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Abstract

Water-holding tree holes are main larval habitats for many pathogen vectors,
especially mosquitoes (Diptera: Culicidae). Along 3 years, the diversity and compos-
ition of mosquito species in tree holes of two neighbouring but completely different
environments, a city and its adjacent forest, were compared using generalized linear
mixed models, PERMANOVA, SIMPER and species association indexes. The city
area (Northwest Argentina) is highly relevant epidemiologically due to the presence
of Aedes aegypti L. (main dengue vector) and occurrence of dengue outbreaks; the
Yungas rainforests are highly biologically diverse. In total seven mosquito species
were recorded, in descending order of abundance:Ae. aegypti,Haemagogus spegazzinii
Brèthes, Sabethes purpureus (Theobald), Toxorhynchites guadeloupensisDyar and Knab,
Aedes terrens Walker, Haemagogus leucocelaenus Dyar & Shannon and Sabethes
petrocchiae (Shannon and Del Ponte). The seven mosquito species were recorded in
both city sites and forested areas; however, their mosquito communities significantly
diverged because of marked differences in the frequency and relative abundance of
some species: Tx. guadeloupensis and Ae. aegypti were significantly more abundant in
forest and urban areas, respectively. Positive significant associations were detected
between Ae. aegypti, Hg. spegazzinii and Hg. leucocelaenus. The combined presence
of Ae. aegypti, Haemagogus and Sabethes in the area also highlight a potential risk of
yellow fever epidemics. Overall results show an impoverished tree hole mosquito
fauna in urban environments, reflecting negative effects of urbanization onmosquito
diversity.
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Introduction

Tree holes are among themost abundant phytotelmata (i.e.,
plant-held waters; Kitching, 2000) in many tropical and tem-
perate forests. A variety of macro-organisms use these natural
cavities as larval habitat andmany species develop exclusively
in these sites. Since they are main container larval environ-
ments for many pathogen vectors, especially mosquitoes
(Diptera: Culicidae), tree holes may bemedically and econom-
ically important habitats (Yanoviak, 2001). AedesMeigen mos-
quitoes that transmit both dengue, chikungunya and zika
viruses are known to use tree holes as larval habitat in India
(Selvan et al., 2016) and in tropical rainforests of Nigeria,
Africa (Anosike et al., 2007). Aedes aegypti L., the main global
vector of dengue and urban yellow fever (Gubler, 2004) is usu-
ally linked to artificial containers, but immature stages have
also been collected from tree holes in different parts of the
world (Yadav et al., 1997; Marquetti et al., 2005; Anosike
et al., 2007; Hribar & Whiteside, 2010) including recently in
Argentina, Salta Province (Mangudo et al., 2011, 2015). Aedes
triseriatus (Say) is a common North American tree hole mos-
quito, which is regularly found cohabiting with predatory lar-
vae of Toxorynchites rutilus (Coquillett) in the southern USA
(Lounibos et al., 1993), and was also reported competing
with the invasive species Aedes albopictus (Skuse) (Lounibos
et al., 2001). Species of HaemagogusWilliston are of great inter-
est in South America because of their role in sylvatic yellow
fever transmission and some species of Sabethes
Robineau-Desvoidy are known to harbour and transmit this
and other arboviruses (Degallier et al., 1992). Even though
early researches recorded and attempted to control the vectors
or suspected vectors of yellow fever in tree holes (and other
phytotelmata), still little is known about their bionomics.

Mosquito species diversity may indirectly alter transmis-
sion risk, for example by limiting mosquito abundance (in-
cluding vector abundance) since any factor that reduces
vector abundance is expected to decrease the entomological
risk of disease transmission (Chaves et al., 2011). Moreover,
as more species cohabit, more interspecific interactions be-
tween vector and non-vector species are possible, which
may affect vector capacity. It has been shown for example,
that an increase in larval competition between Ae. aegypti
and Ae. albopictus enhanced the proportion of the latter that
transmits dengue virus (Alto et al., 2008). In other studies it
was observed that the presence of Ae. albopictus reduced the
survival of Ae. triseriatus larvae (vector of La Crosse virus in
the USA), but in turn, from the surviving larvae emerged big-
ger female mosquitoes that were more given to develop disse-
minated virus infections, thus affecting the pathogen
transmission risk (Bevins, 2008).

Culicids are being found in micro-ecological habitats dif-
fering from their known ecological habitats, such as the collec-
tion of Anopheles gambiae ss (Omlin et al., 2007) and An.
funestus, Giles typically found in ground ponds, in tree holes
in Nigeria, Africa (Anosike et al., 2007). The presence of sylvan
species in urban areas may be relevant if these species are or
become involved in arbovirus transmission. We recently
found larvae and pupae of Sabethes purpureus (Theobald) in

tree holes both in urban and forest environments in Orán,
Salta Province (Argentina). Although this species is commonly
assumed to be mostly restricted to the forest habitat, a higher
proportion of tree holes was positive in the urban compared
with the forest environment (Mangudo et al., 2014).

The aims of this studywere to further characterize themos-
quito fauna developing in tree holes in the Yungas rainforests
of Salta, Argentina, and to assess whether species composition
and diversity were similar between urban (San Ramón de la
Nueva Orán city) and adjacent forested areas. This region is
located within an area of high biological diversity (Malizia
et al., 2012; Szumik et al., 2012), combined with epidemio-
logical potential due to the presence of Ae. aegypti, the occur-
rence of dengue outbreaks and the recent introduction of
Chikungunya virus (Pan American Health Organization,
2017). Moreover, several provincial departments of Salta
within Yungas rainforest, including Oran, are considered as
potential risk areas for Yellow Fever by the World Health
Organization (WHO, 2014). They harbour a cebus monkey
(Cebus capella) potentially capable of supporting YF infection.
These characteristics make the region an interesting model to
study tree hole culicid communities and eventually their rela-
tion to the epidemiology of mosquito-borne diseases.

Materials and methods

Study area

San Ramon de la Nueva Orán, hereafter Orán, is a city in
northwest Argentina (23°08′S, 64°20′W, elevation 337 m.a.s.l.;
fig. 1). Covering an area of 20 km2, it is the second largest
urban centre of Salta Province with a population of approxi-
mately 82,000 (INDEC, 2010). Orán is located within the
Pedemontane rain-forest floor of the Yungas, where jungles
of Calycophyllum multiflorum Griseb (Rubiales: Rubiaceae)
and Phyllostylon rhamnoides (Poisoon) Taub. (Urticales:
Ulmaceae) and vines predominate (Brown et al., 2001). The
area has been subjected to changes related to human activities
(mainly urbanization, industrial development, agriculture and
forestry). The climate is subtropical, with an average summer
temperature of 27.7°C and winter temperature of 16.4°C. The
mean annual rainfall is 1000 mm, occurring mostly during the
warmer months (October–April).

The city is characterized by a densely built central area
where houses with small or no front yards predominate and
there are few low buildings. Suburban areas have a lower
building density with bigger gardens, more trees and are clo-
ser to the border with the seminatural region. Native Yungas
forest remains to the east, northeast and southeast of the city,
while the western and southern regions are mostly agricultur-
al (INTA, 2004).

Tree hole selection

Tree holes were inspected in 1213 trees in the main forested
areas of the city, including parks, sidewalks and areas within
the graveyard and the sports centre, as described in Mangudo
et al. (2014). Briefly, trees were examined to assess whether
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they bore holes up to 2 m above the ground that could hold
water. Additionally, trees were inspected within a square
area (50 × 50 m2) at three Yungas forest sites located at
0.5 km to the northeast, 7 km to the east and 4 km to the south-
east from the urban border. The forested areas were connected
to downtown by rural paths. Each tree was assigned to one of
three habitat categories according to its location and urbaniza-
tion degree: urban (central area of the city,with amean density
of 81 homes ha−1, and at least 40% built surface (including
roads)), suburban area (peripheral area of the city, with a
mean density of 23 homes per ha and 20% or less built surface)
and forest (out of the city, without buildings). Tree species and
the presence or absence of water-holding holes, as well as lo-
cation of trees with holes (Garmin global positioning system,
Garmin eTrex Legend, Olathe, KS) were recorded.

Entomological sampling

Sixty three (5%) of the trees examined had 69 holes that
held water. Tree holes types included pans formed as branch
intersection and rot holes (Mangudo et al., 2015). The presence
and volume of water and number of immature stages (larvae
and/or pupae) in each of these tree holes was recorded ap-
proximately once a month from January to April of 2011 and
from January toMarch of 2012 and 2013. The time frames com-
prise the season when rainfall is most likely to flood the tree
holes, based on previous (informal) observations, the capabil-
ity to retain water could not be sustained during the winter
drymonths. The average monthly rainfall of the sampling sea-
son was 135 ± 13 mm. Within a given month, inspecting all
water-holding tree holes took three to five consecutive days.
At a sampling date all water content was removed from the
tree hole using a siphon bottle, and thus the larvae found dur-
ing the following sampling date belonged to new cohorts
(Mangudo et al., 2014, 2015). Water contents were examined
on site in a white plastic tray to separate potential predators
and specimens were transported to the laboratory for further

processing. Larvae of the 1st, 2nd and 3rd instars and pupae
were reared either to the 4th instar or to adult emergence.
Taxonomic determinations were based on morphological
characteristics of 4th instar larvae and/or adults, using
Darsie (1985) and Forattini (1996, 2002) keys and species de-
scriptions. Abbreviations for mosquito genera and subgenera
are those proposed by Reinert (2009).

Data analysis

The set of Culicidae collected in a tree hole on a sampling
date was considered as a sample. To assess completeness of
the mosquito inventory, the sample coverage C, i.e. the total
probability of occurrence of the species observed in the refer-
ence sample (Chao & Shen, 2010; Chao & Jost, 2012), was esti-
mated for the community from each habitat category
considering the pooled samples from a habitat. Since mosqui-
toes lay their eggs in batches, and thus larvae of a species are
usually clumped in space, abundance-based rarefaction may
underestimate species richness. Thus, instead of species fre-
quencies, incidences (i.e. the number of positive samples for
a species) were considered for these analyses as recommended
by Gotelli & Chao (2013).

To compare overall species richness of the three habitats, a
species accumulation curve was estimated for each habitat
using sample interpolation (rarefaction) and extrapolation
(to less than twice the number of samples recorded in a
site) from the total number of samples collected on each
habitat, using the multinomial model (Colwell et al., 2012)
provided by EstimateS software (Colwell, 2013) (i.e. the ex-
pected number of species represented in m samples, given a
reference sample). The option to randomize samples with re-
placement was selected, whose advantage is that the variance
of the estimators is unconditional to the accumulation of
samples.

Species diversity per tree hole and sampling date was esti-
mated as the observed number of species (richness, S; diversity

Fig. 1. Location of study area and tree holes that harboured culicid larvae and/or pupae at least once, on sidewalks and parks in urban areas
(black figures) in the city of San Ramón de la Nueva Orán and within a square area (50 × 50 m2) at three Yungas forest sites (white figures)
located at 0.5 km to the northeast, 7 km to the east and 4 km to the southeast from the urban border, Salta Province, Argentina.
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of order zero) and computing the effective number of species
(or diversity of order one; see, for example, Jost, 2006).

1D = exp −
∑S
i=1

pi ln pi

( )
, (1)

where pi (importance value) = ni/N,N = total abundance of all
species, ni = abundance of species i, and ln() the natural
logarithm.

Generalized linear mixed models (GLMM) (Infostat;
Di Rienzo et al., 2014) were used to assess if mosquito diversity
per tree hole significantly differed between habitats.
Dependent variables were the effective number of species
and richness per tree hole per sampling date (assuming a
Poisson distribution), fixed effect was habitat (urban, subur-
ban and forest) and random effects were month and tree
hole. To evaluate if diversity was significantly different be-
tween tree hole type (branch intersection and rot hole) and
habitat GLMM (Infostat; Di Rienzo et al., 2014) were also
used; tree hole was the random effect.

To assess if there were differences in species composition
between habitats (urban, suburban and forest) a non-paramet-
ric multivariate analysis of variance (PERMANOVA) with
10,000 permutations based on Bray–Curtis distances was
used. The total of specimens from each species collected
in each tree hole per sampling date (data transformed to
ln(n + 1)) was considered a sample. To determine which spe-
cies contributed more to dissimilarity among tree holes for
those pairs of habitats that showed significant differences on
previous analysis, a SIMPER method (similarity percentage)
was used; it is available in Past software (Hammer et al., 2001).

Since no significant differences were found in species com-
position between urban and suburban habitats, those data
were regrouped in a ‘city’ category in order to explore if asso-
ciations of pairs of species were similar in comparisonwith the
forest. Significance of species associations (CAB) were analysed
using Cole’s C7 index (1949) by 2 × 2 contingency tables and χ2

(Hurlbert, 1969). At each sampling date, all water content (and
larvae + pupae) was extracted from the tree hole, therefore im-
mature found on two consecutive sampling dates belong to
different cohorts due to instalment hatching from different
flood events or colonization events. Only those dates when
both species of a pair were present were considered in order
to reduce seasonal segregation effects; furthermore, from this
data pool, species detected on less than five different trees
were excluded from the analysis to reduce samples depend-
ence on site.

Finally, Spearman rS non-parametric correlation was used
to assess if abundance and species diversity were related with
water volume. For all tests, a P-value < 0.05 was considered to
represent significant differences. Throughout the text, the re-
sults are presented as the mean plus/minus the standard
error.

Results

We collected 5498 immature culicids in 26 species of trees
from a total of 170 samples, belonging to seven species from
five genera, in descending order of abundance: Ae. aegypti,
Haemagogus spegazzinii Brèthes, Sa. purpureus, Toxorhynchites
guadeloupensis Dyar and Knab, Aedes terrens (Walker),
Haemagogus leucocelaenusDyar & Shannon and Sabethes petroc-
chiae (Shannon and Del Ponte) (table 1). In urban and subur-
ban environments, Ae. aegypti was the most frequent species,

no specimen of Ae. terrens or Sa. petrocchiae were detected in
urban tree holes, while Hg. leucocelaenus was not found in
the suburban samples. All species were found in the forest, al-
though Ae. aegypti occurrence was an exceptional event in this
habitat, in a tree hole within its flight dispersal range from the
city border (Mangudo et al., 2015).

Sampling efficiency (estimated sample coverage) was esti-
mated to be 0.98 or higher for each habitat, while rare species
coverage was 0.95 or higher for all habitats (table 1). Using the
method of Shen et al. (2002), less than one additional species
was predicted in a further survey of 100 samples from urban
(0 ± 0), suburban (0.3 ± 0.5) or forest (0.4 ± 0.7) habitats. Taken
together, the results of the present study indicate that the sam-
ples obtained provide adequate representation of the species
diversity at all three habitats.

Results of rarefaction–extrapolation curves were compared
among the three habitats considering 50 samples, which was
less than the double of the smaller number of samples
collected in any of the three habitats (following Colwell’s
rules; Colwell et al., 2012) (fig. 2). The 95% unconditional con-
fidence intervals of urban and suburban tree holes did not
overlap, indicating that mosquito richness in urban habitat
was significantly lower than in the suburban habitat. On the
other hand, the confidence intervals of forest richness fully
overlapped with those of urban and suburban habitats.
Following the conservative rule of overlapping intervals
proposed by Colwell et al. (2012), we inferred the overall
richness did not significantly differ between the forest and
urban habitats or between forest and suburban habitats.
However, when considering the species relative abundances,
the effective number of species of forest was 3.6 and 4.5
times higher than the urban and suburban environments, re-
spectively (table 1).

The richness (S) per tree hole (sample), on the other hand,
was relatively low (one species in 72% of the samples, and up
to four species in the remaining 28%) and no significant effect
of habitat type on this variable was detected (P = 0.72).
Consistently, the effective number of species per tree hole
was also low (ranging from 1.22 to 1.43 species) and did not
differ among habitats (P = 0.69) (table 2). Significant correla-
tions between diversity and water volume were not detected
either (Spearman rS = 0.10, P = 0.17). On the other hand,
there was a positive and significant correlation between larval
abundance andwater volume (Spearman rS = 0.36, P < 0.0001).
Mean water volume recorded was 239.8 ± 46.4 ml and ranged
from 10 to 3450 ml.

Significant differences in species composition among habi-
tats were found with PERMANOVA (F = 37.83; P = 0.0001),
being the forest different from urban and suburban environ-
ments (P = 0.0001); tree holes from urban and suburban envir-
onments did not differ significantly (P = 0.33) in their species
composition. The SIMPER analysis indicated that differences
among tree holes in the city (grouping urban and suburban
tree holes) and forest were mainly due to the higher abun-
dance of Ae. aegypti (contributing 49.07% to the dissimilarity)
and to a lower abundance of Tx. guadeloupensis (contributing
17.07%) in the city tree holes (table 3).

In the urban environment, in approximately half the tree
holes Ae. aegypti was always collected as a single species
(table 4). A similar pattern was observed for Tx. guadaloupensis
in the forest. In contrast, in most trees holes Hg. leucocelaenus,
Hg spegazzinii and Sa. purpureuswere collected at least once co-
existing with other species. Table 5 shows the number of sam-
ples each pair of species was collected together. Based on the
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C7 coefficient of association of Cole (1949), positive significant
associations were detected between Ae. aegypti–Hg. leucocelae-
nus (0.23 ± 0.09; coefficient of association ± standard error),
Ae. aegypti–Hg. spegazzinii (0.15 ± 0.05) and Hg. spegazzinii–
Hg. leucocelaenus (0.53 ± 0.14 in the city and 0.48 ± 0.16 in the
forest). Although Tx. gusdeloupensis was less frequently
found coexisting with other species (table 5), the coefficients
that could be assessed were not significant (−0.24 ± 0.36
with Ae. aegypti; −0.05 ± 0.29 with Hg. spegazzinii).

Discussion and conclusions

There is a growing interest in studying mosquito commu-
nities because of the potential influence of species diversity on
pathogen cycles and transmission. In the present study,

Ae. aegypti was widely detected in tree holes throughout the
city and was even predominant over other culicids collected
during the three years long research, being found positively
associated withHg. leucocelaenus andHg. spegazzinii. The pres-
ence of Ae. aegypti in tree holes may be relevant especially in
cities such as Orán, where small outbreaks of dengue are com-
mon and high densities of this vector increase the risk of large
epidemics as the one observed in 2009 which affected 18 pro-
vinces and about 26,000 people (Torres, 2010) or in 2016 with
more than 76,900 cases (Ministerio de Salud, 2016). As has al-
ready been discussed inMangudo et al. (2015), our only record
of Ae. aegypti in the forest was made in a partially disturbed
natural area, close to the urban border (300 m), and occasion-
ally visited by people through a rural path connectingwith the
city. Thus, Ae. aegypti occurs in close association with human

Table 1. Mosquito species collected (total number of specimens) in tree holes in urban and suburban environments of San Ramón de la
Nueva Orán and adjacent forested areas, Salta Province, Argentina.

Species Environment Total
number (%)

Average per tree
hole (range)1

Positive
samples (%)2Urban Suburban Forest

Ae. aegypti 2038 3022 9 5069 (92.2) 55.1 (1–733) 92 (54)
Ae. terrens 0 17 48 65 (1.2) 8.1 (1–23) 8 (5)
Hg. leucocelaenus 25 0 8 33 (0.6) 2.8 (1–9) 12 (7)
Hg. spegazzinii 91 21 27 139 (2.5) 3.9 (1–23) 36 (21)
Sa. petrocchiae 0 5 18 23 (0.4) 2.9 (1–5) 8 (5)
Sa. purpureus 63 38 4 105 (1.9) 4.6 (1–33) 23 (14)
Tx. guadeloupensis 10 3 52 65 (1.2) 1.2 (1–3) 53 (31)
Estimated sample Coverage3 1 (1) 0.98 (0.95) 0.99 (0.96)
Total richness 5 6 7
Effective number of species 1.47 1.17 5.22

1Average number per tree hole.
2Samples indicate total number of tree holes and sampling dates positive for Culicidae.
3Sample coverage C and rare species coverage in parenthesis.

Fig. 2. Species accumulation curves obtained using sample rarefaction and extrapolations (continued lines) from the total number of
samples collected on each habitat (urban in black and square, suburban in dark grey and circle and forest in light grey and triangle) in
San Ramón de la Nueva Orán, Salta Province, from a multinomial model, with 95% unconditional confidence intervals (CI 95%) (dotted
lines) (based on Colwell et al., 2012).
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populations and despite the availability of larval habitats, it
does not seem to establish in the forest.

Urbanization is one of the most severe land uses, causing
significant changes in the environment, creating a mosaic of
patches with different types of coverage (Alberti & Marzluff,
2004). In Brazil, mosquito species richness and diversity in-
creased from lower to higher forest cover and was highest in
sites with highest diversity and number of larval habitats
(Correa et al., 2014). Similarly, in Kenya, Africa, a significantly
lower mean number of mosquito species per sample was re-
corded in a peridomestic zone comparedwith two forested ha-
bitats (Lounibos, 1981). In the present study, we observed
lower global species richness in the urban compared with
the suburban environment. However, although the total num-
ber of species observed in the forestwas higher than in the city,
there were no significant differences in richness in the forest
compared with urban and suburban environments, which
may be related to the sporadic occurrence of Ae. aegypti and
Sa. purpureus in the forest. On the other hand, therewas a high-
er effective number of species in the forest compared with the
urban or suburban sites, explained by the higher abundance
and dominance ofAe. aegypti in the city comparedwith the for-
est tree holes. The higher richness we found in the suburban
habitats compared with urban, a transition area between the
urban and forest environments, may reflect the fact that
some culicid species adapted to wild or human environments
could find in the suburban sites intermediate conditions they
tolerate. Alternatively, species from wild areas could be spil-
ling over to the suburban areas, which could act as a sink habi-
tat. These diversity patterns were also found in other systems.
For example, Tóthmérész et al. (2011) studied diversity of cara-
bid beetles along a rural–urban gradient representing increas-
ing human disturbance. They found that the total number of
carabid species was significantly higher in the suburban area
followed by the rural area and was the lowest in the urban
area. Their results did not support what they expected, that
is, an increase in disturbance would monotonically decrease
diversity. The overall impact of urbanization is different on
different species; it depends for example on species habitat af-
finities (forest specialists or generalists) (Tóthmérész et al.,
2011).

When assessing local (sample) species richness or diversity,
i.e. per tree hole and date, no significant differences were de-
tected on richness or relative abundances (expressed as effect-
ive number of species). This could be due to the low number of
species that coexists in the same tree hole in a given date,
which typically ranged from one to three species.

We found significant differences on species composition
between tree holes located in forested environments and
urban or suburban tree holes. These differences were mainly

due to relative abundances and/or frequencies of Ae. aegypti
and Tx. guadeloupensis (table 4), being the former more abun-
dant in urban and suburban environments (and almost absent
from the forest) and the latter more frequent in the forest.

The genus Toxorhynchites includes mostly tropical mosqui-
toes; species of Toxorhynchites are usually found more fre-
quently and in higher abundances in vegetated zones
(Corbet, 1964; Lounibos, 1981). However, it must be noted
that in Orán the urban specimens were collected from tree
holes located both in the centre and in the western border
of the city (3 and 5 km approximately from the forest, respect-
ively), and no specimens were obtained from urban tree holes
closer to the eastern forested region. Thus, finding these larvae
and pupae in tree holes in the city would more likely indicate
the species actually dwelling in this urban environment,
instead of sporadic occurrence from forest dispersing
individuals.

The predatory genus Toxorhynchites is of particular interest
within tree hole mosquitoes as it exploits a different niche than
most other tree hole mosquitoes (which are browsers and filter
feeders) (Srivastava, 2005). In the present study, both in the
forest and in city areas Tx. guadaloupensiswas most frequently
collected as a single species (67% of the samples). All members

Table 2. Average mosquito species diversity (richness and effect-
ive number of species (expression 1)) per tree hole in urban and
suburban environments in the city of San Ramón de la Nueva
Orán and adjacent forested areas, Salta Province, Argentina.
Mean ± standard errors are shown.

Environment

Urban Suburban Forest

Richness (S) 1.38 ± 0.13 1.18 ± 0.21 1.30 ± 0.15
Effective number of
species

1.43 ± 0.23 1.22 ± 0.12 1.31 ± 0.16

Table 3. Mean abundances (ln(n + 1)) per tree hole and percentage
contribution to the dissimilarity between city (urban and subur-
ban) and forest (according to SIMPER analysis) of mosquito spe-
cies collected in tree holes, in the city of San Ramón de la Nueva
Orán and adjacent forested areas, Salta Province.

Species City Forest Contribution
MD= 93.4%

Ae. aegypti 2.26 0.04 49.07
Tx. guadeloupensis 0.07 0.56 17.07
Hg. spegazzinii 0.30 0.22 10.18
Sa. purpureus 0.23 0.05 7.04
Sa. petrocchiae 0.02 0.14 3.75
Hg. leucocelaenus 0.08 0.08 3.18
Ae. terrens 0.04 0.15 3.10

MD, Mean dissimilarity.

Table 4. Number of tree holes where each species was found per
habitat.

Total
tree holes1

City Forest

Single
W/
other Single

W/
other

Ae. aegypti 29 16 12 0 1
Ae. terrens 3 0 1 0 2
Hg. leucocelaenus 8 1 4 0 3
Hg. spegazzinii 15 1 7 2 5
Sa. petrocchiae 7 0 1 2 4
Sa. purpureus 14 3 8 0 3
Tx. guadeloupensis 22 1 3 12 6

Single: number of tree holeswhere the species was never found co-
existingwith another species.W/other:Number of treeswhere the
species was found at least once coexisting with other (one or more)
species.
1Number of tree holes that were positive at least once for a given
species.
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of the genus Toxorhynchites are obligate predators (Lounibos,
1981) and since the other culicid species are potential prey
for Tx. guadeloupensis, these results may be a direct conse-
quence of predation. On the other hand, they could be in
some extent the result of oviposition preferences, since the ovi-
position behaviour of adult mosquitoes is responsible for the
spatial occurrence of larvae (Lounibos, 1981). Further studies
are needed to confirm these hypotheses.

Some studies related the presence of Toxorhynchites with
more diverse mosquito communities in forested environments
(Corbet, 1964). Probably, this predator contributes to prey co-
existence by lowering their densities and alleviating their
interspecific competition (Mogi & Yong, 1992) or by selective
feeding on prey species (Bradshaw & Holzapfel, 1983).
However, a study in Kenya showed higher abundances of
Tx. brevipalpis Theobald in ecotonal and forested zones,
which yielded the highest species richness values, but found
no significant correlation between number of prey species
per sample and the presence of the predator (Lounibos,
1979). Consistently, in our study Tx. guadeloupensis was
found only in 28% of the samples holding more than two spe-
cies. Moreover, the effects of Toxorhynchites on potential prey
diversity observed in some studies have been opposed and
could partially depend on phytotelmata species. The presence
of Tx. haemorrhoidalis (Fabricius) significantly reduced the
mean number of taxa of potential prey in Heliconia spp., but
no significant effect on taxon richness was observed among
bamboo samples containing this predator (Lounibos et al.,
1987). Even though at tree hole level community diversity
(estimated as richness or effective number of species) was
similar, there were overall differences in species composition
between urbanised environments (urban and suburban) and
the forest; whether diversity patterns in tree holes in this re-
gion may be related to the presence of Tx. guadeloupensis is
not clear. Besides affecting species diversity, predators such
as Toxorhynchites that feed on vector mosquitoes may influ-
ence on their abundances and indirectly in their vector
capacity (Lounibos & Campos, 2002). We can speculate that
the negative association (albeit non-significant) between
Tx. guadeloupensis and Ae. aegypti could indicate (at least in
tree holes) that the first species may exercise partial control

over the second. However, effects of predators on mosquito
and their consequences for populations and for mosquito-
borne disease are not fully understood (Juliano, 2009).

In a previous-related work on Sa. purpureus, a species con-
sidered sylvatic and whose larval habitats are poorly known,
we extended its known geographic distribution (Mangudo
et al., 2014). Finding this species in Orán region, and particular-
ly in urban environments, is interesting for many reasons. On
the one hand, the species has been collected in essentially syl-
vatic biotopes (Guimarães et al., 2003; Cardoso et al., 2005;
D’Oria et al., 2010) and in forest patches within urban settings
(Reis et al., 2010), suggesting that it wasmostly restricted to the
forest habitat. The fact that larvae and pupae were collected
fromwater-holding tree holes, both in the urban and suburban
environments, suggests that in Orán immature stages of Sa.
purpureus complete their development in these larval habitats,
and thus environmental conditions are adequate for this spe-
cies to breed within an urban landscape; or its niche breadth
could be wider than the assumed.

Consistently with the fact that positive associations be-
tween species are relatively frequent among non-predatory
mosquitoes in container habitat such as tree holes (Sota et al.,
1994), significant associations detected in this studywere posi-
tive. We found both Hg. leucocelaenus and Hg. spegazzinii posi-
tively associated with Ae. aegypti in the city. H. leucocelaenus
was positively associated with Hg. spegazzinii regardless of
the habitat where the tree hole was located. In contrast, in
tree holes in a sylvan habitat in Chaco Province, Argentina,
Hg. spegazzinii showed the lowest values of temporal niche
superposition with Hg. leucocelaenus (Stein et al., 2011). In the
Atlantic forest of Rio de Janeiro, Brazil, Hg. leucocelaenus did
not show significant associations with other species oviposit-
ing at similar heights, but rather tree height segregation was
considered a strategy to reduce interspecific competition
(Alencar et al., 2016). Instalment hatching (i.e., variable egg
hatch in response to flooding), a bet-hedging strategy that al-
lows some larvae to complete development in transient envir-
onments, may temporally segregate species within a tree hole
(Lounibos, 1981). However, significant positive associations
were detected between Aedes and Haemagogus species show-
ing this behaviour (Lounibos, 1981; Alencar et al., 2014)

Table 5. Number of samples where two species were collected together.

Habitat Ae. aeg Ae. ter Hg. leu Hg. spe Sa. pet Sa. pur Tx. gua

Ae. aeg. City 64 (28) 3 (1) 5 (5) 18 (7) 0 10 (7) 3 (2)
Forest 0 (1) 1 (1) 0 0 0 0 0

Ae. ter. City 0 0 2 (1) 0 0 0
Forest 2 (2) 1 (1) 1 (1) 0 0 2 (2)

Hg. leu. City 1 (1) 5 (4) 0 2 (2) 0
Forest 2 (1) 4 (3) 1 (1) 0 2 (1)

Hg. spe. City 4 (3) 0 3 (2) 1(1)
Forest 5 (4) 1 (1) 1 (1) 5 (3)

Sa. pet. City 0 1 (1) 1 (1)
Forest 2 (1) 2 (2) 2 (2)

Sa. pur. City 6 (4) 2 (1)
Forest 0 1 (1)

Tx. gua. City 5 (4)
Forest 34 (16)

Number in parenthesis indicates number of tree holes those samples came from.
In bold single species occurrences.
Ae. aeg, Aedes aegypti; Ae. ter, Aedes terrens; Hg. leu, Haemagogus leucocelaenus; Hg. spe, Haemagogus spegazzinii; Sa. pet, Sabethes petrocchiae;
Sa. pur, Sabethes purpureus; Tx. gua, Toxorynchites guadeloupensis.
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suggesting that resource competition may not be a limiting
factor in this community. SinceAedesmainly exhibit shredding
or collecting-filtering feeding mode, while Haemagogus are
collector-gatherers (Merritt et al., 1992), food resource parti-
tioning may explain coexistence.

Haemagogus species have great interest due to their role on
sylvan yellow fever transmission in South America; particu-
larly Hg. spegazzinii has been collected mainly from tree
holes in high abundances in forested areas in Brazil and north-
east of Argentina, becoming relevant as potential vector of
sylvan yellow fever in the region (Stein et al., 2011). H. leucoce-
laenus is considered a secondary yellow fever vector in some
regions (Monath, 1988); however its role as the main yellow
fever vector was confirmed in southern Brazil (Cardoso
et al., 2010). The arboviruses Wyeomyia, Ilhéus, Maguari,
Tucunduba and Una virus have also been isolated from this
species (Karabatsos, 1985; Hervé et al., 1986). H. leucocelaenus
was suspected of transmission in outbreaks in Bolivia and
Argentina (Monath, 1988) and has received attention due to
its increasing medical importance (Forattini & Gomes, 1988).
As of December 2016, Argentina formally requested WHO
that the International travel and health (ITH) text on that coun-
try should be changed to state that yellow fever vaccination is
recommended only for travellers to the provinces of
Corrientes and Misiones (http://www.who.int/ith/yellow-
fever-risk-mapping/3rd-GRYF-meeting-report.pdf?ua=1).
However, the current 2017 outbreak of Yellow fever in neigh-
bouring Brazil has expanded to areas not considered as with
risk. It is speculated that changes in viral proteins may be in-
volved in this unusual event, as they may impact the capacity
of viral infection in vertebrate and/or invertebrate hosts
(Bonaldo et al., 2017). Hence, the relevance of the present re-
cord of immature stages in tree holes in Oran city and adjacent
forested areas.

Regarding tree hole features that may influence mosquito
fauna, we found that the number of culicid individuals in
tree holes in Orán was significantly and positively correlated
to water volume, as has been described for tree holes in
Panama (Yanoviak, 1999). Since water volume contained in a
tree hole can be used as a measure of its size (Yanoviak, 1999),
larger water volume would indicate larger tree holes; and
probably larger tree holes are less prone to dehydration, re-
taining water longer then harbouring bigger mosquito com-
munities. Several studies had shown positive correlations of
species richness and/or abundance with tree hole volume
(Lounibos, 1981; Sota et al., 1994). Tree holes contain relatively
few mosquito species on average (usually less than three) and
Srivastava (2005) suggested that this would be not because of
competitive exclusion (i.e. saturation) but rather due to the
high rate of drought disturbance in the system. This could be
one reason why tree holes in Orán harboured low (less than
two) average number of culicid species per sample both in for-
est and urban areas, since as they were small could be more
prone to dehydration. Our results agree with average local
(tree hole level) species richness values recorded in other stud-
ies; Lounibos (1981) reported similarmean number of tree hole
mosquito species per sample in two African forests (1.6 to 2.4,
excluding root buttresses, not considered in our study) and in
a survey in southwestern Japan, the median number of species
per tree hole was two (Sota et al., 1994).

Culicids productivity from tree holes is usually low com-
pared with artificial containers such as used tires (Burkot
et al., 2007), ranging from one to less than 20 larvae (Anosike
et al., 2007; Burkot et al., 2007; Mangudo et al., 2011). Even

though average numbers of most species collected were low,
considerably higher average numbers of Ae. aegypti immature
per tree hole were detected in Orán (55 ± 13, ranging from 1 to
733) (more details in Mangudo et al., 2015), highlighting the
relevance of these larval habitats as dengue vector production
sources. The combined presence of Ae. aegypti, Haemagogus
and Sabethes in the urban environment indicates a potential
risk of the study area of yellow fever and dengue epidemics
and other arboviral diseases.
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