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ABSTRACT

Aim To investigate the potential distribution of Seasonally Dry Tropical Forests
(SDTFs) during the Quaternary climatic fluctuations; to reassess the formerly
proposed ‘Pleistocenic arc hypothesis’ (PAH); and to identify historically stable and
unstable areas of SDTF distributions in the light of palaeodistribution modelling.
Location SDTFs in lowland cis-Andean eastern-central South America.

Methods We first developed georeferenced maps depicting the current distribu-
tional extent of SDTFs under two distinct definitions (narrow and broad). We then
generated occurrence datasets, which were used with current and past bioclimatic
variables to predict SDTF occurrence by implementing the maximum entropy
machine-learning algorithm. We obtained historical stability maps by overlapping
the presence/absence projections of each of three climatic scenarios [current, 6 kyr
BP during the Holocene, and 21 kyr Bp during the Last Glacial Maximum (LGM)].
Finally, we checked the consistencies of the model prediction with qualitative
comparisons of vegetation types inferred from available fossil pollen records.

Results The present-day SDTF distribution is disjunct, but we provide evidence
that it was even more disjunct during the LGM. Reconstructions support a pro-
gressive southward and eastward expansion of SDTFs on a continental scale since
the LGM. No significant expansion of SDTFs into the Amazon Basin was detected.
Areas of presumed long-term stability are identified and confirmed (the three
nuclear regions, Caatinga, Misiones and Piedmont, plus the Chiquitano region),
and these possibly acted as current and historical refugial areas.

Main conclusions The LGM climate was probably too dry and cold to support
large tracts of SDTE, which were restricted to climatically favourable areas relative
to the present day (in contrast with the PAH, as it was originally conceived).
Expansions of SDTFs are proposed to have occupied the southern portion of
Caatinga nucleus more recently during the early-middle Holocene transition. We
propose an alternative scenario amenable to further testing of an earlier SDTF
expansion (either at the Lower Pleistocene or the Tertiary), followed by fragmen-
tation in the LGM and secondary expansion in the Holocene. The stability maps
were used to generate specific genetic predictions at both continental and regional
scales (stable areas are expected to have higher genetic diversity and endemism
levels than adjacent unstable areas) that can be used to direct field sampling to cover
both stable (predicted refugia) and unstable (recently colonized) areas. Lastly, we
discuss the possibility that SDTFs may experience future expansion under changing
climate scenarios and that both stable and unstable areas should be prioritized by
conservation initiatives.
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INTRODUCTION

Several lines of independent evidence (e.g. pollen records, cli-
matological and genetic data) have been used to assess the
importance of climatic fluctuations and vegetation shifts for
biological diversification in the Neotropics (Moritz et al., 2000;
Mayle et al., 2004; Carnaval & Moritz, 2008; Carnaval et al.,
2009). However, the extent to which such fluctuations influ-
enced the evolution of distinct taxonomic groups in different
geographic regions (arctic, temperate and tropical) is still under
discussion (Hewitt, 2004). Currently, it is recognized that the
importance of Quaternary climatic fluctuations might have
been overestimated relative to older Tertiary events (Moritz
et al., 2000; Pennington et al., 2004). In the Neotropical region,
the model known as the ‘Refuge theory’ first focused on tropical
rain forests, and suggested that successive climatic and vegeta-
tional cycles during the Pleistocene [particularly during the Last
Glacial Maximum (LGM) 21,000 years before the present
(21 kyr BP)] promoted either the expansion or retraction of
species ranges with diversification driven by such forest fluctua-
tions (Haffer, 1969; Brown & Ab’Séber, 1979). In this model,
speciation occurred in forest refuges during dry/cool periods
(glacials), and in savanna refuges during wet/hot periods (inter-
glacials). Some relictual formations [e.g. relict dune systems,
Atlantic forest relicts (brejos) within the Caatinga region,
savanna relicts within the Amazon, etc.] and proposed zones of
endemism are often cited as congruent with the ‘Refuge theory’
(but see Colinvaux et al., 2000, and Furley & Metcalfe, 2007).
Nonetheless, an increasing body of evidence based on palaeo-
ecological data (mainly the absence of savanna indicator taxa in
pollen records) and dynamic vegetation model simulations
challenges the ‘Refuge theory’. First, regardless of what some
generalizations might suggest, palaeoclimates were not uniform
across South America, with LGM and Holocene periods
showing patchy climates, both spatially and temporally. For an
appreciation of the heterogeneity and complexity of Quaternary
climate dynamics see the overview in Appendix SI in the Sup-
porting Information. Current data suggest past biome stability,
with most of the Amazon Basin remaining forested at the LGM
and with savannas more widespread just at the northern and
southern Amazonian margins (Colinvaux ef al., 2000; Mayle &
Beerling, 2004; Mayle et al., 2004). These studies suggest that
instead of a major savanna expansion into the Amazon during
the LGM, there were significant changes in the forest—savanna
boundaries and ecotonal dynamics, and that a clear savanna
expansion in ecotonal areas took place only in the early-middle
Holocene (Mayle & Beerling, 2004; Mayle et al., 2004). Also,
available genetic evidence suggests that, in several cases, the
divergence of extant sister taxa pre-dates the Pleistocene (Moritz
et al., 2000) or, at least, an alternative conciliatory scenario in
which species diversification was continuous since the Tertiary
(late Eocene/early Oligocene, ¢. 39 Ma) until the Quaternary
(Pleistocene) (Pennington et al., 2004; Rull, 2008). Nonetheless,
much of the debate regarding Quaternary vegetation cycles and
their consequences focused on the Amazon and adopted a
rainforest/savanna dichotomy, with the potential role of Season-
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ally Dry Tropical Forests (SDTFs) largely ignored (Pennington
et al., 2000; Pennington et al., 2004; Pennington et al., 2006a).

SDTFs are broadly defined as forests occurring in tropical
regions marked by prominent seasonal rainfall, with several
months of severe drought (Mooney et al., 1995). Decisive bio-
physical and climatic factors include soils with high nutrient
content and moderate to high pH, frost-free areas where the
highly seasonal rainfall is less than 1600 mm year™ and a period
of at least 5 months of drought (Murphy & Lugo, 1986; Pen-
nington et al., 2006a). The vegetation is heterogeneous, includ-
ing formations ranging from tall forests to cactus scrub, but is
mostly tree-dominated and semi-deciduous to deciduous
during the dry season (Murphy & Lugo, 1986; Pennington et al.,
2006a). SDTFs are among the most threatened tropical ecosys-
tems, with the greatest annual rate of destruction (Janzen,
1988). On a global basis, Latin American SDTFs experienced the
greatest deforestation rates (12% between 1980 and 2000) and
virtually all remnants are at risk of extinction, highlighting their
urgent priority for conservation (Miles et al., 2006). General
overviews concerning the definition, distribution, biogeography
and conservation of SDTFs are available in Pennington et al.
(2006b).

The current distribution of SDTFs in South America is dis-
continuous, with large areas extending from the Caatinga in
north-eastern Brazil to the valley of the Uruguay River, and
smaller areas ringing the Amazon Basin and extending into
Central America, Mexico, and the Caribbean (Fig.1). The
largest areas referred to as ‘nuclei’ by Prado & Gibbs (1993) and
Prado (2000) are found in north-eastern Brazil (the ‘Caatingas
nucleus, 1), along the Paraguay—Parand rivers system (the
‘Misiones nucleus), 2), and in south-western Bolivia and north-
western Argentina (the ‘Subandean Piedmont nucleus, 3)
(Fig. 1). Significant portions of SDTF also occur in the Bolivian
Chiquitano forest and along the Caribbean coast of Colombia
and Venezuela, whereas smaller fragments occur in dry valleys in
the Andes of Bolivia, Peru, Ecuador and Colombia, and also in
coastal areas of Ecuador and northern Peru. They also appear
scattered in areas of favourable edaphic conditions throughout
the Cerrado (Ce) savanna biome, in the central Brazil Plateau
(Fig. 1).

Debates over Neotropical biogeography were ignited by the
suggestion that the current disjunct distributions of SDTFs
should be considered a unique relictual biome left over from a
formerly extensive uninterrupted formation that reached its
maximum extension during a dry—cool period in the LGM,
during the late Pleistocene [the ‘Pleistocenic arc hypothesis’
(PAH); Prado & Gibbs, 1993; Pennington et al., 2000; Prado,
2000]. Also, awareness that the SDTF and Amazonian pollen
spectra are nearly indistinguishable by the presence/absence of
individual taxa below the genus level (e.g. both are dominated
by legumes; Mayle & Beerling, 2004; Mayle et al., 2004; Gosling
et al., 2009) raised the possibility that part of the Amazon Basin
remained forested during dry glacial periods but may have been
occupied by SDTFs rather than rainforests (Pennington et al.,
2000; Mayle et al.,2004). Indeed, pollen signatures from modern
rainforests, SDTF and Cerrado forest formations (cerraddo) are
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Figure 1 Distribution of rain forests (Amazon and Atlantic), Seasonally Dry Tropical Forests (SDTFs) and other South American dry
vegetation formations. SDTFs: 1, north-east Brazil (Caatinga); 2, south-east Brazilian seasonal forests; 3, Misiones nucleus; 4, Bolivian
Chiquitano region; 5, Piedmont nucleus; 6, Bolivian inter-Andean valleys; 7, Peruvian and Ecuadorian inter-Andean valleys; 8, Pacific
coastal Peru and Ecuador; 9, Caribbean coast of Colombia and Venezuela; 10, Mexico and Central America; 11, Caribbean Islands (small
islands coloured black are not necessarily covered by SDTFs); 12, Florida. Savannas: A, Cerrado; B, Bolivian savannas; C, Amazonian
savannas (smaller areas not represented); D, coastal (Amapad, Brazil to Guyana); E, Rio Branco-Rupununi; F, Llanos; G, Mexico and Central
America; H, Cuba. Ch: Chaco. Modified from Pennington ef al. (2006a), with permission.

not easily distinguished by the presence/absence of individual
taxa (with Anadenanthera being a possible exception for SDTFs;
Fabaceae family, common name ‘Angico’), and an assemblage
approach would be more suitable as indicative of a particular
vegetation type (Gosling et al., 2009).

Recent studies have both corroborated (Zanella, 2000; Lépez
et al., 2006; Werneck & Colli, 2006; Caetano et al., 2008) and
refuted (Mayle, 2004) the PAH as an explanation of the biogeo-
graphic history of SDTFs. Contrasting evidence from dynamic
vegetation model simulations suggested that, rather than being
relictual and refugial populations, the current distribution of
SDTFs is Holocene in age, having arisen from forests spreading
southwards from Amazon since the LGM (Mayle, 2004; Mayle
et al., 2004). However, those simulations were primarily based
on a rainforest perspective, mostly concerned with investigating
responses of Amazonian ecosystems and carbon storage to cli-
matic changes. Results demonstrated that savannas did not
cover the Amazon Basin at the LGM, and SDTFs were then
claimed as a possible alternative explanation. From this stand-
point, a further investigation to clarify the distribution of SDTFs
across the climatic fluctuations from the LGM to the present day
is warranted. Preferably, such an investigation should include an
alternative methodological approach that incorporates data
directly associated with SDTFs (e.g. occurrence/distribution
data into a palacovegetation distribution modelling framework)
to identify possible areas of historical stability (and instability),

which can then be tested with independent datasets and
approaches (e.g. palynological, phylogeographical and evidence
from patterns of endemism; Graham et al., 2006).

The relevance and justification for determining the actual
distribution of SDTFs across LGM and Holocene climatic fluc-
tuations are many and go far beyond pure biogeographical inter-
est. First, rainforest, SDTF and savanna have very different
values of net carbon storage (Amazon > SDTF > Cerrado
savanna), with corresponding distinct impacts on the global
carbon budget (Mayle & Beerling, 2004). Consequently, the
comprehension of the temporal vegetation dynamics and the
interplay between these different biomes may provide interest-
ing clues about the impacts of ongoing global climate change.
Second, persuasive arguments stress the importance of consid-
ering probable ecosystem responses to climate change for biodi-
versity conservation strategies (Hannah et al., 2002). Ecosystems
are not stationary, and conservation efforts should not be imple-
mented as if they were (Hannah et al., 2002). Third, spatial
distributional patterns, species richness, endemism and levels of
genetic diversity can be strongly shaped by historical habitat
stability (Graham et al., 2006; Carnaval & Moritz, 2008). Spa-
tially explicit modelling combining current and palaeoclimatic
models can identify the existence and extent of such stable areas
(potential refugia) across past climatic fluctuations, which can
in turn be cross-validated by geological, palaeoenvironmental
(pollen records) and genetic diversity data (Hugall et al., 2002;
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Richards et al., 2007; Carnaval et al., 2009). For example, within
the South American Atlantic forest region, a concordant pattern
between LGM refugia inferred from palaeoclimate modelling
and genetic data was revealed, which permitted the identifica-
tion of a large stable area through the late Pleistocene—Holocene,
the so-called Bahia refuge (Carnaval & Moritz, 2008; Carnaval
et al., 2009). However, such an approach has not yet been
applied to any of the South American dry vegetation formations.
In this case, we would expect a reverse pattern for South Ameri-
can SDTFs when compared with the Atlantic forest: while the
Atlantic forest experienced a period of retraction in mostly dry
periods of the Pleistocene, followed by expansion from the inter-
glacial periods (such as the Holocene) to the present (pre-
industrial), SDTFs are expected to experience an expansion
period during the LGM, with subsequent retraction to their
current relictual distributions (see Appendix S1 for an overview
of the Quaternary climatic change across the Neotropics). A
precise recognition of current SDTF refugia depends upon the
identification of regions of historical stability. However, the
extent and timing of SDTF expansions is still controversial
(Mayle, 2004; Mayle & Beerling, 2004), and the hypothesis that
they formed a continuous LGM ‘Pleistocenic arc’ needs further
investigation.

The evolution of the South American biota was probably
influenced by the relative importance of precipitation, atmo-
spheric CO, concentration and temperature during the LGM
and Holocene vegetation dynamics (Burbridge et al., 2004).
Accordingly, the time frame investigated here is justified by the
lack of consensus regarding how the distribution of SDTFs
changed from the LGM through the Holocene. Here we apply a
distribution modelling (DM) approach to investigate the poten-
tial historical distribution and to identify historically stable areas
of SDTFs during Quaternary climatic fluctuations. We consider
three climatic scenarios (see Appendix S1): current, mid-
Holocene (drier period, beginning of precipitation increase)
and late Pleistocene at LGM (overall colder and drier period),
and then check our palaecomodels for consistency with vegeta-
tion types inferred from available palacoenvironmental data
(fossil pollen records). Finally, we generate testable genetic pre-
dictions at both continental and regional scales and discuss
some conservation implications.

MATERIALS AND METHODS

Determining the distributional extent of SDTFs in
eastern-central South America

One point evident in the debate over the definition and bioge-
ography of SDTFs is that even the extent of their distribution is
not fully described. The primary consequence is that there is no
single georeferenced map corresponding to the complete distri-
bution of SDTFs, but only incomplete maps from a variety of
sources. For example, the most reproduced SDTF distribution
map (Fig. 1) represents only a schematic approximation derived
from a variety of sources and an author’s personal knowledge
following the input of regional specialists, with no associated
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geographic information (R. T. Pennington, personal communi-
cation). Aiming to analyse the conservation status of SDTFs on
a world-wide scale, Miles et al. (2006) estimated a global distri-
bution of these forests with associated spatial data. They
adopted as a primary source the global biogeographic classifi-
cation of Olson et al. (2001), based on terrestrial ecoregions.
However, for South America they made critical mistakes by
including the Chaco biome within the range of SDTFs, and by
limiting their investigation to the tropical zone. This interpreta-
tion excludes important subtropical SDTF areas, such as parts of
the Piedmont nucleus of northern Argentina and parts of the
Misiones nucleus in south-eastern Paraguay and north-eastern
Argentina. Their final map is incomplete, with only three recog-
nized areas of SDTF within all of South America (Appendix S2).
A further approach to produce a land-cover map based on
remotely sensed satellite data is becoming accepted as the veg-
etation map for South America, notwithstanding the fact that it
also confounds the Chaco and SDTF ranges (Eva et al., 2004).
For investigations on a global scale (e.g. Miles et al., 2006) such
limitations might not be too serious, but for finer-scale DM
these datasets are not appropriate. Accordingly, here we opt to
model the spatial range of SDTFs in lowland cis-Andean South
America (eastern-central) based on two geographical map defi-
nitions we developed, representing narrower and broader distri-
butional definitions, respectively, for the SDTFs (Appendix S3).
For a complete description of the map’s development see
Appendix S4.

Environmental data and distribution modelling

Bioclimatic variables have proved to be good predictors for
demonstrating the impacts of climate change on biodiversity
(Pearson & Dawson, 2003). Past distributions of organisms were
demonstrated to be significantly different from present distri-
butions largely in response to dramatic climate and landscape
changes, with potential Pleistocene refugia identified in both
temperate (Waltari et al., 2007) and tropical zones (Hugall et al.,
2002; Carnaval & Moritz, 2008; Carnaval et al., 2009). Despite
not yet being applied to South American dry vegetation forma-
tions in a historical context, we expect bioclimatic layers to be
good predictors for these biomes as well, especially considering
the strong climatic associations described previously (Mooney
etal., 1995).

Current climatic variables were downloaded from the World-
Clim project at a 30” (1 km?) spatial resolution (available
on-line at: http://www.worldclim.org/; Hijmans et al., 2005).
Past climate data for the LGM (21 kyr Bp) and for the Holocene
(6 kyr Bp) were used following the ECHAM3 atmospheric
general circulation model (DKRZ, 1992), available at the Palaeo-
climatic Modelling Intercomparison Project webpage (PMIP;
http://pmip.Isce.ipsL.fr/). See Appendix S1 for the justification
for selecting ECHAMS3 within the context of the heterogeneous
Quaternary climatic fluctuations. The bioclimatic layers were
cropped to span from latitude 12°47" N to 34°46” S and longi-
tude 78°31” W to 35° W; this represents a larger spatial range
than the estimated distribution of SDTFs (Appendix S3) that
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Table 1 Environmental variables used in the distribution modelling under both definitions of Seasonally Dry Tropical Forests.

Percentage contribution for

Percentage contribution broader definition (order

Variable Description for narrower definition of relative contribution)
BIO16 Precipitation of wettest quarter 34.1 30 (2)
BIO4 Temperature seasonality 28.1 33 (1)
BIO11 Mean temperature of coldest quarter 16.2 17.2 (3)
BIO15 Precipitation seasonality 8.1 5.9 (5)
BIO7 Temperature annual range 3.8 5.9 (4)
BIO3 Isothermality 3 1.3 (9)
Alt Altitude 2.8 1.8 (7)
BIO10 Mean temperature of warmest quarter 1.7 2.3 (6)
BIO17 Precipitation of driest quarter 1.4 1.4 (8)
BIO14 Precipitation of driest month 0.9 1.2 (10)

Variables, taken from the WorldClim database except for altitude, are ordered according to the heuristic estimates of their relative contributions to the

Maxent model (Phillips & Dudik, 2008) under the narrower definition.

also includes tropical and subtropical zones with bioclimatic
conditions compatible with the occurrence of SDTFs. To avoid
overparameterization of our DMs with redundant climatic vari-
ables, correlation levels for the set of current climatic variables
were investigated using a correlation matrix built with ArcGIS
version 9.1 (ESRI). Highly correlated variables (r>0.9) were
kept in the model on the basis of their biological relevance,
following a similar procedure described by Rissler & Apodaca
(2007). Ultimately, we selected 9 of the 19 initial environmental
variables available at the WorldClim database, plus altitude
(Table 1).

We modelled SDTF vegetation from the LGM to the present,
implementing the maximum entropy machine-learning algo-
rithm Maxent (Phillips & Dudik, 2008). Maxent has been shown
to out-perform other modelling algorithms traditionally used to
generate distribution map predictions (Elith et al., 2006). We
trained models based on the set of current selected bioclimatic
variables that were then projected onto the same palaeoclimatic
variables to generate the map predictions. The logistic output
format generated by Maxent is an intuitive way to interpret the
model’s results, in which the conditional probability of occur-
rence (under current or past climates) is estimated from a set of
environmental layers (Phillips & Dudik, 2008). The occurrence
datasets for the DM were generated from 1000 presence points
randomly selected from the entire distribution of the SDTFs as
determined by both definitions we developed (broad and
narrow), following recently proposed protocols for other poorly
known Neotropical biomes (Carnaval & Moritz, 2008). We then
trained Maxent models under current climatic scenarios based
on 750 presence records randomly selected from the original
1000 presence points and used the remaining 250 presence
records to test each model.

To identify historically stable areas of SDTF distribution, we
converted the continuous outputs into presence/absence maps
by selecting threshold values for which sensitivity (proportion of
true positive predictions versus the number of actual positive
sites) is equal to specificity (the proportion of true negative

predictions versus the number of actual negative sites). This
approach maximizes agreement between observed and mod-
elled distributions, balancing the cost arising from an incorrect
prediction against the benefit gained from a correct prediction
(Manel et al., 2001; Pearson et al., 2006). Next, we obtained the
historical stability maps representing the predicted refugia
where SDTFs have potentially occurred since the LGM, by over-
lapping the presence/absence projections of each climatic sce-
nario (current, 6 kyr Bp and 21 kyr Bp) under both narrower
and broader definitions (Hugall et al., 2002; Carnaval & Moritz,
2008).

Palaeomodelling validation based on palynological
evidence

We checked the consistency of our model predictions by quali-
tatively comparing the predicted SDTF distributions under the
more conservative definition (narrow) with the vegetation types
inferred from available palacoenvironmental data (fossil pollen
records). We included sites located within current SDTFs and
predicted ranges, and near their distributional boundaries,
excluding sites located in the core areas of the Amazon and
Atlantic rainforests.

RESULTS

Potential distribution modelling and historical
stability

The predicted SDTF distributions modelled under current cli-
matic conditions were very similar under both definitions
(narrow and broad), except for an overpredicted occurrence of
SDTFs in central Brazil, Cerrado areas for the broader definition
modelling (Fig. 2). Both models achieved comparable and sat-
isfactory performances, with a slightly better performance by
the broader definition modelling, as evidenced by the area under
the receiver operating characteristic curve (AUC) values (Fig. 2).
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SDTF narrow definition

Current
climate
Holocene
6 ka BP
Figure 2 Modelled ranges of Seasonally
Dry Tropical Forests (SDTFs) under LGM
narrow and broad distributional
definitions for current, 6 kyr Bp and 21 ka BP

21 kyr Bp climatic scenarios. Warmer
colours of the logistic output format
correspond to regions with a higher
probability of SDTF occurrence. AUC
refers to area under the receiver
operating characteristic curve values, an
indicator of model performance.

The AUC is considered an effective indicator of model perfor-
mance independent of the threshold probability at which the
occurrence is accepted (Manel ef al., 2001), and is often used to
assess the consistency in model predictions of species distribu-
tions (Pearson et al., 2006). Generally, AUC values > 0.9 (as is the
case for both the SDTF model predictions) are considered
indicative of high-accuracy models (Swets, 1988).

In general, datasets under both definitions recovered very
similar potential SDTF palaeodistributions under each investi-
gated climatic scenario, but with the broader definition outputs
attaining modestly higher probabilities of occurrence. The range
of SDTF predicted distributions under the Holocene climatic
scenario was similar to the current climate prediction and
potentially more widespread than at the LGM climatic scenario,

Palaeodistributions of Seasonally Dry Tropical Forests

SDTF broad definition

Logistic Output
B high
S low

with potential SDTF occurrences along the southern edge of the
Amazon, in parts of the Brazilian states of Pard, Ronddnia and
Mato Grosso, albeit with low probabilities (Fig. 2). Interestingly,
the models predicted a few major gaps in central Brazil (the
states of Goids and Mato Grosso) where SDTFs were consis-
tently predicted not to occur during the Holocene (Fig. 2). Con-
versely, the predicted SDTF distributions recovered under the
LGM climatic scenario were significantly more restricted in
central-eastern Brazil, and the predicted north-western Bolivian
vegetation block extended into extreme western Brazil and
further north into Peru (adjacent to the Andes). Also, SDTFs
were predicted to be more extensive in northern South America
during the LGM, potentially covering parts of Colombia,
Venezuela and the Guiana highlands. In summary, three main
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SDTF Refugial areas under narrow definition

Predicted SDTF occurrence

Figure 3 Summary maps of historically
stable and unstable Seasonally Dry Tropical
Forest (SDTF) areas under narrow and broad
definitions representing the predicted refugia
where SDTFs have potentially occurred since

| no model the Last Glacial Maximum (LGM). Maps were

0 1 model obtained by overlapping the predicted logistic

Il 2 models outputs (i.e. the presence/absence projections)
1,200 Il 3 models under current, 6 kyr Bp and 21 kyr Bp

and largely isolated SDTF refugia can be identified during the
LGM under both definitions: (1) a northern Amazon block,
including the Guiana Shield countries and parts of Colombia
and Venezuela; (2) a north-eastern Brazilian block, correspond-
ing to the Caatinga nucleus; and (3) a south-western South
American block, extending from south-west Brazil to the Andes,
and including the Misiones and Piedmont nuclei and the Boliv-
ian Chiquitano forests. An important feature is the potential
narrow corridor just south of the Amazon, connecting the
eastern and western extremes of the predicted diagonal distri-
bution (refugia 2 and 3 defined above; Fig. 2).

Regarding long-term stability, four potential refugial areas
were predicted (Fig. 3). Two of the potential refugia are located in

ECHAMS3 climatic scenarios.

south-central South America, one corresponding to the Misiones
nucleus in north-eastern Argentina, and continuous with the
Paraguay—Parand rivers system in south-eastern Paraguay, and
parts of the Brazilian state of Mato Grosso do Sul (the Serra da
Bodoquena region). Another refugium corresponds to the Chiq-
uitano region of eastern Bolivia, which presents some continu-
ance with the Piedmont nucleus, and extending north-west to the
Andean region. A small refugium is displaced to the east in
southern area of the Brazilian state of Mato Grosso (Fig. 3). The
largest refugium corresponds to the core area of the Caatinga in
north-eastern Brazil, including northern Minas Gerais state and
particularly surrounding the Atlantic forest refugia (Bahia and
Pernambuco Refugia) recently identified by Carnaval & Moritz
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Figure 4 Caatinga stable (black) and
unstable areas (various shades of grey)
across climatic fluctuations under the
narrow Seasonally Dry Tropical Forest
(SDTF) definition, with ecoregion limits
in white (Velloso et al., 2002). Arrows
identify major areas where none of our
models predicted occurrence of SDTFs,
and are coincident with historically
stable areas for the Atlantic forest
identified by Carnaval & Moritz (2008).
1, Pernambuco refuge; 2, Bahia Atlantic
forest refuge. RC, Raso da Catarina; BR,
Borborema Plateau; SSD, Southern 300

Sertaneja Depression.

(2008) (Figs 3 & 4). This large refugium covers most of the
current Caatinga distribution, although less stable areas that
partially match three of the recognized Caatinga ecoregions can
be identified, namely Raso da Catarina, the Borborema Plateau
and the Southern Sertaneja Depression (RC, BR and SSD, respec-
tively, in Fig. 4). Finally, it is interesting to note that the region
currently occupied by the dry Chaco in north-western Paraguay
was never predicted to harbour stable SDTF areas (Fig. 3).

Palynological validation

Fossil pollen records were available from 16 localities for the
6 kyr Bp Holocene period and from 9 localities for the 21 kyr Bp
LGM period (Fig. 5). The SDTF palaeodistribution modelling
predictions were largely congruent with the palynological
records from both 6 and 21 kyr Bp. In general, the vegetation
types predicted from fossil pollen profiles cross-validated the
model outputs and confirmed slightly more restricted SDTF
distributions at the LGM, later followed by early-middle
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; Predicted SDTF occurrence

no model
1 model

I 2 models
Il 3 models

Holocene expansions, with the mitigation of the drier climatic
conditions (Appendix S5, Fig. 5). Validation comes from two
classes of evidence, either by providing total concordance (when
both the DM and the palynological record suggest the occur-
rence of SDTFs) or partial support (when an area located
outside the predicted SDTF occurrence was predicted to
harbour a vegetation type different from SDTF, not contradict-
ing the palaeoclimatic model outputs).

However, in some areas the pollen record suggests the occur-
rence of the Cerrado savanna and grassland vegetation or
cloud forest, while our palaeoclimatic models identified them
as areas of potential SDTF distribution. This overprediction of
SDTFs in areas more likely to be covered by Cerrado vegeta-
tion occurred for the Holocene climatic scenario at Village
Siberia Lake (VSL), at Cagé Lake (CAL) and at the Crominia
sites (CRO). In addition, overprediction occurred in areas
probably covered by cloud forest very close to the predicted
border at Consuelo Lake (COL) for the LGM climatic scenario
(Appendix S5, Fig. 5).
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Figure 5 Predicted distributions of Seasonally Dry Tropical
Forest under narrow definition and the localities with published
palynological data at the Holocene, 6 kyr BP (a) and at the Last
Glacial Maximum, 21 kyr BP (b). Locality acronyms follow from
Appendix S5.

DISCUSSION

Potential historical distribution of SDTF based on
palaeodistribution modelling and palynological
evidence

The modelled historical distributions of SDTF revealed consis-
tent performance as illustrated by: (1) high AUC values (> 0.9);

(2) congruence with predicted historically stable areas identified
for other South American biomes (Carnaval & Moritz, 2008);
and (3) congruence with palynological records available for the
Quaternary period investigated here (Appendix S5). Also, we
interpreted as additional support for model consistency the
non-prediction of SDTF occurrence over large areas in central
Brazil and in smaller isolated areas within the large Caatinga
region, regions more likely to be covered by Cerrado vegetation
and by expansions of the Atlantic forest (which subsequently left
present-day rain forest natural relicts embedded within the
Caatinga vegetation, the so-called brejos), respectively. We take
these lines of evidence as collective confirmation of the general
reliability of the predictions discussed here. We acknowledge
some potential limitations, like the absence of edaphic factors in
the models. The distribution of calcareous soils might be the
overriding control on the distribution of SDTF across South
America, rather than climate. However, there are no palaeosoil
georeferenced layers available, and LGM soils had only minor
changes (such as water and organic contents), with major soil
types relatively constant. For example, in the tropics a terrestrial
surface cooling of 0.45 °C was produced at the LGM by vegeta-
tion and soil feedbacks, but without changing the major soil
type (Jiang, 2008). Hence, we do rely upon our simulations of
past SDTF distributions even with this possible shortcoming.

According to the palaeodistribution models and palynologi-
cal validation, the potential historical distribution of SDTF can
be summarized as follows. SDTFs had a more restricted distri-
bution during the LGM south of the Amazon, with three main
isolated vegetation blocks organized diagonally: an east—west
block north of the Amazon; the large Caatinga nucleus of north-
eastern Brazil; and a south-east—north-west block south of the
Amazon and extending south through eastern Paraguay and
into north-eastern Argentina. At that time, a single east—west
narrow corridor located in central Brazil (across parts of the
states of Goids, Tocantins and Mato Grosso) potentially con-
nected two of these distributional extremes. This SDTF retrac-
tion phase during the supposedly dry LGM period was followed
by an expansion starting in the early Holocene, with a major gap
predicted in central Brazil, in the present-day core region of
Cerrado (Figs 2 & 3). After this expansion phase during the
early-middle Holocene transition, the distribution of SDTF
experienced only minor fluctuations until achieving its current
state. The present-day predicted distribution is more extensive
than during glacial times of the Pleistocene, with the exception
of northern Amazonian portion and the northern Peruvian
margin of the Andes, where SDTFs were potentially more wide-
spread at the LGM. Conflicting with our initial expectations,
these patterns mirror to a lesser extent the model described for
the historical distribution of the Atlantic forest: forest retraction
in dry periods of the Pleistocene followed by expansion from
refugia during interglacial periods (such as the Holocene) to the
present (Carnaval & Moritz, 2008).

The severe climatic conditions of the LGM could be too dry
and too cold to sustain the establishment of large SDTF forma-
tions as previously supposed. In fact, SDTFs by definition can
tolerate several months of drought but also require some

280 Global Ecology and Biogeography, 20, 272-288, © 2010 Blackwell Publishing Ltd



minimum level of humidity during at least a few months of
highly seasonal rainfall (Mooney et al., 1995). Reflecting the
magnitude of the aridity, most fossil pollen records are from
lakes, and the frequent sedimentation gaps during the LGM (see
Appendix S5) suggest dry climatic conditions unfavourable for
the persistence of lakes and bogs and subsequent pollen preser-
vation (Ledru et al., 1998). Moreover, the climate was also cold
for frost-sensitive deciduous tree species, and SDTFs were pos-
sibly restricted to regions where frosts were absent or less fre-
quent (Behling & Lichte, 1997). This explains the absence of
predicted occurrence during the LGM in south-eastern Brazilian
regions that are currently covered by SDTFs, for example at the
Catas Altas palynological site (CAA, Fig. 5). Greater LGM SDTF
expansion in the northern Amazonian block (Colombia/
Venezuela and the Guiana highlands) could have been due to
moderately lower precipitation than present, whilst reduction in
SDTF at the LGM in northern Argentina/southern Brazil was
more likely due to limiting low temperature at these much
higher latitudes. As a consequence, the full-glacial time of the
Pleistocene probably supported a more restricted SDTF distri-
bution south of the Amazon, which only recently expanded to
occupy the southern portion of the Caatinga nucleus (Mayle,
2004).

The ‘Pleistocenic arc hypothesis’

Our reconstructions contrast with the proposed PAH (Prado &
Gibbs, 1993; Pennington et al., 2000; Prado, 2000) that predicted
a larger extent of SDTF during dry periods of the Pleistocene at
the LGM (even extending into areas now largely covered by
Amazon rainforest and Cerrado). According to this hypothesis,
the supposed SDTF extensions during the LGM went through
subsequent fragmentation (i.e. vicariance) during the Last
Glacial-Holocene transition (marked by increased temperature
and precipitation levels), which resulted in the present-day dis-
junct distributions of SDTF, with some nuclear regions acting as
current refugia (Prado & Gibbs, 1993). As this hypothesis was
based on disjunct floral distributions and patterns of endemism,
with no consideration of any temporal or historical context, it
may be in error with respect to the period(s) in which SDTF
expansion(s) really occurred (more on this topic below). Even
though the proposed timing of our findings and of the PAH is
different, we did find support for a former slightly more exten-
sive distribution. While the PAH suggests a larger extent during
the Pleistocene (Prado & Gibbs, 1993; Pennington et al., 2000;
Prado, 2000), our results are more aligned with other studies
proposing more recent expansions of SDTF during the
Holocene (Mayle, 2004; Mayle et al., 2004). Based on dynamic
vegetation model simulations, Mayle (2004) also did not detect
a greater SDTF expansion at the LGM. Instead, he proposed a
population migration and long-distance dispersal scenario
marked by progressive southward expansion of SDTFs over the
last 21,000 yr Bp, reaching the Chiquitano region (eastern
Bolivia) only in the early Holocene (Mayle, 2004). Our results
show that the predicted distribution at the LGM included a
potential narrow east-west corridor connecting SDTFs in
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north-eastern Brazil and at south-western South America
extremes; this connection could serve as a biogeographical link
sheltering floristic and faunistic dispersal routes. As a conse-
quence, the long-distance dispersal hypothesis of SDTFs in
central South America previously proposed by Mayle (2004)
remains a scenario that still needs independent testing.

Pennington et al. (2000) hypothesized that during dry Qua-
ternary glacial periods, part of the Amazon Basin could have
been covered by SDTFs rather than rain forest, arguing that
many of the woody species pollen taxa indicated by previous
articles could equally come from rain forest and SDTF species
alike. This hypothesis was later criticized for overemphasizing
the shared taxa between habitats relative to the quantitative
aspects of the pollen record (Bush et al., 2004). We found no
significant detectable expansion of SDTFs into the Amazon
Basin; rather, our palacomodelling results suggest only a very
limited Holocene expansion of SDTFs just at the south-eastern
margin of the Amazon, with low probabilities of occurrence that
do not demonstrate historical stability (Fig. 3). Our palaeomod-
els agree with studies showing that the Amazon Basin remained
forested during most of the Quaternary (Mayle & Beerling,
2004; Mayle et al., 2004) and that the interpretations of geomor-
phological features requiring large arid land surfaces for
Amazon Basin glacial ages require reassessment (Colinvaux & de
Oliveira, 2000; Colinvaux et al., 2000). The lack of calcareous
soils across the Amazon basin might also be the reason for the
absence of SDTFs there under drier conditions of the LGM.
However, Pennington et al. (2000) suggest that fertile véirzea
soils along the main Amazon river channels could have been
suitable for SDTF expansion at times of low sea level, in which
case they could have grown throughout the basin, but in a den-
dritic distribution along river systems. Also, it is conceivable that
the unique climatic, atmospheric and boundary conditions of
the LGM could have permitted SDTF taxa to mix with rain
forest taxa, forming novel communities with no modern-day
analogue, which would not be captured by our modelling
approach. Further investigation is needed to explicitly test these
possibilities.

Interestingly, SDTF distributions in inter-Andean dry valleys
were predicted to be more extensive during the LGM than
during both Holocene and current climatic conditions. The
Bolivian SDTFs are scattered across the small and isolated
northern and southern Andean dry valleys and at the eastern
lowlands, with the largest natural relict in the Chiquitano region
in the eastern state of Santa Cruz. This distributional pattern is
often interpreted as consistent with a broader past SDTF distri-
bution under the PAH, when colonization of the northern dry
valleys by lowland species possibly took place (Herzog & Kessler,
2002). Conversely, species-based distribution modelling found a
more restricted SDTF distribution in the Andes during the LGM
(modelled by the authors as a cold, wet period; Soria-Auza,
2009) and vegetation simulations (with very coarse spatial reso-
lution) suggested that SDTFs only covered the Chiquitano
region since the early Holocene (Mayle, 2004). Our results are
consistent with the first scenario: an earlier colonization of the
northern valleys by SDTF species during the Pleistocene LGM
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period. Nevertheless, the floristic composition of these Pleis-
tocene SDTF communities was probably quite different from
those of modern SDTFs, as indicated by the lack of Anadenan-
thera (a key SDTF indicator taxon) in the fossil pollen record of
the LGM in the Chiquitano region (Appendix S5; Burbridge
etal., 2004). As evidenced by the discordance between the
palaeorecords at Consuelo Lake (COL) and our models, exten-
sive LGM SDTF distributions in the Andean region could rep-
resent an overprediction of our models. There is a consensus
that the extent of Andean SDTFs fluctuated significantly, with
some favourable periods enabling connections between lower-
and higher-elevation areas. However, additional high-resolution
regional studies regarding the timing of such connections are
clearly needed.

Despite not fully corroborating the PAH as originally con-
ceived (Prado & Gibbs, 1993; Pennington et al., 2000; Prado,
2000), the historical distribution of SDTFs predicted here does
not conflict with most of the evidence often used to support it.
Disjunct distributions and the occurrence of many plant
endemics in SDTFs (Prado & Gibbs, 1993; Pennington et al.,
2000; Prado, 2003; Queiroz, 2006) and some bee (Zanella, 2000)
and lizard species (Werneck & Colli, 2006) have been suggested
as consistent with the PAH. Nonetheless, instead of originating
through vicariance after the fragmentation of a hypothesized
continuous LGM distribution, these disjunctions and endemism
patterns could have originated either due to ancient dispersal
events or at an earlier expansion period, which fragmented
before the LGM. Long-distance ancient dispersal events of unre-
lated taxonomic groups are less likely than vicariant associations
(sensu Myers & Giller, 1988), and there is substantial support
that SDTF is a highly dispersal-limited biome as evidenced by
phylogenetic niche conservatism and strong geographically
structured phylogenies of constituent woody plant clades (Pen-
nington et al., 2009). So, we support the earlier expansion sce-
nario to be submitted to further testing. Two alternative
approaches can be used to test this scenario: (1) exploration of
the historical distributions of SDTF during the climatic condi-
tions of the Lower Pleistocene (Gelasian; 1.8-2.5 Ma) and earlier
Tertiary period (limited by the general lack of past climate
layers for these periods); and (2) molecular phylogenetic/
phylogeographic studies dating the divergence times between
SDTF endemic species and/or populations and their close rela-
tives. If this earlier expansion scenario (lower Pleistocene or
Tertiary) is plausible, we would expect older divergence times
and strong phylogeographic structure between the SDTF
nuclear regions (refugia) and genetic evidence of recent popu-
lation expansion and secondary contact (especially in the
unstable regions) during the Holocene expansion period.

Relations of SDTFs with other dry biomes

The mid-Holocene is often described as the period when the
final establishment of Cerrado took place, with its present-day
distribution stabilizing around 7 kyr Bp, even though it is a
biome of much older age (Ledru, 2002). This pattern is consis-
tent with the SDTF distributions modelled under the Holocene

climatic scenario, which predicted an expansion of SDTFs
during this period, but with major gaps of unsuitable areas
located in central Brazil, very probably covered by Cerrado veg-
etation (Fig. 2). In fact, the higher and more spatially continu-
ous plateaus in central Brazil (e.g. the Central Goids and
Guimarées plateaus) are hypothesized to have formed a single
large Cerrado refugium during the Late Pleistocene/early
Holocene, while lower plateaus and peripheral depressions were
much drier than today and dominated by more xeric-adapted
vegetation, derived either as SDTF expansions or from colder
dry biomes in southern South America (e.g. Pampa and Monte)
(Ab’Sdber, 1983). Amelioration of the climate towards current
conditions allowed the Cerrado to spread from this large ref-
ugium, while other vegetation types retracted their distributions
within the Cerrado biome to some isolated patches with favour-
able edaphic conditions (derived from limestones), mainly in
peripheral depressions (Prado & Gibbs, 1993). Conversely, our
models also overpredicted the occurrence of SDTF in some
central Brazillian areas, particularly under the broader defini-
tion modelling (Fig. 2). Such areas are suitable in terms of cli-
matic envelopes, but probably lack other factors suitable for the
occurrence of SDTF (not included in our models), such as fertile
soils. These two classes of results confirm the long-term complex
nature of the highly dynamic and fluctuating savanna and dry
forest boundaries (Furley & Metcalfe, 2007).

The Chaco is a dry vegetation formation of lowland alluvial
plains located primarily in northern Argentina, western Para-
guay, south-eastern Bolivia and the extreme western edge of
Mato Grosso do Sul state in Brazil (Prado, 1993b; Pennington
et al., 2000). Like the SDTF and Cerrado, Chaco climate is
marked by strong seasonality, but with more severe summers
and winter frosts. Historical connections between the Chaco and
the Caatinga have been proposed (Andrade-Lima, 1954; Vanzo-
lini, 1974), but more recently these links were demonstrated to
be negligible, and the Chaco was excluded from the definition of
SDTF both floristically and biophysically in terms of climate,
soils and topographic conditions (Prado, 1993a,b; Pennington
et al., 2000). Our models never predicted the occurrence of
stable SDTF areas in north-western Paraguay (currently occu-
pied by the dry Chaco), providing additional evidence to
support such exclusion, and endorse the view that both biomes
are determined by different bioclimatic factors and experienced
distinct evolutionary histories.

However, specific modelling for each of the other dry biomes
is necessary to explore the fit of the predicted distributions and
to assess if their vegetation dynamics are complementary to the
historical distributions of SDTF proposed here. Further investi-
gation incorporating the possible effects of finer-scale factors
(e.g. soils, fire and flood dynamics) for the distributional differ-
ences between these biomes (SDTF, Cerrado and Chaco) repre-
sent interesting research agendas, with major impacts on the
development of improved phylogeographic predictions for
broadly distributed species and strategies for biodiversity con-
servation. For example, climatically favourable areas can lack
other biophysical determinants for the occurrence of a given
biome (e.g. fertile soils for SDTFs and plant biomass fuel in the
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dry season for Cerrado), and we caution that geographically
expansive modelling such as this study will require follow-up
studies.

Historical stability, biodiversity and genetic
predictions

The predicted areas of long-term stability under both defini-
tions (narrow and broad; Fig. 3) match the proposed nuclei
representing the largest present-day areas of SDTF (Prado &
Gibbs, 1993), namely the ‘Caatinga nucleus’ in north-eastern
Brazil, the ‘Misiones nucleus’ along the Paraguay—Parand rivers
system (eastern Paraguay and north-eastern Argentina) and
the ‘subandean Piedmont nucleus’ in south-western Bolivia
and north-western Argentina (Prado, 2000). This last nucleus
is approximately continuous with the Chiquitano region
(eastern Bolivia), which also demonstrates historical stability
and should eventually also be considered as a nuclear region of
South American SDTFE. In other words, the SDTF nuclei were
demonstrated to have historical stability, potentially acting as
long-term and current refugial areas. Accordingly, Pennington
etal. (2009) argue that the fragmented SDTF distribution
(including their nuclei) has persisted over sufficiently long evo-
lutionary time-scales to have shaped patterns of woody plant
species distributions, and phylogenetic and population genetic
structure.

The Caatinga is the largest refugium but it is not a continuous
stable region because it also includes relatively large zones of low
stability, mostly confined to three of the eight previously docu-
mented Caatinga ecoregions (Velloso et al., 2002): Raso da Cata-
rina, the Borborema Plateau and the Southern Sertaneja
Depression (Fig. 4). These within-Caatinga unstable regions
coincide with the locality of many present-day montane forest
refugia, the so-called brejos de altitude (Porto et al., 2004). In
addition, the large Caatinga refugium is in strict proximity with
the Atlantic forest refugia predicted from palaecomodelling (Car-
naval & Moritz, 2008). In these areas (Pernambuco and Bahia
refugia; areas 1 and 2, respectively, in Fig. 4), climate is dramati-
cally distinct and SDTFs were never predicted to occur. Hence,
the unstable regions identified within Caatinga were presumably
susceptible to many vegetational shifts and seemingly accom-
modated Atlantic forest expansions across the climatic fluctua-
tions. It is interesting to remark that although presenting long-
term stability, the Caatinga refugia vegetation may have differed
structurally across Quaternary fluctuations, as suggested by leaf
macrofossil travertine deposits showing that LGM climates in
the region enabled growth of semi-deciduous forest in areas that
today support only cactus thorn—scrub (Auler ef al., 2004).

The Quaternary climatic oscillations influenced organismal
evolutionary histories in many ways, including causing extinc-
tions and repeated changes in the distributions of surviving
species (Hewitt, 2004). In such a context, historical habitat sta-
bility can predict species and genetic diversity as well as distri-
butional and endemism patterns (Hugall et al., 2002; Graham
et al., 2006; Carnaval et al., 2009). As a consequence, habitat
shifts due to past climate changes are expected to produce popu-

Palaeodistributions of Seasonally Dry Tropical Forests

lation genetic signatures increasingly detectable with the devel-
opment of sophisticated molecular phylogeographic analyses
(Avise, 2009). Our predicted historical modelling maps
(Figs 2—4) can be used to formulate GIS-based, spatially explicit
endemism and genetic diversity hypotheses that to be tested
require sampling across stable and unstable regions (for a com-
prehensive appraisal of all phases involved in such ‘biodiversity
prediction’ approach see Carnaval et al., 2009). First, temporally
unstable regions (e.g. southern Caatinga in the Brazilian states
of Minas Gerais and Sao Paulo; the above-noted within-
Caatinga unstable regions; the large region around the ‘Misiones
nucleus’ along the Paraguay—Parand rivers system; the Andean
region from Bolivia to Peru; light colours in Figs 3 & 4), are
expected to have been colonized only more recently and conse-
quently to retain genetic signatures of population expansions,
and display overall lower or shallower levels of within-species
genetic diversity when compared with stable areas (Hewitt,
2004). Other testable expectations are that the unstable areas
will reveal a lack of isolation-by-distance patterns if colonization
was too recent to permit stabilization of migration—drift equi-
librium, as well as lower levels of endemism (Carnaval & Moritz,
2008; Carnaval et al., 2009). On the other hand, temporally
stable areas (darker colours in Figs 3 & 4) probably had higher
persistence and sheltered reasonable population sizes through
climatic fluctuations, and are expected to retain higher genetic
diversity than those in unstable recently colonized areas and
strong phylogeographic structure between refugia (Hewitt,
2004; Carnaval et al., 2009). Despite not aiming to test these
specific predictions, Caetano et al. (2008) provided support for
our model when revealing the higher genetic diversity of the tree
Astronium urundeuva (Anacardiaceae) from the south-western
region (coincident with the Misiones refugial area), and evi-
dence of secondary contact at the southern limit of the Caatinga
SDTF nucleus (here recovered as an unstable region prone to
population expansion; see below).

At the community level, historically stable areas should
permit more species to arise and persist, resulting in high species
diversity and endemism (Graham et al., 2006), as supported by
the large number of endemic plant species that have accumu-
lated in the biggest refugium, the Brazilian Caatinga (Queiroz,
2006). Finally, above the species level, phylogenetic signal con-
cordant with the long-term stability scenario proposed here
include: the occurrence of clades confined to SDTFs (evidence
of phylogenetic niche conservatism); endemic species restricted
to a single nucleus expected to be monophyletic and relatively
old; sister species predicted to occupy the same SDTF nucleus
(Pennington et al., 2009).

With Holocene population expansions, the SDTF biota could
experience secondary contact between refugia, and here ‘suture
zones’ might stabilize in ‘troughs’ of suboptimal habitat and be
characterized by historical or ongoing hybridization (Hugall
et al., 2002; Swenson, 2008). One well-defined suture zone has
recently been quantified for multiple pairs of sister species/sister
haploclades within species, between stable refugia in the Austra-
lian wet tropics (Moritz efal., 2009). For species that are
restricted to a given stable area of SDTE, the levels of genetic
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diversity could also be investigated across the distributional
range, to test several alternative hypotheses, including: (1)
decreasing genetic diversity towards the range periphery; (2)
increasing diversity towards the range periphery; and (3) a rec-
onciling hypothesis that for many species genetic diversity may
be expected to peak in the subperipheral regions of a distribu-
tion, rather than in the extreme periphery or the distributional
core (Kark et al., 2008).

Despite higher levels of biodiversity, knowledge of Neotropi-
cal phylogeographic and genetic diversity patterns is extremely
deficient when compared with that of temperate regions
(Hewitt, 2004), especially with respect to South American dry
vegetation formations (Beheregaray, 2008). Furthermore, within
the Neotropics most phylogeographic studies are concentrated
in rain forest regions, and these repeatedly report a variety of
complex historical patterns in response to climatic fluctuations
(for some examples see Moritz et al., 2000, Noonan & Gaucher,
2006, and Carnaval etal., 2009). With a single exception
(Caetano et al., 2008), SDTFs have not been represented in these
studies, which are urgently needed to test some of the hypoth-
eses proposed here. Our stability maps generate genetic predic-
tions that can drive field sampling to cover both stable
(predicted refugia) and unstable (recently colonized) areas, as
well as formerly unsampled areas. Comparative phylogeo-
graphic approaches based on coalescent methods (Richards
et al., 2007; Carnaval et al., 2009) can then provide rigorous
statistical tests of these predictions.

Conservation implications

Knowledge about past vegetation dynamics is essential to com-
prehend how vegetational boundaries might shift in response to
future climate change. Taking into account that the main goal of
conservation biology is to preserve biodiversity in the context of
maintaining long-term ecological and evolutionary processes
(Moritz, 2002), and that ecosystems are not static, temporal
vegetation dynamics should be considered in conservation
efforts (Hannah et al., 2002). In the case of SDTFs, one of the
most threatened tropical ecosystems (Janzen, 1988), urgent and
effective conservation strategies are especially important.
Insights from mid-Holocene palaeodata, coupled with mod-
elling studies, suggest that there will be progressive replacement
of rainforest by SDTFs and savanna in the Bolivia’s Noel Kempff
Mercado National Park (NKMNP) over the 21Ist century, in
response to the increased drought and warming predicted by
general circulation models (Mayle et al., 2007). Our results
revealed a similar general expansion trend, starting at early—
middle Holocene, for SDTFs in general and also in the Bolivian
Chiquitano region. Considering the occurrence of many threat-
ened species and the endangered status of savannas and SDTFs
(all under greater anthropogenic pressure than the rain forests),
these could be interpreted as positive outcomes from a conser-
vation perspective given that future climate change could actu-
ally favour the expansion of these biomes and the associated
biota (Mayle et al., 2007). However, most biologists would not
advocate a passive response to such a rain forest—dry forest shift,

but rather the protection of large natural areas of both forma-
tions and the ecotones between them. Without the refugia, for
example, the scenario of potential expansion of SDTF could be
compromised by a general lack of source populations. For
example, the Caatinga region has only 11 strictly protected
areas, representing less than 1% of the region; the smallest pro-
tected area of any major Brazilian biome (Leal et al., 2005).
Finally, the unstable regions can also play an important role in
the conservation of SDTFs. Some of these areas are in close
contact with other vegetation formations, forming huge
ecotonal mosaics and environmental gradients. These areas are
thought to select for adaptive variation and may have high spe-
ciation and conservation potential, even though the transitional
vegetation zones have been neglected in recent conservation
initiatives (Smith et al., 2001; Mayle et al., 2007).

MAIN CONCLUSIONS

In summary, our models were in general agreement with avail-
able palynological evidence, and where this was not the case
discrepancies could be explained by well-known phenomena
(deficient pollen records due to an absence of LGM bedding
planes in lakes, restriction by the absence of other determinant
environmental factors, etc.). The distribution of SDTF was pre-
dicted to be more restricted in southern Amazon under arid
climates of the LGM, with a potential narrow corridor in central
Brazil connecting the extremes of the predicted distributional
range. Subsequently, SDTFs experienced a gradual southward
expansion starting in the early Holocene, with a major gap pre-
dicted in central Brazil where Cerrado vegetation was estab-
lished. After this expansion phase, SDTFs experienced only
minor fluctuations until attainment of their current distribu-
tion. LGM climate was probably too dry and cold to support
large tracts of SDTE, results that contradict the timing of the
PAH. We propose an alternative scenario amenable to further
testing, either by molecular phylogeographic studies or palaeo-
distribution modelling, of a Lower Pleistocene or earlier Tertiary
SDTF expansion, followed by fragmentation during the LGM
and secondary expansion in the Holocene.

The SDTF nuclei and the Chiquitano region are predicted to
represent areas of long-term stability and very likely served as
refugial areas during the LGM. These refugia are consequently
expected to have higher levels of genetic diversity and endemism
than adjacent unstable areas. This scenario could be used to
direct geographic sampling for molecular studies aiming to
cross-validate our palacomodelling results, and test the spatially
explicit phylogeographic hypotheses proposed here. Finally,
both stable and unstable areas of SDTFs should be prioritized by
conservation initiatives, so these forests can fulfil their evolu-
tionary potential, which may include a period of future expan-
sion under changing climate scenarios.
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