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a b s t r a c t

Chagas disease incidence has sharply declined over the last decade. Long-term disease control will,
however, require extensive, longitudinal surveillance systems capable of detecting (and dealing with)
reinvasion-reinfestation of insecticide-treated dwellings by non-domiciliated triatomines. Sound surveil-
lance design calls for reliable data on vector ecology, and these data must cover different spatial scales.
We conducted a multi-scale assessment of ecological and evolutionary trends in members of the tribe
Rhodniini, including (i) a macroscale analysis of Rhodniini species richness and composition patterns
across the Americas, and (ii) a detailed, mesoscale case-study of ecological and behavioural trends in
Rhodnius neglectus and R. nasutus. Our macroscale overview provides some comprehensive insights about
key mechanisms/processes probably underlying ecological and genetic diversification in the Rhodniini.
These insights translate into a series of testable hypotheses about current species distributions and their
likely causes. At the landscape scale, we used geometric morphometrics to identify dubious specimens as
either R. neglectus or R. nasutus (two near-sibling species), and studied palm tree populations of these two
hagas disease surveillance vector taxa in five geographical areas. The data suggest that deforestation and the associated loss of habitat
and host diversity might increase the frequency of vector–human contact (and perhaps Trypanosoma cruzi
infection rates in vectors). Surveillance in central-northeastern Brazil should prioritise deforested land-
scapes where large palm trees (e.g., Attalea, Mauritia, Copernicia, Acrocomia or Syagrus) occur near houses.
We anticipate that, by helping define the distribution patterns and ecological preferences of each species,
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multi-scale research will s

Chagas disease is caused by Trypanosoma cruzi (Kinetoplas-
ida: Trypanosomatidae), a parasite transmitted by blood-sucking
eduviid bugs (Triatominae) (Chagas, 1909; Coura, 2007). Human
nfection is endemic throughout Latin America, where its associ-
ted burden is larger than the combined burden of malaria, leprosy,
eishmaniasis, filariasis, schistosomiasis, dengue, and the major

ntestinal nematode infections (WHO, 2004; Mathers et al., 2006).
n the last 10–15 years, T. cruzi transmission to people has nonethe-
ess been interrupted over vast areas of southern South America,

ith an estimated 73% reduction in incidence and sharp declines

∗ Corresponding author. Tel.: +55 92 36212401/36212323; fax: +55 92 36212363.
E-mail address: fernando@amazonia.fiocruz.br (F. Abad-Franch).

d
s
h
e
d
F

i

001-706X/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.actatropica.2008.06.005
cantly strengthen vector surveillance systems across Latin America.
© 2008 Elsevier B.V. All rights reserved.

n burden figures (World Bank, 1993; Morel and Lazdins, 2003;
athers et al., 2006). These successful control programmes priori-

ised elimination of domestic triatomines (through the spraying of
ouseholds with residual insecticides) and systematic serological
creening of blood donations (Anonymous, 2007).

One major hindrance for the long-term consolidation of effective
isease control is the widespread occurrence of native triatomine
pecies that reinvade and sporadically reinfest insecticide-treated
ouseholds (Miles et al., 2003; Coura, 2007). Both ecological and

volutionary factors are involved in these dispersion-colonisation
ynamics, but their relative roles remain poorly understood (Abad-
ranch and Monteiro, 2007).

In this paper we suggest that the complex interactions involved
n sustained T. cruzi transmission by sylvatic triatomines are hierar-

http://www.sciencedirect.com/science/journal/0001706X
http://www.elsevier.com/locate/actatropica
mailto:fernando@amazonia.fiocruz.br
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hically structured in space, and that considering different spatial
cales may, therefore, significantly improve our ability to under-
tand these transmission dynamics. Following this rationale, we
resent a multi-scale appraisal of ecological and evolutionary
rends in a monophyletic group of triatomines, the tribe Rhodni-
ni. This tribe encompasses species displaying different degrees of
ynanthropic behaviour, from primary domestic vectors to strictly
ylvatic taxa. In the first part we present a macroscale (continen-
al) analysis of Rhodniini diversity patterns across the Americas.
he second part presents a detailed, mesoscale (ecoregional) case-
tudy of ecological and behavioural trends in two secondary vectors
f Chagas disease, the near-sibling R. neglectus and R. nasutus.
ystematic, biogeographical, and ecological issues are discussed
hroughout the text. We argue that this multi-scale approach may
ubstantially strengthen vector surveillance by helping allocate
esources to priority areas; in more academic terms, it may at the
ame time prove crucial in fostering the emergence of a coherent
ccount of the evolution and behavioural trends of the Triatominae.

. Macroscale biogeographical patterns and ecology of the
embers of the tribe Rhodniini

.1. Introduction

Species richness (the number of types in a given community
r geographical region, or alpha-diversity) is a major compo-
ent of biological diversity estimates (Gotelli and Colwell, 2001;
ittermeier et al., 2003). Information on the presence/absence of

pecies (or other taxonomic units within a given lineage) over a
et of different ecological regions may also be used, in combination
ith phylogenetic reconstructions, to derive and contrast biogeo-

raphical and evolutionary hypotheses regarding that lineage (e.g.,
ibas et al., 2005; Conn and Mirabello, 2007). Conversely, species
istribution data can provide insights on the patterns of current
cological relatedness among geographical areas (e.g., Ron, 2000;
orzecanski and Cracraft, 2005).

When the focus of research is a lineage of human disease vectors,
he study of ecological and (current or historical) biogeographical
atterns is not only of academic interest. For instance, it may also
elp define the potential geographical ranges of species that are
ore efficient vectors (or of the clades containing those species),

nd this information can in turn be used to stratify disease trans-
ission risk in spatially explicit analytical frameworks (Ostfeld

t al., 2005). Biogeographical-evolutionary analyses can also pro-
ide clues as to the evolution of disease vector traits (such as
ynanthropism, or the capacity of successfully adapting to breed
n man-made ecotopes) that are spatially correlated with epi-
emiological indicators (such as disease prevalence in humans). In
he case of triatomine bugs, the combination of long-lasting field
esearch and novel analytical tools is opening research avenues
hat may lead to improved chances of effectively controlling Cha-
as disease transmission in the long term (Monteiro et al., 2001;
iles et al., 2003; Abad-Franch and Monteiro, 2005). One partic-

larly difficult challenge to this goal is the persistent reinvasion
nd (more rarely) reinfestation of insecticide-treated households
y sylvatic triatomines; understanding the ecological and evolu-
ionary dynamics involved in these events may prove crucial for
he design of adequate vector surveillance strategies, and the con-
ribution of broad-scale biogeographical insights can be key to such

fforts (Forattini, 1980; Miles et al., 2003; Schofield et al., 2006;
bad-Franch and Monteiro, 2007; de Paula et al., 2007).

The Rhodniini constitute a particularly interesting case-study
ineage for biogeographical research. They are a monophyletic
ssemblage of 19 named species within two genera (the
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onophyletic Psammolestes [three species] and the paraphyletic
hodnius [16 species]) that occur naturally in 25–27 biogeograph-

cal provinces (sensu Morrone, 2006) in the Neotropical Region
Abad-Franch and Monteiro, 2007). They are arboricolous (tree-
iving), blood-sucking true bugs, most of them primarily associated

ith palm tree crown habitats. A few taxa occur in ecotopes other
han palms; for instance, the three known Psammolestes species
eem to have specialised to exploit bird nest microhabitats in open
oodlands (Lent and Wygodzinsky, 1979). R. prolixus, the main vec-

or of human Chagas disease in Central and northern South America
and probably worldwide after the elimination of domestic Tri-
toma infestans populations from large areas of South America),
elongs to this tribe. Another moderately important, synanthropic
ector is R. ecuadoriensis, and four species (R. pallescens, R. neglec-
us, R. nasutus, and R. stali) invade and sporadically colonise human
nvironments. In Amazonia, palm tree populations of R. robustus
ensu lato, R. pictipes, and R. brethesi act as sources of adult adven-
itious bugs that invade (but do not colonise) houses, contaminate
ood-processing equipment, or attack forest workers (cf. Coura et
l., 2002; Aguilar et al., 2007). Other species within the tribe seem
o have little or no contact with humans (Barrett, 1991).

Here we present a broad-scale analysis of biogeographical
atterns among members of the tribe Rhodniini across conti-
ental Latin America. Our (mostly descriptive) survey explores
patial trends of regional difference/similarity in terms of Rhodni-
ni species richness and composition both for individual ecoregions
nd for larger ecoregion clusters matching previously postulated
reas of endemicity. The results, which are to be regarded as
nformed biogeographical hypotheses, are discussed in relation to
he ecology of individual species and species groups and to the
volutionary history of each lineage.

.2. Materials and methods

Presence records were compiled (and refined) from the litera-
ure (mainly Carcavallo et al., 1999 and Galvão et al., 2003, with
ewer data from Colombia [Guhl et al., 2007], Peru [Chávez, 2006],
entral America [Zeledón et al., 2006], and Amazonia [Abad-Franch
nd Monteiro, 2007]), and from our field research activities, for each
pecies within the tribe Rhodniini. Well-characterised mitochon-
rial lineages were treated as distinct entities whenever enough
ata were available. Following operational guidelines derived from
NA barcoding (e.g., Hebert et al., 2003a,b, 2004; Miller, 2007;
atnasingham and Hebert, 2007), any mitochondrial cytochrome b
cytb) gene monophyletic lineage that differed by over 0.02 Kimura
-parameter distance from its sister lineage was treated as a dis-
inct operational taxonomic unit (OTU) (cf. Blaxter et al., 2005; see
lso Avise and Walker, 1999; Pons et al., 2006). Thus, R. robustus was
reated as a complex of five OTUs (I–V) (Monteiro et al., 2003; Abad-
ranch and Monteiro, 2007; Pavan and Monteiro, 2007), and R.
cuadoriensis was divided into two groups (I and II) (Abad-Franch et
l., 2004). A novel, highly divergent cytb genotype recently isolated
rom bugs resembling R. pictipes and collected in the Colombian
ierra Nevada de Santa Marta (NJO and FAM, unpublished) was also
reated as distinct (Rhodnius n.sp. aff. pictipes). An apparently new
pecies from northwestern Amazonia (basal to the robustus species
roup), detected by DNA barcoding (Abad-Franch and Monteiro,
005), was also considered as a separate entity (Rhodnius n.sp. aff.
obustus). Recent data suggest that a similar treatment is valid for
wo well-differentiated R. pallescens lineages (I and II) (NJO and

AM, unpublished). Thus, a total number of 27 OTUs was incorpo-
ated into our survey (Table 1).

We defined the distribution patterns of each OTU across the
ontinental ecoregions of Latin America proposed by the World

ildlife Foundation (WWF-TNC, 2001; see also Olson et al., 2001).
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Table 1
Biogeographical patterns of 27 species/taxonomic units within the tribe Rhodniini: presence/absence records across 68 Neotropical ecoregions and 11 areas of endemism.
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Table 1 is a presence/absence matrix in which lines are ecoregions (following WWF-TNC, 2001) and columns are operational taxonomic units (OTUs) within the tribe Rhodniini. Ecoregions were grouped into larger areas of
endemism (first column). Ecoregions where more than two OTUs have been recorded were numbered following the codes of Fig. 1 (second column, where “MN” means Map Number). OTUs are numbered (columns 1 to 27)
as follows: (1) Rhodnius pallescens I, (2) R. pallescens II, (3) Rhodnius n.sp. aff. pictipes, (4) R. colombiensis, (5) R. ecuadoriensis I, (6) R. ecuadoriensis II, (7) R. neivai, (8) R. prolixus, (9) Psammolestes arthuri, (10) R. robustus I, (11) R.
pictipes, (12) R. robustus IV, (13) R. dalessandroi, (14) R. brethesi, (15) Rhodnius n.sp. aff. robustus, (16) R. robustus V, (17) R. amazonicus, (18) R. paraensis, (19) R. milesi, (20) R. robustus II, (21) R. robustus III, (22) R. nasutus, (23) R.
neglectus, (24) R. stali, (25) Ps. tertius, (26) Ps. coreodes, and (27) R. domesticus. Factual presence records are represented by black cells in the matrix; grey cells indicate that the OTU is probably present in the ecoregion, even if we
could not find any factual records. The last column (labelled “N”) is the total number of OTUs present (including those probably present) in each ecoregion. The last line (labelled “Total”) is the total number of ecoregions where
each OTU occurs (including those where it very probably occurs). The following abbreviations were used in ecoregion names: m.f., moist forests; d.f., dry forests; mn.f., montane forests; x.sc., xeric scrub; x.s., xeric shrublands;
sw.f., swamp forests; c.f., coastal forests; i.f., interior forests; T-A, trans-Andean; Or, Orinoco (these two latter were used to indicate that the Cordillera Oriental montane forests occur on both the trans-Andean and the Orinoco
[cis-Andean] sides of the northeastern Colombian Andes, especially between 5◦ and 7◦N in the Departments of Santander and Norte de Santander). Further methodological details can be found in the main text of this paper.
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resence records were not available for several OTUs over their
hole probable range. We overcame this limitation by deriving

probable presence” through interpolation (and in a few cases
xtrapolation) of factual records across contiguous ecoregions with
imilar overall ecological characteristics. This procedure was rela-
ively straightforward in most instances but problematic in a few;
he main adverse effect of these latter cases would be an unwar-
anted increase in similarity between areas because of spurious
TU sharing. In this sense, some of the results we present here must
e viewed as proximal biogeographical hypotheses to be confirmed

r rejected by further field data.

Raw OTU counts from each ecoregion were plotted onto a veg-
tation/elevation map of Latin America (TNC, 2001) to graphically
isplay richness patterns (Fig. 1).

p
a
R
C

ig. 1. Continental-scale alpha-diversity patterns of the Rhodniini: raw number of specie
eotropical ecoregions. Ecoregion classification follows WWF-TNC (2001), and ecoregion
verlaid on the approximate core area of each ecoregion; arrows were used in the case of
ircle size is proportional to the number of OTUs recorded in the corresponding ecoregio
umbered (their names are presented in Table 1, and they can be located by consulting
ichness by area of endemicity (as defined in Fig. 2).
ica 110 (2009) 159–177

Ecoregions were grouped into eleven major clusters for Par-
imony Analysis of Endemicity (PAE) (Rosen, 1988; Rosen and
mith, 1988) and phenetic analyses (e.g., Condit et al., 2002). Ecore-
ion groupings (Table 1) largely followed Haffer’s (1969) centres
f endemism for Amazonian lowland forests, which were used
o derive the Refuge hypothesis of biotic diversification (Haffer,
969, 1997). Ecoregions south of Amazonia were grouped into
wo clusters: the Open/dry and the Atlantic/humid corridors (see
orzecanski and Cracraft, 2005); finally, all trans-Andean ecore-
ions were treated as a single area. PAE is a procedure equivalent to

hylogenetic cladistic analysis in which localities/areas are treated
s taxa and OTUs as two-state (presence/absence) characters (e.g.,
on, 2000; Racheli and Racheli, 2004; Garzón-Orduña et al., 2007).
ladistic analysis of Rhodniini OTU presence/absence patterns was

s/operational taxonomic units (OTUs) recorded (or probably present) in each of 68
identification numbers (inside circles) match those listed in Table 1. Circles were

small ecoregions, and two circles were drawn in the case of particularly large ones.
n; for the sake of clarity, ecoregions where only one or two OTUs occur were not
the original WWF-TNC map [WWF-TNC, 2001]). The small map summarises OTU
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hus performed on an 11-area, 27-taxon matrix. We used standard
aximum parsimony with a branch-and-bound search algorithm

s implemented in Mega 3.1 (Kumar et al., 2004). Singletons in
his kind of data matrix are species endemic to single regions
narrow endemics), while parsimony-informative “sites” are OTUs
hared by two or more regions. Trees were rooted with a hypo-
hetical all-absence outgroup region. Additionally, we calculated
airwise dissimilarity matrices among areas based on the Jaccard’s
nd Sørensen’s measures of the fraction of shared species (cf. Condit
t al., 2002), and used them as input to derive cladograms using the
nweighted Pair Group Method with Arithmetic Mean (UPGMA).

accard’s dissimilarity index is given by DJ = 1 − [S12/(S1 + S2 − S12)],
nd Sørensen’s index by DS = 1 − [S12/(0.5 [S1 + S2])]; in both cases,
12 is the number of species shared by areas 1 and 2, S1 is the total
umber of species in area 1, and S2 is the total number of species

n area 2.

.3. Results and discussion

.3.1. Patterns of OTU richness
The Rhodniini occur naturally from Central America (approx.

5◦N) to northern Argentina (approx. 33◦S). This tribe probably
onceals more alpha-systematic diversity than described by the
9 species hitherto recognised (Galvão et al., 2003). We found
hylogenetic evidence to define eight further taxonomic units for
ur biogeographical survey (Abad-Franch et al., 2003a,b; Abad-
ranch and Monteiro, 2005, 2007; Monteiro et al., 2003; Pavan
nd Monteiro, 2007; FA-F, NJO and FAM, unpublished data). Some

f these new taxonomic units indubitably deserve specific status,
hile others are relatively young monophyletic lineages that may

e hypothesised to represent ‘good species’ or, for the purposes of
ur study, ‘good OTUs’ (see Hebert et al., 2003a,b; Blaxter et al.,
005; Pons et al., 2006; Ratnasingham and Hebert, 2007).

I
c
o

(

ig. 2. Patterns of relatedness among eleven areas of endemism (AEs) in terms of the co
resented in the map. (A) Parsimony Analysis of Endemicity (PAE): majority-rule consen
ound search algorithm); only confirmed presence records were used for the analysis; cons
rea was not resolved in the original cladogram, but clearly follows from the fact that six
ladograms depict mainly contemporary patterns of relatedness among areas—and not his
he number of OTUs recorded, and grey bars the number of OTUs present or probably
ariables; R2 was >0.9 for both fits); white bars represent the number of narrow endemics
nd Sørensen’s indices of dissimilarity: cladograms were produced for both the dataset w
robably present in each area (“all OTUs”). The unstable position of the Belém area of end
ica 110 (2009) 159–177 165

Overall, these 27 Rhodniini OTUs have been recorded to occur
n 68 ecoregions—from the Central American Atlantic moist forests
o the Mesopotamian savannahs of northeastern Argentina, and
rom very humid (e.g., the Napo moist forests) to very arid
e.g., the Peruvian coastal dry forests) ecoregions (Figs. 1 and 2).
isual inspection of Fig. 1 suggests that species (OTU) richness is
igher in Amazonia (particularly in southeastern ecoregions) and

n the two drier biomes adjacent to Amazonia to the north (the
reater Orinoco) and to the south (the Cerrado). The main rich-
ess “hotspot” corresponds to the Tocantins-Araguaia/Maranhão
oist forests, from where six OTUs have been recorded and
here two more are likely to occur. The Belém area of endemic-

ty, which encompasses this ecoregion and the Maranhão babaçu
orests (dominated by Attalea speciosa palm trees), probably har-
ours at least nine Rhodniini OTUs (Table 1). OTU numbers per
coregion decrease substantially beyond the boundaries of the
rinoco-Amazonia-Cerrado area. There are also signals of hetero-
eneity within Amazonia, where a cluster of relatively species-poor
coregions (numbers 17, 20 and 23–28 plus four ecoregions in the
eruvian Amazon) appears in the central/central-western subre-
ion (Fig. 1). These ecoregions are related to several large rivers
Branco, Negro, lower Napo, upper Solimões-Marañón, Juruá, Purus,
he left bank of the Madeira, and parts of the Amazon itself) and to
xtensive flooded forest regions within white-water systems (the
árzea).

When sorted according to latitude, the distribution of OTU
umbers across areas of endemicity is bimodal, with lower val-
es corresponding to (a) central/central-western Amazonia (Imerí,
nambari and Rondônia) and (b) the southeastern Atlantic/humid
orridor, with one narrow endemic and three OTUs shared with the
pen/dry corridor (Fig. 2).

One interpretation of these patterns could be that richer areas
the Orinoco basin, southeastern Amazonia, and the Cerrado) cor-

mposition of Rhodniini species/operational taxonomic units (OTUs). The AEs are
sus tree (from 102 equally parsimonious, 39-step trees found using a branch-and-
istency index was 0.69, and retention index 0.54. The basal split of the trans-Andean
out of seven trans-Andean OTUs are narrow endemics. It should be noted that PAE
torical processes of diversification. (B) Raw OTU richness by AE: black bars indicate

present, in each AE (fourth-order polynomial fits are presented for each of these
(‘autapomorphic OTUs’) in each AE. (C) UPGMA cladograms derived from Jaccard’s
ith only confirmed records (“recorded OTUs”) and the dataset including also OTUs
emicity (the main OTU richness “hotspot”) is highlighted by a box.
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espond to the centres of endemism where the parental lineages
f extant OTUs diversified. This interpretation derives from the
iew that higher current diversity signals more dynamic past diver-
ification, and that later events (emigration, immigration, and
xtinction) did not overwhelm that signal. Also plausible is the
dea that at least some of these OTU rich-areas are contact zones

here representatives of formerly allopatric or parapatric lineages
ive now in sympatry.

This latter view seems compatible with the observation that rich
coregions (those with ≥6 OTUs) tend to share boundaries with
reas of endemism other than the one they belong to; two apparent
xceptions (out of seven) correspond to border ecoregions between
ndean montane and lowland dry forests within the Orinoco sys-

em. All these “hotspot” ecoregions tend to contain OTUs that most
ikely evolved elsewhere and secondarily colonised them through
ispersal (see below).

Under this scenario, the pattern of relatively low OTU richness
n a cluster of central-western Amazonian ecoregions could be
nterpreted as the “null pattern” for large, relatively homogeneous
coregion clusters. Extensive annual white-water floods across this
ubregion may also affect Rhodniini diversity by limiting the local
iversity of large palms; thus, several Attalea, Oenocarpus, Syagrus,
nd (to a lesser extent) Astrocaryum species occur mainly in upland
orests on well-drained soils and may be absent or rare in the várzea
Kahn, 1990). Finally, and perhaps most interestingly, this low-
ichness subregion visibly matches the location of the Miocene Lake
ebas, which was a major consequence of the Miocene/Pliocene
arine transgression. The large Pebas zone is expected to harbour a

imited number of OTUs derived from upland lineages—those with
history of diversification in areas that remained above inunda-

ion level during the late Tertiary (mainly the Guyanan and central
razilian Precambrian shields plus the eastern Andes foothills) (cf.
ores, 1999; Aleixo, 2004; Aleixo and Rosetti, 2007; Conn and
irabello, 2007). This was seemingly the case for several Rhodniini

ineages (see below).
At this broad scale, the patterns described so far seem com-

atible with the hypothesis that the Rhodniini first evolved in the
umid forests of the Amazon-Orinoco system (Abad-Franch and
onteiro, 2007). Ignoring OTUs not tightly associated with palms

t present (the Psammolestes, R. paraensis, R. neivai, R. domesticus,
nd the central Peruvian forms [group II] of R. ecuadoriensis), there
lso seems to be a rough parallel between Rhodniini OTU counts
nd Neotropical palm species richness (cf. Bjorholm et al., 2005,
006). The most conspicuous exceptions (palm-rich/Rhodniini-
oor regions) to this trend are the Chocó (the most palm-rich area in
he Americas) and the Brazilian Atlantic moist forests, both far from
he Amazon-Orinoco core region. This view also receives support
rom the observation that different Rhodniini species have been
ecorded from representatives of all four Neotropical palm sub-
amilies (see Asmussen et al., 2006). The Arecoideae are thought
o be of Neotropical origin; many widespread Rhodniini-palm tree
ssociations involve genera within this subfamily (Attalea, Syagrus,
enocarprus, Leopoldinia, Acrocomia, Astrocaryum, Elaeis, or Cocos),
hose current broad-scale patterns of species richness closely
atch those of the Rhodniini in humid ecoregions. Associations

nvolving Ceroxyloideae (Phytelephas aequatorialis-R. ecuadorien-
is and Ph. tenuicaulis-R. pictipes in western and eastern Ecuador,
espectively) and Coryphoideae (Copernicia-R. nasutus/neglectus in
he Brazilian Caatinga-Cerrado, and Copernicia-R. prolixus/robustus I
n the Orinoco) seem to be geographically more restricted. Rhodni-

ni infestation of the widespread Mauritia flexuosa (Calamoideae)
ppears to be conditioned to the presence of vertebrate nests
n the palm crowns (Gurgel-Gonçalves et al., 2004a); the more
estricted, fibre-rich M. carana can also harbour R. robustus pop-
lations (Barrett, 1991).
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Finer-grained diversification patterns can only be described, and
heir likely causes hypothesised, by carefully assessing OTU com-
osition across individual ecoregions/areas of endemism and the
istribution of each lineage; a plausible description of historical
rocesses at the origin of the observed relationships between areas
nd lineages may then be derived.

.3.2. Major biogeographical clusters—and a widespread OTU (or
wo)

R. pictipes is the most widespread of the OTUs we analysed.
t has been reported to occur in 36 ecoregions across eight areas
f endemism, and could have an even wider range. This atypical
attern (the second most widespread OTUs, R. robustus II and R.
rolixus, have been recorded in only 13 ecoregions each) may be an
rtifact caused by our as yet limited knowledge of population-level
iversity in R. pictipes. Thus, before Monteiro et al. (2003) uncovered
he hidden variation within “R. robustus”, the species was also con-
idered as a single entity; had we treated all “R. robustus” records
s such (R. robustus s.l.), our analysis would have disclosed a pat-
ern similar to that observed for R. pictipes—species presence in
7 ecoregions (perhaps up to 41) across the same eight areas of
ndemism (and perhaps in the open/dry corridor too). Because both
roups (R. pictipes and R. robustus s.l.) are congeneric, largely sym-
atric, and ecologically similar, we may hypothesise that they must
ave followed parallel diversification routes under the influence
f similar evolutionary stressors. A prediction of this hypothesis is
hat, for a given molecular marker (and similar sampling coverage),
he overall topology of phylogenetic trees of both lineages should be
argely comparable, with relatively young (Pleistocene) sub-clades
lso within R. pictipes; in that case, our current view of this species
s a widespread, homogeneous taxon would have to be revised. The
lternative view implies a recent (post-speciation) range expansion
f R. pictipes, which would then be a truly widespread species; this
ypothesis predicts relatively low genetic diversity with shallow
eographical structuring and a unimodal, left-skewed distribu-
ion of pairwise mismatch frequencies among mitochondrial gene
equences (Rogers and Harpending, 1992). The recent discoveries
f phenotypic and genotypic variants in Venezuela and Colombia
see below) may signal preliminary support for the hypothesis of
idden variation, but the data are still inconclusive.

.3.2.1. The trans-Andean lineage. Six Rhodniini OTUs (22%) are
xclusively trans-Andean (Rhodnius n.sp. aff. pictipes, R. pallescens I
nd II, R. colombiensis, and R. ecuadoriensis I and II). R. neivai occurs
aturally on both sides of the Andes across the arid ecoregions of the
ransitional Maracaibo biogeographical province (sensu Morrone,
006). The rest of OTUs (74%) are exclusively cis-Andean, with the
xception of R. prolixus, which was accidentally introduced into
rans-Andean subregions (in Colombia, Central America, and south-
rn Mexico) (Dujardin et al., 1998; Monteiro et al., 2003). We thus
onsider this species as cis-Andean; a possibility exists, however,
hat natural populations occur in the xeric Guajira-Barranquilla
coregion.

The diversity within the trans-Andean Rhodnius lineage is
nly beginning to be ascertained. Mitochondrial cytb sequence
ata support the existence of two main clades (the northern R.
allescens-colombiensis clade and the southern R. ecuadoriensis
lade) within this lineage, and suggest that they are sister taxa to the
ictipes group of species (Abad-Franch et al., 2003b; Abad-Franch

nd Monteiro, 2007). The ancestors of the lineage probably dis-
ersed across the northern part of the (then low) Eastern Cordillera
f the Colombian Andes in the Miocene, and became isolated
ith the subsequent rapid uplift ∼5 million years ago (Gregory-
odzicki, 2000; Abad-Franch et al., 2003b; Ribas et al., 2005).



a Trop

l
C
d
a
p

w
(
u
a
o
f
l
a
g
2
R
i
p
t
i
w
d
f
C

1
a
d
c
t
t
t
r
a

r
p
P
t
t
O
A
r
l
t
P
O

f
t
r
d
s
r
t
V
f
2

a
a
t
p

a
b
n
a
h
i

t
J
b
h
F
I
e
R
e

1
n
s
e
I
t
V
l

1
s
W
s
i
r
G
a
i
C
c
t
t
w
i
p

1
e
i
c
t
o
s
m
2
a
s
w
I
p
t
w
R

F. Abad-Franch et al. / Act

R. pallescens belongs to a complex of three moderately divergent
ineages: one mainly from northern Colombia, one mainly from
entral America, and an apparently endemic species from the Mag-
alena Valley dry forests known as R. colombiensis (Abad-Franch et
l., 2003b; NJO and FAM unpublished). All these lineages share their
referred ecotope, the palm Attalea butyracea.

R. ecuadoriensis occurs only in Ecuador and northern Peru,
here it survives under a wide range of climatic conditions

Abad-Franch et al., 2001; Cuba Cuba et al., 2002). Northern pop-
lations have adapted to Phytelephas aequatorialis palms, which
re endemic to the Western Ecuador moist forests but also
ccur in the southern half of the Northwestern Andean montane
orests. The two sister clades within the trans-Andean Rhodnius
ineage (pallescens-colombiensis and ecuadoriensis) are, therefore,
pparently allopatric, probably as a consequence of Pliocene oro-
enic vicariance (Gregory-Wodzicki, 2000; Abad-Franch et al.,
003b; Ribas et al., 2005). Southern Ecuadorian populations of
. ecuadoriensis are strongly synanthropic, especially across the

nter-Andean temperate valleys (Grijalva et al., 2005). Peruvian
opulations south of the Tumbes/Piura dry forests belong to a dis-
inct, relatively young (Pleistocene) lineage whose sylvatic ecotopes
n the semi-arid Andean ecoregions (and perhaps the northernmost

et Puna), where native palms are rare or absent, remain to be
escribed. They are commonly found infesting households, and a
ew records suggest that they may also occupy hollow trees (Cuba
uba et al., 2002).

.3.2.2. Orinoco-Guyana-Imerí. One particular trait of the Orinoco
rea of endemism is its ecoregional diversity. Small, well-
ifferentiated ecoregions cluster around the geologically and
limatically complex northern and eastern limits of the Orinoco sys-
em (WWF-TNC, 2001). Ecological segregation, eventually leading
o speciation, can, therefore, be postulated to have had an impor-
ant role in this subregion. A prediction of this hypothesis is that a
elatively large amount of endemic species should occur in the area,
nd the Rhodniini dataset provides partial support to this view.

Apart from R. neivai (endemic to the Maracaibo system), three
epresentatives of the ‘robustus lineage’ occur in the Orinoco: R.
rolixus, R. robustus I, and R. robustus IV (Monteiro et al., 2003;
avan and Monteiro, 2007). The distribution and relationships of
hese robustus genotypes suggest that R. robustus IV evolved in
he Guyanan area of endemicity and later colonised the northern
rinoco system. R. prolixus (which occurs in both Copernicia and
ttalea palms) and R. robustus I seem on the contrary to share a
ecent common ancestor that lived in the seasonally dry Orinoco
owlands; they are closely related to the newly discovered R. robus-
us V from Imerí (Abad-Franch and Monteiro, 2007). A vicariant
sammolestes population (Ps. arthuri) is a narrow endemic to the
rinoco system open woodlands and savannahs.

The relationships between natural populations of R. pictipes
rom northwestern Venezuela (particularly from areas north of
he Cordillera de Mérida) and Rhodnius n.sp. aff. pictipes (from the
elatively nearby Sierra Nevada de Santa Marta) have not been
etermined, but it would not be surprising if they belonged to the
ame taxon, which would then count as a subregional endemism. A
ecent revision showed that several morphological and chromatic
raits, including male genitalia structures, separate northwestern
enezuelan “pictipes” material (originally from the state of Lara)

rom descriptions based on Amazonian specimens (Aldana et al.,
003).
At least three OTUs occur in both the Orinoco and the Guyanan
reas of endemicity: R. robustus (IV), the widespread R. pictipes,
nd R. prolixus (which occurs in the transitional zones between
he Llanos and the Guyanan moist forests). R. robustus V may be
resent along the boundary between the Imerí and the Guyanan
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reas, but the potential barrier effect of the Negro River has not
een evaluated. R. amazonicus appears on the other hand to be a
arrow Guyanan endemic. R. paraensis occurs both in the Guyanan
rea and in eastern ecoregions south of the Amazon, and R. brethesi
as often been recorded in the Negro River campinaranas, where it

nfests piaçava fibre palms (Leopoldinia piassaba).
The Imerí area of endemism corresponds to a single ecoregion

hat encompasses the moist forests between the Negro and the
apurá/Solimões Rivers. Only one Rhodniini OTU (R. robustus V) may
e suspected of representing a narrow endemic to this area, but we
ave no information as to its actual distribution patterns (cf. Abad-
ranch and Monteiro, 2007). R. pictipes and R. brethesi also occur in
merí. It seems likely that R. robustus IV is present as well in this
coregion, but the considerations on the barrier effect of the Negro
iver (above) also apply here. The presence of R. robustus II in the
asternmost part of the Imerí is also plausible.

.3.2.3. Napo. Apart from what appears to be an evolutionarily old
arrow endemic (Rhodnius n.sp. aff. robustus) and a widespread
pecies (R. pictipes), the OTU composition of the Napo area of
ndemism seems to be transitional between the Orinoco-Guyanan-
merí and the Inambari-Rondônia clusters. It shares 1-3 OTUs with
he former (R. brethesi and perhaps R. dalessandroi and R. robustus
) and 1-2 OTUs (R. robustus II and perhaps R. robustus V) with the

atter.

.3.2.4. Inambari-Rondônia. The presence of R. brethesi in areas
outh of the Marañón/Solimões/Amazonas River (Lent and

ygodzinsky, 1979; Galvão et al., 2003) is somewhat dubious; this
pecies seems to be associated with L. piassaba palms, which seem
n turn restricted to the upper-middle Negro and upper Orinoco
ivers (Henderson et al., 1995). Ps. tertius is present in the Mato
rosso dry forests and the Cerrado, which border the Rondônia
rea of endemism to the east and southeast. Ps. coreodes may occur
n southern Inambari, particularly along the boundary with the
hiquitania dry forests. R. pictipes is present in most of this area
luster, but appears to be progressively substituted by R. stali in
he southwestern fringe, which corresponds to the western limit of
he central Brazilian shield. There, R. stali appears to be associated
ith Attalea phalerata palms (cf. Matías et al., 2003). R. robustus II

s widespread across Inambari-Rondônia, and R. robustus III is also
resent in the northeastern tip (Pavan and Monteiro, 2007).

.3.2.5. Pará-Belém. The rich Rhodniini fauna of the Pará-Belém
coregional cluster seems to be largely the result of secondary
mmigration of OTUs evolved elsewhere, with a relatively small
ontribution, if any, of local diversification. The specific status of
he only narrow endemic, R. milesi, needs to be confirmed; the
riginal description emphasised diagnosis based upon compari-
on with R. dalessandroi while ignoring obvious similarities with
embers of the robustus-neglectus-nasutus group (Valente et al.,

001). R. robustus III appears to be native of this area, but occurs
lso in the Maderia-Tapajós forests (see above). Other species are
hared with either the Guyanan area (R. paraensis, R. robustus IV),
ith the open/dry corridor (R. neglectus, R. nasutus, Ps. tertius), with

nambari-Rondônia (R. robustus II), or with most of Amazonia (R.
ictipes). These patterns of OTU sharing results in the unstable posi-
ion of the Belém area of endemism in the cladograms of Fig. 2(C),
here it appears as a sister area to either the Guyanan or the Pará-
ondônia clade, depending upon which OTUs are analysed (only

hose actually recorded in each area vs. those recorded and those
robably also present).

.3.2.6. Open/dry corridor. At least four species of Rhodniini (R.
eglectus, R. nasutus, Ps. tertius, and Ps. coreodes) probably evolved
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n the vast ‘arid diagonal’ of central South America (Ab’Sáber,
977), but none of them remained restricted to it to become a
arrow endemic. R. neglectus is widespread across the Cerrado
nd the dry forests of this corridor, where it occupies palms of at
east five genera and bird nests but may also invade and sporad-
cally colonise artificial structures (Gurgel-Gonçalves et al., 2008;
ee below). There are indications that geographic populations of
his species are genetically very little structured, which could be
xplained by either a recent range expansion of a formerly localised,
omogeneous gene pool or by an extreme vagility of the species
perhaps related to the passive carriage of eggs or small nymphs
y dispersing birds) (RG-G, unpublished data). R. nasutus seems
o be endemic to the Caatinga xeric shrublands, where Copernicia
alms are often infested, but may also occupy other palm gen-
ra in more humid ecoregions and in the relict premontane forest
n the Caatinga crystalline ridges and inselbergs (Costa, 2003;
ias, 2007; see below). The two southern Psammolestes species

Ps. tertius in the Cerrado and Ps. coreodes in the Chaco) are closely
elated to each other, and probably share a common ancestor with
he northern Ps. arthuri (see below). Trans-Amazonian vicariants
ave been identified in several taxonomic groups (e.g., Quijada-
ascareñas et al., 2007), and are probably also present in other

riatomines (e.g., T. maculata; see dos Santos et al., 2007; Abad-
ranch and Monteiro, 2007). Indeed, the sister-group relationship
f R. neglectus and the Orinoco-northern Amazon clade (R. prolixus-
. robustus I-R. robustus V) (Monteiro et al., 2000 and unpublished
ata) suggests that a similar mechanism, even if perhaps over differ-
nt time-frames, underlies the evolution of these vicariant groups.
nder this scenario, R. nasutus would have become isolated from

ts stem lineage before the diversification of the robustus-prolixus-
eglectus clade got started (Monteiro et al., 2000). The open/dry
orridor appears as basal to the rest of cis-Andean areas (together
ith the Atlantic/humid corridor, below) when area relationships

re estimated using only factual OTU records [Fig. 2(A) and (C)];
ess restrictive analyses (using all OTUs) tend to cluster these south-
rn corridors with neighbouring Amazonian areas [Fig. 2(C)], likely
ecause of spill-over of species across transitional border zones.

.3.2.7. Atlantic/humid corridor (and a closing note on the Psam-
olestes). R. domesticus is the only narrow endemic to this area.

t seems to represent an old lineage that evolved independently
or several million years in the moist Atlantic forests of central-
outhern Brazil (mainly along the Serra do Mar range), which were
onnected to Amazonian lowland moist forests until increasing
ridity began to foster the expansion of open formations in the
iocene (Cox and Moore, 2000; Monteiro et al., 2000; Costa, 2003;

bad-Franch and Monteiro, 2007). Southern and southeastern pop-
lations of R. neglectus also occur in the fringes of this corridor,
articularly in the interior forests that border the Cerrado to the
ast.

Ps. coreodes is the southernmost representative of the Rhodniini;
t has been recorded in the humid Chaco and in the savannahs of
he Argentinean Paraná-Uruguay interfluvial. As for the other two
pecies of this genus, it appears to have specialised in exploiting
rotected bird nest habitats. Available records suggest a preference
or the nests of the ovenbirds (Furnariidae) Phacellodomus spp. (all
hree Psammolestes), Anumbius sp. (Ps. tertius), and Pseudoseisura sp.
Ps. coreodes), even if other nests (of Dendrocolaptidae, Psittaciidae
nd, more rarely, Emberizidae) may also be colonised occasion-
lly (Lent and Wygodzinsky, 1979; Carcavallo and Martínez, 1985;

urgel-Gonçalves et al., 2004a). Phacellodomus, Anumbius, and
seudoseisura all build large, enclosed vegetative nests in the open, a
rait most likely derived and relatively recently evolved within the
ighly diverse family Furnariidae (among which cavity nests are
robably plesiomorphic) (Irestedt et al., 2006). Phacellodomus and
ica 110 (2009) 159–177

numbius belong to the subfamily Synallaxinae, the former being
asal, and phylogenetic reconstructions suggest that Pseudoseisura,
lassically ascribed to the Phylidorinae, also belongs to a derived
ynallaxine clade (Irestedt et al., 2006). Today, the Psammolestes
nd the synallaxines are both trans-Amazonian vicariants. We may,
herefore, tentatively propose that the Psammolestes arose as an
ndividual lineage in association with ancestral synallaxine furnari-
ds building large vegetative nests in open, semi-arid woodland and
avannahs.

.4. Conclusions

Albeit still incomplete, our coarse-grained overview of
acroscale biogeographical and ecological patterns among the

hodniini provides some comprehensive insights as to what major
echanisms and processes probably underlie biogeographical, eco-

ogical, and genetic diversification in this tribe of triatomines.
cknowledging that we traded detail for generality, and that many
f our proposals are ‘mere’ hypotheses, we now summarise the
even main points we derive from our results.

1) The Rhodniini (which should be considered as a single genus)
first evolved in the humid forests corresponding to the contem-
porary Amazon-Orinoco meta-system, probably in association
with palms and palm tree fauna (Gaunt and Miles, 2000,
2002; Abad-Franch and Monteiro, 2007). Two major extant lin-
eages derived from this ancestral stock: the ‘pictipes lineage’
(including the trans-Andean endemic taxa) and the ‘robus-
tus lineage’ (including the Psammolestes) (Abad-Franch and
Monteiro, 2007).

2) OTU counts per ecoregion suggest (without conclusively sup-
porting) that particularly dynamic diversification events took
place on non-flooded areas during the Miocene/Pliocene
marine transgression, with secondary colonisation of suitable
lowland forest ecoregions (particularly in western Amazo-
nia) by several lineages. Most of the observed OTU richness
“hotspot” ecoregions seem to correspond to contact zones
where dispersing taxa became sympatric after having evolved
elsewhere.

3) Ecological segregation/diversification was probably important
along the northern tip of the Andes and in the neighbour-
ing savannahs and dry lowland forests on both sides of
the cordillera. The clearly vicariant clade of endemic trans-
Andean species probably originated in this subregion in the
late Miocene and subsequently colonised a variety of ecore-
gions from Central America to northern Peru, diversifying under
the influence of Miocene/Pliocene Andean orogeny and, subse-
quently, of Pleistocene climatic fluctuations (Abad-Franch et al.,
2003a,b; Nores, 2004; Ribas et al., 2005).

4) Even if still speculative, we may put forward the hypothesis
that the ‘pictipes lineage’ first arose in the Orinoco-Guyanan
area of endemism in the Miocene, gave rise to the ancestors
of the trans-Andean lineage, and later dispersed southwards.
The lineages that gave rise to Rhodnius n.sp. aff. pictipes (Sierra
Nevada de Santa Marta and perhaps Cordillera de Mérida), to R.
amazonicus, R. paraensis, and R. brethesi (Guyanan-Imerí), and
to R. stali (westernmost central Brazilian shield) could have
become isolated as a consequence of the Miocene/Pliocene
marine transgression (Nores, 1999, 2004). The wide distribu-
tion of R. pictipes may be the result of a real post-speciation

range expansion or may be an artifact caused by an as yet
inadequate sampling of the diversity within this taxon; each of
these alternative hypotheses imply testable predictions that can
be suitably addressed by phylogenetic and population genetics
analyses of molecular data (Abad-Franch and Monteiro, 2005).
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5) Several relatively old (probably starting in the late Miocene
and stretching into the Pliocene) vicariant events led to the
isolation of endemic ‘robustus lineage’ taxa in the Brazilian
Atlantic forests (R. domesticus), the Maracaibo basin (R. neivai),
the equatorial Andes foothills (Rhodnius n.sp. aff. robustus),
and the Caatinga (R. nasutus). All these peripheral isolates cor-
respond to deep branches within the lineage (Monteiro et
al., 2000 and unpublished data); the fact that each of these
branches has only one terminal taxon suggests a role for local
extinction of former sister lineages. A trans-Amazonian vicari-
ant lineage, Psammolestes, probably predates these early events
and may have evolved in association with synallaxine ovenbirds
(Furnariidae).

6) More recent (late Pliocene-Pleistocene) cladogenetic events led
to the splitting of the robustus-neglectus-prolixus group, giving
rise to (i) a second trans-Amazonian vicariant (R. neglectus + [R.
prolixus-R. robustus I-R. robustus V]); (ii) a western clade (R.
robustus II, which would have colonised Inambari-Rondônia
secondarily); and (iii) a younger Guyanan-southeastern Ama-
zonian clade (R. robustus IV and R. robustus III). These patterns
were interpreted as providing support to the Pleistocene refugia
hypothesis (Monteiro et al., 2003) and, in a later reassessment,
as compatible with the marine transgression hypothesis (Conn
and Mirabello, 2007); they might in fact be a combination of
both, with early cladogenesis related to the marine transgres-
sion and later diversification related to climate shifts and their
consequences on the relative distribution, size, and connectiv-
ity of moist forests and open formations (Hooghiemstra and
Van Der Hammen, 1998).

The overall biogeographical-evolutionary patterns of the Rhod-
iini are complex but not necessarily unintelligible. As more data
n the phylogenetic relationships among OTUs accrue (including
ata from rare species such as R. paraensis or R. amazonicus, from
opulations of widespread species from as yet unsampled areas,
nd more precise dating of nodes in phylogenetic trees), our ability
o relate their patterns of descent with the historical biogeogra-
hy of the areas they live in will keep improving. The relative roles
f vicariance, long-distance dispersal, range expansion, and local
xtinction will be progressively clarified, and a coherent picture will
merge against which to test new discoveries and theoretical elabo-
ations. The information conveyed by this picture (where there are
ore species, where do certain species occur and where they do

ot, and why) will certainly help define more efficient vector con-
rol and surveillance strategies. The recent proposal that ecological
nd evolutionary factors should be partitioned to suitably inves-
igate the process of adaptation of sylvatic triatomines to human
nvironments (Abad-Franch and Monteiro, 2007) is an example of
ow these efforts may foster our ability to confront the challenge
f keeping Chagas disease incidence below acceptable rates in the
ong run. On the other hand, it is important to recognise that the
cological processes probably involved in the onset of triatomine
ynanthropism (habitat loss, food shortage, host switch, or a higher
requency of flight dispersal by adult bugs), and the responses we
an devise in order to lessen human-vector contact, all share the
ttribute of being mesoscale phenomena. Triatomine populations
dapt to anthropogenic environmental changes at the landscape
evel, and vector control-surveillance systems are designed and put
nto practice at the landscape level. It follows that many of the
uestions we should ask (and help answer) to improve the odds

f successful disease control are mesoscale (landscape) ecological
uestions: what vector species are present in a given locality or
ubregion?; which of those species can invade or colonise human
nvironments, and where?; what are the main ecotopes where
atural populations occur?; what are the main behavioural traits

t
s
G
r

ica 110 (2009) 159–177 169

f those populations?; and, finally, where and how should ento-
ological surveillance resources be allocated? We now present

n example of mesoscale investigation that addresses this sort of
uestions, focusing on two secondary vectors that occur through-
ut the open/dry corridor of northeastern and central Brazil, the
ear-sibling R. neglectus and R. nasutus.

. Vector systematics, ecology, and behaviour at the
esoscale: Rhodnius neglectus and R. nasutus in palm trees

f semi-arid Brazilian ecoregions

.1. Alpha-systematics of near-sibling taxa: geometric
orphometrics of Rhodnius neglectus and R. nasutus

.1.1. Introduction
R. neglectus and R. nasutus are two near-sibling species belong-

ng to the ‘robustus lineage’. Both are primarily associated with
alm trees in open formations with long dry seasons in central
nd northeastern Brazil, and both invade and sporadically colonise
uman environments. R. neglectus occurs across the open/dry corri-
or (mainly in the Cerrado) and in several neighbouring ecoregions.
. nasutus is apparently endemic to the drier Caatinga of north-
astern Brazil, but has also been collected in the Maranhão babaçu
orests (southeastern Amazonia) and in the Northeast Brazil dry
orests (Table 1). These two species may, therefore, occur in sym-
atry in transitional areas between their respective core ecoregions.

R. neglectus and R. nasutus can be identified by comparing chro-
atic patterns (of the body and antennae), and also differ in their

verall size (Lent and Wygodzinsky, 1979). Chromatic variation is,
owever, present in both species (Barrett, 1996), and size-related
raits are known to be sensitive to environmental stress in tri-
tomines (Dujardin et al., 1999; Abad-Franch et al., 2003a). Finally,
arry (1993) detected no clear-cut differences in male genitalia

tructures between R. neglectus and R. nasutus. A variety of molec-
lar markers can be used to identify dubious specimens, but costly
nd complex procedures are involved that make these techniques
nlikely to become routinely applied in vector surveillance in
he near future. Problematic triatomine species pairs can also be
eparated by numerical analysis of quantitative phenotypic traits.
ultivariate analyses of morphometric data can also be complex,

ut have the key advantage of making use of digital pictures of
natomical structures (wings and/or heads) that can be taken by
urveillance teams and sent by electronic media to a reference lab-
ratory. There, the analyses can be run and a response produced
ithin a few hours. Several recent studies show how geometric
orphometric approaches provide particularly valuable tools for

riatomine alpha-systematics, and suggest that they could signif-
cantly strengthen vector surveillance systems (e.g., Matías et al.,
001; Villegas et al., 2002; Gumiel et al., 2003; Schachter-Broide
t al., 2004; Dujardin et al., 2007; Feliciangeli et al., 2007; Gurgel-
onçalves et al., in press).

We tested the performance of geometric morphometrics in
dentifying adult bugs collected from palms in the state of Bahia
where Cerrado-Caatinga ecotones are common) as R. neglectus or
. nasutus. We compared these specimens with reference popula-
ions of known specific status, assessing whether size and shape
atterns can be used as taxonomic markers for this species pair.

.1.2. Materials and methods

Wings (n = 172) and heads (n = 180) from three R. neglectus and

wo R. nasutus populations were analysed (Table 2). R. neglectus
amples were collected from Mauritia flexuosa palm trees (see
urgel-Gonçalves et al., 2003, 2004a for details). The R. neglectus

eference sample came from a colony founded with topotype spec-



170 F. Abad-Franch et al. / Acta Tropica 110 (2009) 159–177

Table 2
Origin, habitats, geographic coordinates and number of wings and heads of Rhodnius neglectus, R. nasutus, and Rhodnius sp. populations used in geometric morphometric
analyses.

Population Origina Habitat Coordinates Wings Heads

Rhodnius neglectusb Araguaína, TO Palm trees (Mauritia flexuosa) 07◦28′S, 48◦22′W 25 32
Rhodnius neglectusb Alto Paraíso, GO Palm trees (M. flexuosa) 14◦09′S, 47◦33′W 26 32
Rhodnius neglectusb Buritizal, SP Palm trees (M. flexuosa) 20◦11′S, 47◦42′W 29 31
Rhodnius neglectusc Uberaba, MG Laboratory colony 19◦32′S, 48◦01′W 11 6
Rhodnius nasutusd Meruoca, CE Palm trees (Attalea speciosa) 03◦31′S, 40◦25′W 28 30
Rhodnius nasutusd Sobral, CE Palm trees (Copernicia prunifera) 03◦47′S, 40◦24′W 27 30
Rhodnius sp.b Curaçá, BA Palm trees (C. prunifera) 08◦59′S, 39◦54′W 17 10
Rhodnius sp.b São Desidério, BA Palm trees (M. flexuosa) 12◦22′S, 45◦51′W 9 9
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a Locality and state: TO Tocantins, GO Goiás, SP São Paulo, MG Minas Gerais, CE C
b Sylvatic populations.
c Colony from the Instituto René Rachou, Fiocruz (founder specimens collected in
d F1 generation from sylvatic populations.

mens and kept at the Centro de Pesquisas René Rachou (Fiocruz,
razil). Other bugs unambiguously identified as R. neglectus (from
he states of Tocantins, São Paulo, and Goiás) were also used in
he comparisons. R. nasutus populations were collected from either
. speciosa or Copernicia prunifera palms in the core area of the
pecies range (state of Ceará). Bugs were identified after Lent and

ygodzinsky (1979), with the exception of the samples whose spe-
ific status we aimed at testing (from Curaçá and São Desidério,
tate of Bahia), which were treated as ‘unidentified specimens’ in
he analyses (Rhodnius sp. in Table 2).

Right forewings were mounted on microscope slides and dig-
tally scanned. Six type I (venation intersection) and one type
I landmarks (Bookstein, 1991) were digitised. Heads were pho-
ographed with a digital camera adapted to a stereomicroscope
25× magnification). Eight head landmarks were used in morpho-

etric analyses. Landmark coordinates were recorded using the
oftware tpsDig 1.18 (Rohlf, 1999a).

We used “centroid size” (CS), an isometric size estimator derived
rom coordinate data (Bookstein, 1991), to analyse size variation.
S values were extracted from coordinate matrices using tpsRelw
ersion 1.18 (Rohlf, 1999b) and log-transformed. The generalised
rocrustes analysis superimposition algorithm (Rohlf, 1996) was
sed to compute non-uniform (partial warps) and uniform compo-
ents, which measure the deformation of each individual structure

n relation to a least-squares consensus configuration. Both uniform
nd non-uniform components were used in subsequent statistical
omparisons of the shape patterns of both species. Shape variables
ere computed using tpsRelw 1.18 (Rohlf, 1999b).

Size variation (wing and head CS values) among populations was
xplored by means of ANOVA and Tukey tests (alpha = 0.01). Shape
ariables derived from partial warps were used as input for mul-
ivariate Discriminant Function Analysis (DFA). We explored the
elationships between unidentified specimens and our R. neglectus
nd R. nasutus reference populations in terms of shape pattern-
ng. Populations of known status (R. neglectus and R. nasutus)

ere grouped a priori for computing discriminant scores, while
nidentified specimens from the sate of Bahia were incorporated a
osteriori into the analyses. Discriminant scores were then used
o construct factorial maps displaying the distribution of spec-
mens and populations in the shape space defined by the two
iscriminant factors. Convex hulls (polygons enclosing all speci-
ens within each group) were overlaid on the plots and individual

ots removed—except for unidentified specimens whose position
e wanted to examine. Finally, we measured the contribution of
ize to shape variation (allometry) using multiple regression of
hape discriminant factors against CS values (wings and heads). We
sed contingency table analysis and Kappa statistics (Landis and
och, 1977) to assess reclassification of specimens to their origi-
al putative groups. DFA, ANOVA, multiple regression, and Tukey

2

A
b
i

nd BA Bahia.

ype locality).

ests were computed with Statistica® (StatSoft Inc., Tulsa, OK, USA).
appa statistics were computed with JMP 4.0.2® (SAS Institute Inc.,
ary, NC, USA).

.1.3. Results and discussion
Clear size differences were detected among Rhodnius

pecies/populations for both wings and heads and for both
ales and females (wings: ♂ ANOVA F7,86 = 15.1; p < 0.01; ♀ ANOVA

7,70 = 28.5; p < 0.01; heads: ♂ ANOVA F6,76 = 13.7; p < 0.01; ♀
NOVA F6,75 = 39.8; p < 0.01). Average CS was larger in R. neglectus

CSwing = 0.68 ± 0.03 and CShead = 0.58 ± 0.03) than in R. nasutus
CSwing = 0.66 ± 0.03 and CShead = 0.55 ± 0.02) (t-test; p < 0.01).
hodnius sp. specimens from Curaçá were markedly smaller than
hose from São Desidério (t-test; p < 0.01). Further analyses (see
elow) suggested, however, that the Curaçá sample encompassed
ore than a single species.
Both wing (Fig. 3) and head shape patterning revealed

ignificant differences between R. neglectus and R. nasutus. DFA-
erived correct reclassification scores were high for both head
Kappa = 0.90) and wing (Kappa = 0.88) shape variables. Unidenti-
ed specimens from São Desidério were all indistinguishable from
ur R. neglectus reference populations, including the Fiocruz topo-
ypic stock. Some specimens from Curaçá fell also within the R.
eglectus cluster, while others were more similar to R. nasutus and
few had an intermediate shape pattern (Fig. 3). This is compelling
vidence that both species are sympatric (and infest C. prunifera
alms) in Curaçá, and calls for research on between-species ecolog-

cal interactions. We found no significant allometric trend in wings
R2 = 0.02; p < 0.01), but the second head shape discriminant factor
DF2) was significantly correlated with CS (R2 = 0.29; p < 0.01).

Entomologists working in Chagas disease vector surveillance in
ortheastern Brazil should be aware that R. neglectus and R. nasutus
an occur in sympatry in the state of Bahia and probably in other
ransitional zones between the Cerrado and the Caatinga. Our geo-

etric morphometric analyses could be envisaged as an example
f how these tools can be used to optimise surveillance systems.
he results show how species-level determination in the context
f vector surveillance could be significantly enhanced if a refer-
nce morphometric dataset were built against which unidentified
pecimens could be compared.

.2. The ecology and behaviour of Rhodnius neglectus and R.
asutus in palms trees of the Brazilian open formations
.2.1. Introduction
Lent (1954) described R. neglectus based on bugs collected from

ttalea palms in central Brazil (Uberaba, Minas Gerais) that had
een previously identified as R. prolixus. Subsequently, several stud-

es showed that the species was common in palm trees across



F. Abad-Franch et al. / Acta Tropica 110 (2009) 159–177 171

Fig. 3. Geometric morphometrics of near-sibling triatomine species: factorial map on the plane defined by the two discriminant factors of wing shape variation (DF1 and
DF2). The distribution of Rhodnius neglectus specimens from Goiás (GO), São Paulo (SP), Tocantins (TO) and the Fiocruz reference stock (FIOCRUZ); of R. nasutus specimens
from the state of Ceará; and of unidentified Rhodnius specimens from the state of Bahia (black squares and empty circles) is presented. The percent contribution of each DF
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o specimens of known specific status. The least-squares consensus wing configura
hape (end of the postcubital vein) between R. neglectus and R. nasutus.

entral Brazil, and particularly in the Cerrado (Barretto, 1979;
iotaiuti and Dias, 1984; Teixeira et al., 2001; Gurgel-Gonçalves
t al., 2003, 2004a). The species has since then been reported from
2 Brazilian states (Carcavallo et al., 1999; Galvão et al., 2003). Its
ynanthropic behaviour was described in early works—even before
ts description, when it was reported as R. prolixus (e.g., Martins et
l., 1940; Pellegrino, 1950; Correa, 1968). Most specialists agree that
. neglectus is not a major vector of human Chagas disease, in spite
f its wide distribution and its ability to colonise artificial envi-
onments (mainly chicken houses and dovecotes) (Barretto et al.,
968; Barretto, 1976; Diotaiuti and Dias, 1984). R. neglectus appears
n the list of triatomine species more frequently collected in house-
olds by Chagas disease control agents in eight Brazilian states
Dias, 2002), and plays an important role in the maintenance of T.
ruzi transmission in the wild (Gurgel-Gonçalves et al., 2004b). In
he periphery of Belo Horizonte (a 2.5 million-people city in Minas
erais), up to 60% of the dominant Acrocomia aculeata palms may be

nfested by R. neglectus, with a rate of T. cruzi infection approaching
6%; the finding of bugs within households is nonetheless consid-
red rare in the region (Diotaiuti and Dias, 1984).

The first evidence of widespread synanthropism in R. neglec-
us was provided by Silveira and coworkers, who surveyed 630
ouseholds (130 municipalities) of the Brazilian sates of Goiás
nd Tocantins (Silveira et al., 1984). R. neglecuts specimens were
ollected in 271 households (93 municipalities); peridomestic
tructures were infested in 57% of the households, and bugs were
ound inside 43% of houses. Intra-domiciliary colonies were first

etected in 1978, and became more common until extensive insec-
icide spraying campaigns began in 1983. R. neglectus is currently

candidate vector in Goiás (Oliveira and Silva, 2007) and over
he Pará-Maranhão border (where the landscape is dominated by
xtensive palm forests frequently infested by R. neglectus), but may

l
d
l
n
d

close individual points (which were deleted for the sake of clarity) corresponding
r each species is shown on the right; arrows indicate the main difference in wing

lso be of some importance in other Brazilian states (Silveira et al.,
984; Silva et al., 1999; Guilherme et al., 2001).

Much less is known about the ecology of R. nasutus. Its geo-
raphical distribution is restricted to the Brazilian northeastern
egion, including the states of Ceará, Maranhão, Paraiba, Pernam-
uco, Piauí, and Rio Grande do Norte (Lucena and Lima-Borba, 1977;
arcavallo et al., 1999; Galvão et al., 2003). The core area of this
ange corresponds to the semi-arid Caatinga, probably the least
tudied of all Brazilian biomes. Copernicia prunifera (the ‘carnaúba’
ax palm) is thought to represent the primary natural ecotope of
. nasutus, which feeds mainly on birds (Lent and Wygodzinsky,
979; Forattini et al., 1981; Alencar, 1987; Sarquis et al., 2004).
s with R. neglectus, this species sporadically invades houses and
ften colonises peridomestic structures, particularly thatched hen-
ouses (Alencar, 1987; Dias et al., 2000; Sarquis et al., 2004, 2006).

n the 1970s–1980s, R. nasutus ranked fourth among six triatomine
pecies found in artificial environments in the state of Ceará—and
ecame third after the elimination of T. infestans in the 1990s
Forattini et al., 1981; Alencar, 1987; Dias, 2007). Because the rates
f T. cruzi infection tend to be low in this largely ornithophilic
pecies, the contribution of R. nasutus to human Chagas disease
ransmission is generally thought to be minor (Forattini et al., 1981;
lencar, 1987). More recent surveys suggest, however, that over 27%
f R. nasutus can be infected by T. cruzi in the state of Ceará, a higher
ate than that recorded for other synanthropic vectors such as T.
rasiliensis (15%) or T. pseudomaculata (18%) (Sarquis et al., 2004).

In an attempt to improve our understanding of the main eco-

ogical features of these two near-sibling Rhodnius species, we
etermined infestation rates in a sample of 282 palm trees in five

ocalities within the two major semi-arid ecoregions of central-
ortheastern Brazil: the Cerrado and the Caatinga. We aimed at
escribing the patterns of palm tree infestation in these two open
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ig. 4. Mesoscale ecological features of Rhodnius neglectus and R. nasutus in the ope
he Caatinga (Ca). (1) Ponte Alta (state of Tocantins), (2) Jaraguá (state of Goiás), (3
state of Ceará).

ormations, preliminarily testing the null hypothesis that infes-
ation rates are homogeneous among palm species and across
ocalities and ecoregions.

.2.2. Materials and methods
In central Brazil, we surveyed three municipalities where R.

eglectus displays different degrees of synanthropic behaviour:
araguá (state of Goiás), where R. neglectus has been reported to
reed within houses; Montes Claros (Goiás), where the species was
ound in peridomestic environments but never inside dwellings;
nd Ponte Alta (state of Tocantins), from where R. neglectus had
ever been reported. All three sites are located within the limits
f the Cerrado, but Ponte Alta is closer to the Mato Grosso tropical

ry forests and southeastern Amazonia (Fig. 4). Most of the munic-

pality of Jaraguá is heavily deforested; native forests are restricted
o small pockets within an extensive matrix of crops and pastures
rom which some palm tree species seem to have become extinct. In
ontrast, anthropic environmental disturbance has been less exten-

s
C

f
a

corridor of central-northeastern Brazil: fieldwork localities in the Cerrado (Ce) and
tes Claros (state of Goiás), (4) Sobral (state of Ceará), and (5) Chapada do Araripe

ive in Montes Claros and Ponte Alta, where preserved landscapes
re still relatively common.

In northeastern Brazil, two areas within the state of Ceará were
nvestigated (Fig. 4). The first study area (municipality of Sobral)
s representative of the semi-arid Caatinga, with extensive low-
and (<100 m altitude) open formations dominated by Copernicia
runifera palms; more humid forests grow on the slopes and hill-
ops of crystalline ridges, where Atlantic winds provide moisture
hroughout the year; A. speciosa substitutes C. prunifera as the dom-
nant palm in these relict moist forests. The second site (Chapada
o Araripe) is also a mountainous area within the Caatinga; the alti-
udinal gradient is paralleled by vegetation changes from the arid
owlands to the more humid upland forests. The diverse flora of this

ubregion includes species and communities typical of the Cerrado,
aatinga, and moist Atlantic forests.

In each study site, a sample of dominant palm tree species was
elled and dissected for manual collection of triatomines (Diotaiuti
nd Dias, 1984). A total number of 282 palms of eight species was
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Table 3
Infestation of palm trees by Rhodnius spp. in the localities of Ponte Alta (state of Tocantins), Jaraguá and Montes Claros (state of Goiás), and Sobral and the Chapada do Araripe
(state of Ceará), Brazil.

Palm tree species Ponte Altaa Jaraguáa Montes Clarosa Sobralb Araripeb Total

S I % S I % S I % S I % S I % S I %

Attalea speciosa 20 16 80 0 – – 20 17 85 9 8 88.9 10 10 100 59 51 86.4
Attalea phalerata 20 0 0 9 4 44.4 20 9 45 0 – – 0 – – 49 13 26.5
Oenocarpus distichus 20 1 5 0 – – 0 – – 0 – – 0 – – 20 1 5
Mauritia flexuosa 20 19 95 0 – – 20 14 70 0 – – 10 9 90 50 42 84
Syagrus oleracea 0 – – 10 2 20 0 – – 0 – – 10 9 90 20 11 55
Acrocomia aculeata 20 8 40 7 4 57.1 20 10 50 0 – – 0 – – 47 22 46.8
Acrocomia intumescens 0 – – 0 – – 0 – – 0 – – 10 7 70 10 7 70
Copernicia prunifera 0 – – 0 – – 0 – – 17 10 58.8 10 8 80 27 18 66.7
T 0

I = num
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otal 100 44 44 26 10 38.5 80 5

a Localities where only Rhodnius neglectus was collected.
b Localities where only R. nasutus was found; S = number of palm trees surveyed;

urveyed: A. phalerata (‘aricuri’), A. speciosa (‘babaçu’), Oenocarpus
istichus (‘bacaba’), Mauritia flexuosa (‘buriti’), Acrocomia aculeata
‘macaúba’), Acrocomia intumescens (‘macaúba-barriguda’), Sya-
rus oleracea (‘guariroba’), and Copernicia prunifera (‘carnaúba’)
Table 3). Palm identification followed Lorenzi et al. (1996). Infesta-
ion rates were tested for random variation among palm species and
ocalities using contingency table analysis and Chi-squared tests as
mplemented in JMP 4.0.2® (SAS Institute Inc., Cary, NC, USA).

Bugs were identified after Lent and Wygodzinsky (1979)
nd their gut contents and salivary glands examined for try-
anosomatids under a light microscope. We performed precipitin
eactions (Siqueira, 1960) to identify bloodmeals in a subset of 351
ugs using a battery of nine antisera (human, bird, cat, opossum,
og, pig, bat, rodent, and lizard).

.2.3. Results and discussion
We collected triatomines in all five study areas. They were iden-

ified as either R. neglectus (bugs from Goiás and Tocantins) or R.
asutus (bugs from Ceará). Overall palm infestation index was 58.5%
95% confidence interval = 53%–64%), with highly significant differ-
nces between palm species (Pearson X2 = 80.6, 7 d.f., p < 0.0001)
nd across study sites (Pearson X2 = 30.3, 4 d.f., p < 0.0001 for local-
ties, and Pearson X2 = 23.7, 2 d.f., p < 0.0001 for states). The same
as true when comparing our two study ecoregions, with signif-

cantly higher palm infestation rates in the Caatinga than in the
errado (80.3% vs. 50.5%; Pearson X2 = 20.3, 1 d.f., p < 0.0001). A.
peciosa was the palm species most frequently infested (86.4%), fol-
owed by Mauritia flexuosa (84%) (Table 3). These two palm species

ere common in at least some parts of all our study sites, and
ere infested by R. neglectus (in Cerrado localities) and R. nasutus
within the Caatinga ecoregion); Syagrus oleracea did also harbour
oth triatomine species, but was absent from our survey locality

n Tocantins. Infestation rates were highest in palms of the Cha-
ada do Araripe (86%), and lowest in Jaraguá (38.5%). This trend was
eflected in the summary infestation rates by state, which were sig-

t
T
l
g
t

able 4
hodnius neglectus in palm trees of the Brazilian Cerrado: World Health Organisation den

alm species Number of palms Number of bu

Surveyed Infested Adult

ttalea speciosa 40 33 138
ttalea phalerata 49 13 10
enocarpus distichus 20 1 1
crocomia aculeata 47 22 145
yagrus oleracea 10 2 1
auritia flexuosa 40 33 90

otal 206 104 385

a Density = number of bugs collected/number of palms surveyed; crowding = number o
62.5 26 18 69.2 50 43 86 282 165 58.5

ber of palm trees infested; % = percent palm infestation.

ificantly higher in Ceará (80.3%) than in Tocantins (44%) or Goiás
56.6%).

R. neglectus was frequently found in A. speciosa and M. flexuosa,
ith an infestation rate of 82.5% in both palm species. The den-

ity of R. neglectus colonies seems to be higher in Ac. aculeata and
. speciosa palms (with an average of 13 and 10.8 bugs/infested
alm, respectively) than in other palm species, but may also be
lose to 7 bugs/infested palm in M. flexuosa (Table 4; see also
urgel-Gonçalves et al., 2004a). All these palm species have wide
eographical ranges in Brazil, and are commonly found in anthropic
andscapes. Both A. speciosa and M. flexuosa were, however, absent
rom our sampling area in the municipality of Jaraguá, where R.
eglectus has been found infesting houses and the landscape in
haracterised by extensive deforestation. In fact, only three large
alm species were seen in Jaraguá, whereas five of them were com-
on in Ponte Alta (where the bugs are still strictly sylvatic) and

our were identified in Montes Claros (where peridomestic infes-
ation is not rare). These observations suggest that deforestation
educes the diversity of palm tree habitats available to the bugs
nd their vertebrate hosts, thereby increasing the probability of dis-
ersing adult bugs reaching households. Palms tended to be closer
o households in Jaraguá than in either Ponte Alta or Montes Claros
mean distances <350, >420, and >760 m, respectively), a fact that
ould ease household invasion. Finally, the rates of natural infec-
ion by T. cruzi were also higher in Jaraguá (about 6%), but infected
ugs were found in all three survey localities and in all but one
alm species (Table 5). Infection by T. rangeli was only detected in
ugs from M. flexuosa palms collected in Ponte Alta (Diotaiuti et al.,
992).

The results of precipitin tests agree with the view that R. neglec-

us is mainly ornithophilic but may also feed on mammals (Table 6).
he fact that a large proportion of samples did not react against our
imited (see above) antisera battery (up to >80% in Ponte Alta) sug-
ests that these bugs may be much more eclectic in their feeding
astes than previously thought. The high fraction of non-reactive

sity and crowding indices.

gs WHO entomological indicesa

Nymph Total Density Crowding

219 357 8.93 10.82
38 48 0.98 3.69

0 1 0.05 1
141 286 6.09 13
10 11 1.1 5.5

139 229 5.73 6.94
547 932 4.52 8.96

f bugs collected/number of infested palms.
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Table 5
Natural infection by Trypanosoma cruzi among Rhodnius neglectus collected from six palm tree species in the municipalities of Ponte Alta (state of Tocantins) and Jaraguá and
Montes Claros (state of Goiás), Brazil.

Palm species Bugs examined and Natural Infection Indexa Total

Ponte Alta Jaraguá Montes Claros

Acrocomia aculeata 83 0 47 2.1 156 1.3 286 1.05
Attalea speciosa 145 1.4 0 – 212 3.3 357 2.52
Attalea phalerata 0 – 10 20 38 0 48 4.17
Syagrus oleracea 0 – 11 9.1 0 – 11 9.09
Mauritia flexuosa 150 2 0 – 79 0 229 1.31
Oenocarpus distichus 1 0 0 – 0 – 1 0
Total 378 1.3 68 5.9 485 1.9 932 1.93

a Natural Infection Index = percentage of bugs in which infection by Trypanosoma cruzi was detected.

Table 6
Feeding preferences of palm tree-living Rhodnius neglectus (Jaraguá and Montes Claros, state of Goiás; and Ponte Alta, state of Tocantins) and Rhodnius nasutus (Chapada do
Araripe, state of Ceará): results of precipitin reaction tests; all samples tested negative against human, dog, rodent, pig, and lizard antisera.

Species and locality Stage Antisera and % reactive samples Non-reactive
samples (%)

Number of samples
examined

Bird Cat Bat Opossum

Rhodnius neglectus Jaraguá Adult 31.25 0 0 0 68.75 16
Nymph 34.48 0 0 3.45 62.07 29
Total 33.33 0 0 2.22 64.44 45

Rhodnius neglectus Montes Claros Adult 56.78 0.85 1.69 0 40.68 118
Nymph 71.43 0 0 0 28.57 7
Total 57.60 0.8 1.6 0 40 125

Rhodnius neglectus Ponte Alta Adult 9.38 0 0 0 90.63 32
Nymph 29.63 0 0 0 70.37 27
Total 18.64 0 0 0 81.36 59

Rhodnius neglectus (total) Adult 45.18 0.60 1.20 0 53.01 166
Nymph 36.51 0 0 1.59 61.90 63
Total 42.79 0.44 0.87 0.44 55.46 229

Rhodnius nasutus Chapada do Araripe Adult 15.2 0 Nt 37 48.9 30a

Nymph 20 0 Nt 63.3 23.3 92a
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t = not tested.
a Three R. nasutus specimens (two nymphs and one adult) tested positive for both

amples in Ponte Alta seems to parallel the locally higher diversity
f palms, which might perhaps provide shelter to a more diverse
ertebrate fauna.

Natural infection by T. cruzi was more frequent in R. nasutus than
n R. neglectus. Almost 17% of R. nasutus from the Chapada do Araripe

ere infected, with a maximum rate of 21.5% in bugs collected in
. speciosa palms (Table 7). These triatomines appeared to be only
artially ornithophilic, with a high proportion of samples react-

ng against opossum antisera (>43%) in precipitin tests; a similar

umber of samples (42.6%) did not react against our antisera bat-
ery (Table 6). A detailed comparison of phenotypic traits revealed
triking chromatic and size-related variation in R. nasutus collected
rom either A. speciosa or C. prunifera palms in Ceará. While the lat-
er match the original description by Stål (small, brown-reddish

able 7
atural infection by Trypanosoma cruzi among Rhodnius nasutus collected from five
alm tree species in the Chapada do Araripe (state of Ceará), Brazil.

alm species Bugs NIIa

Examined Infected

ttalea speciosa 144 31 21.5
auritia flexuosa 15 1 6.7

opernicia prunifera 16 0 0
yagrus oleracea 148 29 19.6
crocomia intumescens 59 3 5.1
otal 382 64 16.8

a NII, Natural Infection Index (percentage of bugs in which infection by Try-
anosoma cruzi was detected).
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Nt 43.4 42.6 122

and opossum blood.

ugs), the former tend to be larger on average (but with simi-
ar overall head and wing shape) and markedly darker (Diotaiuti
t al., 2005; Dias, 2007). Both chromatic and size variation in the
bsence of shape divergence may be explained by adaptive pheno-
ypic plasticity related to microhabitat features, with the fixation
f substrate-matching hues (light-reddish in Copernicia and dark-
rown in Attalea) driven by predation pressure and size variation
y palm crown microclimate (drier-hotter in Copernicia than in
ttalea) (Gaunt and Miles, 2000; Abad-Franch et al., 2003a; Lorenzo
t al., 2003).

.2.4. Conclusions
Taken as a whole, the results of our mesoscale ecological survey

uggest the following:

1) R. neglectus is an ecologically versatile species capable of
exploiting diverse palm tree habitats and vertebrate hosts (pref-
erentially birds) in the wild.

2) R. nasutus is more eclectic and ecologically diverse than previ-
ously thought. It was only known to occur in C. prunifera and
A. speciosa, but we detected infestation of three further palm
species: Ac. intumescens, M. flexuosa, and S. oleracea; unpub-

lished observations (LD) indicate that it can also infest the nests
of furnariid birds built on trees in the Caatinga. We also con-
firmed that this species is common in the humid premontane
formations that punctuate the semi-arid Caatinga in northeast-
ern Brazil. R. nasutus palm populations exploit both avian and
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mammalian blood sources. Finally, our data suggest that micro-
habitat adaptations probably underlie phenotypic diversity in
R. nasutus, with chromatic and size variants associated with
different palm species.

3) The patterns of palm tree infestation by sylvatic populations of
R. neglectus and R. nasutus are heterogeneous at the landscape
scale; in our sample, palm infestation rates were higher in the
state of Ceará, intermediate in Goiás, and lower in Tocantins.
Palm trees were significantly more likely to harbour sylvatic
Rhodnius breeding colonies in the Caatinga than in the Cerrado.

4) Species-specific palm traits also seem to modulate the like-
lihood of infestation; architectural complexity, microclimate
traits, and host abundance/diversity are all possible (and very
probably not mutually exclusive) causes (Romaña et al., 1999;
Lorenzo et al., 2003; Abad-Franch et al., 2005).

5) Finally, deforestation and habitat loss may result in a higher
likelihood of contact between infected R. neglectus and humans
in central Brazil; vector surveillance efforts should, therefore,
concentrate in heavily deforested areas (rural or peri-urban)
where large palms are common near households. These dynam-
ics may very well not be restricted to our survey sites and
our target palm and triatomine species; other palms and other
Rhodnius species are probably subject to similar ecological
stressors in other subregions of Latin America, and may be
responding in similar ways.

. Final considerations

Integrating different spatial scales into a comprehensive frame-
ork represents a major challenge in ecological research (Levin,

992; Leibold et al., 2004). It entails the recognition that many,
ighly diverse factors and processes contribute to shape the pat-
erns of biological diversity, and that, as S.A. Levin (1992; abstract)
ut it, “there is no single natural scale at which ecological phenom-
na should be studied”. However modest, our present contribution
o this undertaking consists in highlighting the importance of
xplicitly considering different spatial scales in infectious disease
cology research. Each of these scales calls for specific questions,
nd this translates into such crucial methodological issues as the
ormulation of hypotheses, the deduction of predictions, the choice
f variables to be measured, the design of sampling strategies, the
nalytical treatment of the data, and the extension and depth of the
erived inferences and interpretations. In other words, we stress
he fact that ecological dynamics are strongly dependent on the
cale at which the phenomena of interest are considered, and that
coherent view of those phenomena can only be derived from the
nderstanding of multi-scale patterns (Levin, 1992).

In practical terms, we suggest that the development of epi-
emiological risk management tools is also scale-dependent. First,
oth macro- and mesoscale eco-epidemiological knowledge can be
sed for spatially explicit disease transmission risk modelling; the
erived risk maps may help optimise resource allocation for dis-
ase control-surveillance. Second, the identification of mesoscale
landscape) factors that can result in higher likelihood of contact
etween infected vectors and susceptible humans (e.g., biodiversity

oss, species-specific palm traits, and demographic or behavioural
hifts in vectors or reservoirs) can guide the design of site-specific
urveillance systems and, perhaps, also of environmental manage-
ent strategies to aid vector control (Abad-Franch et al., 2005).
inally, evidence-based eco-epidemiological wisdom can stimulate
and perhaps orient) the debate over the need for development
olicies that acknowledge the predictable effects of anthropic envi-
onmental transformations on public health. We anticipate that,
y helping define the distribution patterns and ecological prefer-

B
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nces of each vector species, multi-scale research will significantly
trengthen disease control-surveillance systems across Latin Amer-
ca.
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