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ABSTRACT

Aim To use parsimony analysis of endemicity and cladistic analysis of

distributions and endemism to evaluate two hypotheses addressing
biogeographical relationships among Amazonia, the Caatinga forest enclaves,

Pernambuco Centre and the southern Atlantic Forest.
Location North-eastern Brazil, South America.

Methods To find the most parsimonious areagram we analysed a matrix
composed of the presence (1) or absence (0) of 745 taxa (i.e. 293 genera and 452
species of woody plants) within 16 localities belonging to the four large regions
addressed in this study.

Results One most parsimonious areagram was found and it shows a basal
separation between the southern Atlantic Forest and all other regions. This break
is followed by a separation between all Caatinga forest enclaves (except Baturité)
from a cluster composed of Baturité, the Pernambuco Centre and Amazonia. In
this cluster, the most basal separation isolates Baturité from the cluster formed by
localities from Amazonia and the Pernambuco Centre. The biogeographical
relationships among sites could not be explained by either a random distribution
of species among sites or by the geographical distance between sites.

Main conclusions We found strong cladistic signal within the raw distribution
and phylogenetic data used in our analysis, indicating structured species
assemblages in the surveyed localities. They have
fragmentation of an ancestral biota that was once widely distributed in the
region. Our results also support the hypothesis that Atlantic Forest is not a
biogeographically natural area, because the Pernambuco Centre is more closely

resulted from the

related to Amazonia than to the southern Atlantic Forest. Finally, our data do not

support the notion that Caatinga forest enclaves comprise a
biogeographical region, because one Caatinga forest enclave (Baturité) is much
more closely related to the cluster formed by Amazonia and the Pernambuco
Centre than to other sites. These relationships suggest the occurrence of forest
connections between Amazonia and the Atlantic Forests across Caatinga during
several periods of the Tertiary and Quaternary. However, palaeoecological data
currently available for the Caatinga region are still scarce and do not have either

the spatial or temporal resolution required to reconstruct the history of

single

connections among the forests in north-eastern Brazil.
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INTRODUCTION

The Atlantic Forest is currently isolated from the two other
largest South American forest blocks, Amazonia and the
Andean Forest. Caatinga, Cerrado and Pantanal, three regions
dominated by open vegetation, separate the Atlantic Forest
from Amazonia, while the Chaco, an area of savanna-like
vegetation in the southern depressions of South America,
separates the Atlantic Forest from the Andean Forest. Such
isolation has permitted the evolution of a unique biota which
is currently inhabited by a myriad of endemic genera and
species (Rizzini, 1997; Silva & Casteletti, 2003).

The Atlantic Forest is one of the largest and most diversified
tropical forests on the planet (Mittermeier et al., 2005). It once
covered around 1,500,000 km?
Paraguay and north-eastern Argentina, but currently only

of eastern Brazil, eastern
7-8% of the original vegetation remains (Galindo-Leal &
Camara, 2003). At present, the Atlantic Forest is the home of
nearly 20,000 species of plants, 263 mammals, 936 birds, 306
reptiles and 475 amphibian species, with endemics ranging
from 3% in birds to 44% in plants (Mittermeier et al., 2005).

Outstanding levels of endemism make the Atlantic Forest
one of the most distinctive biogeographical units in the entire
Neotropical region (Miiller, 1973; Rizzini, 1997). However, the
Atlantic Forest biota has not always remained in isolation.
Phylogenetic studies focusing on endemic species have indi-
cated that the evolution of the biota in the Atlantic Forest has
been marked by cycles consisting of periods in which it was
connected to other South American forest regions, followed by
periods of isolation (Prance, 1987; Prum, 1988; Willis, 1992;
Rizzini, 1997). Its biota consequently comprises not only old
elements, which differentiated during the Tertiary (Rylands
et al., 1996), but also elements that colonized the region more
recently during the Quaternary (Marks et al., 2002; Silva &
Casteletti, 2003).

AW arw

One of the best regions for studying the dynamics of
connections between Amazonia and the Atlantic Forest is
north-eastern Brazil, north of the Sdo Francisco River. This
region is mostly dominated by Caatinga — a semi-arid biome
which is dominated by scrub vegetation as well as by tropical
dry forests and lies between Cerrado, Amazonia and the
Atlantic Forest (Prado, 2003)
covered by tropical rain forests (Fig. 1).

The first subregion is known as the Pernambuco Centre

— but contains two subregions

(Prance, 1982). It once comprised a continuous block of forest
(56,000 km?) along the coast and covered the region from sea
level to the scarps of the Borborema Plateau (Silva et al., 2004).
This subregion has been identified as one important centre of
endemism for plants (Prance, 1982), forest butterflies (Brown,
1979; Tyler et al., 1994) and birds (Silva et al., 2004).

The second subregion is composed of a collection of small-
to-medium patches of tropical rain forest enclaves that cover
the slopes of some isolated plateaus within the large Caatinga
depression. These Caatinga forest enclaves are locally known as
brejos and the complete set of enclaves in north-eastern Brazil
was termed Brejos Nordestinos by Silva & Casteletti (2003).
Caatinga forest enclaves are located along the slopes of plateaus
with altitude ranging from 600 to 1100 m, and because of this
receive rainfall of more than 1200 mm year™" (Tabarelli &
Santos, 2004). These forest enclaves harbour endemic species
of several groups of organisms (Andrade-Lima, 1982; Borges-
Nojosa & Caramaschi, 2003; Silva et al., 2003), but their biota
has not been properly analysed from an evolutionary view-
point.

The floristic biogeographical relationships between Amazo-
nia, the Pernambuco Centre and the southern Atlantic Forest
(we used this name to refer all the Atlantic Forests south of the
Sao Francisco River) have not been evaluated by any modern
biogeographical methods, although three major hypotheses
have been proposed to date. The first hypothesis states that the
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Amazonia, the Caatinga forest enclaves, the Pernambuco
Centre and the southern Atlantic Forest were once connected
and that the current patterns of plant species distribution and
differentiation resulted from the fragmentation of this ances-
tral biota (Andrade-Lima, 1982; Bigarella & Andrade-Lima,
1982). If so, then one could expect that species assemblages are
historically structured, i.e. they have been formed mostly by:
(1) speciation involving vicariance of widespread ancestral
populations and (2) biotic interchange by diffusion or secular
dispersion rather than being historically unstructured, i.e. they
have been formed mostly by non-vicariant modes of speciation
and by long-distance dispersal (Cracraft, 1994). The second
hypothesis, based on the analysis of the geographical distribu-
tion of woody plant species in north-eastern Brazil, states that
Atlantic Forest is not a single natural region because the
Pernambuco Centre is more closely related to Amazonia than
to the southern Atlantic Forest (Andrade-Lima, 1953, 1982).
Finally, the third hypothesis suggests that Caatinga forest
enclaves form a natural biogeographical region because the
species assemblages of these isolated patches share a common
history that is not shared with any other region (Silva &
Casteletti, 2003). In this paper, we evaluate these three
hypotheses by analysing the distribution of woody plant
species in Amazonia, the Caatinga forest enclaves, the
Pernambuco Centre and the southern Atlantic Forest.

MATERIALS AND METHODS

Floristic analyses are usually based on raw comparisons of the
number of shared species among localities or regions by using
a suite of phenetic methods, and rely on the intuitive
assumption that similarities in the species assemblages can be,
at least partially, the consequence of shared geographical
history (e.g. Oliveira-Filho & Ratter, 1995). However, the
results of these techniques are limited by the fact that they are
neutral, and therefore their strict biogeographical meaning
can be enigmatic (Rosen, 1992; Ron, 2000). In addition: (1)
the data sets are frequently used to provide a variety of
classifications without any objective criterion in order to
favour any particular phenogram (Lambshead & Paterson,
1986), (2) the same similarity matrix of distances can be
obtained from very different data sets of characters (Penny,
1982), and (3) such methods completely ignore the original
state of the character as they are replaced by distances (Nel
et al., 1998).

The most appropriate methods for recovering historical
relationships among areas are those generically known as
cladistic or vicariance biogeographical methods (for reviews
see Humphries & Parenti, 1999). The basic assumption of this
group of methods is that the history of the distribution of taxa
co-varies with their history of speciation (Wiley, 1988).
However, cladistic methods require information about the
phylogeny of taxa distributed allopatrically in the target
regions and there are few well-supported phylogenetic hypo-
theses for most plants and animals inhabiting the Neotropical
region (Ron, 2000).
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Two alternative yet closely related methods use raw distri-
bution data to make inferences about historical relationships
among areas: parsimony analysis of endemicity (PAE) and
cladistic analysis of distributions and endemism (CADE).
These two methods are analogous to phylogenetic analyses by
using cladistic procedures to classify a set of objects [opera-
tional geographical units (OGUs), that can be localities,
regions or centres of endemism] based on a hierarchical
system of shared characters (presence or absence of taxa),
which result from their states compared to states present in a
reference object, the outgroup. Both methods generate area-
grams defined by synendemics, i.e. taxa that are found at more
than one OGU (Rosen, 1992). Hierarchical subgroupings are
determined by the most parsimonious allocation of progres-
sively narrower-ranging synendemics to the locality set.
Consequently, member areas within the smallest subgroup
will share taxa not found in any other area in the data set
(Rosen, 1992).

Both PAE and CADE contain two underlying assumptions:
(1) the absence of a taxon is ‘primitive’ and its presence is
‘derived” and (2) the hypothetical ‘ancestral’ or ‘outgroup’ area
is one in which none of the sample set of the current taxa exist
(Rosen & Smith, 1988). Rosen (1988) states that the logic
underlying the use of PAE is the assumption that sites sharing
taxa are closely related because they share a more recent history
of faunistic exchange. Cracraft (1991) offered a more elaborate
interpretation to justify the use of CADE. He suggested that
shared taxa among areas of endemism serve as evidence of
historical relatedness and they result from the failure of
speciation during the period for which areas remained
separated. According to Cracraft (1994), if biotic dispersion
is historically constrained, it should be expected that the
distribution of natural taxa will exhibit hierarchical congru-
ence when examined cladistically.

The differences between PAE and CADE have been recently
reviewed by Porzecanski & Cracraft (2005). Basically, they
pointed out two major differences: (1) PAE use localities as
preferential OGUs whereas CADE uses as OGUs only
predetermined areas of endemism, which were previously
identified by evaluating the congruence of distributions across
target taxa and (2) CADE requires the incorporation of
cladistic information into the data matrix by coding distribu-
tion for more inclusive hierarchical levels (e.g. species and their
subspecies, genera and their species, to the extent that
systematic data are available).

In this paper we used a hybrid method because we used
localities as OGUs, but we incorporated cladistic information
into the data matrix by coding distributions of genera and
their species across the localities. This second procedure has
been used in PAE studies as well (see Rosen, 1988; Myers, 1991;
Morrone, 1998). We used localities for two main reasons. First,
except for the two localities in Amazonia, for which the
boundaries within a large-scale landscape are not easily
defined, all other localities are currently isolated from other
forest patches either by natural processes (forest patches
representing the Caatinga forest enclaves) or by human
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intervention in the landscape (localities within the Pernam-
buco Centre and the southern Atlantic Forest). Second, we
used localities to maintain the comparison among them at an
appropriate spatial scale, because number of species increases
with size of the sampling area (e.g. Brown & Lomolino, 1998),
and large differences in the number of species between OGUs
can influence the topology of the areagram, placing poorer
OGUs at basal positions in the areagram (Trejo-Torres &
Ackerman, 2001).

We assembled information about the geographical distribu-
tion of all woody plant species recorded at the 16 sites that
were selected — first to represent the four major regions
addressed in our study and second because their floras have
been intensively and properly sampled over the last three
decades. These localities were grouped into four categories
(Fig. 1; Table 1): Ducke and
Caxiuana), (2) Caatinga forest enclaves (Baturité, Sao Vicente

(1) Amazonia (Reserva
Ferrer, Bezerros, Bonito, Caruaru, Brejo da Madre de Deus,
Pesqueira, Buique and Floresta), (3) the Pernambuco Centre
(Dois Irmdos and Curado) and (4) the southern Atlantic
Forest (Santa Genebra, Capivari and Sao Pedro).

The species distributional data were obtained by checking:
(1) plant monographs and checklists (e.g. issues of Flora
Neotropica; Gomes, 1992; Matthes, 1992; Correia, 1996; Sales
et al., 1998; Ribeiro et al., 1999; Cavalcante et al., 2000; Ferraz,
2002), (2) plant records stored in eight regional herbaria:
Herbaério da Universidade Federal de Pernambuco — PE (UFP),

Herbario do Instituto de Pesquisas Agropecuarias — PE (IPA),
Herbario Vasconcelos Sobrinho — PE (PEUFR), Herbario
Prisco Bezerra — CE (UFC), Herbario Alexandre Costa Leal —
BA (ALCB) (see Holmgren et al., 1990), Herbario Jayme
Coelho de Moraes — PB (EAN), Herbario do Instituto de Meio
Ambiente — AL (MAC), Herbario Honério Monteiro (MU-
FAL) and Herbario Sergio Tavares — PE (HST) (see Barbosa &
Barbosa, 1996), and (3) data bases from scientific institutions
available on the world wide web [e.g. Base de Dados Tropical
(BDT); Centro Nordestino de Informagdes Sobre Plantas
(CNIP); Royal Botanical Garden (KEW); The International
Plant Names Index (IPNI), the Missouri Botanical Garden
(MBOT)].

A data matrix was built in which the columns represent taxa
(genera or species) and the rows represent the localities. In the
matrix, the absence of species is codified as ‘0’ and the presence
as ‘1’. A hypothetical locality coded ‘0’ was added for all columns
to root the final areagram. We found the most parsimonious
areagram by performing the ‘ie*’ (implicit enumeration) option
in the computer program Hennig86 (Farris, 1988). To deter-
mine branch support, we performed a bootstrap procedure
(10,000 replications) through the program Winclada 0.9.99m24
(Nixon, 1999). The bootstrap value for each node represents the
frequency in which the branches occur in a set of randomly
generated trees. The data matrices are available from the authors
by request or they can be downloaded from http://www.
cepan.org.br.

Table 1 Sites from Amazonia, Caatinga

Sites Location (S; W) NT (NIF) Ref.*(herb)f forest enclaves, the Pernambuco Centre and
Amazonia the southern Atlantic Forest.
Reserva Ducke — AM 03°04'00"; 59°54720” 1072 (323) 9
Caxiuana — PA 01°47°57"; 51°42°11” 393 (239) 12
Caatinga forest enclaves
Baturité—CE 04°15°00”; 38°54'36" 74 (65) 8
Pesqueira — PE 8°19'37"; 36°47°27" 159 (133) 2,10 (2,3,4)
Buique - PE 8°38718"; 37°13708” 216 (155) 10 (1,2,3,4)
Floresta — PE 8°38’59”; 38°01/49” 217 (162) 10 (1,2,3,4)
Brejo da Madre de Deus — PE 8°13740"; 36°27734” 173 (145) 6,10 (1,2,3,4)
Bezerros — PE 8°09'03"; 35°48712" 120 (105) 10 (2,3)
Bonito — PE 8°24758"; 35°45'32” 135 (114) 10 (1,2,3,4)
Caruaru — PE 8°2147"; 36°2°47” 306 (261) 10,11 (2,3,4,5)
Sdo Vicente Ferrer — PE 7°36'217; 35°24743" 194 (181) 3,10
Pernambuco Centre
Dois Irmaos — PE 8°10°00"; 34°56"53” 264 (198) 5
Curado — PE 8°6/24""; 34°59'48” 205 (175) 1(1,2,3,4)
Southern Atlantic Forest
Santa Genebra — SP 22°48'37"; 47°05'25” 150 (108) 7
Capivari - MG 20°10°59”; 44°19'36” 280 (160) 4
Sao Pedro — RJ 21°24'28"; 41°06°01” 111 (65) 13

NT, number of taxa (species + genus) analysed; NIF, number of biogeographically informative

taxa used in the parsimony analysis of endemicity; Ref., reference (herb = herbaria).

*1, Andrade & Brito (1993); 2, Correia (1996); 3, Ferraz (2002); 4, Souza et al. (2003); 5, Guedes
(1992); 6, Lyra (1982); 7, Matthes (1992); 8, Cavalcante et al. (2000); 9, Ribeiro et al. (1999); 10,
Sales et al. (1998); 11, Tavares (1998); 12, Almeida et al. (2003); 13, Silva & Nascimento (2001).
tHerbaria (see text for key to full names of herbaria): 1, HST; 2, IPA; 3, PEUFR; 4, UFP; 5, ASE

(see Holmgren et al., 1990).
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We used the gl statistic (Sokal & Rohlf, 1996) to test the
hypothesis that the final arrangement of sites within the
areagram cannot be explained by a random distribution of
species among sites (i.e. cladistically structured data). Precisely,
we evaluated the skewness of the tree length of 10,000
randomly generated trees through the program RandomCla-
distic 4.0.3 (Siddall, 1997), using ‘mh,bb’ as the method for
tree construction (Farris, 1988). A significant left skew
indicates that the length of the original tree is shorter than
the randomly generated ones, and thereby accepted as resulting
from a cladistically structured data set.

Finally, to make sure that the relationships depicted by the
areagram are not simply a consequence of the geographical
distance between the sites, we evaluated the greatest agree-
ment subtree dissimilarity (dgas) (Finden & Gordon, 1985)
using Component software 2.00 (Page, 1993), which allows us
to assess the congruence between the topologies of the PAE
areagram and the topology of the geographical distance
dendrogram as measured by ArcView GIS 3.2a (ESRI, 1998).
The ‘dgas’ represents the smallest number of leaves (i.e.
terminal nodes) removed to obtain the greatest agreement
subtree. We used the Euclidean distance option to generate
the matrix of geographical distance, and the weighted
arithmetic average (WPGMA; weighted pair group method
using arithmetic averaging) option to connect clusters. We
used NTSYSpc 2.01t software (Rohlf, 2000) to execute both
procedures.

RESULTS

We characterized the distribution of 293 genera and 452
woody plant species, and all of them were phylogenetically
informative because we excluded from the data matrix all taxa

() (b)

Biogeographical relationships in north-eastern Brazil

that occur either in all localities or in only one area. When
analysed cladistically, a single most parsimonious tree (Fig. 2)
was found (tree length = 1729; consistency index = 0.43;
retention index = 0.42). In this tree, the most basal separation
is between the southern Atlantic Forest (Santa Genebra,
Capivari and Sdo Pedro) and all other regions. Then, there is
another basal separation between localities representing Caat-
inga forest enclaves (Sdo Vicente Ferrer, Bezerros, Bonito,
Caruaru, Brejo da Madre de Deus, Pesqueira, Buique and
Floresta) and the cluster formed by Baturité, localities of the
Pernambuco Centre (Dois Irmédos and Curado) and localities
of Amazonia (Reserva Ducke and Caxiuana).

Within the cluster of localities that comprised the Caatinga
forest enclaves, there is a basal separation between the group
formed by Brejo da Madre de Deus, Pesqueira, Buique,
Floresta and Bezerros and the group formed by Sao Vicente
Ferrer, Bonito and Caruaru. Within the cluster formed by
Baturité, the Pernambuco Centre and Amazonia, the most
basal separation is Baturité from the other localities, followed
by a separation between the localities of Pernambuco Centre
and Amazonia.

Bootstrap indices show that the strength of support for
nodes in this areagram varies considerably. The weakest
support value among critical nodes is for the relationships
between Caatinga forest enclave localities and the cluster
formed by Baturité, the Pernambuco Centre and Amazonia,
but this node is supported by four synendemic taxa. Strong
support (indices ranging from 99 to 100) was found for: (1)
the basal division between the southern Atlantic Forest and all
remaining localities, (2) the division between the Pernambuco
Centre and Amazonia localities, (3) the division between
localities within the southern Atlantic Forest, and (4) the
division within Amazonia (Fig. 2).

() (d)

SPD SGE CAP FLO BUI PES BMD BEZ

18(100) 14(97)

CAR SVF BON BAT DI CUR CAX DUC

Figure 2 The most parsimonious areagram (tree length = 1729; consistency index = 43; retention index = 42) obtained through a

parsimony analysis of endemicity, which was based on the distribution of 452 woody plant species plus 293 genera (745 taxa) within 16 sites
from (a) the southern Atlantic Forest (SPD, Fazenda Sdo Pedro; SGE, Santa Genebra; CAP, Capivari), (b) Caatinga forest enclaves (BAT,
Baturité; PES, Pesqueira; BUI, Buique; FLO, Floresta; BMD, Brejo da Madre de Deus; BEZ, Bezerros; BON, Bonito; CAR, Caruaru; SVF, Sdo
Vicente Ferrer), (¢) Pernambuco Centre (CUR, Curado; DI, Dois Irmaos) and (d) Amazonia (CAX, Caxiuana; DUC, Reserva Ducke). The
values shown in each node refer to the number of species exclusively found in all sites of the branch and, in parenthesis, the results of a

bootstrap analysis (10,000 replications).
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The length distribution of a randomly generated areagram
was skewed to the left (g, = —1.314; P < 0.001; 10,000
replications). This result indicated that the data matrix of
sites contains cladistically structured data and, therefore, the
presence/absence of taxa among sites was non-random
(Fig. 3). The topology of the geographical distance dendro-
gram (Fig. 4) was incompatible with the topology of the PAE

100 -

90 4 . . *
Length of the most parsimonious o”»
80 1  area cladogram = 1729

70 A
60 -
50 A
40 -
30 A
20 A
10 A

Frequency

1700 1900 2100 2300 2500
Length (steps)

Figure 3 Length distribution of a randomly generated areagram
compared with the length of the most parsimonious areagram,
which was obtained through a parsimony analysis of endemicity.
The average length of the randomly generated trees was larger than
the length of the most parsimonious areagram. The left skew

(gy = —1.314; P < 0.001; 10,000 replications) indicates that the
presence/absence of taxa is not random.

T T
2400 1600 800 0
Distance (km)

Figure 4 Dendrogram indicating the distance among the 16
localities that were surveyed in this study: southern Atlantic Forest
(SPD, Fazenda Sao Pedro; SGE, Santa Genebra; CAP, Capivari),
Caatinga forest enclaves (BAT, Baturité; PES, Pesqueira; BUI,
Buique; FLO, Floresta; BMD, Brejo da Madre de Deus; BEZ, Be-
zerros; BON, Bonito; CAR, Caruaru; SVF, Sao Vicente Ferrer),
Pernambuco Centre (CUR, Curado; DI, Dois Irmaos) and
Amazonia (CAX, Caxiuana; DUC, Reserva Ducke).
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areagram. For the most parsimonious areagram, the smallest
number of leaves moved out to obtain the greatest agreement
subtrees was eight, generating a subtree with only eight (50%)
congruent sites.

DISCUSSION

We found a strong cladistic signal within the raw distribution
and phylogenetic data used in our analysis, indicating that
species assemblages in the localities surveyed are not a product
of random long-distance dispersal but that they were possibly
formed as a consequence of the fragmentation of an ancestral
biota that was once widely distributed in the region, such as
suggested by Andrade-Lima (1964, 1982) and Bigarella et al.
(1975). This supports our first hypothesis and also the
statement by Cracraft (1991) in which long-distance dispersal
has a minor role in structuring intracontinental species
assemblages and that biotic dispersion is also historically
constrained. Because the relationships depicted in the area-
gram were not correlated with the geographical distance
between the localities, we can exclude the hypothesis that the
resulting areagram simply reflects shared ecological conditions
among localities rather than a signal of a historical sequence of
floristic exchange (Rosen, 1988).

The areagram supports Andrade-Lima’s hypotheses that the
Atlantic Forest is not a biogeographically natural area, as the
Pernambuco Centre is closer to Amazonian localities than to
any other localities in this study. This relationship is strongly
supported by both bootstrap indices and the number of
synendemic species supporting this node. The strong bioge-
ographical connection between the Pernambuco Centre and
Amazonia is also supported by Prance (1979, 1989), who
pointed out that most of the Chrysobalanaceae species (e.g.
Couepia rufa Ducke, Couepia pernambucencis Prance) occur-
ring in the Pernambuco Centre have their closest relatives in
Amazonia rather than in the southern Atlantic Forest, as well
as by Teixeira et al. (1986), who indicated that lowland sites in
the Pernambuco Centre have avifauna more closely related to
Amazonian avifauna than to the fauna of the southern Atlantic
Forest.

The hypothesis that Caatinga forest enclaves comprise a
single biogeographical entity, as proposed by Silva &
Casteletti (2003), is not supported, because Baturité is more
closely related to the Pernambuco Centre and Amazonia in
the areagram than to any other Caatinga forest enclaves.
Borges-Nojosa & Caramaschi (2003) analysed the distribution
of lizards and amphisbaenids in some Caatinga forest enclaves
and indicated that those located along the coast of the State
of Ceard, such as Baturité, are distinct from a biogeographical
viewpoint from all other forest enclaves in the region. The
relationships among the remaining localities representing
Caatinga forest enclaves need to be assessed with more
information from woody plant species as well as from other
groups of organisms. These relationships were weakly
supported by bootstrap indices, suggesting that random
biogeographical or ecological processes may have played an
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important role in shaping the nature of their woody plant
species assemblages. Tabarelli & Santos (2004) have pointed
out that local extirpations driven by human interventions in
the landscape have been one of the major ecological forces
shaping the current species composition in these forest
enclaves.

The areagram proposed here indicates one sequence of
vicariant events to explain the current patterns of distribution
and endemism in the forests of north-eastern Brazil. To our
knowledge, this is the first time that a hypothesis of this kind
has been proposed for this region and it opens the way for
more refined studies. Further testing requires biogeographical
studies of several taxa as well as comparisons based on
geological and palaeoecological information. Andrade-Lima
(1953) used geological information presented by Katzer (1933)
to propose that connections between Amazonia and the
Pernambuco Centre are old and have occurred at least since
the Tertiary. Later, Rizzini (1963), Andrade-Lima (1964) and
Bigarella et al. (1975) proposed two historical connections
between the Pernambuco Centre and Amazonia: one coastal
route that follows basically the Tertiary sedimentary lowlands
bordering the Atlantic coast and another route across the
ancient inlands that are currently covered by the Caatinga
semi-arid vegetation. Bigarella et al. (1975) stated that such
connections resulted from events of expansion and retraction
of both Amazonia and the Atlantic Forest in response to global
changes in climate.

Oliveira et al. (2000) presented the first palynological data
for Caatinga and identified five main changes in vegetation
and climate during the last 11,000 years in dune fields found
along the Sao Francisco River. They indicated that during the
late Pleistocene (10,990-10,000 yr BP) the pollen zone
contained pollen of taxa currently recorded in both Amazonia
and the Atlantic Forest, as well as in montane forests, thus
suggesting very humid climatic conditions parallel to more
reduced temperatures. Behling et al. (2000) studied pollen
found in marine sediments (core GeoB 3104-1; c. 150 km
distant from Baturité) and indicated that semi-arid Caatinga
vegetation predominated in the region from 42,000 to
8500 yr BP, except during the interval between 15,500 and
11,800 yr Bp that was the wettest period recorded for the
region. This period was marked by the expansion of
mountain, floodplain and gallery forests across the region.
Evidence so far suggests that climate within Caatinga
fluctuates from dry and hot to wet and cold along the
Quaternary.

In synthesis, the few palynological studies carried out in the
Caatinga region indicate that there were suitable environ-
mental conditions during the late Pleistocene to allow floristic
exchanges between Amazonia and the Atlantic Forest. How-
ever, the duration of these periods (a few thousand years)
seems not to be long enough to generate the complex
sequence of events and evolutionary changes synthesized in
the areagram proposed here. An integrated research agenda
combining biological inventories in critical areas, molecular
phylogenies of targeted taxa, comparative phylogeography,
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vicariance biogeography and generation of geoscientific
information is needed to improve our knowledge about the
evolution and dynamics of the humid forests across north-
eastern Brazil.

ACKNOWLEDGEMENTS

The Brazilian Research Council (CNPq), Funda¢ao O Botica-
rio de Prote¢ao a Natureza and Conservagao Internacional do
Brasil supported this study. We also thank the curators of the
herbaria mentioned in the text as they have allowed specimen
examination by M. Tabarelli. Luis Barbosa kindly prepared
Fig. 1. Two anonymous referees offered constructive criticism
on the manuscript.

REFERENCES

Almeida, S.S., Lisboa, P.L.B. & Lima, A.S. (2003) Diversidade
floristica de uma comunidade arbdrea na Estacdo Cientifica
“Ferreira Penna”, em Caxiuana (Para). Boletim do Museu
Paraense Emilio Goeldi, série Botanica, 9, 93—128.

Andrade, L.H.C. & Brito, M.C.A. (1993) Levantamento flor-
istico das angiospermas da Mata do Curado (Recife-PE,B-
rasil). Biologica Brasilica, 5, 101-122.

Andrade-Lima, D. (1953) Notas sobre a dispersao de algumas
espécies vegetais no Brasil. Anais da Sociedade de Biologia de
Pernambuco, 11, 25—49.

Andrade-Lima, D. (1964) Contribui¢do a dindmica da flora do
Brasil. Arquivo Instituto Ciéncia da Terra, 2, 15-20.

Andrade-Lima, D. (1982) Present day forest refuges in
northeastern Brazil. Biological diversification in the tropics
(ed. by G.T. Prance), pp. 245-254. Columbia University
Press, New York.

Barbosa, M.C.A. & Barbosa, M.R.V. (1996) Herbarios. Pesquisa
botanica nordestina: progresso e perspectivas (ed. by E.V.S.B.
Sampaio, S.J. Mayo and M.R.V. Barbosa), pp. 145-150.
Sociedade Botanica do Brasil, Recife.

Behling, H., Arz, H.W., Patzold, J. & Wefer, G. (2000) Late
Quaternary vegetational and climate dynamics in north-
eastern Brazil: inferences from marine core GeoB 3104-1.
Quarternary Science Reviews, 19, 981-994.

Bigarella, J.J. & Andrade-Lima, D. (1982) Paleoenvironmental
changes in Brazil. Biological diversification in the tropics
(ed. by G.T. Prance), pp. 27-40. Columbia University Press,
New York.

Bigarella, J.J., Andrade-Lima, D. & Riehs, P.J. (1975) Con-
sideragoes a respeito das mudangas paleoambientais na
distribui¢do de algumas espécies vegetais e animais no
Brasil. Anais da Academia Brasileira de Ciéncias, 47, 411—
464.

Borges-Nojosa, D.M. & Caramaschi, U. (2003) Composicio e
analise comparativa da diversidade e das afinidades bio-
geograficas dos lagartos e anfisbenideos (Squamata) dos
brejos nordestinos. Ecologia e conservagao da Caatinga (ed.
by LR. Leal, M. Tabarelli and ]J.M.C. Silva), pp. 463-512.
Editora Universitaria-UFPE, Recife.

443

© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing Ltd



A. M. Melo Santos et al.

Brown, K.S. Jr (1979) Ecologia geografica e evolu¢do nas
florestas neotropicais. PhD thesis, Universidade Estadual de
Campinas, Campinas, Brazil.

Brown, J.H. & Lomolino, M.V. (1998) Biogeography, 2nd edn.
Sinauer Associates, Sunderland, MA.

Cavalcante, A.M.B., Soares, J.J. & Figueredo, M.A. (2000)
Comparative phytosociology of tree sinusiae between con-
tiguous forests in different stages of succession. Revista
Brasileira de Biologia, 60, 551-562.

Correia, M.S. (1996) Estrutura da vegetacdo da mata serrana
em um brejo de altitude em Pesqueira-PE. MSc the-
sis, Universidade Federal Rural de Pernambuco, Recife,
Brazil.

Cracraft, J. (1991) Patterns of diversification within contin-
ental biotas: hierarchical congruence among the areas of
endemism of Australian vertebrates. Australian Systematic
Botany, 4, 211-227.

Cracraft, J. (1994) Species diversity, biogeography, and the
evolution of biotas. American Zoologist, 34, 33—47.

ESRI (1998) ArcView GIS, Version 3.1. Environmental System
Research Institute, Redlands, CA.

Farris, J.S. (1988) Hennig86, Version 1.5. Published by the
author. URL http://www.cladistics.org/ [accessed on 14
September 2006].

Ferraz, E.M.N. (2002) Estudo floristico e fitossocioldgico de
um remanescente de floresta ombroéfila Montana em Per-
nambuco, Nordeste do Brasil. PhD thesis, Universidade
Federal Rural de Pernambuco, Recife, Brazil.

Finden, C.R. & Gordon, A.D. (1985) Obtaining common
pruned trees. Journal of Classification, 2, 255-276.

Galindo-Leal, C. & Camara, I.G. (2003) Atlantic forest hotspots
status: an overview. The Atlantic Forest of South America:
biodiversity status, threats, and outlook (ed. by C. Galindo-
Leal and I.G. Camara), pp. 3-11. Center for Applied Con-
servation Science and Island Press, Washington, DC.

Gomes, E.P.C. (1992) Fitossociologia do componente arboreo
de um trecho de mata em Sao Paulo, SP. MSc thesis, Uni-
versidade de Sao Paulo, Sao Paulo, Brazil.

Guedes, M.L.S. (1992) Estudo floristico e fitossociologico de
um trecho da reserva ecologica da mata de Dois Irmaos,
Recife, Pernambuco. MSc thesis, Universidade Federal Rural
de Pernambuco, Recife, Brazil.

Holmgren, P.K., Holmgren, N.H. & Barrett, L.C. (1990) Index
herbariorum: the herbaria of the world. New York Botanical
Garden, New York.

Humpbhries, C.J. & Parenti, L.R. (1999) Cladistic biogeography,
2nd edn. Oxford University Press, Oxford.

Katzer, F. (1933) Geologia do Estado do Para. Boletim do
Museu Paraense Emilio Goeldi de Historia Natural e Etno-
grafia, 9, 1-270.

Lambshead, P.J.D. & Paterson, G.L.J. (1986) Ecological cla-
distics: an investigation of numerical cladistics as a method
for analysing ecological data. Journal of Natural History, 20,
895-909.

Lyra, ALR.T. (1982) A condi¢ao de brejo: efeito do relevo na
vegetacao de duas areas no municipio do Brejo da Madre de

444

Deus (Pernambuco). MSc thesis, Universidade Federal Rural
de Pernambuco, Recife, Brazil.

Marks, B.D., Hackett, S.J. & Caparella, A.P. (2002) Historical
relationships among Neotropical lowland forest areas of
endemism as determined by mitochondrial DNA sequence
variation within the Wedge-billed Woodcreeper (Aves:
Dendrocolaptidae: Glyphorynchus spirurus). Molecular
Phylogenetics and Evolution, 24, 153-167.

Matthes, L.A.F. (1992) Dindmica da sucessao secundaria em
mata, apds a ocorréncia de fogo — Santa Genebra — Camp-
inas, Sao Paulo. PhD thesis, Universidade Estadual de
Campinas, Campinas, Brazil.

Mittermeier, R.A., Gil, P.R., Hoffmann, M., Pilgrim, J., Brooks,
T., Mittermeier, C.G., Lamoreux, J. & Fonseca, G.A.B.
(2005) Hotspots revisited: earth’s biologically richest and most
endangered terrestrial ecoregions. CEMEX, Mexico.

Morrone, J.J. (1998) On Udvardy’s Insulantarctica province: a
test from the weevils (Coleoptera: Curculionoidea). Journal
of Biogeography, 25, 947-955.

Miiller, P. (1973) The dispersal centres of terrestrial vertebrates
in the neotropical realm: a study in the evolution of the neo-
tropical biota and its native landscape. W. Junk, The Hague.

Myers, A.A. (1991) How did Hawai accumulate its biota? A
test from the Amphipoda. Global Ecology and Biogeography
Letters, 1, 24-29.

Nel, A., Nel, J., Masselot, G. & Thomas, A. (1998) An in-
vestigation into the application of the Wagner parsimony
method in synecology. Biological Journal of the Linnean
Society, 65, 165—189.

Nixon, K.C. (1999) The parsimony ratchet, a new method for
rapid parsimony analysis. Cladistic, 15, 407-414.

Oliveira, P.E., Barreto, A.M.F. & Suguio, K. (2000) Late
Pleistocene/Holocene climatic and vegetational history of
the Brazilian caatinga: the fossil dunes of the middle Sao
Francisco  River.  Palaeogeography,
Palaeoecology, 152, 319-337.

Oliveira-Filho, A.T. & Ratter, J.A. (1995) A study of the origin
of central Brazilian forests by the analysis of plant species

Palaeoclimatology,

distribution patterns. Edinburgh Journal of Botany, 52, 141—
194.

Page, RD.M. (1993) User’s manual for Component, Version
2.0. The Natural History Museum, London.

Penny, D. (1982) Towards a basis for classification: the
incompleteness of distance measures, incompatibility ana-
lysis and phenetic classification. Journal of Theoretical Bio-
logy, 96, 129-142.

Porzecanski, A.L. & Cracraft, J. (2005) Cladistic analysis of
distributions and endemism (CADE): using raw distribu-
tions of birds to unravel the biogeography of the
South American aridlands. Journal of Biogeography, 32,
261-275.

Prado, D.E. (2003) As Caatingas da América do Sul. Ecologia e
conservagdo da Caatinga (ed. by LR. Leal, M. Tabarelli
and J.M.C. Silva), pp. 3-73. Editora Universitaria-UFPE,
Recife.

Journal of Biogeography 34, 437-446

© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing Ltd



Prance, G.T. (1979) The taxonomy and phytogeography of the
Chrysobalanaceae of the Atlantic coastal forests of Brazil.
Revista Brasileira de Botanica, 2, 19-39.

Prance, G.T. (1982) Forest refuges: evidence from woody an-
giosperms. Biological diversification in the tropics (ed. by G.T.
Prance), pp. 137-158. Columbia University Press, New York.

Prance, G.T. (1987) Biogeography of Neotropical plants. Bio-
geography and Quaternary history in tropical America (ed. by
T.C. Whitmore and G.T. Prance), pp. 46-65. Clarendon
Press, Oxford.

Prance, G.T. (1989) Chrysobalanaceae. Flora Neotropica, 9S, 1—
267.

Prum, R. (1988) Historical relationships among avian forest
areas of endemism in the Neotropics. Acta Congressus
Internationalis Ornithologici, 19, 2562-2572.

Ribeiro, J.E.L.S., Hopkins, M.J.C., Vicentini, A., Sothers, C.A.,
Costa, M.A.S., Brito, J.M., Souza, M.A.D., Martins, L.H.P.,
Lohmann, L.G., Assun¢ao, P.A.CLL., Pereira, E.C., Silva,
C.F., Mesquinta, M.R. & Procopio, L.C. (1999) Flora da
Reserva Ducke: guia de identificagao das plantas vasculares de
uma floresta de terra-firme na Amazénia Central. INPA,
Manaus.

Rizzini, C.T. (1963) Nota prévia sobre a divisao fitogeografica
(floristico- sociologica) do Brasil. Revista Brasileira de Geo-
grafia, 25, 1-64.

Rizzini, C.T. (1997) Tratado de fitogeografia do Brasil. Ambito
Cultural, Rio de Janeiro.

Rohlf, F.J. (2000) NTSYSpc, numerical taxonomy and multi-
variate data analysis system, version 2.01. Exeter Software,
Setauket, NY.

Ron, S.R. (2000) Biogeographic area relationships of lowland
Neotropical rainforest based on raw distributions of ver-
tebrate groups. Biological Journal of the Linnean Society, 71,
379-402.

Rosen, B.R. (1988) From fossils to earth history: applied his-
torical biogeography. Analytical biogeography (ed. by A.A.
Myers and P.S. Giller), pp. 437-481. Chapman & Hall,
London.

Rosen, B.R. (1992) Empiricism and the biogeographical black
box: concepts and methods in marine palacobiogeography.
Palaeogeography, Palaeoclimatology, Palaeoecology, 92, 171—
205.

Rosen, B.R. & Smith, A.B. (1988) Tectonics from fossils?
Analysis of reef-coral and sea-urchin distributions from Late
Cretaceous to Recent, using a new method. Special Pub-
lication of the Geological Society of London 37 (ed. by M.G.
Audley-Charles and A. Hallam), pp. 275-306. Oxford Uni-
versity Press, Oxford.

Rylands, A.B., Fonseca, G.A.B., Leite, Y.L.R. & Mittermeier,
R.A. (1996) Primates of the Atlantic Forest: origin, dis-
tributions, endemism, and communities. Adaptative radia-
tions of neotropical primates (ed. by M.A. Norconk, A.L.
Rosenberger and P.A. Garber), pp. 21-51. Plenum Press,
New York.

Sales, M.E.S., Mayo, S.J. & Rodal, M.].N. (1998) Plantas vas-
culares das florestas serranas de Pernambuco: um checklist da

Journal of Biogeography 34, 437-446

Biogeographical relationships in north-eastern Brazil

flora ameagada dos brejos de altitude, Pernambuco-Brasil.
Editora da Universidade Federal Rural de Pernambuco,
Recife.

Siddall, M.E. (1997) Random cladistic, version 4.0.3. (Ohio
Edition). Software available via http://research.amnh.org/
~siddall/rc.html.

Silva, ].M.C. & Casteletti, C.H.M. (2003) Status of the biodi-
versity of the Atlantic Forest of Brazil. The Atlantic Forest of
South America: biodiversity status, threats, and outlook (ed.
by C. Galindo-Leal and I.G. Camara), pp. 43-59. Center for
Applied Biodiversity Science and Island Press, Washington,
DC.

Silva, G.C. & Nascimento, M.T. (2001) Fitossociologia de um
remanescente de mata sobre tabuleiros no norte do estado
do Rio de Janeiro (Mata do Carvao). Revista Brasileira de
Botdnica, 24, 51-62.

Silva, J.M.C., Souza, M.A., Bieber, A.G.D. & Carlos, C.J. (2003)
Aves da Caatinga: status, uso do habitat e sensitividade.
Ecologia e conservagao da Caatinga (ed. by LR. Leal, M.
Tabarelli and J.M.C. Silva), pp. 237-273. Editora Univer-
sitaria-UFPE, Recife.

Silva, J.M.C., Souza, M.C. & Casteletti, C.H.M. (2004) Areas
of endemism for passerine birds in the Atlantic forest,
South America. Global Ecology and Biogeography, 13, 85—
92.

Sokal, R.R. & Rohlf, F.J. (1996) Biometry. Freeman & Com-
pany, New York.

Souza, J.S., Espirito-Santo, F.B., Fontes, M.A.L., Oliveira-Filho,
A.T. & Botezelli, L. (2003) Analise das varia¢des floristicas e
estruturais da comunidade arborea de um fragmento de
floresta semidecidua as margens do rio Capivari, Lavras-
MG. Revista Arvore, 2, 185-206.

Tabarelli, M. & Santos, A.M.M. (2004) Uma breve descrigdo
sobre a historia natural dos brejos nordestinos. Brejos de
altitude em Pernambuco e Paraiba: histéria natural, ecologia
e conservagio (ed. by K.C. Porto, J.J.P. Cabral and M.
Tabarelli), pp. 17-24. Ministério do Meio Ambiente,
Brasilia.

Tavares, M.C.G. (1998) Fitossociologia do componente arborea
de um trecho de floresta serrana do Parque Ecoldgico Jodao
Vasconcelos Sobrinho, Caruaru, Pernambuco. MSc thesis,
Universidade Federal Rural de Pernambuco, Recife, Brazil.

Teixeira, D.M., Nacinovic, J.B. & Tavares, M.S. (1986) Notes
on some birds of northeastern Brazil. Bulletin of the British
Ornithologists’ Club, 106, 70-74.

Trejo-Torres, C. & Ackerman, J.D. (2001) Biogeography of the
Antilles based on a parsimony analysis of orchid distribu-
tions. Journal of Biogeography, 28, 775-794.

Tyler, H., Brown, K.S. Jr & Wilson, K. (1994) Swallowtail
butterflies of the Americas. Study in biological dynamics,
ecological diversity, biosystematics and conservation. Scientific
Publishers, Gainesville, FL.

Wiley, E.O. (1988) Parsimony analysis and vicariance bio-
geography. Systematic Zoology, 37, 271-290.

Willis, E.O. (1992) Zoogeographical origins of Eastern Bra-
zilian birds. Ornitologia Neotropical, 3, 1-15.

445

© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing Ltd



A. M. Melo Santos et al.

BIOSKETCHES

André Mauricio Melo Santos and Devyson Rodrigues Cavalcanti are ecologists interested in plant biogeography and
landscape ecology in north-eastern Brazil.

José Maria Cardoso da Silva works on systematics, evolution, ecology, biogeography and conservation of Neotropical birds.

Marcelo Tabarelli is an ecologist who currently works on plant population and community ecology, biogeography and
conservation of Atlantic Forest woody plant species.

Editors: Christopher Humphries and Robert Whittaker

446 Journal of Biogeography 34, 437-446
© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing Ltd



