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Abstract

The Brazilian Caatinga is part of the seasonally dry tropical forests, a vegetation type
disjunctly distributed throughout the Neotropics. It has been suggested that during
Pleistocene glacial periods, these dry forests had a continuous distribution, so that
these climatic shifts may have acted as important driving forces of the Caatinga biota
diversification. To address how these events affected the distribution of a dry forest
species, we chose Sicarius cariri, a spider endemic to the Caatinga, as a model. We
studied the phylogeography of one mitochondrial and one nuclear gene and recon-
structed the paleodistribution of the species using modelling algorithms. We found
two allopatric and deeply divergent clades within S. cariri, suggesting that this species
as currently recognized might consist of more than one independently evolving line-
age. Sicarius cariri populations are highly structured, with low haplotype sharing
among localities, high fixation index and isolation by distance. Models of paleodistri-
bution, Bayesian reconstructions and coalescent simulations suggest that this species
experienced a reduction in its population size during glacial periods, rather than the
expansion expected by previous hypotheses on the paleodistribution of dry forest taxa.
In addition to that, major splits of intraspecific lineages of S. cariri took place in the
Pliocene. Taken together, these results indicate S. cariri has a complex diversification
history dating back to the Tertiary, suggesting the history of dry forest taxa may be
significantly older than previously thought.

Keywords: biogeography, Caatinga, distribution modelling, glaciations, molecular clock, phy-
logeography, Pleistocene, seasonally dry tropical forests, Sicariidae

Received 29 June 2014; revision received 18 September 2014; accepted 19 September 2014

Introduction particular, are a poorly studied system which has only
recently been recognized as a cohesive phytogeographic

The Neotropical region has an astonishing biological unit (Prado & Gibbs 1993). This biome receives 300—

diversity and variety of vegetation types, including
tropical and temperate rainforests, savannahs, deserts,
montane grasslands, mangroves and dry tropical
forests. Seasonally dry tropical forests (SDTFs), in
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1600 mm of rainfall annually and is characterized by
having a marked dry season lasting for 6-9 months,
thus being a xeric formation (Werneck 2011). It has a
strongly disjunct distribution and its several nuclei are
recognized as a single biological entity due to the shar-
ing of endemic taxa, including plants (Prado & Gibbs
1993; Pennington et al. 2000; Prado 2000) and animals
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(Ramos & Melo 2010; Werneck et al. 2012; Magalhaes
et al. 2013). The Caatinga, located in north-eastern Bra-
zil, is the largest and most diverse nucleus of Neotropi-
cal SDTF (Prado 2000; Werneck 2011). Species
composition is highly heterogeneous across the region
(Santos et al. 2012), and some areas are known for har-
bouring endemic species, such as the fossil dunes of the
middle Sao Francisco river (Rodrigues 1996). Yet, the
Caatinga is very poorly known for most biological
groups, especially invertebrates (Silva et al. 2004).

It has been claimed that the distribution range of the
Caatinga has been affected by past climatic events. Pra-
do & Gibbs (1993) postulated that SDTFs were widely
and continuously distributed in the dry, cold periods of
the Pleistocene. In this scenario, the present-day range
of SDTF nuclei would be a disjunct relict of this once
wider distribution. This idea became known as the
Pleistocene Arc hypothesis (PAH). However, empirical
evidence for this hypothesis is controversial (reviewed
in Werneck 2011). Werneck ef al. (2011) used paleodis-
tribution modelling validated by paleopalynological
data to estimate the distribution of the Caatinga during
the Pleistocene and found no evidence of an expansion
of its range. Some of the few phylogenetic/phylogeo-
graphic studies of SDTF taxa indicate a pre-Pleistocene
diversification (Pennington ef al. 2004; Werneck et al.
2012), while others reveal patterns like those expected
by the PAH (Pennington et al. 2004; Caetano et al. 2008;
Collevatti et al. 2012). The Caatinga has also been sub-
ject to climatic changes other than glaciations. In partic-
ular, the region experienced humid periods linked to
distant climatic anomalies (Auler et al. 2004). In these
events, the dry forest was probably replaced by rainfor-
est in some points, as supported by evidence from geol-
ogy, paleopalynology and fossil mammals (Cartelle &
Hartwig 1996; de Oliveira et al. 1999; reviewed in Auler
et al. 2004) and genetic signatures in rainforest taxa
(Carnaval & Bates 2007). However, the extent to which
these Pleistocene climatic changes might have shaped
the genetic diversity of dry forest-associated taxa is not
well understood.

The Caatinga is not the only SDTF nucleus in Brazil.
Several smaller nuclei can be found in calcareous, nutri-
ent-rich soil patches in the Cerrado, a tropical savannah
which differs from dry forests both taxonomically and
functionally (Werneck 2011). The largest of these savan-
nah-associated nuclei is located at the Parana River Val-
ley, in Central Brazil (Werneck 2011; fig. 2). This region
presents several endemic species (see Guadanucci 2011;
Werneck 2011) and unique genetic lineages of wide-
spread SDTF taxa (Caetano et al. 2008; Collevatti et al.
2012; Werneck et al. 2012). The PAH predicts that these
smaller nuclei are remnant of a wider distribution of
SDTFs in the past. Thus, testing whether the timing of

diversification of their biota coincides with the Pleisto-
cene would be useful for testing the PAH.

Phylogeographic and phylogenetic studies may be
helpful in testing hypotheses on the evolution of envi-
ronments (e.g. Byrne et al. 2008; Collevatti et al. 2012;
Werneck et al. 2012). Recently, phylogeographic studies
have been successfully combined with paleodistribution
modelling, which is useful for generating explicit a pri-
ori hypotheses that can be tested with genetic data
(e.g. Collevatti et al. 2012; Werneck et al. 2012). This
approach is particularly interesting for testing events
that took place in the Pleistocene, because (i) there are
publicly available paleoclimatic models for this period
and (ii) most of the genetic signatures caused by these
events can still be observed because the Pleistocene is a
relatively recent period. Additionally, phylogeographic
studies are helpful for delimiting species and uncover-
ing hidden diversity in taxonomically difficult taxa (e.g.
Werneck et al. 2012; Satler et al. 2013). Such studies are
particularly useful for studying groups whose morphol-
ogy is simple and/or homogeneous, and clear-cut char-
acters for defining species are hard to find (e.g. some
haplogyne spiders; Macias-Hernandez et al. 2010).

There is a lack of phylogeographic studies for the Ca-
atinga species (Turchetto-Zolet ef al. 2013). This study
focuses on the phylogeography of the spider Sicarius
cariri as a model for inferring the recent history of a dry
forest-associated taxon. Sicarius is a genus of medium to
large-bodied soil spiders that do not spin webs, but
rather bury themselves in fine, dry sediment to ambush
their prey. They are strictly associated with xeric habi-
tats and four species are endemic to the Caatinga. Sica-
rius cariri is the species with the largest distribution
range in this region and also occurs in the SDTF
enclaves in the Parana River Valley (Magalhaes et al.
2013). Using phylogeography coupled with paleodistri-
bution modelling, we investigated questions related to
demographic changes, the timing of diversification and
geographic distribution of S. cariri haplotypes and their
relation with Pleistocene climatic changes.

Material and methods

Sequence data collection

We collected specimens of Sicarius in the field and
stored them in 96% ethanol at —20 °C. We also used
museum samples collected from 2006 on and stored in
75% ethanol at room temperature. We extracted DNA
by taking one leg from each specimen, removing its dirt
with an ultrasonic cleaner, excising muscle tissue and
using a Wizard® Genomic DNA purification kit (Pro-
mega) following the manufacturer’s instructions. We
amplified one or two loci for 224 individuals (169 with
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both loci, not considering out-groups; Tables S1 and S2,
Supporting information): a 715-bp fragment of the mito-
chondrial gene coding for cytochrome-C oxidase, sub-
unit 1 (COL 211 individuals) using primers C1-N-2568
(5-GCT-ACA-ACA-TAA-TAA-GTA-TCA-TG-3) and
C1-J-1751 ‘SPID"  (5'-GAG-CTC-CTG-ATA-TAG-CTT-
TTC-C-3') (Hedin 1997), and a 327-bp fragment of the
nuclear gene coding for histone 3, subunit a (H3; 183
individuals, Tables S1 and S2, Supporting information)
using primers H3aF (5-ATG-GCT-CGT-ACC-AAG-
CAG-ACV-GC-3) and H3aR (5'-ATA-TCC-TTR-GGC-
ATR-ATR-GTG-AC-3') (Colgan et al. 1998). Sequences of
six S. tropicus, six S. ornatus and five S. diadorim speci-
mens were obtained for use as out-groups. We ampli-
fied the fragments through the following PCR
conditions: 5 pL 5x buffer (Phoneutria IVB® or Pro-
mega Gotaq® Flexi buffer), 2 pL 25 mm MgCl,, 2.5 pL
dNTP mix at 2 pm (Promega), 2.5 pL of each primer at
5 nM, 1.25 pL of dimethyl sulfoxide (for H3 only), 0.25
unit of Taqg DNA polymerase (Phoneutria or Promega
Gotaq®) and 1 pL of extracted DNA, for a final volume
of 25 pL. PCR cycles consisted of 10' at 94 °C, 35-
40 x (30" at 95 °C, 45" at 52 °C and 45" at 72 °C) and
7-10" at 72 °C. Alternative PCR programmes (including
five initial cycles at 46 °C, COI, or 48 °C, H3) were used
in the few cases (e.g. museum samples) in which PCRs
were not successful. We checked PCR success in a 1%
agarose gel stained with GelRed® (Biotium) and puri-
fied it using a 20% 8000 polyethyleneglycol + NaCl
solution followed by washes in 80% ethanol. Sequenc-
ing reactions consisted of 4 pL of PCR product, 1 pL of
either forward or reverse primers, 1.6 uL 5x sequencing
buffer and 0.8 puL BigDye® Terminator Cycle Sequenc-
ing Kit (Applied Biosystems) for a 10 pL final volume.
Automated sequencing was carried out on an ABI
3130x1 Genetic Analyzer (Applied Biosystems) following
the manufacturer’s instructions. We checked chromato-
grams by eye in SeqScape® 2.6.0 (Applied Biosystems).
Alignment was trivial due to lack of insertions/dele-
tions and was performed in Muscle (Edgar 2004) as
implemented in MEGA v6 (Tamura et al. 2011). We
phased H3 sequences in pNasp 5.1 (Librado & Rozas
2009) using default parameters because several explor-
atory analysis yielded identical results.

Gene trees and divergence times

The COI and H3 gene trees were estimated along with
calculations of divergence times in a Bayesian frame-
work using BEAsT 1.7.5 (Drummond et al. 2012). Models
of DNA evolution were determined with MRMODELTEST2
(Nylander 2004). Analyses in BEasT were performed
using GTR+I with equal base frequencies for H3,
and GTR+I+G with estimated base frequencies for COI.

© 2014 John Wiley & Sons Ltd

Setting priors for Bayesian inference is not always
straightforward; thus, we ran several preliminary analy-
ses combining different clock and population models
(Table S3, Supporting information). For each gene/
model, we ran two (H3) or three (COI) independent
Markov chains for 10-20 million generations, sampling
every 1000-2000 generations. We checked stationarity
and convergence of the chains using TrRACER 1.6. We
used LOGCOMBINER 1.7.5 to join trees from independent
chains and to remove the initial 20% of the sampled
states as burn-in, TREEANNOTATOR 1.7.5 to obtain the max-
imum credibility tree and RGTREE 1.4 to visualize the
final gene trees. To determine the best-fit clock and
population models, we compared runs using Markov
chain Monte Carlo Akaike information criterion (AICM)
using TRACER 1.6 (part of the BEAST package; see Baele
et al. 2012) (Table S3, Supporting information), assessing
SD using 100 bootstrap replicates. Although the main
results are strongly robust to different combinations of
clock/population models (data no shown), only
analyses using the best-fitting priors were further
considered (see Table S3, Supporting information).
There are few H3 haplotypes (Table S4, Supporting
information), and thus for this marker we estimated the
gene tree for unique haplotypes to save computational
time; the gene tree for COI was estimated using all
obtained sequences. We calibrated molecular clocks
using mutation rates obtained by Bidegaray-Batista &
Arnedo (2011) for a genus of dysderid spiders
(ucld.mean = 0.0013 for H3, 0.0199 for COI). We took
this approach because the only known sicariid fossil is
a very distantly related Caribbean Loxosceles from the
Miocene, and using biogeographic calibrations would
result in circular reasoning. We are aware of the limita-
tions of calibrating the molecular clock with rates esti-
mated for different taxa, and our estimates of
divergence times should be taken cautiously. On the
other hand, the dysderid rates were provided as nor-
mally distributed priors (not fixed values) for our analy-
ses and were allowed to vary along the Markov chains.
The rates estimated for our data set are higher than the
priors, and enforcing the dysderid rates to our data set
would probably yield even older divergence times. All
Markov chain analyses using BEAST were performed
remotely using the cipres platform (Miller et al. 2010).
Additionally, we built parsimony-based median-joining
networks (Bandelt et al. 1999) for each gene using NET-
WORK 4.6 (http://www fluxus-engineering.com).

Species limits

As phylogenetic analysis of both genes indicated the
presence of two, highly divergent clades within S. cariri
(see Results), we tested whether genetic data support
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the hypothesis of cryptic diversity in this species. We
carried this analysis because, if those two clades act as
independently evolving lineages, it would be more
interesting to conduct distribution modelling and phy-
logeographic analyses for each of them separately. We
compared two taxonomic hypotheses: (i) S. cariri as cur-
rently defined is a single species or (i) the two main
clades recovered for both COI and H3 represent distinct
species (see ‘Gene trees and divergence times’ below).
To test which of these scenarios is more likely, we used
*BEAST 1.7.5 to generate species trees under each of these
assumptions. Species trees were estimated under a Yule
prior, using data from both genes simultaneously and
time-calibrated using estimated mutation rates for each
gene. For each hypothesis, four independent Markov
chains were run for 50 million generations. We used
TRACER 1.6 to check stationarity and convergence of the
chains and combined BeasT log files of each hypothesis
using LOGCOMBINER 1.7.5, removing 20% of the initial
samples of each chain as burn-in. We calculated differ-
ences in AICM between the combined log files of each
competing hypotheses (SD based on 100 bootstrap repli-
cates). Additionally, we calculated Kimura 2-parameter
(K2-P) genetic distances within and among species
under the two hypotheses above. Genetic distances
were calculated in MEGA V6, assessing standard devia-
tions through 100 bootstrap replicates.

Demographic changes

We estimated ancestral population sizes of S. cariri in a
Bayesian framework using extended Bayesian skyline
plots (EBSP) calculated using both genes simultaneously
in BeasT 1.7.5. For each S. cariri clade, we ran one Mar-
kov chain for 200 million generations, under an expo-
nential relaxed molecular clock calibrated as described
above and under an EBSP coalescent prior. We checked
convergence and stationarity of the chains using TRACER
1.6. We ran demographic reconstructions and all subse-
quent analyses for each of the two S. cariri main clades
separately, because we have evidence that they act as
evolutionary independent lineages (see ‘Species limits’
below).

Population statistics and geographic isolation

We calculated Tajima’s D and Fu and Li’s D* and F*
for each S. cariri clade/gene, and number of haplotypes,
haplotype diversity, number of polymorphic sites and
nucleotide diversity for each sampled population using
DNasP 5.1. For each clade, we assessed population differ-
entiation by calculating the Fsr index in bNnasp 5.1.
For clade 1, we performed analyses of molecular vari-
ance (AmMova; Excoffier ef al. 1992) in ARLEQUIN 3.5.1.2

(Excoffier et al. 2005) separating populations by sam-
pling points and testing three different deme schemes
(see Table S5, Supporting information): (i) populations
grouped by Caatinga ecoregions (see Werneck 2011)
and SDTF enclaves from the Cerrado (nine demes), (ii)
populations grouped by each bank of the Sao Francisco
River and SDTF enclaves from the Cerrado (three de-
mes) and (iii) populations grouped by COI haplogroups
(13 demes); these were defined based on the natural
breaks among well-supported groups of mtDNA
sequences (Fig. 1, letters A-M). Significance of Fsr, Fsc
and Fcr was tested based on 10 000 permutations. To
test whether there is isolation by distance in S. cariri,
we performed a Mantel test to check the correlation
between a geographic distance matrix and a genetic K2-
P distance matrix between sampling points for each
clade separately. We used BARRIER 2.2 (Manni et al. 2004)
to visualize regions where genetic dissimilarity among
populations is higher than expected by distance alone.

Paleodistribution modelling

Analysis of paleodistribution was conducted for S. cariri
clade 1 only, as we do not have enough occurrence
points of clade 2 to ensure a reliable distribution model-
ling. To reconstruct climatically stable areas of S. cariri
clade 1, we tested eight algorithms that use different
logics for modelling distributions: BioClim, SVM, Max-
Ent, Mahalanobis distance, Euclidian distance, GARP,
ENFA and Domain. All algorithms were run on OPENMO-
DELLER 1.3 (Munoz ef al. 2011), except for MAXENT 3.3.1,
which is a stand-alone software (Phillips et al. 2006).
Variables were selected aiming at reducing the collin-
earity between them in the study area. Thus, all vari-
ables that presented a correlation lower than R = 0.7
among them were considered. We used the following
variables from the Worldclim database (Hijmans et al.
2005; http://www.worldclim.org): annual mean tem-
perature, mean diurnal range, isothermality, annual
mean precipitation, precipitation of driest month and
altitude. We applied the minimum presence threshold
to all algorithms to generate presence/absence maps.
To evaluate algorithm performance, we used ten pseu-
doreplicate data sets consisting of 54 presence points of
S. cariri, randomly divided into 38 training and 19 test-
ing points, and 89 absence points. We considered
absences as (i) points where other species of Sicarius
occur, but not S. cariri (ii) localities visited during our
fieldwork or localities where extensive inventories have
been carried out and S. cariri has not been detected. We
measured algorithm performance using adjusted accu-
racy (see legend on Fig. S9, Supporting information),
sensitivity, specificity and AUC. We compared the per-
formance of the algorithms using analyses of variance,

© 2014 John Wiley & Sons Ltd
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Fig. 1 Gene tree for COI haplotypes of
Sicarius cariri and related species, esti-
mated under Bayesian inference. Diver-
gence times were estimated based on a
molecular clock calibrated using muta-
tion rates. Main well-supported haplo-
groups indicated by capital letters;
haplogroup colours refer to the map in
Fig. 3. Blue bars represent 95% highest
posterior density intervals of node ages.
Node posterior probabilities indicated on
branches (stars indicate PP >0.99).
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with each of the ten pseudoreplicate data sets as sam-
ples. GARP, ENFA and Bioclim showed the best overall
performance in the validation (see Results), while other
algorithms performed poorly. Thus, we used these algo-
rithms to generate present-day distribution models
using all presence points. Then, we projected these
models onto paleoclimatic layers obtained from
WorldClim and representing the climate from
21 000 years ago (last glacial maximum; LGM). We
used two different models for LGM climate (CCSM and
MIROC) due to uncertainties on the knowledge of past
climates. For each algorithm and LGM paleoclimate
model, we summed present and past distribution mod-
els to generate consensus maps representing stable
areas for the occurrence of S. cariri clade 1.

Coalescent simulations

To test which demographic scenario is more likely to
have occurred in S. cariri clade 1, we used a coalescent-
based simulation approach. Based on previous works
and our own results, we hypothesized five scenarios for
the demographic history of S. cariri (see Results below).
We carried out 10 000 simulations for each gene and
scenario using BaYessc  (http://www.stanford.edu/
group/hadlylab/ssc/; see Excoffier et al. 2000). Muta-
tion and transversion rates and gamma parameters
were taken from BEAST results. We estimated N, based
on 0 estimates obtained with MIGRATE-N 3.3.1 (Beerli &
Palczewski 2010) (four increasingly heated chains run
for 5 x 107 generations, discarding 10° as burn-in). We
evaluated simulated scenarios using three summary sta-
tistics: number of segregating sites, haplotype diversity
and nucleotide diversity. The likelihood density (proba-
bility of observing the values from the empirical data
set) for each of these was estimated using the SSC.Like
function for r 3.1 (R Core Team 2014) using a 0.05
acceptance kernel. Some of the scenarios have more free
parameters than others; thus, we also compared them
by calculating their AIC values using the aic.ssc func-
tion for r (both functions depend on the packages lat-
tice, akima and locfit and on a script available from the
BayesSC website).

Results

Gene trees and divergence times

Sicarius cariri is divided into two very well-supported
main clades in both COI and H3 gene trees (Figs 1 and
2), which are also present in haplotype networks (Figs
S1 and S2, Supporting information). However, none of
the gene trees provide evidence that these two clades
form a single monophyletic group (Figs 1 and 2). The

first clade comprises most of S. cariri populations
(Figs 1 and 2), including the species’ type locality
(Serra da Capivara: Fig. 3, population 14) and popula-
tions from SDTF enclaves in the Cerrado (Fig. 3, popu-
lations 23-26). The second clade comprises populations
around the fossil dunes of the Sao Francisco River
(Figs 1 to 3, populations 28-30). For both clades, COI
haplogroups are strongly structured geographically
(Fst = ~0.9): each sampled location is always composed
of individuals belonging to a single haplogroup, except
for populations 11 and 14, which have a single outlier
individual (Fig. 3). Also, haplogroups and haplotypes
which are shared among locations generally occur in
adjacent populations. Finally, all sampled populations
have unique haplotypes, except for populations 12 and
22, which are subsets of populations 11 and 17, respec-
tively. On the other hand, H3 haplogroups are much
less diversified and geographically structured, with
more sharing of haplotypes among locations
(Fst = ~0.6; Fig. 3). However, they do not appear to be
randomly distributed in space (IBD = 0.82), as some
haplotypes are more common in certain geographic
regions.

Both gene trees imply that S. cariri has an old his-
tory of diversification, although confidence intervals
are somewhat large. Estimates suggest clade 1 started
diversifying around 5 million years ago (Ma), while
clade 2 started diversifying around 3.5 Ma (Figs 1 and
2). Most of current S. cariri haplogroups appear to
have been established during early to mid-Pleistocene
(Figs 1 and 2). Both gene trees support the view that
S. cariri populations from SDTF enclaves have haplo-
types that diverged from their sister lineages around
2.5 Ma.

Species limits

The hypothesis that each of the main clades of S. cariri
can be recognized as a different species
(AICM = 16 088 £ 0.6) is favoured in relation to the
hypothesis that S. cariri as presently recognized is a sin-
gle species (AICM =16 104.5 + 4) due to its lower
AICM value. Also, K2P distances between clade 1 and
clade 2 are comparable to those among other species
pairs (around 15.5%; Fig. S3, Supporting information).
Within-species distances vary from 4 to 8% in S. tropi-
cus, S. ornatus and S. cariri clades 1 and 2 and are
higher in S. diadorim and S. cariri, the two species for
which we had no evidence of monophyly (as currently
recognized—11 and 10%, respectively) (Fig. S3, Sup-
porting information). Both results are congruent with
the facts that these two clades were strongly recovered
in both gene trees but do not form a single monophy-
letic lineage in any of them.

© 2014 John Wiley & Sons Ltd
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Demographic changes

Extended Bayesian skyline plots reconstructions indi-
cate that the two S. cariri main clades had contrasting
demographic histories (Fig. 4). Clade 1 has experienced
a steady increase in population size from 5 to 0.86 Ma,
when population size started to decrease at a fast
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Fig. 3 Geographic distribution of haplo-
groups of COI and H3 subunit A of Sica-
rius cariri (coloured locations) and related
species (black locations). Circle size is
proportional to number of sampled indi-
viduals per locality. Haplogroup colours
are the same as in Figs 1 and 2. The blue
line represents the Sao Francisco River,
black lines represent areas of genetic dis-
continuity identified by BARRIER 2.2, the
green area represents current Caatinga
limits, and the red area represents the
consensus of historically stable areas for
occurrence of S. cariri, as estimated
through paleodistribution modelling (see
text for details). Population numbers
refer to Table S3 (Supporting informa-
tion).
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After a threefold reduction, population size

On the other hand, clade 2 population size has
remained constant throughout most of its history, sud-
denly increasing almost sevenfold around 150 000
years ago.
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Fig. 4 Past demographic history of the two main clades of Sica-
rius cariri as revealed by extended Bayesian skyline plots. (a)
Reconstruction of the last 5 Myr. (b) Detail of the last
300 000 years. Shaded areas indicate periods of increased rain-
fall in the Caatinga region (adapted from Auler et al. 2004).
Solid line = median estimated population size, dashed
lines = upper and lower bounds of 95% highest posterior den-
sity.

Population statistics and geographic isolation

Neutrality tests indicate that both COI and H3 variation
is neutral (nonsignificant Tajima’s D and Fu and Li’s F*
and D* for both clades/genes). COI is substantially
more diverse than H3, having a higher number of poly-
morphic sites and haplotypes and higher values of
nucleotide diversity for all populations (Table S4, Sup-
porting information). This, in turn, leads to a greater
geographic structuration of COI diversity: Fsr values
are higher for this gene (clade 1=0.912, clade
2 = 0.925) than for H3 (clade 1 = 0.577, clade 2 = 0.603).
Although both genes present evidence of isolation
by distance, the signal is stronger for COI
(r=10.929, P <0.001) than for H3 (r = 0.823, P < 0.001)
(Fig. 54, Supporting information). Most of the regions of

phylogeographic breaks identified by BARRIER 2.2 do not
coincide between the two genes, except for the ones
separating populations from S. cariri clade 1 and clade
2 (Fig. 3). While H3 variation is more evenly distributed
in space, COI has several phylogeographic breaks sepa-
rating populations from different geographic regions
(Fig. 3). amova results indicate that COI variation is
essentially distributed among populations (only ~10%
of the variation is within populations), while H3 shows
the converse pattern (~45% of genetic variation is within
populations) (Table S5, Supporting information). Group-
ing populations by ecoregions or COI haplogroups led
to higher Fcr indexes than grouping by banks of the
Sao Francisco River. Regardless of grouping scheme,
results indicate strong structuring for both COI (Fsc
>0.6 and Fgr >0.9) and H3 (Fgc >0.25 and Fsy >0.5).

Paleodistribution modelling

The ENFA algorithm showed the best results regarding
its adjusted accuracy, specificity and AUC values,
although sensitivity values are low (Figs S7 to 510, Sup-
porting information). MaxEnt showed similar results to
ENFA regarding its specificity, but had lower sensitiv-
ity, accuracy and AUC. BioClim and GARP predicted
larger areas, leading to lower omission but higher over-
prediction and lower AUC and accuracy. The Euclidean
distance, Mahalanobis distance, Domain and SVM algo-
rithms were highly sensitive, but this led to unreason-
able overprediction rates and a corresponding low
accuracy, making these models less useful (Figs S7 to
S10, Supporting information). Considering these results
and visual inspections of present-day models (Figs S5
and S6, Supporting information), we chose only ENFA,
BioClim and GARP for projection onto paleoclimatic
layers and further consideration.

Projection of the models onto paleoclimatic scenarios
revealed three possible histories for S. cariri clade 1.
Consensus calculated for ENFA (MIROC) and BioClim
(MIROC) indicate multiple refuges for this species
throughout the Pleistocene (Fig. 5a, ¢). The consensus
calculated for GARP (MIROC) (Fig. 5e) indicates that
the species range remained stable throughout the Pleis-
tocene. Consensus calculated for ENFA (CCSM), BioC-
lim (CCSM) and GARP (CCSM) (respectively, Figs. 5b,
d, f) indicate that the species was absent from the east-
ern part of its current range during the LGM.

Coalescent simulations

We compared five different histories: (i) a stable
population (a simple working hypothesis assuming
no changes in population size), (ii) a population suffer-
ing a bottleneck during glaciations (as suggested by

© 2014 John Wiley & Sons Ltd
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© Fig. 5 Models for present (red) and past
(last glacial maximum, 21 000 years ago;
blue) distributions of Sicarius cariri. Stable
areas (predicted as suitable areas in both
present and past models) are represented
in purple. (a) ENFA, MIROC. (b) ENFA,
CCSM. (c) BioClim, MIROC. (d) BioClim,
CCSM. (e) GARP, MIROC. (f) GARP,
CCSM. Black dots are S. cariri presence
points used to generate the models.
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paleodistribution models; Fig. 5b, d, f), (iii) a structured
population suffering a bottleneck and reduced migra-
tion during glaciations (multiple refugia, as suggested
by paleodistribution models; see Fig. 5a, c), (iv) a popu-
lation expanding during glaciations (Prado & Gibbs
1993  hypothesis) and (v) a population suffering
bottlenecks in Caatinga wet phases (see Auler et al.
2004) (see Fig. 6; Table 1). In general, the simulations
generated diversity values well above those observed
for S. cariri (Table 1). For COI, estimated likelihood
density and AIC values suggest the most likely scenario
to be glacial bottlenecks (scenario 2), while for H3 the
best-fitting scenario is glacial multiple refugia (scenario
3, Fig. 6, Table 1). The least likely scenario for both
genes and by both criteria is population expansion at
the LGM.

© 2014 John Wiley & Sons Ltd

Fig. 6 Schematic representation of the

five hypothetical demographic scenarios

for Sicarius cariri which have been simu-

lated. Simulations start at present and
Wet phases: B . . . .
bottleneck run backwards in time. Grey highlighting

UL indicates glacial periods in the last 200
thousand years. Width of the bars indi-
cates changes in population size (not to
scale, for illustration purposes only).
Horizontal bars in model 3 indicate
migration among subpopulations.

5- Wet phases
bottlenecks

Discussion

We demonstrate that S. cariri is a species with very
strong geographic structuring regarding its genetic
diversity. The genetic relationships among Sicarius from
the Caatinga suggest that S. cariri as currently recog-
nized is composed by two independent lineages that
might merit species status. Even considering each clade
separately, haplotypes are deeply divergent and major
splits pre-date the Pleistocene, including those leading
to lineages that colonized SDTF enclaves in Central Bra-
zil. Both paleodistribution modelling and genetic evi-
dence indicate that clade 1, encompassing most of the
species” known range (see Figs 1 and 3), has suffered a
reduction in its population size during the Pleistocene.
This suggests that S. cariri has responded to glaciations
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Table 1 Number of segregating sites, haplotypic diversity and nucleotide diversity observed in our empirical data set and those
expected by our coalescent simulations under five different demographic histories (SP, stable population; GB, glacial bottleneck;
GMR, glacial multiple refugia; GE, glacial expansion and WPB, wet phases bottleneck). P = probability of observing the empiric
value, AIC = Akaike information criterion value for each demographic scenario. The best-fitting models/values are marked in bold

Scenario SegSites p HapDiv P NuclDiv P AIC
Ccar
Observed 203 0.986 0.07238
SP 279.7-407.9 0 0.983-0.99 0.114 0.053-0.185 0.064 26.439
GB 230.1-401.5 0 0.961-0.996 0.192 0.048-0.182 0.08 23.525
GMR 110.7-265.6 0.134 0.945-0.996 0.014 0.012-0.092 0.06 24.428
GE 316.7-432.2 0 0.988-0.993 0 0.057-0.185 0.052 28.223
WPB 249.1-402.3 0 0.976-0.991 0.176 0.05-0.182 0.077 26.893
H3
Observed 13 0.719 0.00318
SP 8.3-32.8 0.033 0.583-0.969 0.065 0-0.022 0.065 23.909
GB 6-29.1 0.064 0.541-0.974 0.087 0-0.021 0.078 24.346
GMR 0.9-14.3 0.033 0.152-0.931 0.167 0-0.008 0.138 22.905
GE 12.9-37.1 0 0.606-0.973 0.06 0-0.022 0.06 25.537
WPB 7.2-30 0.054 0.555-0.969 0.079 0-0.021 0.074 26.185

differently than hypothesized by previous research for
other dry forest taxa (e.g. Prado & Gibbs 1993).

Genetic variation in S. cariri is strongly correlated
with geography for markers in the mitochondrial and
nuclear genomes. Deep divergences and strong geo-
graphical structuring are common for spiders (e.g. Coo-
per et al. 2011; Planas & Ribera 2014), even for large
species with good dispersal capabilities (Kuntner & Ag-
narsson 2011). This, allied to the simple and variable
morphology typical of spiders with haplogyne genitalia
(such as sicariids), makes cryptic species common in
this group of organisms (Bond et al. 2001; Duncan et al.
2010; Satler et al. 2013). We here show that patterns of
genetic variation in S. cariri are consistent with this
nominal species being composed of at least two inde-
pendently evolving lineages. This is supported by the
facts that (i) there is no evidence of these two lineages
forming a single, monophyletic lineage, (ii) genetic dis-
tances among populations of S. cariri as currently
delimited are well above those of S. tropicus and
S. ornatus, and (iii) a species tree with these two lin-
eages considered separately fits the data better than a
species tree considering them as part of the same spe-
cies. For these reasons, we chose to conduct phylogeo-
graphical analysis for each clade separately. Further
studies, including a closer examination of the genital
morphology of these populations, would be needed to
fully ascertain the species limits in S. cariri.

Geographical structuring is very strong even among
populations of each clade of nominal S. cariri. This is
reflected in its high fixation indexes, and in the fact that
each sampling point is composed almost exclusively of
COI haplotypes which are very closely related (Fig. 3).

There are only a few studies of genetic variation of
SDTF-associated organisms (Monteiro et al. 2004; Caet-
ano et al. 2008; Collevatti et al. 2012; Werneck et al.
2012). Although some of these account for similarly
high levels of geographic structuring, the scarcity of
taxa studied makes the finding of common phylogeo-
graphic breaks difficult. In fact, even the phylogeo-
graphic barriers found for S. cariri are generally not
congruent between COI and H3. We believe that this
spatial incongruence is due to a lower resolution of this
nuclear gene. The weaker geographical structuring
observed for H3 is probably a consequence of the much
slower mutation rate of this marker in relation to
mtDNA (between 10 and 20 times slower), combined
with a four times larger effective size (being a diploid,
biparentally inherited autosomal gene). This makes the
fixation of any new haplotype in a population much
slower, so one should expect a weaker geographic
structure for H3 (as we have observed). Finally, the one
thing that appears common to S. cariri and other organ-
isms is that populations from SDTF enclaves in the Cer-
rado domain represent unique genetic lineages. In
addition, this region presents several narrowly endemic
species (Guadanucci 2011; Werneck 2011). This rein-
forces the special biological significance of these
enclaves and, along with the fact that they are under
different kinds of threats (Werneck 2011), calls for con-
servation actions and further research in this region.

A picture of how SDTF-associated taxa responded to
Pleistocene climatic shifts is still far from complete. It
has been advocated that the present distribution of
SDTF taxa is consistent with a wider distribution during
the Pleistocene (Prado & Gibbs 1993). Paleodistribution

© 2014 John Wiley & Sons Ltd
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modelling suggests that SDTFs in general (Werneck
et al. 2011) and some organisms in particular (this
study) have not experienced a range expansion during
the LGM. On the other hand, the SDTF-associated tree
Tabebuia impetiginosa expanded its distribution in the
same period (Collevatti et al. 2012). In the case of S. car-
iri, paleomodels suggest three exclusive hypotheses: (i)
constant range size (Fig.5e), (i) multiple refugia
(Fig. 5a, ¢) and (iii) extinction from eastern parts of the
range (Fig. 5b, d, f). The results of Werneck et al. (2011)
also indicate that the eastern parts of the Caatinga are
not stable for SDTF occurrence. However, molecular
data suggest that complete extinction of S. cariri from
the eastern part of the range seems unlikely, as this
region presents unique haplogroups for both COI and
H3 (Fig. 3), and some eastern populations present high
genetic diversity (e.g. population 11 from Fig. 3; see
Table S4, Fig. S11, Supporting information). On the
other hand, demographic reconstructions demonstrate
that S. cariri (clade 1) populations suffered a reduction
in size in the last 100 000 years (Fig. 4), with a slight
recovery in the Holocene. Also, coalescent simulations
indicate that LGM reduction/fragmentation of S. cariri
populations are more probably to have generated
observed genetic diversity values than stable or expand-
ing populations during the same period. These results
suggest that, rather than standing large and stable,
S. cariri populations have been reduced (and possibly
fragmented) during the Pleistocene. Wet periods in
north-eastern Brazil caused replacement of Caatinga by
humid forests (Auler ef al. 2004), which left genetic sig-
natures in rainforest-associated frogs (Carnaval & Bates
2007). Sicarius cariri is presently absent from humid for-
ests, and it is reasonable to expect some of its popula-
tions to have been reduced or extinct during these wet
periods. However, our coalescent simulation results
indicate that reductions in population size during gla-
cial periods are more probably to have occurred than
reductions during Caatinga wet phases. This finding is
very interesting, as it suggests that glacial periods took
a heavier toll in the populations of this dry forest spe-
cies than increases in rainfall—very much in disagree-
ment with the initial hypothesis of Prado & Gibbs
(1993).

Our results suggest that Sicarius spiders have been
diversifying in the Caatinga for at least the past 10 Myr
and species divergences seem to be no younger than 3—
5 Myr old. Sicarius cariri major splits seem to have
occurred in early to mid-Pleistocene, including those
leading to the lineages occurring in SDTF enclaves in
the Cerrado. One of the few phylogeographic studies of
SDTF taxa found significant structuring among SDTF
nuclei, but did not date the divergences (Caetano et al.
2008). Other studies show that divergence times

© 2014 John Wiley & Sons Ltd

coincide with the Pleistocene (Collevatti ef al. 2012),
with the Miocene (Werneck et al. 2012) or both (Pen-
nington ef al. 2004). The S. cariri present distribution is
disjunct, with some populations located at SDTF
enclaves in the Cerrado. The strong geographic struc-
ture of the genetic variation in this species suggests it is
a poor disperser. This makes long-dispersal unlikely in
this species and suggests that its presence in SDTF
enclaves in the Cerrado is due to an ancient vicariant
event. However, contrary to the expected from the
Pleistocene Arc Hypothesis (Prado & Gibbs 1993), the
paleodistribution modelling of S. cariri does not show
evidence of distribution range expansion during the
LGM. This is congruent with our coalescent simulations
and demographic reconstruction analysis, which indi-
cate that this species experienced a reduction in its pop-
ulation size during glacial periods. This, together with
the old diversification history of this species, suggests
that S. cariri colonized SDTF enclaves in the Cerrado in
a more remote time. The geological events (if any) that
might have allowed for this species to reach these
regions, however, remain unclear.

The Caatinga in particular, and SDTFs in general,
have been neglected as research systems (Werneck
2011; Turchetto-Zolet ef al. 2013). As more organisms
from these regions are studied, we will be able to paint
a better picture of the diversification of this fascinating
biome. Sicarius spiders seem to be suitable model spe-
cies for studying SDTF biogeography, as they are
strongly associated with this system, seem to be poor
dispersers and have an ancient history of diversification
in this biome. We hope that the study of other species
of Sicarius, including a complete phylogeny of the
genus, will shed more light on the evolutionary history
of SDTFs.
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