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Abstract

How Quaternary climatic and geological disturbances influenced the composition of

Neotropical forests is hotly debated. Rainfall and temperature changes during and/or

immediately after the last glacial maximum (LGM) are thought to have strongly

affected the geographical distribution and local abundance of tree species. The paucity

of the fossil records in Neotropical forests prevents a direct reconstruction of such pro-

cesses. To describe community-level historical trends in forest composition, we turned

therefore to inferential methods based on the reconstruction of past demographic

changes. In particular, we modelled the history of rainforests in the eastern Guiana

Shield over a timescale of several thousand generations, through the application of

approximate Bayesian computation and maximum-likelihood methods to diversity data

at nuclear and chloroplast loci in eight species or subspecies of rainforest trees.

Depending on the species and on the method applied, we detected population contrac-

tion, expansion or stability, with a general trend in favour of stability or expansion,

with changes presumably having occurred during or after the LGM. These findings

suggest that Guiana Shield rainforests have globally persisted, while expanding,

through the Quaternary, but that different species have experienced different demo-

graphic events, with a trend towards the increase in frequency of light-demanding, dis-

turbance-associated species.
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Introduction

The long lifespan of forest trees often makes us forget

that most terrestrial forests have also a long and event-

ful history. In temperate Europe and North America,

sudden range expansions from refugia soon after the

last glacial maximum (LGM, 18 000–20 000 years BP)

(Taberlet et al. 1998; Hewitt 2000, 2004; Petit et al. 2002;

Hu et al. 2009), bottlenecks (Heuertz et al. 2006) and

founder events (Pyh€aj€arvi et al. 2007) are now well rec-

ognized. For Mesoamerica, a recent study (Jones et al.

2013) has also shown recent bottlenecks in four rain-

forest species, whose dates are compatible with the end

of the LGM, whereas in Equatorial Africa tree popula-

tions appear to have gently contracted/expanded with-

out dramatic range changes (Da€ınou et al. 2010; Budde

et al. 2013). In South America, several climatic changes

during the Tertiary and Quaternary have likely shaped

the current composition of Amazonian rainforests
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(Haberle 1997; Antonelli et al. 2009; Hoorn et al. 2010).

However, the past distribution and the demographical

history of South American rainforest communities is

still relatively unknown (Hewitt 2004), although recent

phylogeographic work (Motamayor et al. 2008; Hardesty

et al. 2010; Scotti-Saintagne et al. 2013a, b) has revealed

a complex history from genetic diversity patterns.

Fossil data are rare in the Amazon, due to rapid

decay rates of organic matter in poor sedimentary soils,

making it difficult to infer forest history. The oldest

available biogeographical, geomorphological and palae-

ological data suggest that, at the LGM, Amazonian rain-

forests were fragmented into several isolated

geographical areas (Haffer 1969; Prance 1982), probably

due to a drier climate (Ledru et al. 1998). This is sup-

ported by several charcoal analyses suggesting Holo-

cene drought-related palaeo-fires (Charles-Dominique

et al. 1998; Tardy 1998; Mayle et al. 2000; Bush et al.

2008; Mayle & Power 2008; Power et al. 2010). Under

the ‘fragmentation’ hypothesis, climate changes during

Pleistocene glacials may have imposed demographic

transitions on plant and animal populations and pro-

voked large-scale fragmentation/recolonization pro-

cesses (Aide & Rivera 1998; Caron et al. 2000; Dutech

et al. 2004; Flanagan et al. 2004; Quijada-Mascarenas

et al. 2007; Motamayor et al. 2008; Solomon et al. 2008;

de Thoisy et al. 2010; Scotti-Saintagne et al. 2013a). The

dry-climate-with-refugia hypothesis has nevertheless

been challenged (Bush & De Oliveira 2006). One alter-

native hypothesis, suggested by Amazonian pollen

records (Colinvaux et al. 1996), is that a 6 °C cooling

during the LGM may have caused a floristic transition,

rather than rainforest fragmentation and replacement of

rainforest by open, drier tropical forests (Colinvaux

et al. 2000; Bush et al. 2004; Freycon et al. 2010).

Past changes in effective population size can be

detected using statistical approaches that rely on the

comparison of observed patterns of genetic diversity at

neutral molecular loci with the expectations provided

by the neutral theory of molecular evolution (Kimura

1985). Highly polymorphic genetic markers such as

microsatellites (or simple sequence repeats, SSRs), with

a mutation rate of about 10�2 to 10�6 per site per gener-

ation (Thuillet et al. 2002), offer the opportunity to anal-

yse demographic events that occurred in the recent

evolutionary past. On the other hand, chloroplast

sequence markers, with a lower mutation rate between

10�9 and 10�10 per site per generation (Wolfe et al.

1987; Richardson et al. 2001) and no or rare recombina-

tion events (Birky 1995), return more slowly to the equi-

librium state after a demographic change. Genetic

information carried by both diploid nuclear and haploid

chloroplast markers allows describing and studying a

wide range of past demographical events that may have

affected current genetic diversity. Hypothesis testing,

parameter estimation and selection of most likely demo-

graphic model can be performed by combining coales-

cent modelling (Kingman 1982), a powerful tool to

model neutral molecular polymorphism (Nordborg

2004), with Bayesian or approximate Bayesian computa-

tion (ABC; Beaumont et al. 2002; Beaumont 2010; Budde

et al. 2013; Jones et al. 2013).

The goal of the present study was to test whether past

demographic transitions can be detected for eight tree

species belonging to present-day forests of the eastern

Guiana Shield. Focal tree species cover a gradient of eco-

logical strategies from light-demanding to shade-tolerant.

Common trends will be sought as evidence of Amazonian

rainforest fragmentation and/or past reduction in global

forest cover caused by dryer and/or cooler climate, while

interspecific differences in demographic trends, when

shown to correlate with ecological strategies, will be con-

sidered as evidence of changes in forest structure.

Material and methods

Choice of species

Eight tropical tree species, currently common in the

eastern Guiana Shield forests, were studied: Carapa suri-

namensis Miq. (Meliaceae), Dicorynia guianensis Amshoff

(Caesalpiniaceae), Jacaranda copaia (Aubl.) D. Don

(Bignoniaceae), Simarouba amara Aubl. (Simaroubaceae),

Symphonia globulifera L. f. (Clusiaceae) and the related

subspecies Symphonia sp1 (Sabatier et al. 1997), Virola

michelii Heckel (Myristicaceae) and Vouacapoua americana

Aubl. (Caesalpiniaceae). These species show relatively

ample variation in ecological strategies (Table S1, Sup-

porting information), although they all are rainforest-

dependent species. D. guianensis, V. americana and S.

sp1 are endemic to the Guiana Shield rainforests, while

all others are widespread in the Neotropics, and S. glob-

ulifera has a bicontinental distribution (Africa, America).

Data sets

The data analysed here were drawn both from pub-

lished and original data sets (Table S2, Supporting

information). We report below the methods used for

the production of original data. Whenever the new data

were used to complete existing data sets, the methods

used and reported here are the same as for previous

studies.

Sampling and DNA extraction

Samples of leaf or cambium were collected from 37 to

356 individuals of each species during surveys

© 2016 John Wiley & Sons Ltd
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conducted between 2000 and 2012 across French

Guiana (Table S2 and Figure S1, Supporting informa-

tion). Extractions of total genomic DNA were per-

formed following Colpaert et al. (2005) or according to

the Qiagen DNeasy� 2006 protocol with a DNeasy 96

plant kit (Qiagen, Hilden, Germany). DNA quality was

checked by spectrophotometry and by agarose gel

electrophoresis.

DNA amplification, genotyping and sequencing

Nuclear microsatellites. Nuclear genetic diversity was

analysed at four to nine microsatellite (nSSR) markers

depending on the species. Table S2 (Supporting infor-

mation) provides the reference for each marker. Poly-

merase chain reactions (PCRs) for S. amara markers

were performed in 15 lL volume containing 6 lL of

25 ng/lL DNA, 19 Taq buffer, 0.2 mM of dNTP,

0.04 U/lL Taq DNA polymerase (all products from

Invitrogen, Carlsbad, CA, USA) and 0.75 lM of each pri-

mer (MWG Biotech, Ebersberg, Germany). An initial

denaturation at 94 °C for 5 min was followed by 30

cycles of 94 °C for 30 s, annealing temperature of 53 °C
for 30 s and 72 °C for 30 s, and a final extension at

72 °C for 5 min.

For V. michelii, PCRs were performed in a 15 lL vol-

ume containing 3 lL of 20 ng/lL DNA, 19 Taq buffer,

0.7 mM of MgCl2, 0.1 mM of dNTP, 0.04 U/lL Taq DNA

polymerase (all products from Invitrogen) and 0.2 lM of

each primer (MWG Biotech, Ebersberg, Germany). PCR

program was as follows: initial denaturation at 94 °C
for 5 min, 35 cycles of 30 s at 94 °C, 40 s at 52 °C and

1 min at 72 °C, and a final extension at 72 °C for

10 min.

For the four Symphonia globulifera and S. sp1

microsatellite markers, PCRs followed the M13-tailed

primer PCR method (Schuelke 2000). Amplifications

were carried out in a total volume of 15 lL containing

8.2 lL of 25 ng/lL diluted DNA, 19 Taq buffer,

0.125 mM of dNTP, 0.05 U/lL Taq DNA polymerase,

0.2 lM of forward M13-tailed and reverse primers,

0.05 lM of forward primer (MWG Biotech, Ebersberg,

Germany). PCR conditions included a denaturation step

at 94 °C for 4 min, followed by 30 cycles of 45 s at

94 °C, 45 s at annealing temperature (depending on the

primer pair, see Table S2, Supporting information), and

45 s at 72 °C, followed by eight cycles of 45 s at 94 °C,
45 s at 53 °C, and 45 s at 72 °C, and a final extension

step at 72 °C for 10 min.

The four C. surinamensis markers, Cg1L, Cg5, Cg7 and

Cg17, were amplified according the protocol of the

Type-it� multiplex-PCR kit (Qiagen, Hilden, Germany).

Amplification conditions for C. surinamensis marker

Cg01 are as reported in Vinson et al. (2005a), and nSSRs

of D. guianensis were amplified as described by

Latouche-Halle et al. (2002).

In all the protocols above, forward primers were fluo-

rescently labelled (with PET, 6-FAM, NED or VIC) and

fragments were separated on an ABI 3130XL capillary

sequencer (Applied Biosystems, Foster City, CA, USA)

using ABI POP4 and Applied Biosystems LIZ-500 as

internal standard, following the manufacturer’s instruc-

tions. Genotypes were scored using the GENEMAPPER 4.0

software package (Applied Biosystems).

Chloroplast sequences. Two universal chloroplast inter-

genic space regions, trnH-psbA and trnC-ycf6, were

amplified, as described in Shaw et al. (2005), for all

eight studied species. DNA sequencing was performed

with the ABI BigDye Terminator� version 3.1 cycle

sequencing kit (Applied Biosystems) according to the

manufacturer’s protocol. PCR products were purified

with ExoSAP-IT (USB, Cleveland, OH, USA) and sepa-

rated on an ABI 3130XL capillary sequencer (Applied

Biosystems). DNA sequences were aligned with CODON-

CODE ALIGNER 1.6.3 (CodonCode Corporation, Dedham,

MA, USA) and edited with BIOEDIT 7.0.9.0 (Hall 1999).

Data analyses

Microsatellite data analysis. To control for possible

genetic substructuring within each species, we used

Bayesian clustering analyses as implemented in the pro-

gram STRUCTURE 2.3.1 (Pritchard et al. 2000) to probabilis-

tically assign individuals to K clusters based on nuclear

microsatellite genotypes. Parameter settings and choice

of the most likely number of clusters, based on DK
developed by Evanno et al. (2005), were as described in

Duminil et al. (2006) and Scotti-Saintagne et al. (2013a).

Individuals with membership coefficients >0.80 were

assigned to the most likely cluster. Because the number

of loci varied across species, and because the number of

clusters that the algorithm detects may be sensitive to

the amount of genetic data, we tested the sensitivity of

the identification of the best K to the number of mark-

ers by randomly sampling (with replacement) a

decreasing number of loci from the largest data set

(Jacaranda copaia) and by rerunning STRUCTURE. The

results of the analyses with a number of loci varying

between nine (all loci) and three were compared.

Levels of polymorphism (mean number of alleles for

all loci, A, and Nei’s genetic diversity, He) were com-

puted using the program ARLEQUIN 3.5.1.2 (Excoffier &

Lischer 2010).

Chloroplast DNA data analysis. The best-fit nucleotide

substitution model was inferred using the Akaike infor-

mation criterion (AIC) implemented in the program

© 2016 John Wiley & Sons Ltd
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MODELTEST 3.8 (Posada & Crandall 1998; Posada & Buck-

ley 2004), starting from the neighbour-joining tree of

chloroplast haplotypes obtained using the algorithm in

PAUP 4.10b (Swofford 1991). The Hasegawa–Kishino–
Yano model (HKY; Hasegawa et al. 1985) described ele-

ven of twelve polymorphic chloroplast data sets and

was therefore chosen for the coalescent modelling of

both trnH-psbA and trnC-ycf6 markers for all species.

Coalescent modelling (approximate Bayesian computa-

tion). Demographic history was modelled through coa-

lescent-based approximate Bayesian computation (ABC;

for reviews see Bertorelle et al. 2010; Csill�ery et al.

2010), as implemented in the DIYABC version 2.1.0 algo-

rithm (Cornuet et al. 2008). First, we modelled a ‘free

variation’ in effective population size: both present and

past population sizes were allowed to vary freely; this

way, depending on the draws in each prior, all possible

events (contraction, stability, expansion) could occur.

This scenario was used for parameter estimation. To

confirm the trends observed in the ‘free variation’

approach, we tested against each other the following

scenarios under a standard ‘scenario choice’ approach:

(1) a single event of population contraction and (2) a

single event of population expansion. This allowed us

to further check that a scenario with population size

change was supported (when the two scenarios had

close probabilities, we inferred that none was supported

and concluded in favour of population stability). For

comparison with the ‘free variation’ approach, parame-

ter estimation was carried out under the most probable

between (1) and (2) and used to check the results

obtained with the first approach. Demographic parame-

ters were drawn with the following distributions: log-

normal (mean = 300; SD = 250) for demographic event

times of all species and log-normal (mean = 1000;

SD = 1000) for current or ancestral effective population

sizes. We simulated nSSRs using a generalized step-

wise-mutation model (GSM; Zhivotovsky et al. 1997;

Estoup et al. 2002) with two parameters: the mean

mutation rate (lSSR) and the mean of the geometric dis-

tribution of the probability of being a one-step mutation

(P) were drawn, respectively, from Uniform [10�5; 10�3]

and Uniform [0.1; 0.3] hyperprior distributions. Uniform

prior distributions were preferred over a log-uniform

for nSSR mutation rates because previous studies

(Thuillet et al. 2002; Vigouroux et al. 2002; Ellegren

2004) showed values close or around the upper values

chosen for this study. We therefore decided to sample

more densely larger rather than smaller mutation rate

values. Each locus was characterized by individual li
and Pi values, respectively, drawn from Gamma

(mean = mean lSSR; shape = 2) and Gamma (mean = P;

shape = 2) prior distributions. The two chloroplast

sequence loci were assumed to follow the HKY evolu-

tionary model in all species, as determined previously,

with a fraction of constant sites fixed to 0% and the

shape parameter of the Gamma distribution of muta-

tions among sites equal to 2. The mean hyperprior

mutation rate lcpSeq (i.e. the mean of the actual priors)

was drawn in a Uniform [10�8; 10�7], and mutation rate

of each locus was chosen from a Gamma prior

(mean = lcpSeq; shape = 2). Coalescent modelling was

applied to nuclear and chloroplast data, analysed

together using DIYABC version 2.1.0 (Cornuet et al. 2008),

on the ancestral genetic clusters identified by STRUCTURE.

Because we held samples from a large number of sam-

pling sites over an area of approximately 80 000 km2,

we could not consider our species-level samples as

belonging to a single truly panmictic deme, even within

clusters identified by STRUCTURE (see Results). We there-

fore subsampled each species’ data set according to the

‘scattered sampling’ strategy (i.e. one or very few sam-

ples per deme, over the largest possible number of

demes, here taken as corresponding to sampling sites).

This sampling strategy permits to model a range-level

data set as an effectively panmictic population and to

correctly test demographic hypotheses (Stadler et al.

2009 and citations therein). Moreover, coalescent infer-

ences are robust to sampling size (Nordborg 2004), sug-

gesting that the results would be unaffected by

subsampling; we nevertheless tested robustness empiri-

cally. Within each STRUCTURE cluster, a subset of individ-

uals was sampled uniformly with respect to their

geographical distribution. Thirty individuals were

drawn from the complete data set for C. surinamensis,

J. copaia, S. amara, V. michelii; fifteen individuals were

drawn for D. guianensis, S. globulifera, Symphonia sp1

and for two ancestral clusters (see Results) for V. ameri-

cana. A second draw (with replacement) was performed

to evaluate the robustness of our analysis, except for

V. michelii and one cluster of V. americana (‘West’) for

which we could not sample different individuals. The

summary statistics computed for nSSR loci were as fol-

lows: mean number of alleles, gene diversity (Nei 1987)

and allele size variance; the latter was not estimated for

V. americana, for which allele identity, but not allele

size, was available (Dutech et al. 2004). For chloroplast

DNA sequence loci, we chose number of distinct haplo-

types, Tajima’s D (Tajima 1989b) and mean of numbers

of the rarest nucleotide at segregating sites. These sum-

mary statistics are influenced by demographic changes

(Tajima 1989a; Reich et al. 1999; Cornuet et al. 2008). We

simulated 1 000 000 data sets for each scenario for both

the first draw and the second draw of empirical sam-

ples. In the ‘scenario choice’ approach, we estimated

posterior probabilities P using a logistic regression

method (Ghirotto et al. 2010) on 1–5% simulations

© 2016 John Wiley & Sons Ltd
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closest to observed statistics. We computed type I (a)
and II (b) error rates based on 1000 pseudo-observed

data sets per scenario, selected within the 1% accepted

set described above (Cornuet et al. 2008) using R (R

Core Team, 2013) scripts. Posterior parameter distribu-

tions were estimated under the best scenario using a

linear regression on the 1% closest simulations and

applying a logit transformation to parameter values

(Beaumont et al. 2002; Cornuet et al. 2008). Posterior dis-

tributions were obtained for three composite parame-

ters: population diversity parameters h0 = N0l0
(present), h1 = N1l1 (past) and ratio r0 = h0/h1, plus all

single parameters. We focused interspecific comparisons

on r0 (the ratio of present-to-past h’s) because it cor-

rectly represents ratios of effective population sizes.

Indeed, if we assume constant mutation rates over time

(l0 = l1 = l), we obtain:

r0 ¼ h0=h1 ¼ N0l0=N1l1 ¼ N0l=N1l ¼ N1=N1;

the ratio of present-to-past effective population sizes.

This is the most interesting parameter of our analyses,

because we focus on population size changes and

because it can be compared across species.

To evaluate the reliability of chosen scenarios in the

‘scenario choice’ approach, we built an ad hoc ‘confi-

dence index’ for each selected scenario, taking into

account their posterior probability and associated

errors, as follows. We first transformed each of the

parameters (1 � p), a and b by X/(1 � X); the trans-

formed values, which we call p0, a0 and b0, vary

between 0 and + ∞ and have the desirable property of

increasing with increasing error rates and with decreas-

ing probabilities, so that larger values indicate poorer

scenarios. We next defined a three-dimensional space,

with axes Wpp
0, Waa0 and Wbb0 obtained by multiplying

the above variables by (arbitrary) weights (here, Wp = 1,

Wa = 0.5 and Wb = 2). Therefore, each scenario s can be

assigned a point in this space, defined by coordinates

Wpp
0
s, Waa0s and Wbb0s. The arbitrary weights were

chosen so that accepting a scenario when false is given

a larger penalty than rejecting a scenario when true

(Wb ≫ Wa). We then computed the Euclidean distance

of a scenario s from the origin of the axes as:

d = √[(Wpp
0
s)
2 + (Waa0s)

2 + (Wbb0s)
2]; such distance is

larger for poorer scenarios. We finally defined the

‘Probability-Alpha-Beta-based Confidence index’

(PABC) as PABC = (1/d)/[1 + (1/d)], which has the

properties of increasing with increasing probability and

decreasing error rates and being constrained between 0

and 1. Values of PABC close to 1 indicate reliable sce-

narios, while values close to 0 suggest that the chosen

‘best’ scenario cannot be really trusted. As an abstract

example, a scenario with a high posterior probability

(P = 0.9) and low type I and II errors (a = 0.1 and

b = 0.1) would have PABC = 0.80, while PABC = 0 for

the worst scenario (P = 0, a = 1 and b = 1). As a real-

case example, from the results of Lander et al. (2011) in

European beech, one of the few publications that

reported type I and II errors for an ABC analysis,

PABC = 0.61 was found. To represent the response sur-

face of the confidence index, we studied variation of

the PABC values around the weights (W) used. The

sensitivity of PABC to weight choice was analysed by

studying the relationship between PABC and each

weight (Methods S1, Supporting information).

Coalescent modelling (maximum likelihood). At nSSRs,

demographic history was also explored using the maxi-

mum-likelihood (ML) approach implemented in the MI-

GRAINE version 0.4 software (Leblois et al. 2014), applying

the same ‘free variation’ scenario as in the ABC and a

generalized stepwise-mutation model (GSM). Estimates

and confidence intervals were computed for five parame-

ters: scaled current population size 2h0 = 2N0l, scaled

time (in generations) of the demographic change T = T/

2N0, ancestral scaled population size 2h1 = 2N1l, ratio of

population sizes r0 = 2h0/2h1 (see above for the interpre-

tation of r0), mutation parameter pGSM. Confidence

intervals (CI) of parameter estimates were obtained from

the two-dimensional profile likelihood ratio. Parameter

values for the computation of likelihoods were drawn as

follows (boundaries for the first iteration in parentheses):

pGSM, uniform distribution (0.1–0.9); 2h0 and 2h1, log-
uniform distribution (0.001–100); T, log-uniform distribu-

tion (0.01–10). The size of parameter points was 200, the

number of genealogies explored by the IS algorithm was

1000 for the first ten iterations and 2000 from the eleventh

iteration on (20 iterations in total). Maximum-likelihood

and confidence intervals were obtained using a kriging

scheme with a grid step of 40 in the last iteration (16 in

the others). The ML approach could not be applied to the

V. americana data sets because the original data, compiled

from Dutech et al. (2004), did not report allele sizes.

Ecological characteristics. We tested correlations between

values of h ratios (r0) and (i) functional traits describing

the life history, leaf economic and stem economic strat-

egy (Baraloto et al. 2010) as well as (ii) demographic

parameters (turnover rates, growth potential and plas-

ticity) derived from H�erault et al. (2011) and Aubry-

Kientz et al. (2013).

Results

Genetic diversity and population structure at nSSRs

The average number of alleles per locus ranged from

8.20 in Carapa surinamensis to 25.29 in V. michelii;

© 2016 John Wiley & Sons Ltd
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diversity (He) ranged from 0.32 in C. surinamensis to

0.94 in Symphonia sp1 (Table S2, Supporting informa-

tion). Population structure was analysed to identify

genetically homogeneous groups complying with the

coalescent assumption of panmictic Wright–Fisher pop-

ulations. S. globulifera and S. sp1, C. surinamensis, Dicory-

nia guianensis, S. amara and V. michelii showed weak DK
values (3 ≤ DK ≤ 82), and very few individuals assigned

to a cluster with a membership coefficient greater than

0.80. We therefore considered these data sets as single

clusters. A strong structure of two clusters was detected

for V. americana (DK = 843.8) and Jacaranda copaia

(DK = 402.7). The two V. americana clusters Q1 and Q2

were composed of 87 and 97 individuals, respectively,

with an east–west distribution. We decided therefore to

analyse separately the two genetic clusters, correspond-

ing to Eastern and Western subpopulations. J. copaia

structure comprised a large cluster Q1 with 80 individ-

uals and a smaller cluster Q2 with 23 individuals only;

the latter was removed from the data set used for fur-

ther analyses. We thus had a total of nine data sets rep-

resenting eight species. The identification of the most

likely K was globally unaffected by the number of loci

used in the analysis; Figure S3 (Supporting information)

shows that for all data sets, except for the case with

four loci, the most likely outcome is K = 2. For the four-

loci case, the most likely K is between 3 and 4. Smaller

numbers of loci do not miss hidden structure in any

case.

cpDNA diversity and haplotype distribution

We identified between three (for C. surinamensis,

D. guianensis, S. amara and V. Americana) and twenty-

four haplotypes (for S. sp1) at the trnH-psbA locus. For

trnC-ycf6, the number of haplotypes ranged from one in

D. guianensis, J. copaia and S. amara to 15 in S. sp1

(Table S2, Supporting information). For four data sets of

nine (D. guianensis, J. copaia, V. americana (East and

West), a major haplotype at high frequency was

observed. S. globulifera, S. sp1 and V. michelii displayed

several haplotypes with intermediate frequencies.

Haplotype frequency patterns in S. amara and C. surina-

mensis were intermediate between these two extremes

(Figure S2, Supporting information).

Demographic history (ABC)

ABC detected a variation in Ne for at least eight of the

genetic clusters considered in this study (i.e. the credi-

ble interval for r0 does not include 1): a contraction epi-

sode was the most probable for eastern V. americana,

D. guianensis, S. globulifera and S. sp1 (Table 1; Fig. 1).

For S. amara, J. copaia, C. surinamensis and western

V. americana populations, the expansion scenario was

the most likely (Table 1; Fig. 1), while we detected a

possibly constant Ne for V. michelii, for which r0 was

larger than 1 for nuclear loci but not for chloroplast

data (Table 1; Fig. 1). These results were robust to sam-

pling, as shown by the very similar results obtained on

the second drawing (Figure S4, Table S3, Supporting

information). The size of demographic change roughly

spanned between a 50-fold contraction (for V. americana

East) and a 100-fold expansion (for C. surinamensis;

Table 1). In these scenarios, the median age of demo-

graphic transitions of all species varied between 131

and 1280 generations (with confidence intervals up to

9350 generations; Table 1). With a generation time of

50 years, these demographic transitions fall within the

Quaternary and were dated (median values) between

6550 and 64 000 years. To further check the ABC sup-

port for contraction and expansion, we tested, at the 1%

acceptance threshold, the two alternative scenarios of

contraction and expansion. We found virtually equal

probabilities for V. michelii (P = 0.52 vs P = 0.48). For

all other species, one of the two scenarios was preferred

over the other: a contraction episode was again the

most probable for eastern V. americana (P = 0.97),

D. guianensis (P = 0.74), S. sp1 (P = 0.82) and S. globulif-

era (P = 0.66) (Figure S4, Supporting information). For

S. amara, J. copaia, C. surinamensis and western V. ameri-

cana populations, the expansion scenario was the most

likely, with probabilities of 0.86, 0.88, 0.99 and 0.86,

respectively (Figure S5, Supporting information). The

sizes of demographic transitions estimated by the ‘sce-

nario comparison’ approach (Table S4, Figure S6, Sup-

porting information) are similar to those estimated with

the ‘free variation’ approach (Table 1; Fig. 1). PCAs

based on the summary statistics computed on the data

sets simulated under the most likely scenario and on

empirical summary statistics show that the most likely

10 000 scenarios predict well the empirical data, with

the possible exception of V. americana East (Figure S7,

Supporting information). Scenario probabilities varied

little when increasing the fraction of simulations used

to compute the posterior distributions between 1% and

5% (Figure S4, Supporting information); moreover,

probabilities were very similar in the analyses per-

formed on the second data set (not shown). Type I error

rate was between 0.04 in the two Symphonia species and

0.61 in V. michelii, while type II error rate was in the

range 0.17–0.43 for seven species, with the two Sympho-

nia species characterized by a very high value of 0.89

(Figure S8 and Table S5, Supporting information). Very

high type II error rates led to low confidence indices for

S. sp1 and S. globulifera (PABC = 0.056 and

PABC = 0.055, respectively); confidence indices were

moderate to high for the other species, for which PABC

© 2016 John Wiley & Sons Ltd
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varied between 0.39 for V. michelii and J. copaia and 0.68

for eastern V. americana. (Tables S4, S5, Supporting

information). Results were very similar for the second

data set (not shown).

To test for a link between demographic transition sig-

nals and ecological strategies, correlations between the

medians of r0 ratios, as obtained from the ‘free varia-

tion’ approach on nuclear markers (Table 1), and func-

tional traits, as well as population dynamics

parameters, were tested. Nineteen traits were taken into

consideration, covering demography, life history, wood

properties and leaf properties. A significant direct corre-

lation was found for laminar toughness of the leaf

(r = 0.68, P = 0.042; Table S6, Supporting information).

Demographic history (maximum likelihood)

Among the seven data sets analysed with the maxi-

mum-likelihood approach, three display a significant

departure from population equilibrium (i.e. the 95% CI

of their r0 ratio does not encompass 1) with a r0 ratio

estimate higher than 1 suggesting a population expan-

sion (Table 2, Fig. 2): J. copaia, V. michelii and C. surina-

mensis. For J. copaia and V. michelii, the expansion is

close to fourfold with a rather narrow confidence inter-

val. Estimate of T/2N was also close for the two species

(0.0138 and 0.014 for Jc and Vm, respectively, with over-

lapping confidence intervals, Table 2). For C. surinamen-

sis, the r0 estimate was higher (335.6) with a larger

confidence interval (2.68–4.3 9 106). For all other spe-

cies, the confidence intervals estimated for r0 are consis-

tent with a stable effective population size.

Discussion

Demographic scenarios of population expansion and

contraction were tested in the eight tree species by coa-

lescent modelling coupled with ABC and maximum-

likelihood (ML) approaches. Ratios of present-to-past

diversity parameters, r0, were reliably estimated at least

for the ABC approach and for a subset of the species

for the ML approach, as indicated by the narrow credi-

ble intervals and peaked posterior distributions

(Tables 1 and 2, Figs 1 and 2), suggesting that demo-

graphic transitions were correctly captured by the

model and the data, even in the absence of precise esti-

mates for individual parameters (Tables 1 and 2). This

allowed us to directly compare changes in effective

population sizes over time across species. The ABC sug-

gests that four genetic clusters (Eastern V. americana,

Dicorynia guianensis, S. globulifera and S. sp1) underwent

population contraction; another four (S. amara, Jacaranda

copaia, Carapa surinamensis and Western V. americana)

bear a signature of expansion, and V. michelii probably T
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maintained constant population size. The ML approach

behaves somewhat more conservatively in the detection

of population size changes, and only detected three

instances of population expansion, of which two (J. co-

paia, C. surinamensis) in common with the ABC

approach, while no contraction was detected. One

explanation could be the low contraction detection rate

(CDR) of MIGRAINE when the contraction is weak

(CDR < 50% with r0 = 0.2) (Leblois et al. 2014). Accord-

ing to the results of the ABC approach, the size of the

contraction is indeed weak, ranging between 1 and 4

for D. guianensis, S. sp1 and S. globulifera. Medians of r0
estimates were nevertheless rather consistent between

the two methods, with the only exception of S. sp1, for

which the median is 0.484 (thus suggesting contraction)

in the ABC and 260 541 for the ML (Tables 1 and 2).

However, the latter value is definitely not realistic and

is associated to a very large confidence interval, sug-

gesting a very poor estimation. Among ecological and

physiological properties, leaf laminar toughness shows

marginally significant, positive correlation with present-

to-past population size ratio r0, possibly suggesting that

tree species with tougher leaves have expanded since

the Pleistocene, while species with less robust laminae

have retreated. According to Kitajima & Poorter (2010)

and Westbrook et al. (2011), higher leaf toughness is fre-

quent in species having easier access to resources, and

in particular light, at the juvenile stages; thus, leaf

Fig. 1 Density distributions (a) and box

plot (b) of posterior estimates of the ratio

(r0) of present (h0) and past (h1) diversity
population index (r0 = h0/h1) from the

ABC ‘free variation’ approach. In fig-

ure 1a, dashed lines: prior distribution;

full lines: posterior distribution. Species/

group names: Carapa surinamensis (Cs),

Dicorynia guianensis (Dg), Jacaranda copaia

(Jc), Simarouba amara (Sa), Symphonia glob-

ulifera (Sg), Symphonia sp1 (Ssp1), Virola

michelii (Vm), eastern Vouacapoua ameri-

cana (Va(E)) and western Vouacapoua

Americana (Va(W)). [Colour figure can be

viewed at wileyonlinelibrary.com].
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toughness is indirectly linked to forest gap dependence.

Actually, the species showing positive r0 values (either

in the ABC or in the ML, or in both) are gap-dependent

or favoured by gaps (Molino and Sabatier, 2001). Such a

pattern suggests that stable, old-growth forests would

have been partially replaced by disturbance-rich forests

over the Pleistocene. The overall picture is, nevertheless,

not as clear-cut as this sketchy description may suggest,

because confidence in ABC scenario choice for two of

the species having undergone contraction (S. globulifera

and S. sp1) is quite poor, as indicated by very low

PABC values (mostly due to very high type II error

rates), and because the only very strong signature of

contraction, in the Eastern population of V. americana,

seems to be compensated by strong expansion for the

other population of the same species. Therefore, we can

be confident that observed expansions have occurred

(except for J. copaia, which has a relatively low PABC,

and for which cpDNA actually points to contraction,

Table 1), while we cannot be sure of the interpretation

of contraction signals (except for D. guianensis). On the

other hand, the ML analysis strongly supports expan-

sion in three cases out of seven, and never supports

(strong) contraction, thus suggesting that some species

persisted throughout geological changes in forest com-

munity composition while others took advantage of the

Pleistocene–Holocene climate changes; in particular, the

three species showing expansions all thrive in forest

gaps, suggesting that more gaps may have become

available since the last ice age,

Where does this leave us relative to currently avail-

able hypotheses on the biogeographic history of Ama-

zonian forests? On one hand, the mixture of

contraction, stability, and expansion signals shown by

both methods agrees with the hypothesis of a continu-

ous and permanent forest cover since the last glacial

maximum in the north-western Amazon Basin (Colin-

vaux et al. (1996), Bush et al. (2002) and Mayle et al.

(2004)), with different species reacting differently to cli-

matic oscillations. On the other hand, the overall higher

confidence in expansion signals, as well as the complete

lack of support for contractions shown by the ML

approach, agrees with refugial hypotheses (Haffer 1969;

Prance 1982) and floristic transition assumptions (Colin-

vaux et al. 2000; Bush et al. 2004), possibly with fast-

growing, light-demanding and pioneer species having

responded more intensely than shade-tolerant ones to

climatic change. Thus, Guiana Shield forests appear to

have had a more complicated history than temperate

and boreal forests (Taberlet et al. 1998; Hewitt 2000,

2004; Petit et al. 2002; Hu et al. 2009): a mixture of grad-

ual compositional changes and expansion from refugia.

V. americana may be a typical example of this situation,

as it shows population contraction in its hypothesizedT
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refuge (Dutech et al. 2003, 2004), and expansion in sup-

posedly newly colonized areas. In addition, at least part

of the demographic transitions may have been caused

by purely neutral events, which would have caused

random fluctuations in space and time of the composi-

tion of communities through demographic stochasticity

(Hubbell 2001).

In Central America, Jones et al. (2013) detected histor-

ical bottlenecks that may coincide with the end of the

LGM for J. copaia and S. amara but not for S. globulifera,

for which the bottleneck is older. Our study agrees with

Jones et al. (2013) for the behaviour of S. globulifera,

which shows population contraction, while J. copaia and

S. amara underwent population expansion. This sug-

gests that the same species may have responded differ-

ently in different parts of their distribution range, as

Mayle et al. (2004) had already suggested with their

palaeo-vegetation model, perhaps because climatic
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from the maximum likelihood approach. In pane (b), the bar represents the confidence interval and the square represents the maxi-

mum-likelihood point. Species/group names: Carapa surinamensis (Cs), Dicorynia guianensis (Dg), Jacaranda copaia (Jc), Simarouba amara

(Sa), Symphonia globulifera (Sg), Symphonia sp1 (Ssp1), Virola michelii (Vm). [Colour figure can be viewed at wileyonlinelibrary.com].
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conditions did not change in the same way, or to the

same extent, in different regions (Colinvaux 1987). The

fact that different species have responded differently to

past climate changes, and that the same species may

have responded differently in different regions, sug-

gests that current climate change will likely have com-

plex effects on tropical rainforests, and that predictions

may have to consider responses at the species and pop-

ulation level, and to take genetic variation into account

(Benito Garz�on et al. 2011).

Conclusion

Our results are a direct, although inferential, evidence

of complex changes undergone by the forest communi-

ties of the Guiana Shield in the distant climatic past,

something which could not be precisely tested with

standard historical methods due to the paucity of fossil

evidence. We detect a trend towards both forest expan-

sion and enrichment in light-dependent species, thus

somehow merging two biogeographical hypotheses con-

sidered so far as alternative. The extensive application

of this method to other regions of the Amazon basin

may contribute, in the future, to the detailed reconstruc-

tion of the ecological history of Amazonian forests.
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