patterns in neutral loci and those outliers
purportedly under selection can then be made. The genome-wide effects of ecology-
mediated adaptive divergence can be identified by a signature of isolation-by-adaptation
(IBA), where divergence at neutral loci is positively associated with adaptive divergence
(Nosil et al. 2008, 2009). In this context, adaptive divergence is quantified in terms of
phenotypes important to fitness, or environmental variables that are thought to be

important with respect to local adaptation.



While genome scan studies can test for parallel divergent selection across habitats
(e.g. Campbell and Bernatchez 2004; Bonin ef al. 2006), loci purportedly under selection
and IBA have rarely been evaluated concurrently (Nosil et al. 2009). Particularly lacking
are studies that distinguish the evolutionary processes shaping neutral vs. “adaptive”
outlier loci by contrasting their respective associations with environmental variables and
geographic distance. Such analyses are now made more possible with the availability of
globally available climate data, information on vegetation structure measured by satellite-
borne instruments, and a growing array of landscape genetic techniques (Manel et al.
2003; Balkenhol et al. 2009). Because they focus on the association between genetic
diversity and contemporary environment, inclusion of additional analyses that shed light
on historical effects may help further resolve the causes of genetic variation. In particular,
projections of paleodistributions using ecological niche models can reconstruct historic
changes in geographic distribution that may have consequences for genetic diversity
(Waltari et al. 2007; Carnaval et al. 2009; Pease et al. 2009)

Here we employ a combination of genome scans, outlier analyses, environmental
modeling of gene-environment relationships, and ecological niche models in order to
elucidate the evolutionary processes shaping diversification in Trachylepis affinis
(Scincidae), an African rainforest lizard. Small ectothermic species such as T. afﬁni.§ are
ideal study organisms for two reasons. First, because they exhibit low overland dispersal
rates (Hranitz and Baird; Sumner et al. 2001; Massot et al. 2003), the effects of
environmental heterogeneity on genetic variation are likely detectable at relatively small

spatial scales. Second, changing thermal regimes across environmental gradients have a



profound influence on ectotherm physiology, life history, locomotor performance,
reproduction, and other components of fitness (Stevenson et al. 1985; Huey and
- Kingsolver 1989; Shine et al. 1997; Downes and Shine 1999).

We sampled 12 populations of T. affinis (Fig. 1A) in Cameroon throughout the
range of habitats in which it is found, including rainforest (and hypothesized refugial
areas), montane forest, and the gallery forests of the transitional ecotone between savanna
and rainforest. We then performed an AFLP genome scan, partitioning AFLP markers
into neutral loci, and outliers purportedly under divergent selection, in order to contrast
their respective patterns of geographic variation and environmental associations. As a
benchmark for neutral processes we also compared these to patterns of mitochondrial
gene (mtDNA) sequence variation. MtDNA variation is frequently employed in studies of
intraspecific phylogeography because it is thought to evolve neutrally under most
circumstances (Avise 2000), although there are exceptions where selection may play a
role (e.g. Cheviron and Brumfield 2009). We utilized variation in morphological traits
thought to be important to fitness in lizards (Losos 1990; Losos ef al. 1997; Vitt et al.
1997; Schneider et al. 1999) to support our argument that patterns of variation in many of
the outlier loci are consistent with natural selection along fhe rainforest-ecotone gradient.
To quantify and visualize gene-environment relationships, we employed generalized
dissimilarity modeling (GDM; Ferrier et al. 2007), a recently developed nonlinear matrix
regression technique that fits dissimilarity in a response variable (e.g. a genetic distance

matrix), to dissimilarities in predictor variables (e.g. remotely sensed climate and
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Figure 1. A. Location of sites in Cameroon where samples of 7. affinis were collected
overlaid onto percent tree cover derived from the MODIS satellite sensor (Hansen et al.
2002). Approximate locations of hypothesized rainforest refugia are taken from Maley
(1996). Inset denotes major vegetation associations, adapted from White (1983). B.
Predicted distribution for T. affinis based upon an Maxent ecological niche model (see
text for details). Classification of areas of overprediction are based upon empirical
observation of forest cover or known absence of T. affinis (particularly in southern

Cameroon) based upon intensive field surveys conducted by AHF.



vegetation). We combined inferences from these relationships with traditional genetic
structure analyses of neutral loci, an ecological niche model of distribution change since
the Last Glacial Maximum (LGM), and historical demographic reconstruction. In
integrating these diverse analytical approaches, our specific objectives were to: 1)
quantify the proportion of the genome that is likely under divergent selection among
environments, 2) identify the environmental gradients along which adaptive divergence
may occur, and 3) simultaneously test rainforest refugia, riverine barrier, and ecological

gradient speciation hypotheses.

Materials and Methods

Field sampling

Eleven of our 12 sites (Fig. 1A) were sampled during three consecutive field seasons
(February — May 2004, March — August 2005, March — June 2006), while the twelfth site
was sampled in 2001. Table S1 provides detailed information on localities, sample sizes,
and habitats. Lizards were either captured by hand or in pitfall trap-drift fence arrays
(Crosswhite et al. 1999). Immediately following capture, lizards were euthanized by
placing them in a sealed jar with cotton dosed with approximately .5mL of 99%
isoflurane. For each lizard, we determined sex in the field by the presence of hemipenes,
and if unconfirmed, verified sex by presence of ovaries or testes in subsequent
dissections. Individuals without detectable reproductive structures were classified as
juveniles and excluded from morphological analyses. Eight measurements were taken on

each lizard for traits related to body size, feeding and locomotion, and thus fitness (Losos



1990; Losos et al. 1997, Vitt et al. 1997; Schneider et al. 1999): snout-vent length (SVL),
measured as the linear distance from tip of the snout to the cloacal opening; hind limb
length; hind limb span; fore limb length; fore limb span; head length, from the posterior
edge of the interparietal scale to the tip of the snout; head depth, at the deepest point of
the head; and gape width, at the widest point of the head. Limb lengths were measured
from the insertion point of the limb into the body wall to the distal tip of the claw on the
fourth toe, and were taken from the left side of the body unless the limb was damaged.
Hind (fore) limb spans were measured as the linear distance between the femoral-tibial
(humero-ulnar) joints, while the femurs (humeri) were extended perpendicular to the
body, and the tibia (ulnae) were oriented at right angles to the femurs (humeri). SVL, tail
length, and limb lengths were measured with a metric ruler with 1-mm accuracy, and all
other measurements were measured with dial calipers (.01 mm accuracy). All
measurements were performed by AHF. Liver and/or tail tissue was collected and
preserved in 95% ethanol. Lizards were then fixed with 10% formalin, and later
transferred to 70% ethanol solution. Lizards collected by TBS in 2001—Palm d’Or, as
well as a small number of individuals from Malimba—were preserved in 95% ethanol
and then frozen. We applied correction factors to measurements that displayed
preservation effects (SVL, gape width, and head depth), based upon re-measurement of
50 individuals by AHF from the 2004-2006 collection. All voucher specimens are to be

deposited at the Museum of Vertebrate Zoology at University of California, Berkeley.



Morphological analyses

We performed principle components analysis (PCA) on morphological traits in order to
characterize size (PC1) and shape (PC2) variation among habitats delineated with remote
sensing (see below), and tested for sex, habitat and sex*habitat effects for the first two
principle components with a general linear model (GLM), with sex and habitat fixed and
random effects, respectively. Because sex effects were not significant, to evaluate
morphological differentiation among habitats we pooled sexes and performed a one-way
ANOVA on the PC scores, including Sidak post hoc tests adjusting for multiple

comparisons between pairs of habitats. All tests were carried out with SPSS 16.0.

Laboratory methods

We extracted genomic DNA from tissue using QIAmp® DNA Mini Kit following the
manufacturer’s protocols. We performed amplified fragment length polymorphism
(AFLP) genome scans on 18-24 individuals per sampling location for a total of 241
individualsé We followed the Msel/EcoR1 protocol of Bonin et al. (2005) modified from
Vos et al. (1995), for restriction enzyme digests, ligation of adapters, pre-selective PCR
amplification, and selective PCR amplification. Pre-selective primers were 5°-
GACTGCGTACCAATTC-3’ (EcoRI) and 5’-GATGAGTCCTGAGTAA-3’ (Msel).
Selective primer sequences consist of pre-selective sequences with selective extensions of
3 nucleotides on the 3’ end, of which the EcoRI primer was 6-FAM dye-labelled. We
tested six selective primer combinations, four of which amplified. Sequences for these

EcoRI /Msel primer pairs were 1) —tag/ —cga, 2) —tag/ —cgt, 3) —tgc/ —cga, and 4) —tge/ —



cgt. Genotyping PCR reactions were carried out on an ABI 3730XL sequencer using
LIZ500 size standard. We analyzed genotypes using GeneMapper 3.7 (Applied
Biosystems). To minimize genotyping error, all plates included at least 4 overlapping
individuals, and 1-4 negative controls. Loci that scored inconsistently among plates, and
for which bands were detected in any negative control were excluded. This produced a
total of 191 repeatable loci, with 33 to 58 loci produced per selective primer combination.

For 175 individuals, we amplified a 693 base pair (bp) fragment of the mtDNA
gene NADH dehydrogenase 4 (ND4), using primers ND4 [5°-CAC CTA TGA CTA CCA
AAA GCT CAT GTA GAA GC-3’] and Leu [5’-CAT TAC TTT TAC TTG GAT TTG
CAC CA-3’] (Arevalo et al. 1994). A minimum of 10 individuals per sampling site were
sequenced in order to provide sufficient information with which to generate inter-site
genetic distance matrices (Table S1). We sampled a larger number of individuals from
Kribi after initial detection of a deep phylogenetic break in ND4 within this site, in order
to adequately estimate proportions of the two clades. Individuals from both clades were
fixed at c-MOS and Beta Fibrinogen Intron 7 (AHF unpublished data) verifying that we
did not confound species in our analysis. ND4 was amplified via PCR with a standard
protocol (initial denaturation at 94 °C for 3 min; 45 cycles of 94 °C for 30 s, 50 °C for 30
s, and 72 °C for 1 min; and a final extension at 72 °C for 10 min). Amplification was
performed in 25 pL reactions: 2.5 pL of 10x PCR buffer, 1.5 pL of MgCl; solution, 2.0
pL of ANTPs [2.5 mm each], 1.0 pL of each primer [10 pm], 0.1 pL. Taq polymerase, 2.0
uL of DNA template [~50—100 ng double-stranded DNA], 1 uL 10x Bovine Serum

Albumin [BSA] and 13.9 pL of sterile water). To check for contamination, we ran



negative controls with each reaction, adding water instead of DNA. Sequencing was
carried out on either a Beckman-Coulter CEQ 2000 or ABI 3730XL automated
sequencer, with sequencing reactions performed using appropriate manufacturer
protocols and dyedeoxy-terminator reagents. Sequences were manually aligned to each
other in BioEdit version 7.0.9.0 (Hall 1999), and to a 7. affinis Genbank accession
(AF228553; Mausfeld et al. 2000). We verified that sequences were in proper reading

frame and did not contain stop codons with DNaSP, version 4.50.3 (Rozas et al. 2003).

Environmental variables

We obtained information on climate, vegetation, and elevation at sampling sites, in order
to group populations by habitat for tests of among-habitat divergent setection, for
multivariate statistical modeling of relationships between genetic and environmental
variation, and for building ecological niche models (see below). From WorldClim,
version 1.4 (Hijmans et al. 2005), we obtained data on 19 bioclimatic variables at 1-km
spatial resolution that include variation in annual means, extremes and seasonal variaiton
in temperature and precipitation thought to be important in capturing the physiological
limits of species (Nix 1986). These data are derived from monthly interpolated
temperature and rainfall climatologies spanning the years 1950 to 2000. We included all
of the available bioclimatic variables except isothermality, as it the context of our study
its ecological significance is not easily interpretable (Table S2). In using ecological niche
models to quantify range shifts associated with climate cycles, so as to better understand

how they might influence patterns of genetic variation, we projected the present day
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climate-genetic cluster relationships onto the LGM (21,000 BP) climate simulated with

the Paleoclimate Modelling Intercomparison Project (PMIP; http://www.pmip2.cnrs-

gif.fr) Community Climate System Model (CCSM3, http://www.ccsm.ucar.edu/, [Kiehl
and Gent 2004]) downscaled to the resolution of contemporary environmental variables
(Waltari et al. 2007). While comprehensive validation of environmental variables for the
LGM generated by the CCSM3 model is not possible, predicted reductions in
precipitation and temperature for tropical Africa produced by the PMIP models are
broadly consistent with available terrestrial data (Jahns 1996, Maley 1996; Pinot et al.
1999; Dupont et al. 2000). Thus, the simulated LGM data are useful for exploring broad
features of species distribution shifts associated with climate cycling.

To quantify spatial and temporal vegetation patterns, we used the monthly 1-km
leaf area index (LAI) data derived from MODIS reflectance over a 5-year period (2000-
2004; Myneni et al. 2002). To further reduce effects of persistent cloud cover and any
natural interannual variability in the data, we created monthly climatologies by averaging
the 5 years of data. We then used these composites to generate an annual maximum LAI
(LAIN[AXj layer. We also generated two normalized difference vegetation index (NDVT)
data sets: maximum annual NDVI (NDMAX), and maximum NDVI during the “greening
up” period (NDGR), when the flush of new vegetation is initiated from the onset of the
rainy season. We calculated these indices from the same MODIS time series as the LAI
metrics. As an additional fine-scale metric of land cover, we used the MODIS-derived
vegetation continuous field (VCF) product as a measure of the percentage of tree canopy

cover at 1-km resolution (Hansen et al. 2002). The VCF came from 2001 MODIS data
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and separated open, fragmented, and deforested areas from those of intact old-growth
forests. We also generated monthly composites of global Quick Scatterometer (QSCAT;
Long et al. 2001) microwave measurements for 2001 and processed them to produce two
variables: annual mean (QMEAN) and standard deviation of radar backscatter (QSD).
The QSCAT data layers were reaggregated from their 2.25-km native resolution to 1-km
to match the resolution of the other predictor variables. The QSCAT radar measurements
are sensitive to surface roughness, surface moisture, leaf water content, and other
seasonal attributes, such as deciduousness of vegetation. In addition, they have the added
advantage of being unbiased by cloud cover. We also included elevation data at 1-km
resolution from the Shuttle Radar Topography Mission (SRTM). Sources of

environmental data and their interpretation are provided in Table S2.

Detecting outlier loci

We identified AFLP loci that deviate from neutral expectations (and that may be under
divergent selection) with Fsr-based outlier tests that compare simulated to empirical
levels of divergence among loci. Theoretical studies demonstrate that such tests have
high power to detect divergent selection and are relatively robust to demographic history
(Beaumont and Nichols 1996; Beaumont and Balding 2004; Beaumont 2005). They have
been employed in a number of recent empirical applications (Campbell and Bernatchez
2004; Bonin et al. 2006; Nosil et al. 2008). We implemented outlier tests with the
program Dfdist (Beaumont and Balding 2004). Dfdist first estimates empirical Fst values

among loci with a Bayesian approach (Zhivitovsky 1999). It then estimates the mean

12



empirical neutral Fgr value by removing the highest and lowest 30% of observed Fsr
values from the data set, resulting in the “trimmed” mean. A distribution of Fgt values is
then simulated so that they approximate the trimmed mean, with Fgr values conditional
on heterozygosity estimated under an infinite island model (Wright 1943). Loci falling
above the upper 95% confidence interval derived from the simulated data are considered
outliers putatively under divergent selection. We used the recommended default settings
for Dfdist, including the 30% threshold noted above, and a smoothing parameter of 0.04,
excluding loci with a dominant allele frequency > 99%. Initial analyses indicated that
results were insensitive to specified priors. A recent simulation study suggests variable
proportions of outliers may be false positives when a is set to 0.05, and conversely, many
may not be detected when selection coefficients are small (Caballero et al. 2008). To
address this issue, we examined the influence of increasingly conservative a-values on
our analysis.

We tested for outliers in two ways. First, we looked for outliers as a function of
divergent selection among groups of populations defined by habitat and climate. We
identified four discrete environments, by performing a Principle Components Analysis
(PCA) on all environmental variables at our 12 sampling sites: rainforest, montane
rainforest, lower ecotone, and upper ecotone (Fig. 2). Second, in order to identify
population-specific effects, including local environmental features masked by PCA, we
looked for outliers at the population level, coding each of our sampling areas as a

population.

13
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Figure 2. Habitats at sampling sites in Cameroon delineated with PCA on
WORLDCLIM climate, MODIS (LAI maximum, % tree cover [VCF], NDVI maximum,
and NDVI during greening up period), and radar (Quick Scatterometer mean and SD of
backscatter) remote sensing. PC1 and PC2 explain 54% and 21% of habitat variation

among sampling sites, respectively.
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Although Dfdist intrinsically corrects for problem of multiple comparisons
through the priors (Beaumont and Balding 2004), we also evaluated how controlling the
false discovery rate (FDR) would influence our results, by setting an FDR threshold of <
5% for each of the outlier analyses. Specifically, we calculated g-values for each locus
within each run, where q equals the proportion of false positives expected if the locus is
considered significant (Storey and Tibshirani 2003), considering as confirmable outliers
those loci with q < 0.05. Q-values were estimated using the program Q-value (Storey and
Tibshirani 2003), with the proportion of truly null loci, 7y, estimated with the bootstrap

method.

Genetic distance and structure

Based upon our results from Dfdist, we partitioned our AFLP data into a neutral set, and
one comprised of outlier loci purportedly under divergent selection. To minimize the
influence of loci under selection that were not detected as outliers, we did not include in
our neutral data set any loci that lost statistical significance at a-levels below 0.05. To
summarize the overall pattern of neutral variation, we pooled neutral loci (Campbell and
Bernatchez 2004; Bonin et al. 2006). For these, we constructed a matrix of Nei’s genetic
distances following the method of Lynch and Milligan (1994) using AFLP-Surv, version
1.0 (Vekemans et al. 2002). Because natural selection may operate along different
environmental clines for different loci, and so as to avoid obscuring their separate spatial
patterns and environmental associations, we built a separate distance matrix for each

outlier AFLP locus, comprised of normalized, absolute differences in band frequency.
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Genetic structure due to historical factors such as isolation in glacial refugia might
lead to genetic variation explained neither by environment nor geographic distance, i.e. if
refugia at varying distances from each other were effectively isolated to a similar degree.
Such a scenario would be likely for species with limited dispersal ability such as skinks
that rely of forested habitat, and for Cameroon in particular where hypothesized refugia
are relatively close geographically. Thus, to look for evidence of population structure
without the requirement that it be explained by environmental variables, for the AFLP-
neutral data set we identified genetic clusters in the AFLP-neutral dataset with the
program Structure, version 2.1 (Pritchard et al. 2000). We analyzed runs fork =1 - 10
clusters, with a no admixture, allele frequencies correlated model (100,000 steps burn-in,
500,000 steps). We determined the most likely number of genetic clusters (k) with the
method of Evanno ef al. (2005), and by examining plots of likelihood scores, and the
extent to which increasing k added clusters merely comprised of low proportional
membership coefficients to individuals with high coefficients for other clusters. We
expected that if historical isolation in rainforest refugia was responsible for neutral
genetic divergence, genetic clusters would be detected that were congruent with the

hypothesized refugial areas (Maley 1996).

Spatial modeling of gene-environment relationships
To quantify the extent to which variation in each of our genetic data sets was explained
by environmental variables, and to develop spatial predictions of environmentally

associated genetic variation, we employed Generalized Dissimilarity Modeling (GDM,;
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Ferrier et al. 2007). GDM is a matrix regression technique that fits a linear combination
of I-spline basis functions (Ramsay 1988), permitting non-linear responses to
environmental variation to be modeled. First, dissimilarities of a set of predictor variables
are fitted to the genetic dissimilarities (the response variables). Then, predictor
contributions to explaining the observed response variation are tested by Monte-Carlo
permutation, and only those that are significant are retained in the final model. These
procedures result in a function that best describes the relationship between environmental
and genetic variation, and that can then predict spatial patterns of genetic variation across
a study area of interest. To compare the AFLP-neutral to an independent neutral data set,
we built an Fsr matrix (Weir and Cockerham 1984) from the ND4 sequences, using
distances among haplotypes computed from a Trn+I model of sequence evolution
selected with the Bayesian Information Criterion (BIC) using Modeltest 3.8 (Posada
2006).

To assess the relative contribution of environment versus distance to explaining
the observed variation, we performed independent and combined analyses of
environmental variables and distance. For each genetic data set, we built three classes of
GDM: 1) environmental variables and distance, 2) only distance, and 3) only
environmental variables. Subtracting 2) from 1) provides an approximate estimate of how
much genetic variation is explained by environment, above and beyond strict geographic
distance, excluding environmental variation correlated with geographic distance.
Comparison of the results from these three models also provides an indication of the

correlation between geographic distance and environmental difference effects. For neutral
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markers, we also included as a predictor the least-cost path (LCP) distance between
sampling localities, with cost inversely weighted by habitat suitability estimated from the
ecological niche model. This allowed us to incorporate the ecological costs of dispersal
per se, and to evaluate the Sanaga River (a large river which bisects our study area; see
insert Fig. 1A) as a potential dispersal barrier. Specifically, we assigned a large cost to
traversing the river, leading to an LCP which is forced to circumnavigate the river’s
headwaters. The LCP between sites used as a distance matrix input into GDM was
generated with the program Pathmatrix (Ray 2005) implemented in ArcView version 3.2a
(ESRI).

Although GDM can include geographic and other types of distances as predictor
variables, in its present formulation it does not include covariates. GDM using only
distance versus all variables can be compared to assess how much additional variation is
explained by environment, but it does not, strictly speaking, measure the correlation
between genetic and environmental variation when geographic distance is controlled for,
or that between genetic and geographic distance when environmental variation is
controlled for. To complement GDM analyses and better understand the proportions of
genetic variance explained by distance versus environment , we conducted simple and
partial Mantel tests (Manly 1997), with Isolation By Distance Web Service (IBDWS),
version 3.15 (Bohonak 2002), with genetic distance matrices as response variables, and
environmental and distance matrices as predictors. For each GDM that included both
geographic distance and environmental variables as possible predictors to be included, we

built a customized, weighted mean environmental distance matrix, with weights assigned
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to environmental variables according to their respective coefficients in the GDM model.
This weighting scheme is reasonable, because GDM splines are constrained to be
monotonically increasing, such that model coefficients should provide reasonable
estimates of an environmental variable’s predictive power. Variables not included in the
GDM were not part of the matrix, and for the few occasions when more than one I-spline
was fitted to a variable, we used the sum of those coefficients in calculating the variable
weight. Although partial Mantel tests are robust under most circumstances (Castellano
and Balletto 2002), there may be some bias in significance testing (but not in correlation
coefficients themselves) of partial Mantel tests, particularly when strong correlations
exist between independent variables (Raufauste and Rousset 2001; Rousset 2002). The
correlation between geographic distance and environmental distance was substantial in
our study. Thus, in order to test the hypothesis that, across the genome, environment
explains more variation than geographic distance, we also performed paired t-tests on the
partial correlation coefficients from partial mantel tests on each genetic data set input into

GDM.

Ecological niche modeling

We restricted our GDM analyses to areas within Cameroon where 7. affinis is expected to
occur using an ecological niche modeling approach. First, we supplemented our species
localities with those obtained for west and central Africa from the scientific literature,
museum records, and technical reports resulting from field surveys by expert

herpetologists (Table S3). Using 52 localities from these sources (Fig. S1), we then
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modeled the distribution of T. affinis with Maxent, version 3.2.1, a recently developed
general-purpose algorithm for presence-only data (Phillips ez al. 2006). In a recent,
comprehensive, inter-model comparative study, Maxent ranked among the highest
performers (Elith et al. 2006). Maxent offers a particular advantage in that it performs
well with only a small number of point localities (Hernandez et al. 2006). Specifically,
we used Maxent to construct the environmental envelope of T. affinis using all of our
environmental variables, and project that envelope into geographic space in the form of
probabilities of species occurrence per 1-km pixel. We defined areas above the minimum
predicted probability of presence at an actual species locality as being part of the species
distribution.

Because historical range expansions and contractions can create clines in genetic
variation along the axis of expansion (Hewitt 1996; Wegmann et al. 2006), selectively
neutral loci might have a significant environmental association if range expansion takes
place along an environmental gradient. Providing an explanation for such patterns is
important, so as not to confound them with the effects of loci under selection. In
equatorial Africa, periodic climate cycles lead to rainforest expansion into previously
more arid savanna areas during interglacials, and contraction out savannas during glacial
periods (Maley 1996; Dupont et al. 2000). As a result, the contemporary rainforest-
savanna might be able to explain neutral genetic variation because of its correlation with
the axis of range dynamics. To evaluate this possibility, we examined changes in the
distribution of T. affinis between the last glacial maximum (LGM) and the present by

building an additional niche model comprised solely of contemporary climate variables,
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then projected the environment-species relationship calculated by Maxent onto the LGM
using the CCSM paleoclimate environmental variables. For this analysis, we excluded
BIO 9, BIO14, BIO15, BIO17 and BIO19 (Table S2), because CCSM projections for the
LGM contained visually detectable anomalies likely due to how algorithm split annual
time series in order fo delineate seasons. For the purposes of visualization, we restrict our

presentation of predicted distributions to our study area in Cameroon.

Historical demography

To provide additional insight into the underlying historical demography that may have
shaped patterns of genetic variation revealed with GDM, we perform additional analyses
with the ND4 sequence data. We defined groups of populations based upon (1) sets of
geographic populations that did not show signs of admixture between genetic clusters
estimated from the AFLP-neutral data with the program Structure, and (2) sympatric
ND4 clades exhibiting deep divergence that suggested secondary contact. For each group
of populations, we calculated mismatch distributions (Rogers and Harpending 1992), and
tested for signatures of both demographic and spatial expansion (Fu 1997; Schneider and
Excoffier 1999; Ray et al. 2003; Excoffier 2004). To provide additional tests for
population expansion, we performed Fu’s tests (Fu 1997), for which large negative values
are an indication of demographic expansion. These analyses along with standard
molecular diversity indices were computed with the program Arlequin (version 3.1,

Excoffier et al. 2006).

21



Results

Morphological variation among habitats

Consistent with previous research on African passerines (Smith e al. 1997, 2000,
2005a,b), we detected divergence in morphological traits likely important in fitness
(Losos 1990; Losos et al. 1997, Vitt et al. 1997; Schneider et al. 1999) along the
rainforest-ecotone gradient. The first two principle components explained 90% of
morphological variation. Both PC1 and PC2 were significantly different among habitats
(Fig. 3; ANOVA, N =238, df=3; PC1, F=8.303, P<0.001; PC2, F=17.572,
P<0.001). All traits loaded heavily on PC1, indicating it describes overall body size,
while increasing values for PC2 were correlated predominantly with increasing head
depth, and to a much lesser extent smaller forelimb length and span (Table S4). Sidak
post hoc tests indicated that rainforest was significantly different in PC 1 from lower

ecotone (P = 0.045) and upper ecotone (P<0.001), while upper ecotone was significantly

differentiated from all other habitats along PC 2 (all P<0.001).

Genomic Heterogeneity and Structure

Of 191 repeatable AFLP loci, 116 had dominant allele frequencies < 99%, and were
included in Dfdist analyses. Of these, outlier tests based upon either the 12 sampling
localities or habitat types identified 15 loci (8% of repeatable loci) that deviate from
neutral expectations (Fig. 4). Six of 7 of the outliers identified in between-habitat

analyses were also recovered in the among-population analysis. The number of loci per
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Figure 3. Means of principal components 1 and 2 on morphological traits in Trachylepis
affinis, showing morphological divergence between rainforest and ecotone habitats. FOR
= rainforest, MONT = montane forest, LOEC = lower ecotone, and UPEC = upper
ecotone. Habitats labeled with different letters indicate significantly divergent
morphology between them. Error bars represent + 1SE.Habitat types were determined
from climate variables, remote sensing, and elevation (see Fig. 2 and Materials and

Methods for details on variables).
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outliers under selection at P<0.05 (hollow triangles), and at P<0.01 (filled circles). The
solid line represents the upper 95% confidence of neutral Fsr values conditional on

heterozygosity simulated in Dfdist (Beaumont and Balding 2004).
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selective primer combination was small (range = 17-40), thus size homoplasy is unlikely
to represent a confounding factor in our analyses (Caballero et al. 2008). Increasingly
conservative a values had a small effect on the estimated proportion of the genome likely
to be under selection, as even at an extremely conservative a=0.0001, that proportion
only decreased to 3% (Fig. 5). For the remaining significant outliers, this pattern would
not change with even more conservative a values, as their respective P values were
effectively zero. For these loci, false dis‘covery had no influence on results, as in at least
one tests Q-values were zero; for an additional locus showing the “gap” GDM pattern
(see below), false discovery was also improbably (Q=0.005).

For subsequent analyses, we then partitioned the AFLP loci into a set of 101
neutral loci, and a separate set of the 15 outliers. From the neutral AFLP data set,
Structure provided the most support for three genetic clusters, with the vast majority of
individuals being almost exclusively assigned membership to one cluster (Fig. 6). For
each of three geographic areas, individuals from an area were almost exclusively
assigned to one of the three genetic clusters: South of the Sanaga (Fig. 1A [sites 1 — 3],
3), Southwest Province (Fig. 1A [sites 6 — 8], 3), and ecotone (Fig. 1A [sites 9 — 12), 3).
Within the South of Sanaga area, three individuals from Palm d’Or had closer affinity,
based upon membership coefficients, with individuals from Southwest Province. Greater
admixture between clusters occurred at Malimba just north of the Sanaga (Fig. 1A [site
4], 3), and to a lesser extent at Mapenja (Fig. 1A [site 5], 3). The South of Sanaga and
Southwest Province clusters were generally consistent with Maley’s (1996) hypothesized

refugial areas (Fig. 1A, 6), while admixture at Palm d’Or and Malimba (proximate to
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each other but separated by the Sanaga River) suggests the Sanaga is not a significant

barrier to gene flow.

GDM: Neutral Loci

GDM of pooled neutral loci that included both geographic distance and environmental
variables (i.e. the full model) as possible predictors explained 75% of genetic variation
(Table 1). Environment was important in explaining neutral genetic differentiation.
Genetic differentiation followed a cline from the coast inland into the ecotone, which was
largely explained by geographic distance, mean annual precipitation, and precipitation of
the driest month (Fig. 7A). Only 23% of variation was explained by a model based solely
on geographic distance, with the full model including environment explaining 75%
(Table 1). In other words, adding environmental variables increased the explanatory
power of the model by 52%. A model incorporating environment but excluding distance
explained only 3% less variation than the full model. Unlike the Structure analysis, no
differentiation associated with hypothesized refugia was detected (Fig. 1A, 7A). In
addition, in the full model the least-cost path around the Sanaga was not selected in
model fitting, confirming findings from Structure demonstrating that the Sanaga River

does not present a substantial barrier to gene flow.
GDM: Outlier Loci

Consistent with morphology as well as past research on African passerines (Smith et al.

1997, 2000, 2005a), seven loci were differentiated along the rainforest-ecotone gradient
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Table 1. Percent of genetic variation explained by GDM models of neutral AFLPs,
individual AFLP loci under selection, and mtDNA gene ND4 in Trachylepis affinis.

GDM model

Locus Distance only” Enviroml}lent Di§ tance + c
only environment

AFLP-neutral 23 72 75
ND4 31 — 63¢
1.39 70 91 94
1.114 28 66 67
1.136 71 92 93
2.5 65 90 90
2.38 67 85 87
2.125 64 89 89
2.141 0 — 41
3.98 7 — 72
498 12 — 69
4.102 3 — 69
4.105 0 — 70
4.129 0 — 67
4.142 3 — 56
4.154 0 S 40
4.165 64 82 64
a

Model only includes geographic distance as a predictor variable.
Model allows for selection of any environmental variable, excluding geographic distance and

b

the least cost path around the Sanaga River (LCP). Entries are blank because geographic
distance was not included in the full model, and so environment-only and environment +

distance models are identical.
Model allows for selection of environmental variables, geographic distance, and LCP,

although the current implementation of GDM cannot estimate the percent of variation

explained when LCP is selected.
LCP was included, but had a very weak effect. Therefore, the percent variation explained is
a close approximation of the total amount explained by all factors considered.
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Figure 7. Spatial predictions of genetic turnover in Trachylepis affinis based upon GDM,
and variables selected in each GDM model that allows for environmental variables and
geographic distance as possible predictors. Colors between panels are not comparable,

while within panels, areas with similar shading along the color scale are predicted to be
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Figure 7 (continued)

genetically more similar. A. 101 neutral AFLP loci, B. outlier locus 2.38, under divergent
selection between rainforest and ecotone habitats, C. outlier locus 3.98, under selection
along a lowland forest — ecotone — montane gradient, and D. outlier locus 4.142,
displaying convergent selection between areas proximate to hypothesized refugial areas,
and which are divergent from an intervening “gap” area in the coastal forest as well as

ecotone.
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(Fig. 7B, S2). For these loci, geographic distance was always included as a predictor, and
was the most important one for four loci (Fig. 7B, S2). Mean annual precipitation was the
most important predictor for all but one of the remaining loci. In this instance,
precipitation of the wettest quarter was more important. In general, either wettest quarter
or wettest month precipitation helped describe patterns of genetic differentiation in these
loci. The full model (including both environmental variables and geographic distance)
explained 67 — 94% of genetic variation, approximately 20% more than models
incorporating geographic distance alone. Models only using environmental variables (i.e.
excluding geographic distance) were as powerful as the full model in explaining genetic
variation for two loci, and nearly so for the remaining loci (Table 1). The lack of
difference in explanatory power between the full and environment-only models may
arise, in part, from large correlations between geographic distance among sampling sites
and environmental difference in a number of bioclimatic variables (Table S5). This
suggests that geographic and ecological distance are concordant. As a result, in our GDM
models geographic distance may serve as a proxy for a number of environmental
variables directly relevant to patterns of local adaptation and divergence.

Three loci exhibited strong differentiation along a cline from lowland rainforest
influenced by a coastal climate regime to montane forest (red areas in Fig. 7C indicate the
Cameroon line mountain chain; Fig. 1A insert, S2). Intermediate along this cline were
more interior rainforest areas and ecotone habitats (Fig. 7C, S2). Full model GDMs
explained 69 — 72% of genetic variation, but did not select geographic distance as an

important variable for any of these loci (Table 1). Geographic distance alone explained
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very little variation (3 — 12%; Table 1). For two loci (3.98 and 4.102), the gradient of
differentiation from coastal lowland rainforest to ecotone to montane habitats coincided
with increasing diurnal temperature variation (BIO2), augmented in particular in the
montane areas by colder temperatures during the coldest month (BIOS5) (Fig. 7C, S2).
The effect of BIOS was apparent despite its small model coefficient, which we confirmed
by running an additional GDM excluding BIOS5, and which resulted in reduced
differentiation of montane areas. Interestingly, for the third locus (4.98), while BIOS once
again explained differentiation of montane habitats, high precipitation of the wettest
month (BIO13) and quarter (BIO16) rather than diurnal temperature range characterized
adaptive variation in lowland rainforest habitats, and in slightly different areas: along
more restricted coastal areas south of the Sanaga and in more extensive areas further
inland in the wet forests north of the Sanaga (Fig. S2).

For five loci, a pair of rainforest areas north and south of the Sanaga River were
differentiated from an intervening “gap” between them and ecotone (Fig. 7D, S2), with
ecotone and inland rainforest being characterized by overall drier conditions. The full
model explained 40 — 70% of differentiation, and geographic distance was not included
for any locus; geographic distance explained only 0 — 3% of variation when run in
isolation (Table 1). Variation in the location of the two genetically convergent rainforest
areas depended upon the driving variables. For two loci, those areas were associated with
high precipitation of the driest month (BIO14; loci 4.105 and 4.129, Fig. S2). For three
others (2.141, 4.142, and 4.154), they were differentiated due to substantially lower

precipitation of the warmest quarter (BIO18) in the intervening “gap” area (Fig. 7D, S2).
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This gap may also be due to lower precipitation of the driest quarter, with which
precipitation of the warmest quarter is highly correlated (» = 0.788 at 1,000 random
points within the predicted distribution of T. affinis). Aside from the seasonal
precipitation anomaly along the coast, clines in these loci parallel the rainforest-ecotone
gradient. Nevertheless, increasingly conservative o values led to a rapid drop-off of the

number of these loci that significantly deviate from neutral expectations (Fig. 5).

Independent effects of environment and distance

Although simple Mantel tests revealed significant IBD and environmental influence on
patterns of neutral and outlier differentiation (Table S6), correlations between geographic
and environmental distance were typically high (0.81+ 0.03 SE). Thus, partial tests were
necessary in order to discern the effects of geographic distance from those of
environment. In these tests, neutral AFLPs showed weakly significant IBA but not IBD,
while IBD and not IBA was significant in ND4 (Fig. 8, Table S6). Significant IBD was
detected in four out of 15 outlier loci, while significant correlations with environment
while controlling for geographic distance were found in all outlier loci. Consistent with
the effects of divergent natural selection, these correlations with environment were
greater than those for either neutral AFLPs or ND4 except for locus 2.141, which
displayed the “gap” pattern with GDM (Fig. 8, S2). Across AFLP markers, both neutral
and outliers, environmental effects were always greater than effects of geographic

distance (paired t-test on correlation coefficients, d. f. = 15, r=7.03, P <0.0001),
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Figure 8. Partial Mantel test correlations between genetic distance and geographic
distance while controlling for geography, and between genetic distance and
environmental distance controlling for geographic distance. For each genetic distance
matrix, environmental distance matrices are weighted means of environmental variables
selected by GDM, with weights equivalent to the sum of those variables’ I-spline
coefficients. Data sets to the left of the dashed line are neutral data sets, while those to the
right are outlier loci under selection. Significant partial Mantel tests for positive
association (i.e. 1-tailed test) are indicated by * P<0.05, ** P<0.01, and *** P<0.001.
Across AFLP data sets, The effect of environment while controlling for geographic
distance is significantly greater than the effect of geographic distance while controlling

for environment (paired t-test on r-values, ¢ = -7.03, P<0.0001).
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suggesting that adaptation to local environments plays an important role in structuring

genetic variation.

Historical demography

Ecological niche modeling. Clinal variation observed in neutral AFLPs were consistent

with past range dynamics inferred from ecological niche modeling. Ecological niche
model predictions of LGM and present-day distributions suggest that 7. affinis has
undergone a substantial range expansion since a shift to warmer and wetter conditions
after the LGM (Fig. 9). A number of additional model runs using subsets of the climatic
variables in this model produced a qualitatively similar pattern of distribution change
(data not shown). Given historical climate variation in Africa driven by glacial and
processional cycles (deMenocal 1995), range contractions and expansions are probably
recurring phenomena that have repeatedly influenced spatial genetic variation. Predicted
range dynamics co-varied with the cline of decreasing precipitation and greater
seasonality, with increasing distance from the coast, possibly explaining the large

contribution of environmental variables to GDMs of neutral AFLPs.

ND4 diversity. Evidence for range expansion from niche modeling was supported by
ND4 mismatch distributions (Fig. S3, Table 2). For areas comprising relatively
homogeneous genetic clusters based upon Structure analyses or comprised of unique,
divergent ND4 clades (south of Sanaga River, excluding the “+” clade [Fig. S4 A]; the
“+” clade found only at Kribi; southwest province; and ecotone), mismatch distributions

contained signatures of demographic expansion for all areas, and for spatial expansion in
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Figure 9. Predicted distributions of T. affinis at A. the last glacial maximum (LGM) and
B. the present, generated with a species distribution model (Maxent), indicate postglacial
range expansion. Maxent models are based upon a restricted set of climate variables.
LGM predictions employ climate data generated by PMIP’s CCSM3 general circulation

model (see Materials and Methods for details).
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all areas except that south of the Sanaga (Table 2). Fu’s tests were not significant, but
variation among areas was consistent with signatures of expansion from refugia detected
with the other metrics. The largest negative Fs value was for ecotone, while that of the
“+” clade in Kribi was slightly negative (Table 2). Positive Fs values were recorded for
the group of populations south of the Sanaga River and in Southwest Province, indicating
relative population stability in areas near hypothesized refugial areas (Table 2).
Additional support for past range expansion comes from lower gene, nucleotide, and
haplotype diversity (relative to the number of individuals sampled) in the ecotone than in
other areas (Table 2, Fig. S4A). This is likely due to the sequential bottlenecks that occur
during range expansion (Hewiit 1996), as ecotone habitats represent the distributional
limits of T. affinis determined with Maxent (Fig. 1B), and the terminal end of the
expansion front. In the “+” clade from Kribi, negative Fs and reduced genetic diversity
relative to the other two groups of forest populations are consistent with haplotypes
belonging to a lineage expanding from populations further to the south. Deep genetic
divergence of sympatric ND4 clades at Kribi was in conflict with information from
AFLPs. Structure analysis of individuals from Kribi at k=2 showed a high degree of
admixture within individuals (Fig. S5), strongly suggesting secondary conflict followed
by introgression. Finally, GDM of differentiation at ND4 showed a similar clinal pattern
to that of neutral AFLPs (Fig. S4B), with no differentiation between hypothesized
refugia. An extremely weak river barrier effect was detected, as the model coefficient for
the LCP was near zero. Consistent with the lack of such an effect, pairwise Fstbetween

two proximate populations on either side of the Sanaga River (Palm d’Or and Malimba)
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was low (0.07), and smaller than all other pair-wise Fst values (0.61 + 0.04 SE) except
for some within-ecotone population pairs. Only 31% of variation was explained by

geographic distance in isolation, and it was not included in the full model (Table 1).

Discussion

Genome scans, environmental and niche modeling were found to resolve patterns of non-
neutral evolution against a backdrop of species response to historical climate change.
Combined, these analyses support a greater role for adaptive evolution along ecological
gradients than for allopatric divergence between refugia in generating diversity in
equatorial Africa (Smith et al. 1997, 2005a). Genome scans of 7. affinis revealed that a
relatively large proportion of the genome is under divergent selection, falling close to the
mean of 8.5% for 18 reviewed studies (Nosil ez al. 2009). Our findings thus add to a
growing body of evidence that divergent selection is a strong force influencing genome
evolution. While it has been suggested that diversification in the face of Milankovitch
cycles occurs primarily in environmentally stable areas (Dynessius and Jansson 2000;
Jansson and Dynesius 2002), a large proportion of outliers putatively under selection
suggest the opposite. These loci were divergent along the rainforest-savanna gradient,
which has undergone periodic contractions since at least the beginning of the Pleistocene.
While it is known that introduction into novel habitats can produce adaptive
differentiation (Losos et al. 1997), far fewer studies indicate that range expansions
facilitate adaptive evolution (Hellberg ef al. 2001; Thomas et al. 2001; Zayed and

Whitfield 2008). In contrast to past studies based upon species distributions and neutral
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genetic markers, we found that neutral genetic divergence between refugia without
accompanying ecological divergence is probably ephemeral. However, we identified a
previously underappreciated role for refugia in the diversification process. While refugia
may not necessarily act as generators of diversity through geographic isolation, they may
serve as a source population for range expansions across ecological gradients along
which natural selection generates adaptive divergence.

Considering neutral loci without consideration of environmental variation,
analyses with Structure revealed three genetic clusters, and two of these may be
interpreted as belonging to a distinct, hypothesized rainforest refuge. Individuals
unambiguously assigned to one of these clusters were found in close proximity to a
hypothesized refuge, and areas of mixed membership corresponded to those populations
in the intervening area between the refugia or at their proximate margins. However, at
k=2, forest and ecotone were delineated first, and only afterwards are separate refugia
clusters resolved. This implies stronger genetic divergence between rainforest and
ecotone habitats than between refugia. While consistent with studies on birds
demonstrating the evolutionary significance of rainforest-ecotone divergence (Smith et
al. 1997, Smith et al. 2005a), genetic structure alone provides little information as to the
underlying evolutionary processes producing this pattern, let alone the environmental
variables responsible for divergence or the role of mere geographic distance. In conflict
with an inference of inter-refuge divergence, ND4 showed little structure between
refugial areas (Fig S4). Instead, ecotone haplotypes clustered separate from forest ones,

and highly divergent rainforest haplotypes were sympatric as the southernmost sampling
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site in Kribi (site 1). At Kribi, the combination of contemporary sympatry, deep mtDNA
divergence, and lack of congruent structure in the nuclear genome strongly suggest
secondary contact and introgression of lineages previously isolated, perhaps between a
larger Cameroonian macrorefugium (sensu Dupont et al. 2000) and one farther south (see
Maley 1996). Analysis of neutral AFLP structure confirms this, as the sympatric mtDNA
clades show no parallel in neutral AFLPs at k=2, which instead show evidence for
rampant admixture (Fig. S3). Persistence of divergence in mtDNA is only maintained
because recombination cannot erode the historical, phylogeographical signal—only
future dispersal and gene flow spreading mtDNA haplotypes among populations could.
The overall conflict between patterns of nuclear and mitochondrial genetic structure,
combined with nuclear admixture between refugial areas suggest that, while there is
genetic evidence for past geographic isolation between refugia, any resulting inter-refuge
neutral divergence is probably ephemeral. Between ecologically differentiated areas,
adaptive divergence can inhibit gene flow (Résénen and Hendry 2008). However, if
selection against locally maladapted immigrants is weak, such as might be the case
ecologically comparable refugia, introgression during interglacials should eventually
erase inter-refuge genetic divergence.

GDM including both geographic distance and environmental variables explained
75% of neutral genetic variation in neutral loci. This pattern of differentiation is at odds
with inferences one would make from analyses of spatial genetic structure and phylogeny
that do not explicitly include environmental informétion. GDM failed to detect any

differentiation between refugial areas, instead revealing a clinal pattern radiating out from
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the coast, and extending toward ecotonal habitats that comprise the range limit of T.
affinis (Fig.7). While geographic distance was the most important variable in a GDM that
considered both distance and environmental variables, precipitation variables also
contributed substantially. Furthermore, the GDM solely based upon environmental
variables (i.e. excluding geographic distance) explained nearly as much neutral variation
as the full model (72%).

Why does environmental variation explain so much variation at presumably
neutral loci? One explanation is that adaptive divergence between populations generates
reproductive isolation allowing individual neutral loci to diverge stochastically via
genetic drift, i.e. the “general barriers” mechanism (Résénen and Hendry 2008; Nosil et
al. 2009). If adaptive divergence is greatest between the extremes of rainforest and
ecotone, the resulting rainforest-ecotone genetic cline could be generated. Because
precipitation was important in the full GDM model and because of the strong association
between precipitation and woody vegetation cover (Sankaran et al. 2005; Bucini and
Hanan 2007), precipitation probably serves as a proxy for the underlying habitat gradient.
Also consistent with the general barriers hypothesis, we found a significant pattern of
IBA for neutral loci. Nevertheless, confirmation of general barriers is not possible when
IBA is detected at a spatial scale greater than or equal to that of potential gene flow
among populations (Nosil et al. 2009). Alternately, adaptive genetic clines create the
potential for randomly generated differences in loci affecting mate choice to become
associated with and interact with the effects of loci directly responsible for local

adaptation. Theoretical work demonstrates that the association of mating and ecological
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traits along an ecological gradient can in fact lead to speciation (Doebeli and Dieckmann
2003). Another possibility is that environmental signal in neutral divergence may arise
via linkage to loci involved in local adaptation and that carry a selective advantage
relative to immigrant alleles (Charlesworth ef al. 1997). Even so, linkage seems less
likely to generate such a strong environmental signal if, as expected, neutral AFLP
markers are distributed randomly across the genome, unless the majority of neutral loci
exhibit no spatial structure (and thus a few linked loci dﬁve the pattern), or selection is
strong and pervasive enough to generate extensive linkage disequilibrium.

We propose a different explanation, namely, that the observed pattern in neutral
loci stems from a natural correlation between environmental gradients and levels of
habitat suitability, and the resulting spatial dependence of relatedness that arises when
populations undergo periodic expansions and contractions induced by climate cycles.
Within the range of T. affinis in Cameroon (Fig. 1A), the geographic orientation of the
rainforest-savanna gradient (Fig. 1B) corresponds closely to that of population expansion
since the LGM revealed with ecological niche modeling (Fig. 9) and paleoecological
reconstruction of rainforest expansion (Dupont ez al. 2000); it is also consistent with
demographic signal in the mtDNA data (Table 2, Fig. S3). Given that rainforest
comprises the core of T. affinis’ distribution and ecotone habitats are marginally suitable,
this is not surprising. In an expanding population, the most likely source of colonists are
nearby demes located at the margins of a species’ distribution. Consecutive founders
should then be more closely related to those demes, producing a genetic cline radiating

out from the core habitats that are temporally stable across glacials and interglacials. Both
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theoretical and empirical studies support the evolution of such clines arising from
colonization during range expansion (Barbujani et al. 1995; Austerlitz ef al. 1997; Le
Corre et al. 1998). These are most likely for species with limited dispersal, such as T.
afinis, as long-distance dispersal produces patchiness rather than clines in allele
frequencies (Ibrahim ef al. 1996).

Beyond effects of spatial expansion in the narrow sense, greater IBA than IBD in
neutfal AFLPs (and the ability of environment to explain neutral genetic structure with
GDM) probably results from spatially varying dispersal into the ecotone as a function of
variation in precipitation levels that determines the extent of woody vegetation in gallery
forests and thus connectivity among them. The directionality of expansion, the sequential
bottlenecks that occur at the expansion front (Hewitt 1996), and the environmental
heterogeneity of ecotone habitats (Wegmann et al. 2006) also explain the low mtDNA
haplotype diversity observed in ecotone populations (Fig S4). However, if this is the case,
mtDNA should show also show greater IBA than IBD. That is not so may be due to
poorer resolution of the trajectory of population expansion with a <700 bp locus than
with >100 AFLPs. Alternately, the environmental signal in neutral AFLPs may be the
result of our failure to diagnose additional loci under selection that artificially increase
the signal of differentiation along the rainforest-ecotone gradient.

GDM of outlier loci juxtaposed to neutral genetic structure suggest that refugial
populations play a previously unappreciated role in diversification—not as the
geographic template for vicariance but as the source of colonizers of environments that

impose novel selection regimes on otherwise rainforest-adapted genomes. Across loci,
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parallel, environmentally associated signals of divergent selection were evident along the
rainforest-ecotone gradient and to a lesser extent along a gradient between lowland
coastal rainforest and montane habitat.

Divergent selection on an additional suite of loci exhibiting the “gap” GDM
pattern (Fig. 7D) may further contribute to adaptive divergence along the rainforest-
ecotone gradient. If temporally persistent, the depressed seasonal precipitation between
the two hypothesized refugial areas would resolve two refugial areas with similar allele
frequencies due to parallel selection pressures. Paleobotanical data indicate the dry
interval overlaps considerably with the Littoral Forest type, a degraded forest type
characterized by colonist species and a paucity of wet-adapted Caesalpiniaceae species
(Letouzey 1968; Maley et al. 1990; Maley and Brenac 1998). If not persistent, periods of
forest expansion into the dry interval would coalesce two refugial areas into one within
which selection pressures would be relatively homogeneous. Coalescence or not, the axis
of differentiation occurs along an ecological gradient driven by variation in precipitation,
roughly in parallel with that of the rainforest-ecotone gradient. Nevertheless, the fact that
these loci are no longer outliers at more conservative o levels call into questions their
adaptive significance without additional confirmatory evidence.

Divergent selection in small vertebrates along habitat and elevational gradients is
not uncommon (Schneider et al. 1999; Ehinger et al. 2002; Ogden and Thorpe 2002;
Thorpe et al. 2005; Storz et al. 2007; Cheviron and Brumfield 2009). And given the
known thermal sensitivity of ectothermic reptiles, for 7. affinis the diurnally and

seasonally variable temperatures of ecotone and montane habitats likely represent
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selection regimes for physiological traits unlike those in lowland rainforest. Past research
suggests selection on physiological traits should reverberate across diverse components
of life history and ultimately influence fitness. For example, thermal environments during
incubation can influence phenotypic traits in hatchling lizards (Shine et al. 1997; Downes
and Shine 1999) and their resulting vulnerability to predators (Downes and Shine 1999).
Age and size at reproduction can vary as a result of evolved differences between the
extremes of an altitudinal gradient (Rohr 1997). Common garden experiments on the
Dominican anole (4nolis oculatus) demonstrate selection-induced variation in
morphological traits along a coastal/xeric — montane gradient (Thorpe et al. 2005). In
Cameroon, the large geographic distances between the most distant (and most
environmentally divergent) rainforest and ecotone habitats may facilitate adaptive genetic
divergence because the homogenizing effect of gene flow is relatively small. In contrast,
the close geographic proximity of montane to lowland habitats may indicate that adaptive
divergence occurs in the face of substantial gene flow, i.e. via divergence-with-gene-flow
(Rice and Hostert 1993; Nosil 2008). However, lack of neutral divergence between our
montane and lowland forest sites indicate that adaptive divergence has yet to generate
structure in neutral loci along the elevation gradient.

Adaptive divergence along the rainforest-savanna gradient can be viewed in the
growing framework of theoretical and empirical research on evolution at range margins
and in marginal habitats (Bridle and Vines 2006; Kawecki 2008). At the margin (i.e.
ecotone), the potential for adaptive evolution depends upon directional selection being

strong enough to overcome asymmetric gene flow of locally maladapted alleles from the
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range core, i.e. rainforest (Bridle and Vines 2006; Kawecki 2008), or alternately, the
ability of dispersal from rainforest (core) into ecotone populations to increase genetic
variance permitting more effective response to selection (Barton 2001; Holt et al. 2003).
Whether adaptive evolution in T. affinis has occurred during range expansion,
contraction, or both remains an open question. Theoretical work indicates colonists to
new environments can rapidly evolve reproductive isolation from individuals from the
ancestral environment (Thiebert-Plante and Hendry 2009) and empirical work
demonstrates evolution at an expanding range margin (Hellberg et al. 2001; Thomas et
al. 2001; Zayed and Whitfield 2008). Alternately, levels of connectivity between
rainforest and ecotone populations likely decrease during cool, dry glacials, with
fragmentation and contraction forest leaving some galleries in the ecotone isolated.
Analogous to Vanzolini and Williams’ (1981) “vanishing refuge” hypothesis,
increasingly smaller and more open gallery forests would result in increasingly
directional selection for adaptation to open habitats. Theoretical models demonstrate that
rapid adaptive evolution occurs in peripheral populations when they become isoiated
from gene flow (Garcia-Ramos and Kirkpatrick 1997). And the persistence of gallery
forests during dry climate phases is supported by phylogenetic evidence in begonias
(Plana et al. 2004). Perhaps not coincidentally, an exemplar cited by Vanzolini and
Williams (1981) for this “vanishing refuge” model of speciation is Mabuya arajara,
formerly a congener of T. affinis before African Mabuya were assigned to their own

genus.
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Regardless of what phase of range change adaptive divergence may occur, our
findings suggest that past emphasis on rainforest refugia has been excessive, and that
more attention should be paid to disentangling the evolutionary interactions between
selection along ecological gradients and the demographic consequences of Milankovitch
cycles. The prevailing paradox is that, although demographic influences are often
regarded as the generators of spurious signals of selection, the geographic axes along
which populations expand and contract are intimately entangled with the environmental
axes along which selection can occur. Integrative approaches that disentangle
demographic and adaptive signals may not only contribute to a better understanding of
diversification, but may also help us anticipate and mitigate the evolutionary

consequences of future climate change (Parmesan 2006).
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Figure S1. Distribution of localities for Trachylepis affinis, including literature, museum
records, and our field sampling, used to build ecological niche models. Localities not

included in models because of missing environmental data are not shown.
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Table S4. Loadings of morphological traits from Trachylepis affinis on the
first two principle components.

Principle Component

Trait 1 2
Snout-vent length 0.937 -0.022
Hind limb length 0.927 -0.074
Hind limb span 0.970 -0.078
Fore limb length 0.939 -0.154
Fore limb span 0.940 -0.157
Head depth 0.787 0.607
Gape width 0.904 0.031
Head length 0.947 -0.051
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Figure §2
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Figure 82 {(continued)
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Figure §2 (continued)

X
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Figure S2. GDM spatial predictions of genetic turnover in Trachylepis affinis for
additional outlier loci purportedly under selection, and variables selected in each GDM
model that allows for environmental variables and geographic distance as possible
predictors. Colors between panels are not comparable, while within panels, areas with

similar shading along the color scale are predicted to be genetically more similar.
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Table S5. Mantel correlations between
environmental variables and geographic

distance at sampling localities.

Variable r? P
BIO1 0.19 0.14
BIO2 0.85 <0.0001
BIO4 -0.15 0.90
BIOS -0.11 0.69
BIO6 0.51 0.008
BIO7 0.85 <0.0001
BIOS8 0.19 0.14
BIO9 0.24 0.096
BIO10 0.16 0.17
BIO11 0.19 0.15
BIO12 0.87 <0.0001
BIO13 0.88 0.0003
BIO14 0.55 0.0002
BIO15 0.58 0.0071
BIO16 0.78 <0.0001
BIO17 0.65 <0.0001
BIO18 0.51 0.0095
BIO19 0.35 0.017
LAIMAX -0.07 0.64
NDMAX 0.29 0.10
NDGR -0.14 0.83
VCF 0.53 0.0017
QMEAN 0.42 0.018
QSD 0.78 0.0004
SRTM 0.59 0.0036

a Significant correlations in boldface.
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Figure S3. ND4 mismatch distributions for sets of 7. affinis populations comprising
genetic clusters ascertained from Structure analysis of neutral AFLP loci (filled circles),
and those simulated under a demographic expansion (solid line), and under a spatial
expansion with constant population size (dashed line). See text for definitions of clusters.
All populations showed evidence for demographic expansion based upon differences
between observed and simulated estimates of 6y, 0, and t (Schneider and Excoffier
1999); similar tests based upon the raggedness index (Harpending 1994) also failed to
reject demographic expansion except for S. of Sanaga River. All genetic clusters but S. of

Sanaga River showed evidence for spatial expansion (Excoffier 2004).
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Figure S4. A. Minimum spanning tree of ND4 haplotypes showing lower haplotypic
diversity in the ecotone, and haplotype sharing between the two rainforest genetic
clusters identified with Structure. White plus signs and asterisks indicate divergent
clusters of haplotypes that are found sympatrically at Kribi (site 1). B. GDM of ND4 Fgr
distance matrix, with environmental variables and geographic distance as predictors.

Percent variation explained are for the full model (D+E), and geographic distance alone

(D).
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Membership coefficient

Figure S5. Structure results for 101 neutral AFLP loci for 20 individuals at Kribi,
showing evidence for admixture between the two ND4 clades noted by their respective

symbols corresponding to those in Fig. S4 A.
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Modeling the effects of anthropogenic habitat change on savanna snake

invasions into African rainforest

Introduction

Habitat destruction and fragmentation is a leading cause of biodiversity loss (Fahrig
2003; Hoffmeister et al. 2005), particularly in tropical rainforests, where species richness
and rates of anthropogenic land conversion reach some of the highest levels of any
ecosystem (Achard ef al.2002; Wright 2005). Although there has been considerable
emphasis on the loss of rainforest species, less attention has been paid to the impacts of
biological invasions (Wright 2005). Invasions are frequently mediated by habitat
disturbance, facilitating dispersal into previously unsuitable habitats (Vitousek et al.
1997). Although invasive species typically refers to human-introduced non-native
species, the term also describes the expansion of native species into adjacent biomes
where they do not normally occur.

In addition to human-caused habitat loss, climate change may also alter habitats
and animal and plant populations in profound ways (Parmesan 2006). Ranges of species
are expected to shift as a function of their physiological tolerances (Parmesan 2006).
Shifts in temperature are accompanied by changes in precipitation, which affects the
distribution of vegetation (IPCC 2007). Populations unable to move or adapt quickly may
face extinction (Parmesan 2006). Combined, impacts of habitat conversion and climate

change are likely to have dramatic and complex effects. The combined effects of climate
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and habitat fragmentation on species distributions, however, are poorly understood,
especially for tropical ecosystems.

Ectothermic species, such as snakes, are highly dependent on ambient thermal
environments, which through their effects on body temperature influence physiology,
locomotor performance, behavior, habitat use, and ultimately, fitness (Stevenson et al.
1985; Row and Blouin-Demers 2006). Because of this sensitivity, snakes are ideal for
investigating the impacts of habitat alteration and climate warming. At a local scale
rainforest fragmentation creates invasion opportunities for savanna species by producing
clearings with more savanna-like thermal attributes. These clearings also create edge
effects that invaders can exploit: hotter, drier conditions persisting within fragments up to
hundreds of meters from the rainforest-clearing boundary (Laurance et al. 2002) and
increased microclimate heterogeneity (Camargo and Kapos 1995), which depend, in part,
on edge structure (Camargo and Kapos 1995; Didham and Lawton 1999). Global
warming alters temperature gradients and seasonality on a continental scale, which may
lead to regional distribution shifts by temperature-sensitive species.

In equatorial Africa human population expansion, logging, agriculture, and
firewood harvesting create open canopy vegetation that structurally resembles savanna.
Consequently, species that are typically restricted to savanna habitats now occur in
disturbed areas within the rainforest zone (e.g., Thiollay 1986; Akani et al. 1999). In
addition to these effects, Africa is predicted to be the continent most vulnerable to the
effects of climate change (IPCC 2007). Determining invasion potential resulting from

climate change or habitat destruction is important because invaders may displace or
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reduce densities of existing species (Case and Bolger 1991), cause extinction (Savidge
1987), and have deleterious ecosystem-level effects (Hoffmeister et al. 2005).

To generate present and future distribution models of three Central African snake
species, which typically inhabit savanna but are also found in human-disturbed forest
habitats, we integrated contemporary point-locality data and bioclimatic and satellite
remote-sensing data in a species-distribution modeling framework. Species distribution
models use information on environmental variables at species localities to construct an
environmental envelope that approximates a species’ ecological niche, and then the
models project the niche onto geographic space to predict distribution of a speciés.

Because our study species have not historically occurred in rainforest, we first
tested the hypothesis that rainforest is climatically unsuitable for savanna snakes. We did
this by building distribution models with only climate variables and snake localities from
the savanna. Next, we addressed the proposed mechanism underlying invasion,
specifically, how human alteration of rainforest may create savanna-like habitats with
suitable microclimates. To test this hypothesis, we built models that included only fine-
scale rerﬁotely sensed data on vegetation from MODIS and savanna localities. Finally, to
estimate the relative contributions of climate and vegetation in the predictioﬁs and to
provide an assessment of invasion potential, we constructed models that included all
environmental variables and all snake localities. OQur specific objectives were to predict
the contemporary distributions of the three snake species in Cameroon; assess the relative
influence of vegetation cover and current climate on the snakes’ ability to invade the

rainforest zone; and explore how climate change might influence invasions.
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Methods

Study Area and Species

We conducted our study in Cameroon, Central Africa, a country with dense rainforest in
the south and savanna in the north (Fig. 1). Between these two biomes is an ecotone of
rainforest fragments, gallery forest, and savanna (Letouzey 1968). There is substantial
variation in level of anthropogenic disturbance, temperature, and precipitation regimes
along the rainforest-savanna gradient, making it an ideal setting to test the joint effects of
forest fragmentation and climate change on species distributions.

We studied three snake species that are broadly distributed in the savanna. In the
rainforest zone these species are found only in human-disturbed habitats, which suggests
a recent invasion. We chose these species because available point-locality data sets were
sufficiently large for modeling, their taxonomic status is reasonably certain and they are
absent in undisturbed rainforest (Akani et al.1999; Chippaux 1999; Sprawls et al. 2002)
but have been recently observed in rainforest.

The night adder (Causus maculatus, 88 localities; Fig. 2) is a nocturnal viper
found in savanna and human-disturbed regions of forest (e.g., gardens, plantations, and
urban areas) and semidesert (Akani et al. 1999; Chippaux 1999; Sprawls et al. 2002). It
preferentially feeds on amphibians and, as a result, uses wet microhabitats (Luiselli et al.
2004). Reproduction in this species is seasonal, with oviposition occurring most
frequently at the beginning of the wet season, which coincides with the reproduction of

its amphibian prey (Luiselli ez al. 2004).
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Figure 1. Ecoregions of Cameroon showing the distribution of rainforest and savanna

habitats (from CARPE 1997).
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Figure 2. Point localities, probabilities of occurrence, and predicted distributions under
present conditions for three snakes that are potentially invasive in Cameroon’s
rainforests. Color scale indicates probability of occurrence and thus invasion potential,
with larger values indicating greater probability of occurrence. Areas with probability of

occurrence larger than the balance threshold define a species’ likely distribution. Tan
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Figure 2 (continued)

areas are those below the balance threshold. Distributions are derived from models with
(a) climate and elevation variables and savanna points only, (b) fine-scale MODIS
vegetation variables and savanna points only, and (¢) climate, elevation, MODIS, and
QSCAT variables and all point localities. Black and white crosses indicate localities in
the savanna and rainforest, respectively. Black contour lines outline ecoregions within the
rainforest (see Fig. 1). White squares in (c¢) indicate areas enlarged to the right. Within the
enlargements, the area of high predicted probability of occurrence in the upper right
corner is an area of extensive clearcutting, and the diagonal line running from the lower

left corner represents clearing along the road between Yaoundé and Bertoua.
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The olympic lined snake (Dromophis lineatus, 33 localities; Fig. 2) is a diurnally
active, oviparous colubrid inhabiting moist savannas, damp grasslands, floodplains, lake
shores, marsh edges, and plantations (Menzies 1966; Chippaux 1999; Sprawls et al.
2002). It feeds on amphibians and small mammals (Villiers 1975).

The African house snake (Lamprophis fuliginosus, 86 localities; Fig. 2) is a
nocturnal, oviparous colubrid inhabiting savanna and mosaics of forest and human-
created savanna (“derived savanna™). It is highly tolerant of urban land use and
cultivation. It preferentially feeds on small mammals (Akani ez a/. 1999; Chippaux 1999;
Sprawls et al. 2002; Luiselli ez al. 2005).

Because lower temperatures under the canopy might pose less of a physiological
constraint to nocturnal species—whose peak activity times coincide with the coolest part
of the diurnal cycle—we hypothesized that C. maculatus and L. fuliginosus would display
greater invasion potential than D. lineatus. Rainforest habitats contain greater per-area
abundance of amphibian prey than savanna, but intensive human land use leads to
elevated rodent densities. Thus, we did not attempt to make a priori predictions with
respect to invasion potential on the basis of dietary preferences. Here, we defined
invasion as the penetration of areas within the rainforest zone.

All locality data were compiled during a recent countrywide survey of reptiles by
a Cameroon-based project (CAMHERP) and will be in a forthcoming atlas of the reptiles
of Cameroon. Our data points (spanning 1998-2003) included GPS-referenced sites of
reptiles captured by CAMHERP herpetologists and those collected by local field

assistants in villages, surrounding forest, and on farms. Although there may be some bias
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in collection toward inhabited areas, this would actually underestimate invasion areas.
Because localities in the rainforest would only be associated with extreme levels of
vegetation clearing proximal to human settlement and not other disturbed forest habitats,
models would underpredict invasions of disturbed habitats farther from inhabited areas.

Area coverage included most 0.5° grid cells within country boundaries.

Environmental Data
We obtained data on 19 bioclimatic variables from WorldClim (version 1.4; Hijmans et
al. 2005) gridded to 1-km resolution and selected a subset to capture major variation in
annual means and seasonality of temperature and precipitation that likely serve as
limiting factors for reptiles. Specifically, we selected annual mean temperature,
temperature mean diurnal range, temperature seasonality, minimum temperature of fhe
coldest month, annual precipitation, precipitation of the wettest quarter, and precipitation
of the driest quarter. Future projections of these climate layers were also obtained from
WorldClim and stem from a simulation of the CCM3 general circulation model under
doubling of CO; (Govindasamy et al. 2003). Depending on the emission scenario, a
doubling of CO, may be reached anytime from the middle to the end of this century
(IPCC 2007).

Remote-sensing data provided measurements of variables such as topography,
tree cover, vegetation density (e.g., leaf area), and seasonality. To quantify spatial and
temporal vegetation patterns, we used the monthly 1-km leaf area index (L AI) data

derived from MODIS reflectance over a 5-year period (2000-2004; Myneni et al. 2002).
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To further reduce effects of persistent cloud cover and natural interannual variability in
the data, we created monthly climatologies by averaging the five years of data. We then
used these composites to generate two vegetation variables: annual maximum LAI and
LAI annual seasonality (difference between annual maximum and minimum months). As
an additional ﬁne-scaie metric of land cover, we used the MODIS-derived vegetation
continuous field (VCF) product as a measure of the percentage of tree canopy cover at 1-
km resolution (Hansen et al. 2002). The VCF came from 2001 MODIS data and
separated open, fragmented, and deforested areas from those of intact old-growth forests.
We also generated monthly composites of global Quick Scatterometer (QSCAT; Long et
al. 2001) microwave measurements for 2001 and processed them to produce two
variables: annual mean (QMEAN) and standard deviation of radar backscatter (QSD).
The QSCAT data layers were reaggregated from their 2.25-km native resolution to 1 km
to match the resolution of the other predictor variables. The QSCAT radar measurements
are sensitive to surface roughness, surface moisture, leaf water content, and other
seasonal attributes, such as deciduousness of vegetation. They also have the added
advantage of being unbiased by cloud cover. Finally, we included elevation data at 1-km
resolution from the Shuttle Radar Topography Mission (SRTM).

Covariance among environmental variables may limit interpretation with respect
to which variables best explain predicted distributions. To assess covariance among the
13 environmental variables, we computed a cross-correlation matrix with 1000 random
points sampled throughout the study area. Only seven of 78 bivariate correlations had

values of r > 0.75, which suggests the selected variables carry a considerable amount of
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unique information. The model algorithm we used (Maxent) is largely insensitive to

covariance among variables (S. Phillips, personal communication).

Species-Distribution Modeling

We modeled species distributions with Maxent (version 3.0), a recently developed
general-purpose algorithm for presence-only data (Phillips et al. 2006). In a recent,
comprehensive, inter-model comparative study, Maxent ranked among the highest
performers (Elith ez al. 2006). Other researchers prefer biophysical models for predicting
reptile distributions (Kearney and Porter 2004). Although such approaches are useful for
deriving hypotheses pertaining to mechanisms through which thermal constraints limit
distributions (Kearney and Porter 2004; Crozier and Dwyer 2006), they require extensive
species-specific information on physiological responses to ambient climate. Such data are
lacking for most tropical species, including ours. Furthermore, biophysical models focus
on the fundamental niche and do not account for non-climatic influences, such as
interspecific interactions, unless physiological parameters are supplemented with
information on relevant biotic features such as community composition. In contrast,
correlative models derived from environmental envelopes (such as Maxent) can capture
biotic and abiotic effects and at large spatial scales are suitable for making predictions
concerning the likely effects of climate change (Pearson and Dawson 2003). Although
distributions of ectotherms may be limited by the thermal environment, there is also
abundant evidence for biotic interactions of large effect in tropical snakes (Madsen and

Shine 2000; Luiselli 2006; Madsen et al. 2006). Because we focused on distributions at a
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countrywide scale and wished to incorporate all potentially significant factors influencing
invasions, an environmental-envelope modeling approach was implemented.

For each species, we built three different species distribution models for present-
day conditions. First, to test the hypothesis that undisturbed rainforest is climatically
unsuitable for our focal species, we built models with only bioclimatic variables and
elevation. We included elevation because it captures steep elevation associated climatic
gradients. To characterize the climatic envelope of the noninvasive range of our species,
we restricted this analysis to localities from (1) savanna, (2) the northernmost margin of
the forest-savanna mosaic containing natural savanna vegetation, and (3) Cameroon
Highland forests, which contain a mixture of shrub, woodland, and savanna vegetation
and thus have natural habitat for our focal species (Fig. 1). Our climate data were
relatively coarse and did not allow us to quantify the microclimates our study species
presumably use in the rainforest. But, given historical correlations between climate and
vegetation cover at regional scales (in the absence of substantial habitat alteration by
humans), we used climate data to validate the known, historical exclusion of our study
species from the rainforest. This test was complementary to the second test that only had
vegetation variables and savanna localities (see below) because it allowed us to rule out
invasions facilitated by suitable macroclimates in the rainforest zone.

Second, to test the hypothesis that large-scale human alteration and fragmentation
of rainforest has made it more suitable for invasions, we built a set of models with only
the MODIS remote-sensing variables. These variables are suitable to identify rainforest

alterations at spatial scales on the order of 1 km (close to their original resolution), but
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cannot discern deforestation pattern at smaller scales. If the mechanism that underlies
invasion is the creation of more savanna-like habitat and microclimates (Vitt et al. 1998;
Foley et al. 2005), then localities within the savanna should predict invasion within the
rainforest biome. In other words, we used the remotely sensed variables as surrogates for
microclimatic variation in the affected rainforest zone. As with the first set of models, we
excluded rainforest localities, but included them in a second step to evaluate how well the
models predicted distributions in rainforest.

Finally, in a third set of models, we used all available information on climate,
elevation, and vegetation to quantify the relative contributions of climate and vegetation
and to determine the extent of current snake distributions. Because we wanted to
characterize the environmental envelope of both the native and invasive distributions, we
included rainforest localities. However, because the climate variables are interpolated
surfaces, they have extremely coarse effective resolution (due to the low density of the
station network) and thus do not capture microclimatic variation. Thus, inclusion of
rainforest sample points introduced a bias in the species-climate relationship: models
inferred that rainforest climates are suitable and overpredicted invasion potential in the
rainforest zone. However, failure of our vegetation variables to detect areas of small-scale
deforestation that are potentially suitable habitat for savanna snakes would lead to
underprediction of invasion potential. With these considerations in mind, our models
defined reasonable approximations of invasion potential. To reduce some of the potential
bias, we included QSCAT variables, which have a 2.25-km nominal resolution. These

data were slightly coarser than the MODIS variables, but have proven effective in
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distinguishing rainforest from savanna biomes (Buermann et al. 2008). Furthermore,
because QSCAT measurements are sensitive to canopy moisture and roughness, they
captured aspects of climate at finer resolution than the bioclimatic variables. They also
reduced potential overprediction resulting from edge effects: presences in pixels of high
rainforest cover estimated by MODIS that result from close proximity to other

pixels with low vegetation cover.

To explore how future climate change may influence invasion potential, we
projected the present-day climate-species relationship onto future estimates of
temperature and precipitation data that stem from the CCM3 CO, doubling scenario
(Govindasamy et al. 2003). In this experiment, we only included climate variables
because we did not know how vegetation would change in the future. We excluded
elevation because of its confounding association with contemporary climate. To identify
which climate variables were most important in the projection of the species’ responses
to a doubling of CO,, we ran sensitivity analyses in which the climate variables were held
constant except for the variable of interest and visually compared climate-change maps
with model predictions. To evaluate potential problems with predictions due to climate
shifts outside current climate space, we examined Maxent output maps that identify areas
of “clamping,” where Maxent reduces projected future climate variables to their present
maximum within the study area, if they are projected to exceed it. Although future
climate projections (and particularly those for precipitation) contain uncertainty (Neelin

et al. 2006), the CCM3-based projected increases in temperature and precipitation over
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our study region are largely consistent with projections derived from ensemble means of
22 different climate models (IPCC 2007).

We tested spatial accuracy of the predictions with threshold-dependent (omission
and predicted area) and threshold-independent (area under the receiver operator curve
[AUC])) measures following Phillips et al. (2006). We created 10 random data partitions,
with 60% of the point localities assigned for training and 40% for testing. We performed
threshold-independent tests through the Accumetric Test Performance Analysis toolbox
(Vida 1993). To facilitate threshold-dependent tests, we evaluated model performance at
the balance threshold, which balances intrinsic (training) omission, proportional predicted
area, and cumulative threshold, and, hence, minimizes over- and underprediction (Phillips
2005). For the models in which only vegetation variables and savanna localities were
used, we also estimated how well the models predicted rainforest localities by calculating
omission error at the balance threshold and across all thresholds (in terms of test AUC).
Here we used the average predicted probability of presence within a 5-km radius to
account for imprecision in georeferencing of locality and remote-sensing data. We
defined the rainforest zone according to ecoregion boundaries (Fig. 1) and considered
areas within that zone with predicted prdbabilities of occurrence above the balance
threshold to constitute the invasion area; increasing probabilities of species 6ccurrence

indicated greater invasion potential.
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Results

Distribution models for all species performed well. The probability of predicting a
species absent when it was actually present (test omission error) was generally low at the
balance threshold (Table 1). At that threshold all but one model performed significantly
better than random at the 0.05 level, and all models were significant at the 0.10 level
(Table 1). Across all thresholds (threshold independent), all model performances were
highly significant (P < 0.005; on the basis of test AUC against random). Test AUC values
were generally close to training AUC except for the climate-only simulations in which
there was a tendency for the models to overfit. In general, these test results from 10
partitions indicated the models were powerful in discriminating suitable from unsuitable
habitats.

For all three species, with the exception of minor incursions, models derived
exclusively from climate and elevation variables did not predict invasions into the
rainforest zone (Fig. 2a). This suggests that, when undisturbed, rainforest is climatically
unsuitable. In the predictions for C. maculatus and D. lineatus, precipitation of the driest
quarter (PDQ) was the most important variable. This variable exhibited greater values in
the rainforest zone, particularly near the coast, and had a negative relationship with
habitat suitability. Elevation was most important for L. fuliginosus (Table 2) and had a
positive relationship with habitat suitability. This was due to higher temperature and
lower rainfall on the Adamaoua plateau, which makes up a large portion of the savanna in
Cameroon. For C. maculatus and L. fuliginosus, lower temperature diurnal range in the

rainforest also limited invasion potential.
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Models that included only MODIS vegetation variables and savanna localities
showed extensive areas of invasion within the rainforest zone for C. maculatus and L.
fuliginosus and to a much lesser extent for D. lineatus (Fig. 2). For all species tree cover
was the most important variable (Table 2). Habitat suitability was negatively correlated
with tree cover, and predictions of invasion in rainforest along major roadways and near
urban centers were consistent with our hypothesis that human removal of rainforest
vegetation facilitates invasion by creation of savanna-like microhabitats in the rainforest
zone. For predicted probabilities of occurrence at known rainforest localities, omission
error rates derived from the balance threshold were variable: 15%, 80%, and 50% for C.
maculatus, D. lineatus, and L. fuliginosus, respectively. The relatively high omission
errors for the latter two species were to some extent due to our choice of a conservative
threshold, but also resulted from remote-sensing data not capturing smaller-scale
deforestation that facilitates invasion. Even so, threshold-dependent (at balance
threshold) and threshold-independent tests with rainforest point localities and predicted
area restricted to the rainforest zone indicated that the predictions were significantly
better than random for C. maculatus (both tests, P <0.001; AUC = 0.754) and L.
Sfuliginosus (both tests, P<0.001; AUC = 0.637). For D. lineatus, both tests were
marginally non-significant (P = 0.133; AUC = 0.643), likely due to the small sample size
(N = 5) for test localities.

Models incorporating climate and remote-sensing (including QSCAT) variables in
conjunction with. all point localities predicted an invasion front extending deep into the

Northwest Congolian Lowland Forest for all species (Fig. 2c). Present-day patterns of
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species distribution within the rainforest zone were determined by a combination of
vegetation variables. This is clearly visible in the pixellated distribution of higher-
suitability values within the rainforest (Fig. 2c), which contrasts with the smooth, clinal
variation of the coarser bioclimatic variables (Fig. 2a). In addition, even though the
coarser-resolution QSCAT and climate variables partially obscured the effect of fine-
scale vegetation patterns, increased habitat suitability due to anthropogenic reduction of
forest cover was still apparent along the major transportation corridor between the cities
of Yaoundé and Bertoua and in an area of past rainfofest clearcutting (Fig. 2c, see
enlargement). Predicted distributions of C. maculatus and L. fuliginosus also extended
into the Cross River Forest, and L. fuliginosus showed the greatest propensity for
invading the Congolian Coastal Forest (Fig. 2¢). For all species, tree cover contributed
most to the overall model (Table 2). For C. maculatus and L. fuliginosus, QSD explained
proportions of the model comparable to tree cover (Table 2). Differential levels of
invasion potential among the three species supported the hypothesis that nocturnal
species exhibit greater invasion potential: extent of invaded areas in the rainforest zone
(on the basis of balance threshold) were 133,267 km?, 103,467 km?, and 148,319 km? for
C. maculatus (nocturnal), D. lineatus (diurnal), and L. fuliginosus (nocturnal),
respectively. The importance of rainforest alteration was not confounded by climate
because within the rainforest zone, correlations between climate and vegetation
(including QSCAT) variables were extremely weak (mean absolute value of bivariate

correlations at 1000 random points within rainforest, » = 0.148+0.018 SE .
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The reduction of invasion potential within the Congolian Coastal Forest relative
to models built only with vegetation variables was due to climatic constraints. Percent
contributions of variables to models, combined with sensitivity analyses that excluded
bioclimatic and QSCAT variables in a stepwise fashion, demonstrated that for C.
maculatus this pattern was driven by greater PDQ, for D. lineatus by larger values for all
precipitation variables combined, and for L. fuliginosus predominantly by lower
temperature diurnal range and by higher PDQ. These comprehensive models suggest that
human alteration of vegetation facilitates savanna snake invasions, but that climatic
constraints may limit these invasions in portions of the rainforest biome.

Future climate change was predicted to cause a reduction in habitat suitability in
the rainforest zone for all species largely because of the projected trend toward wetter
conditions (Fig. 3). These changes were most dramatic for C. maculatus and L.

fuliginosus, rendering substantial areas of the rainforest-savanna ecotone and lower
savanna climatically unsuitable. Increase in PDQ was an important driver of reductions
of habitat suitability for these two species. Decreasing temperature diurnal range and a
more spatially variable pattern of change in precipitation of the wettest quarter also
contributed to suitability reductions for C. maculatus and L. fuliginosus, respectively. The
smaller reductions in suitability predicted for D. lineatus were not clearly explained by
any single variable, which suggests small changes in several variables were the cause.
We did not observe any clamping effects, which indicates projection of future climate

outside of the current climate space did not occur.

106



a) b) c)
Causus Dromophis Lamprophis
maculatus lineatus fuliginosus

<-0.25
-0.25--0.10
-0.10-0
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Figure 3. Changes in predicted probability of occurrence of (a-c) three snake species as a
result of climate change predicted by the CCM3 general circulation model under a
doubling of CO,. Future distributions were generated through projecting the present-day
climate-species relationship derived from savanna points and climate layers only onto the
future climate. Map values equal the difference between the future and present predicted
distributions (see Fig. 2a), with negative and positive values indicating areas of

decreasing and increasing probability of occurrence, respectively.
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Discussion

Deforestation and the effects of climate change are dramatically transforming ecosystems
worldwide. The rapidity and pervasiveness of these impacts requires a better
understanding of how they operate in concert, yet few researchers have taken such an
approach. To our knowledge ours is the first study that attempts to simultaneously
examine the effects of habitat alteration and future climate change for equatorial African
reptiles. Our results show that human disturbance is creating favorable condition for the
invasion of three snakes into the rainforest zone. In contrast, predictions of future climate
change indicate rainfall will increase in the rainforest zone, which will likely inhibit
invasions. Thus, the effects of deforestation and climate change are complex and
potentially opposing forces on invasion dynamics.

Our models provide evidence that human alterations of vegetation are leading to
invasions within the rainforest. First, models with savanna occurrences and climate
variables supported our hypothesis that the rainforest zone is climatically unsuitable. This
suggests that for invasion to occur in the rainforest, a release from climatic constraints is
necessary. Second, models with savanna occurrences and vegetation variables supported
our hypothesis that human alteration of rainforest vegetation facilitates invasions. These
models predicted invasions within the rainforest and identified areas of anthropogenic
habitat modification (along roadways and in logged and urbanized areas) as suitable
habitat. Third, models including all environmental variables predicted extensive invasion
areas within the rainforest zone. Vegetation variables were the drivers of invasions, and

models predicted fine-scale, pixellated invasion patterns in rainforest despite the
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smoothing effects of climate and QSCAT variables. This was due to the dominant
influence of satellite-based fine-scale data on tree cover, which indicated snake species
were more likely to occur in areas with limited canopy cover resulting from land
conversion.

Habitat suitability does not guarantee occupancy because invasions also depend
on dispersal success (Peterson 2003). Nevertheless, given the extensive amount of
disturbance that has already occurred and the large and increasing road network (Nolte et
al. 2001), dispersal is unlikely to be a limiting factor. In light of this and the potential
sources of under- and overprediction mentioned above, we believe our models represent
reasonable approximations of where species will invade. Human-mediated increases in
habitat suitability may be due to increased insolation in more open habitats created by
rainforest removal. This would lead to thermal conditions at potential nest sites being
more similar to those in savanna. For nocturnal reptiles warmer nest sites can be a
limiting resource in areas where dense canopy cover reduces nest-site temperatures
A (Pringle et al. 2003). Thus, although we found greater invasion potential for nocturnal
than diurnal species (consistent with our hypothesis that nocturnal species have lower
thermal sensitivity), this pattern may actually be due to land-use-facilitated increases in
the availability of thermally suitable daytime refugia.

Because we constructed models that both isolated and combined climate and
vegetation variables, we were able to determine how unsuitable climate might partially
constrain invasions driven by anthropogenic alteration of rainforest. Within the

Congolian Coastal Forest, prevailing wet conditions limited invasions relative to those
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predicted by models that included only vegetation variables. The greater predicted
invasion areas in the Northwest Congolian Lowland Forest relative to the Congolian
Coastal Forest suggest that, as one moves away from the coast, climates become more
suitable and human effects on vegetation overcome the constraints imposed by the
rainforest macroclimate.

Invasions may also be constrained by seasonal differences between the rainforest
and savanna. In Cameroon rainforest is characterized by a short rainy season followed by
a long one; the single and shorter savanna wet season lags months behind the onset of the
wet season in rainforest. Oviparous tropical reptiles time reproduction to coincide with
optimal nest moisture conditions and to avoid lethal waterlogging of eggs (Brown and
Shine 2006). Timing may also be linked to prey availability because precipitation-
regulated abundance of prey influences demographic, reproductive, and ecological
characteristics of tropical snakes (Madsen and Shine 2000; Brown et al. 2002; Madsen et
al. 2006). In particular, oviposition in C. maculatus is timed to coincide with
reproduction of amphibian prey at the beginning of the wet season (Luiselli ef al. 2004).
If oviposition in the savanna corresponds to a period of relatively wetter conditions in the
rainforest, invaders may deposit eggs when moisture levels are too high and produce
offspring after the peak in prey availability has passed. Such maladaptive timing might
substantially reduce reproductive success (Parmesan 2006).

For each of the three species, projected changes in future climates led to
decreased habitat suitability in the rainforest zone due to a trend toward increased

precipitation and tended to counteracted invasions caused by deforestation. Although
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savanna ectotherms would be expected to be able to take advantage of future temperature
increases in the rainforest, our results suggest the benefits from warming may be
outweighed by the negative consequences of increased precipitation. Analogous to
present-day exclusions from coastal areas noted earlier, the wetter conditions in the future
may accentuate the temporal mismatch between important life-history traits and features
of the biotic environment and may limit the‘availability of dry sites for oviposition.
Conclusions with respect to future climate projections should, nevertheless, be regarded
as tentative because there remains substantial uncertainty concerning patterns of future
precipitation change (IPCC 2007). Furthermore, because future projections did not
include vegetation variables and because human removal of rainforest is ongoing,
whether an actual reduction in invasion potential due to climate change would occur is

unclear.

Conclusions

As rainforest habitats of Central Africa continue to be degraded, snake species currently
found in disturbed and savanna habitats are predicted to invade the rainforest zone.
Because invading snake species may have severe impacts on native vertebrate
populations (Savidge 1987; Case and Bolger 1991), conservation strategies for equatorial
Africa should take into account the possibility of these invasions. Our models predict that
future climate change will counteract the effects of rainforest removal and reduce
invasion potential, due to projected increases in precipitation in the rainforest. Thus,

climate change may actually mediate the effects of human removal of rainforest, which
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illustrates how anthropogenic habitat alteration and climate change are likely to have
complex impacts on biodiversity. Nevertheless, because there is substantial uncertainty
associated with projecting precipitation trends in tropical Africa, better predictions of
future precipitation and analyses that incorporate such uncertainty are crucial. Additional
studies are also needed to identify the outcome of interactions between bioclimatic
variables that drive broad-scale species distributions, microhabitat variation due to human
alterations of rainforest, and population-level processes that determine persistence of

species within the invaded range.
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Human Impacts Flatten Rainforest-Ecotone Gradient

and Reduce Adaptive Diversity

Introduction
Recent empirical (Smith et al. 1997b; Schneider et al. 1999; Ogden and Thorpe 2002;
Slabbekoorn and Smith 2002; Seehausen et al. 2008) and theoretical (Endler 1977;
Gavrilets 2000; Doebeli and Dieckmann 2003) research suggests divergent selection
along ecological gradients is an important evolutionary force indiversification and
speciation. Fundamental to these assertions is that the strength of natural selection
leading to reproductive divergence and speciation is related to the steepness of the
environmental gradient (Endler 1977; Doebeli and Dieckmann 2003). Generally, steeper
ecological gradients should translate into stronger differential selection that will
overcome the homogenizing effects of gene flow and more likely lead to diversification
and speciation (Endler 1977, Risénen and Hendry 2008) (see SI Text). In contrast, the
flattening of ecological gradients, such as that caused by human landscape modification,
may weaken the strength of divergent selection. This may tip the balance in favor of the
homogenizing effects of gene flow, undermining the potential for differentiation
(Résdnen and Hendry 2008).

In equatorial Africa, the gradient between rainforest and the forest-savanna
transition zone or ecotone is believed to be important for the generation of rainforest
biodiversity (Smith ef al. 1997b; Slabbekoorn and Smith 2002; Smith et al. 2005b). As a

result, human alterations of this gradient may have significant evolutionary
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consequences. African rainforests are under substantial human pressure (Achard et al.
2002), and deforestation resulting from logging and road construction is predicted to
increase (Laporte et al. 2007; Buys et al. 2006). In the vast ecotone between rainforest
and savanna, comprised of mosaics of gallery forests and wooded savannas, the
abundance of woody vegetation is principally determined by anthropogenic disturbance
(Sankaran et al. 2005). However, because the magnitude of temporal change in woody
vegetation within the ecotone is much smaller relative to deforestation in rainforest, we
focus on how rainforest loss influences the slope of the rainforest-ecotone gradient. We
use newly available data on tree cover, derived from measurements from the Moderate
Resolution Imaging Spectrometer (MODIS) sensors onboard NASA’s Terra and Aqua
satellites, to quantify the steepness of the gradient across West and Central Africa. We
also use a time series of tree cover data based on measurements from the Advanced Very
High Resolution Radiometer (AVHRR) sensor onboard NOAA’s satellite fleet to
examine recent trends that may be indicative of ongoing deforestation. Greater
deforestation in West Africa relative to Central Africa provides a framework for
assessing the evolutionary implications of changes to the steepness of the rainforest-
ecotone gradient for species distributed in both regions. To examine the effects of
gradient flattening, we contrast patterns of morphological divergence in the rainforest
passerine the little greenbul (4. virens) which was previously shown to show
morphological divergence along the rainforest-ecotone gradient in Central Africa (Smith

et al. 1997b).
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Materials and Methods

Field sampling

Field sampling was conducted at 17 sites in West Africa (Ivory Coast) and Central Africa
(Equatorial Guinea and Cameroon) between 1993 and 2001 (Table S1, Fig. 1B).
Vegetation at forest sites includes primary and secondary lowland rainforest (Letouzey
1968; Louette 1981; Smith et al. 1997b; Smith ef al. 2005a). Mosaics of savanna, forest
patches, and gallery forest are classified as ecotone (Letouzey 1968; Louette 1981;
Longman and Jenik 1992; Smith et al. 1997b; Smith et al. 2005a). Montane sites are
described elsewhere (Smith and McNiven 1993; Smith et al. 2000). Mist netting
protocols, morphological measurements, and DNA sample storage follow Smith et al.
(2005a). All morphological measurements were taken by TBS. We restricted our analyses
to adult males (N=126) because sample sizes were larger. Juveniles were distinguished
from adults based on plumage characters (Keith ef al. 1992), and males were
distinguished from females using a PCR protocol that identifies a gene on the W

chromosome (Ellegren 1996).

AVHRR-based NDVI trend analysis for detecting recent defbrestation

To illustrate large-scale patterns of deforestation, we used an 18-year AVHRR record
from the Pathfinder program (1982 — 2000) recorded by NOAA/NASA satellites (Agbu
and James 1994; Smith et al. 1997a) at 8 km resolution. Areas where tree cover decreased
greater than 10% during this time period, computed from the AVHRR time series by

DeFries et al. (1995, 1999, 2000, 2002), were overlaid onto the MODIS tree cover map.
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Figure 1. Distribution of biomes and sampling sites (circles) for 4. virens. A. Land cover
map based upon MODIS IGBP classification at 1km spatial resolution for 2000 (Friedl ez
al. 2002). This classification includes information on vegetation cover and seasonality,
and defines areas that, despite the extent of current deforestation, encompass suitable
ecological conditions for rainforest. Areas classified as forest are broadly consistent with
White’s reconstruction of historical rainforest distribution (White 1983). B. Present

rainforest based on MODIS percent tree cover from 2001 (Hansen ez al.2002) and study
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Figure 1 (continued)

sites in West and Central Africa (see Table S1 for sampling information). Sampling in
West Africa coincides with a region where rainforest should occur, but where there have
been large losses of tree cover, leading to convergence in habitat structure between the
rainforest and ecotone zones. Red pixels indicate areas of recent deforestation (1982 —
2000), based upon tree cover data from measurements by the AVHRR satellite sensor
(DeFries et al. 2002). These trends indicate that deforestation and gradient flattening in
the recent past were greater in West than in Central Africa. C. Projection of the
association between PC1 of morphology and tree cover, estimated with least-squares
linear regression, shows that deforestation in West Africa has led to the flattening of the
morphological cline along the rainforest-ecotone gradient. In contrast, Central Africa,

which has experience much less deforestation, shows no such pattern.
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Tree cover gradient analysis for West and Central Africa

To determine whether the slope of the gradient in tree cover was different between Ivory
Coast and Cameroon/Equatorial Guinea (where we conducted field studies on 4. virens),
we reaggregated the MODIS tree cover map to 5-km resolution. For each region, we then
calculated mean tree cover for each latitudinal row with > 50 grid cells. Because the
location of the rainforest-ecotone boundary differs in latitude between Wést and Central
Africa, to make plots comparable we shifted the plot for West Africa by -2.5°. We
determined the relative location of this boundary from the IGBP landcover map (see Fig.
1A). We tested the hypothesis that the slope of the rainforest-savanna tree cover gradient
is shallower in West than in Central Africa with ANCOVA, with latitude and region as
factors, and a latitude * region interaction term. In doing so, we truncated the regional
data sets so as to start at the latitude at which the maximum mean tree cover was located.
This effectively excludes areas outside the relevant latitudinal range in Central Africa,
and those areas containing natural inland savannas in Gabon. The longitudinal range for
latitudinal averaging of tree cover was ~7.53°W — 2.94°W for West Africa (Ivory Coast),

and = 8.60°E — 16.24°E for Central Africa (Cameroon, Equatorial Guinea, and Gabon).

Analysis of contemporary morphological variation

For live-captured birds, morphological variables included principal component 1 (size
axis), principle component 2 (shape axis), and log-transformed tarsus length, wing length,
tail length, and upper mandible length. Before performing principle components analyses

(PCA) across geographic regions, we verified that their respective covariance matrices
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were either equal or proportional (Flury 1988), using the program CPC, available at

http://www.uoregon.eduw/~pphil/programs/cpc/cpc.htm. We also evaluated size-corrected

traits, calculated as residuals from linear regressions of log-transformed traits on log-
transformed tarsus length. As feeding performance is more a function of absolute bill
morphology and food resources, we did not perform body size corrections on upper
mandible length.

To establish the relationship between morphology and tree cover, we performed
univariate least-square weighted regressions of site means for each PC or log-transformed
trait on percent tree cover, with sites weighted by sample size. We include montane and
island sites in this analysis in order to take maximal advantage of sampling, and because
we expected the relationship between morphology and tree cover to be general across
habitats. Percent tree cover was collected from a 2001 tree cover map available at 500m
resolution, constructed from measurements made by the MODIS satellite (Hansen et al.
2002). To account for georeferencing error, we used the average percent tree cover from
a 2.5 x 2.5 km pixel centered on each study site. These tests are already conservative,
because of georeferencing error, and because climate variables that may influence
morphology are not correlated with the large amount of variation in tree cover within the
rainforest zone due to human activity. As a result, a climate-morphology relationship
would reduce our ability to detect a similar relationship with tree cover. Thus, we did not
apply a correction factor to control for the familywise error rate arising from multiple
individual tests. However, we point out that applying such a correction would only

influence the significance of the regression of size-corrected wing length on tree cover.
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The normality of site means used in the regressions of each morphological trait were
confirmed with Shapiro-Wilk W tests (all P>0.05). For each morphological trait that was
significantly associated with tree cover, we generated a predictive map by inputting the
tree cover map into the corresponding regression equation, using the Spatial Analyst
Raster Calculator in ArcGIS 9 (ESRI, Inc. 2006). These projections were then aggregated
to 5-km resolution, and back-transformed for traits that were log-transformed for the
regression analyses.

To determine whether loss of morphological differentiation between rainforest
and ecotone habitats was greater in West than in Central Africa, we analyzed variation in
PC axes and log-transformed morphological traits between rainforest and ecotone. We
restricted our analyses to lowland rainforest and ecotone sites. Because tarsus length was
not normally distributed within these habitats even after log-transformation, and to
accommodate for small sample sizes in some comparisons, we evaluated morphological
divergence with Wilcoxon rank sum tests (2-tailed, 0=0.05). We excluded PC2 and upper
mandible length from these and subsequent analyses, because these traits are not
significantly associated with percent tree cover with which we define the rainforest-
ecotone gradient (Table S2). We applied Dunn-Sidak correction (Sokal and Rohlf 1995)
for multiple forest-ecotone comparisons, within regions, for the six traits showing a
significant association with tree cover (¢=0.05; a’=1-(1-a)1/6 =0.0085). However,
corrections were found not to influence results, forest-ecotone comparisons in Central
Africa remained highly significant, and those for West Africa not significant (P>0.05)

even when not applying Dunn-Sidak correction.
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Because sampling in West Africa was more limited relative to Central Africa, we
tested whether the lack of morphological divergence between habitats in West Africa was
due to chance, because of sampling of unrepresentative individuals. For each
morphological trait we found significant morphological divergence in Central but not
West Africa, we bootstrapped without replacement 1,000 samples from the Central
Africa data equal in size to the West Africa samples. We then calculated the probability
of observing this pattern by chance as the proportion of replicates where the absolute
morphological divergence between rainforest and ecotone was less than or equal to that
observed in West Africa. We also tested whether the lack of morphological divergence in
West Africa was due to chance sampling of atypical populations (see SI Text). We
confirmed that the lack of morphological divergence between rainforest and ecotone
habitats in West Africa was not due to higher levels of between-habitat gene flow than in
Central Africa, by calculating mean between-habitat Fsy from matrices provided in Smith

et al. (2005a).

Analysis of historical morphological variation

To confirm that regional differences in rainforest-ecotone morphological divergence
were due to greater deforestation in West Africa, and not to a persistent historical pattern,
we collected morphological data from historical specimens of A. virens deposited at the
Natural History Museum at Tring, United Kingdom (Table S3). As with live-captured
birds, TBS took all measurements. In order to obtain adequate sample sizes while

excluding individuals whose collection date may have post-dated extensive deforestation,
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we included only individuals collected before 1935. We also excluded individuals for
which locality information was not available or did not permit an assignment to either
rainforest or ecotone habitat with reasonable confidence. Locality and habitat information
were obtained by a combination of historical records (e.g., accounts of particular
collectors’ expeditions such as those published in /bis), georeferencing using online
gazetteers and Google Earth (Google, Inc. 2007), and contemporary tree cover from
MODIS. Localities falling within areas of high contemporary tree cover were presumed
to have historically been covered by rainforest. We excluded specimens with insufficient
information to make a habitat assignment with reasonable confidence. Although sex
information was obtained for most individuals, museum tags for eleven older historical
specimens did not contain sex information, and lack of any distinctive plumage or other
variation prevented us from classifying the sex of these individuals. We chose to include
these individuals because doing so did not statistically influence our results except in the
case of tarsus length, and this trait is not significantly sexually dimorphic in live-caught
birds from Central African rainforest where we have large sample sizes and sufficient
statistical power (Wilcoxon rank sum test on log-transformed tarsus length, male N=46,
female N=40, x*=0.0054,P=0.94). Dunn-Sidak corrections for multiple comparisons
within time periods (a’=0.013) did not influence any comparison.

Very few individuals from the museum collection that met our criteria were from
ecotone habitats. Most of the historical sampling took place near to the coast where there
is predominantly forest. We recomputed the PCA for contemporary samples excluding

individuals from ecotone, montane, and island habitats, and similarly performed a
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separate PCA for the historical samples. Unlike the analyses of contemporary rainforest-
ecotone differentiation, we did not include size-corrected wing and tail, because for
museum specimens regressions of these traits on tarsus length were not statistically
significant. Significance of differences between regional rainforest populations were
computed with Wilcoxon rank sum tests as noted above. All statistical analyses were
performed using JMP 7.0 (SAS Institute, Inc. 2007), with the exception of bootstrapping,

which was implemented with a Microsoft Excel spreadsheet macro.

Results

Deforestation Impacts on Rainforest-Ecotone Gradient

The spatial distribution of MODIS tree cover data for 2001(Hansen et al. 2002) for
regions where rainforest occurred historically indicates that West Africa has lost much
more of its forest than Central Africa (Fig. 1) (White 1983; Friedl et al. 2002). The extent
of human impacts on forest cover have been so extensive that many regions of West
Africa today have tree cover comparable to, and in some cases, lower than ecotone
habitats (Fig. 1B). In the regions where we collected morphological data, this spatial
pattern in forest cover results in a significantly shallower rainforest-ecotone gradient in
Ivory Coast relative to Cameroon and Equatorial Guinea (ANCOVA, Region * Latitude
effect on percent tree cover F=345.2, P<0.0001) (Fig. 2). The magnitude of differences in
levels of rainforest tree cover and gradient slope between the two regions are the net

result of human rainforest removal on a multi-decadal timescale. Coarse-scale AVHRR-
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Figure 2. Depiction of rainforest-ecotone gradients using MODIS percentage tree cover
plotted against latitude for West and Central Africa, showing greater flattening of
gradient in West than Central Africa. For each region, mean tree cover was calculated for
each 5km latitudinal band and plotted along the south-north direction. For better
comparison, the rainforest-ecotone gradient for West Africa is shifted southward by 2.5°
to account for the shift in latitudinal position of the rainforest-ecotone boundary between
West and Central Africa. The dashed line indicates the approximate position of the
rainforest-ecotone boundary, and the solid black lines indicate least-square regression

lines fit to the regional trends in tree cover-by-latitude trends.
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based trends in tree cover from 1982 to 2000 provide a temporal perspective, and confirm

larger losses of tree cover in West Africa (Fig. 1B) (DeFries et al. 2002).

Contemporary Morphological Diversity.

Previous research on African passerine birds suggests that natural selection across the
rainforest-ecotone gradient has led to divergence in morphological and behavioral traits
important in fitness and potentially speciation (Smith et al. 1997b; Smith et al. 2005b;
Slabbekoorn and Smith 2002). To examine how the flattening of the forest-ecotone
gradient may have impacted phenotypic diversity, we contrast morphological divergence
between West and Central Africa in the common, sedentary bird species 4. virens found
in both rainforest and gallery forests of the ecotone (Smith et al. 1997b) (Table S1). This
species exhibits divergence in both morphology (Smith ef al. 1997b) and song
(Slabbekoorn and Smith 2002) across the gradient, and has been shown to be sensitive to
habitat disturbance, exhibiting morphological, song and plumage differences as a
function of tree cover (Srhith et al. 2008).

To verify that tree cover is an important determinant of morphology, we perform
weighted least-square regressions of the first two principle components derived from
morphological traits typically important to fitness (Grant 1986), as well as regressions of
individual traits, on percent tree cover data from 2001. Morphology is significantly
associated with percent tree cover, including PC1 (overall size), tarsus, and both absolute

and size-corrected wing and tail length (Table S2). These significant associations are all
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in the direction expected from observed patterns of rainforest-ecotone divergence in
Central Aftica (Fig. 3), with birds becoming more ecotone-like as forest cover decreases.
Projections based on regressions of morphology traits on tree cover show that
deforestation has led to a severe flattening of the morphological cline along the
rainforest-ecotone gradient in West Africa, with the exception of Sierra Leone, where
considerable forest remains (Fig. 1C, S1). In contrast, in Central Africa clines remain
relatively intact, the rainforest-ecotone gradient is steeper and morphology is
significantly divergent along the gradient in PC1, tarsus length, and both absolute and
size-corrected wing and tail length (Fig. 3). We can detect no divergence in West Africa.
Because sampling in West Africa is more limited than in Central Africa, we test whether
the lack of morphological divergence between habitats in West Africa might be due to the
chance effects of sampling. A bootstrap resampling approach shows that the lack of
morphological differentiation in West Africa relative to Central Africa is extremely
unlikely to have occurred due to chance. (PC1, P<0.001; absolute and size-corrected
wing length, P<0.001; tail length, P<0.0001; size-corrected tail length, P=0.013; tarsus
length, P<0.001) (see SI text). Inter-regional differences in gene flow between rainforest
and ecotone populations cannot explain the observed lack of morphological divergence in
West Africa, as pairwise Fst between habitats is actually higher in West Africa than in
Central Africa (West Africa, Fst = 0.058+0.005 SE, N=2; Central Africa, Fgr =
0.013+0.002 SE, N=20) Thus, our results suggest the loss of morphological divergence:

between habitats depends upon the extent of tree cover along the gradient, and that the
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Figure 3. Differences in morphological characters between rainforest (blue) and ecotone
(red) habitats for adult male A. virens in West and Central Africa. Morphological
differences between forest and ecotone populations are smaller in West Africa than in
Central Africa consistent with a flatter envrionmental gradient. Error bars indicate + 1
SE. about the mean; sample sizes are adjacent to means. PCs are based upon tarsus, wing,
tail, and upper mandible length. Size-corrected traits are computed from regressions of
log-transformed measurements on log-transformed tarsus length. Measurements of
individual traits are in millimeters. Significant Wilcoxon rank sum tests comparing
rainforest and ecotone habitats within domains are indicated by ***P<0.001. Sample

sizes and results of regressions of morphological traits on tree cover are provided in

Table S2.
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loss of morphological diversity in traits important in fitness (Grant 1986) has been greater

in West Africa where deforestation has been greater.

Pre-deforestation Morphological Diversity

We provide further support for a loss of variation with an analysis of museum specimens
of A. virens from the late 1800°s and early 1900’s, before the mechanization and
subséquent acceleration of large-scale deforestation following World War II (Williams
2003). Ecotone specimens from this period were too scarce to analyze, however,
consistent with the high levels of deforestation in West Africa, rainforest populations
from West and Central Africa are morphologically more divergent today than they were
historically (Fig. 4). The only character that did not show this pattern was tarsus length,
but here the historical direction of divergence between regions is opposite to the
contemporary one (Fig. 4). In other words, the relative increase in tarsus length in West
Africa expected as habitat becomes more open after deforestation, has reversed the
historic pattern. A shift in West Africa towards more ecotone-like morphology is likely
responsible for the increase in divergence between regions, and occurs in all traits in
which we detected significant rainforest-ecotone divergence in Central Africa.
Furthermore, the shift is consistent with the direction of morphological change in A.
virens when humans clear rainforest (Smith ez al. 2008). Thus, temporal changes in
morphology over the last 100 years in West Africa appear to be tracking the conversion

of rainforest to more open, ecotone-like habitats.
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Figure 4. Comparison of historical and contemporary morphological differences between

West (blue) and Central (green) Africa rainforest populations of 4. virens. Regional

populations are more morphologically divergent now than historically, due to West

African populations becoming more ecotone-like as a result of deforestation. Historical

ecotone specimens were too scarce for comparisons. Error bars indicate + 1 SE about the

mean; sample sizes are adjacent to means. PC1 is based upon tarsus, wing, tail, and upper

mandible length, and to facilitate visualization are normalized, within time period, by the

largest individual value so that PCs scale from -1 to +1. Measurements of individual traits

are in millimeters. Significant Wilcoxon rank sums tests comparing regions within each

time interval are indicated by **P<0.01, and ***P<0.001.
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Discussion
The flattening of the rainforest-ecotone gradient caused by human destruction of
rainforest appears to be erasing a signature of divergence-with-gene-flow (Rice and
Hostert 1993), a pattern previously described for 4. virens, and thought to be important in
speciation (Smith ez al. 1997b; Slabbekoorn and Smith 2002; Smith et al. 2005b; Nosil
2008). Should land use practices in Central Africa continue on their present trajectory
(Laporte et al. 2007), flattening of the rainforest-ecotone gradient is likely to lead to
losses of phenotypic diversity akin to that observed in West Africa, a prediction
supported by the inverse relationship between morphological traits and tree cover.
Because growing evidence suggests directional selection is the primary driver of
phenotypic diversification (Rieseberg et al. 2002), and ecological divergence may be tied
to reproductive isolation (Funk ef al. 2006), a flattening of the gradient may reverse the
process of speciation for incipient or recently speciated species (Kitano et al. 2008).
Furthermore, it may reduce adaptive variation, and potentially lower rates of
diversification for the many taxa whose distributions span the rainforest-ecotone gradient.
While there has been much focus on population declines and extinctions of
rainforest species as a result of deforestation (Pimm and Raven 2000), our results suggest
that the threats to ecological gradients and the important evolutionary processes that take
place along them in promoting diversity need greater attention by conservation decision
makers (Cowling and Pressey 2001; Smith and Grether 2008). This is a need made more

urgent given that Africa is predicted to be the continent most severely affected by climate
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warming (IPCC 2007), where any loss of diversity may limit the ability of populations to
adapt to changing environmental conditions (Parmesan 2006).

We provide the first evidence linking the loss of an evolutionarily significant
environmental gradient with a decline in adaptive diversity. However, the ecological
signatures associated with deforestation suggest a larger global-scale phenomenon. In
West Africa, deforestation and gradient flattening have been associated with the loss of
rainforest species and incursions by savanna-adapted species into previously forested
regions (Kofron and Chapman 1995; Thiollay 1998). Such incursions arising from
deforestation have also recently been documented in Cameroon (Lawton et al. 1998;
Freedman et al. 2009) where rainforest-ecotone divergence in A. virens currently persists,
suggesting an early signal of gradient deterioration. Similar changes associated with
rainforest deforestation have also been documented in Southeast Asia (Sodhi et al. 2004)
and South America (Julien and Thiollay 1996; de M. Bastos et al. 2005). Within South
America, the flattening of environmental gradients in the Andes appears to be particularly
acute (Thiollay 1996; Brooks et al. 2002). To preserve both the pattern of biodiversity
and the processes that produce and maintain it, greater attention should focus on the
preservation of gradients (Smith and Grether 2008). With as much as two thirds of the
world’s terrestrial land area impacted by human activities (Mace et al. 2005) gradient
flattening is likely common, but its corresponding impacts on adaptive diversity and

implications for conservation in a changing world are not fully recognized.
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Supporting Information

SI Text

Gradient slopes

In some instances, speciation may be inhibited when gradients are too steep. One
simulation study (Doebeli and Dieckmann 2003) demonstrates that along very steep
gradients, dissimilar phenotypes are spatially close, and thus compete strongly. This
precludes evolutionary branching because by eliminating the gradient-induced frequency
dependence that, in the underlying Lotka-Volterra model, drives the diversification
process. Consistent with this, recent empirical research on cichlid fish found less adaptive
divergence along the steepest gradients (Seehausen et al. 2008). However, the rainforest-
ecotone gradient is a large-scale phenomenon that is distributed across over 1000 km, and

for the vast majority of species it will not be perceived as a steep environmental gradient.

Population re-sampling analyses

In addition to the bootstrapping analyses (see Materials and Methods section), we also
calculated the probability that morphological divergence in West Africa was less than in
Central Africa due to sampling atypical populations. Specifically, we calculated
rainforest-ecotone divergence between all possible sets of two rainforest and two ecotone
populations from Central Africa, with weighted means for each habitat calculated using
the sample sizes of the corresponding populations in West Africa. For each trait, this

produced 300 replicates. For four of six traits, the probability of sampling populations
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lacking forest-ecotone divergence is extremely low (PC1, P<0.001; absolute wing and
tail length, P<0.001; size-correctéd wing length, P=0.013). For tarsus length and size
corrected wing length 20% and 21% of replicates had a level of forest-ecotone
divergence less than or equal to that observed in West Africa, respectively.' However, for
each trait, the lack of forest-ecotone divergence was driven almost exclusively by one
Central African population. For tarsus length, 96% of these replicates showing low
divergence involved comparisons including Betare Oya. For size-corrected tail length,
88% of these replicates involved comparisons including Meiganga. Thus, for four of six
traits, the lack of morphological divergence along the gradient cannot be explained by
chance sampling of populations. Because low divergence in tarsus length and size-
corrected tail length were each driven by different populations, it is unlikely that those
traits would simultaneously exhibit low divergence by chance alone. Multiplying their
respective probabilities of low divergence, there is only a four percent chance that those
traits would simultaneously show low forest-ecotone divergence. We can therefore
conclude that the effects of non-random sampling can be ruled out as the cause for the

lack of morphological divergence in West Africa for five of six traits.
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Table S1. Coordinates, habitat classification, percent tree cover, and sample sizes
for A. virens captured and measured by TBS in West and Central Africa.

% Tree
Site Latitude  Longitude  Countryt Habitat Cover N
1. Paule Oula 5.826°N 7.391°W IC Forest 49.6 4
2. Lamto 6.216°N 5.027°W IC Ecotone 19.7 9
3. Marahoue 7.028°N 5.948°W IC Ecotone 249 2
4. CSRS 5331°N  4.129°W IC Forest 13.7 5
5. Bioko* 3.743°N 8.721°E EG Forest 64.4 7
6. Elende 2.216°N 9.793°E EG Forest 69.1 10
7. Kribi 2.731°N 9.872°E CAM Forest 77.7 4
8. Sakbayeme 4.038°N 10.574°E CAM Forest 56.5 16
9. Nkwouak 3.870°N 13.316°E CAM Forest 74.0 8
10. Zobefame 2.659°N 13.397°E CAM Forest 79.1 3
11. Lac Lobeke 2.311°N 15.762°E CAM Forest 79.5 5
12. Tchabal Mbabo* 7.252°N 12.058°E CAM Montane 33.6 4
13. Tchabal Gandaba* 7.743°N 12.716°E CAM Montane 30.9 14
14. Tibati 6.504°N 12.588°E CAM Ecotone 283 8
15. Wakwa 7.271°N 13.526°E CAM Ecotone 18.2 5
16. Ngaoundaba 7.133°N 13.698°E CAM Ecotone 28.0 5
17. Meiganga 6.517°N 14.300°E CAM Ecotone 17.6 6
18. Betare Oya 5.563°N 14.091°E CAM E_cotone 283 13

* Sites are used in weighted regressions of morphological traits on percent tree cover, but

not for comparisons of morphological divergence between rainforest and ecotone

habitats between West and Central Africa.
+ IC = Ivory Coast, EG = Equatorial Guinea, CAM = Cameroon.
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Table S2. Weighted least-squares regressions of morphological traits on percent
tree cover.

Trait Y +/- * P! N (Observations)'*t
PC1 0.51 - 0.0009 18 (125)
PC2 _ 0.01 0.68 18 (125)
Tarsus length (mm)* 0.39 - 0.006 18 (128)

. q 0.48 0.0015
Wing length (mm) (0032)” = (0.015) 18 (128)

. q 0.57 0.0004
Tail length (mm) | (0.4 5)” - (0.002) 18 (125)
Upper mandible length (mm) * 0.04 0.41 18 (128)

* Indicates direction of correlation, where significant, between morphology and tree cover.
T Boldface indicates significance.

C_Number of populations, with parentheses indicating the total number of individuals.

§ Regressions of log-transformed trait values on log-transformed percent tree cover.

1 Regressions use residuals from linear regressions of log-transformed trait values on log-
transformed tarsus length, which are then regressed on percent tree cover.

I parentheses indicate results for traits corrected for size using tarsus length.
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Table S3. Historical specimens of 4. virens measured at the Natural

History Museum at Tring.

Year
Catalogue # Collected Locality Country
1902.7.15.5 1901 Efulen CAM
1904.7.18.118 1904 Efulen CAM
1905.1.24.131 1904 DjaRiver CAM
1905.1.24.126 1904 Dja River CAM
1906.12.14.93 1905 Efulen CAM
1906.12.14.90 1905 Efulen CAM
1906.12.14.94 1905 Efulen CAM
1911.5.31.270 1905 Bitye CAM
1911.5.31.271 1907 Bitye CAM
1969.44.56 1907 Bitye CAM
1920.6.26.406 1908 Assobam, Bumba River CAM
1920.6.26.407 1908 Assobam, Bumba River CAM
1924.11.2.137 1922 Bitye CAM
1911.12.23.1632 1900 Prahsu GC
1936.2.21.308 1900 Prahsu GC
1911.11.18.124 1910 Sekondi GC
1934.3.16.502 1934 Goaso, Ashanti GC
1934.3.16.504 1934 Goaso, Ashanti GC
1934.3.16.506 1934 Mampong, Ashanti GC
58.1.4.109 1858 Ashanti IC
76.5.23.606 1876 Fantee IC
76.5.23.643 1876 Fantee IC
76.5.23.646 1876 Fantee IC
76.5.23.338 1876 Fantee IC
76.5.23.645 1876 Fantee IC
76.5.23.604 1876 Fantee IC
95.5.1.718 1895 Fantee IC
95.5.1.715 1895 Fantee IC
95.5.1.714 1895 Denkera IC
1911.11.18.126 1911 Nanna Kru LI
99.8.10.27 1893 Grand Cape LI
1930.12.3.290 1930 Kankordu SL
1930.12.3.289 1930 Sandaru SL

* CAM = Cameroon, GC = Gold Coast (Ghana), IC = Ivory Coast, LI = Liberia,

SL = Sierra Leone.
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Figure S1. Additional projections of associations between morphology and tree cover,

estimated with least-squares linear regression.
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