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can, open in the upper end, painted with black acrylic paint inside
and outside, following the standard description of ovitraps used to
study mosquito larvae (Moriya 1974). Since the observations were
made during the rainy season, we did not add water to the traps but
let them [l naturally with rainwater. Traps were set on 9 September
2016. Traps were left in the eld for an average of 17 d.

Mosquito Collection

Mosquitoes were collected between 25 and 27 September 2016 from
the 29 traps we set. During mosquito collection, we emptied the con-
tent of each trap, measured its water volume, and then moved the
contents into a transparent tray. Any trap containing small larvae
(<5 mm length) was considered as positive for rst to third instar
larvae, but no further identi cation of mosquito species was done
due to the lack of reliable morphological characters for identi ca-
tion. Larger, that is, fourth instar, larvae (over 5 mm length) and
pupae were collected alive and brought to the lab for morphological
identi cation. Fourth-instar larvae were killed using 100% ethanol
and later identi ed, while pupae were allowed to emerge into adults
for identi cation.

For larval mosquito identi cation, we mounted specimens on
microscope slides with euparal medium, while adults emerged from
pupae were ash frozen. Larvae and adults were identi ed using
a taxonomic key for mosquitoes of Costa Rica (Darsie Jr 1993).
Vouchers for all the identi ed species were deposited in the Diptera
collection at Museo Nacional de Costa Rica.

Statistical Analysis

We summarized information about the ground cover using a prin-
cipal component analysis (Venables and Ripley 2002), where the rst
component, which accounted for 47% of the variability in the data,
was used as a metric for ground coverage (Chaves et al. 2015a). In
this ground cover index, positive values were associated with leaf
litter and tree cover, while negative values with concrete and bare
earth grounds.

We analyzed the quality of our species diversity sampling by
analyzing the total number of fourth-instar larvae species per trap
using a species accumulation curve built through the rarefaction
method (Colwell and Coddington 1994). Brie y, with the rarefaction
method, the expected number of species, that is, species richness, and
its standard deviation are obtained by sampling individuals based on
their abundance per sampling effort, which in the speci c case of this
study is an ovitrap. We also examined the patterns of clustering of
the Bray distances between sampling locations that had fourth-instar
larvae, and studied the association between those Bray distances and
geographical distance between the traps. To assess the signi cance
of the association between the Bray and geographic distances, we
employed a Mantel test based on the Pearson correlation, whose in-
ference was based on 1000 permutations. Brie y, the Bray distance
is a metric for the compositional dissimilarities between two sites.
This metric has a range between 0 and 1 where a value of 0 indicates
that species composition is the same for two sites and 1 that there is
no single common species between the two studied sites (Bray and
Curtis 1957). The Mantel test is a correlation test for two distance
matrices, which unlike a single correlation coef cient considers that
observations are distances between objects (Legendre et al. 2015).
For the cluster analysis, we employed an agglomerative nesting,
a method for hierarchical clustering, where ovitraps are clustered
based on their species similarity (Venables and Ripley 2002).

We also studied species richness and larval abundance, as func-
tion of the ground cover, canopy openness, water volume collected

in the ovitraps, study area, and trap height using regression trees.
Regression trees are a set of rules that can predict a response vari-
able when a series of nested conditions are met (Olden et al. 2008).
Regression trees is a powerful analysis technique that can capture
non-linear, as well as linear, relationships between a response vari-
able and a set of predictors (Faraway 2006), and without strict
assumptions about independence in the samples (Chaves 2010).
Moreover, the tting method is by itself useful for variable selection,
since covariates not informative for the generation of predictive rules
are discarded during the iterative process of model tting (Olden
et al. 2008).

All statistical analyses and maps were made using the language
R version 3.4.0. For the maps, we used the GISTools, rgdal, and
OpenStreetMap libraries. For the cluster analysis, species accumu-
lation curve, and to estimate and analyze the Bray distances, we
employed the libraries vegan and cluster, while the tree analysis was
made with the library rpart.

Results

Of the 29 traps set, a total of 26 had water, 25 had larvae (any in-
star), 21 had small larvae, 16 had large larvae, and two had pupae
(Table 1). We found eight species, which are listed in Table 1 which
also includes the total number of fourth-instar mosquito larvae
collected by area and trap height. Interestingly, the ovitraps with
Toxorhynchites hypoptes (Knab) had no small larvae or other mos-
quito species. We collected a total of 157 fourth-instar mosquito
larvae. The most common species were Trichoprosopon digitatum
and Culex secundus Bonne-Wepster & Bonne, with 49 (present in
NF, PF, and SF ovitraps, mainly at 150 cm) and 43 (present in NF
and PF ovitraps at 75 cm) individuals, respectively. On the other
extreme, the least common species was Sabethes chloropterus
with two individuals, which were found in NF ovitraps at 150 cm
(Table 1). We also found three individuals belonging to Wyeomyia
spp. Theobald, which although not identi able at the species level,
formed a unique taxonomic unit. We only collected three mosquito
pupae, two belonging to Tr. digitatum and one to Limatus durhamii
Theobald. The total number of larvae was similar between traps at
75 cm (a total of 82 fourth-instar larvae) and 150 cm (a total of
75 fourth-instar larvae), but pupae were only found at 75 cm. In
general, most of the species we found naturally colonize treeholes,
bamboo stumps, and arti cial containers (Table 2).

Figure 2 shows the species accumulation curve for our ovitraps,
where the three dry traps were not considered nor data from the
pupae. The attening of the curve suggests that our sampling effort
was large enough so that most species that could be sampled with
ovitraps were collected, during the season and conditions when our
traps were deployed, that is, that our species sampling was compre-
hensive for our collection method.

In general, most of the Bray distances in species composition among
ovitraps were close to one, signifying a large dissimilarity between
traps (Fig. 3A). However, in some instances, a few traps had the same
species, and in general, the clustering pattern suggests that there were
no major differences in the mosquito fauna between the primary and
secondary forest, as also suggested by the raw data in Table 1. Bray
distance in species composition and geographical distance between
ovitraps did not show any clear association (Fig. 3B). The Mantel cor-
relation between the Bray and geographic distances was f = -0.123
(P >0.918). The regression tree for the number of species in an ovitrap
as function of the environmental variables (Fig. 3C) explained a high
proportion of the variability in the data we collected (R? = 0.84). In
regression trees values at the end of the branches are predictions for
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Table 1. Mosquito species abundance by study area and ovitrap height

Study area Not forested (NF) Secondary forest (SF) Primary forest (PF)

Ovitrap height 150 cm 75 cm 150 cm 75 cm 150 cm 75 cm Total
Aedes podographicus Dyar & Knab 0 4 0 0 0 0 4
Culex corrigani Dyar & Knab 0 3 21 0 0 0 24
Culex secundus Bonne-Wepster & Bonne 0 10 0 0 0 33 43
Limatus asulleptus Theobald 0 0 0 0 0 3 3
Limatus durhamii Theobald 0 0 0 9 3 13 25
Sabethes chloropterus (Humboldt) 2 0 0 0 0 0 2
Toxorhynchites hypoptes (Knab) 0 0 1 1 1 1 4
Trichoprosopon digitatum (Rondani) 12 0 0 2 35 0 49
Wyeomyia spp Theobald 0 0 0 3 0 0 3
Small Larvae 3 3 3 4 4 4 21
Large Larvae 2 2 2 3 3 4 16
Pupae 0 1(2Tp?) 0 0 0 1(1Ldd) 23)
No. traps 5 5 4 5 5 5 29

In the table rows, Small Larvae ( rst-third instar), Large Larvae (fourth instar), and Pupae indicate the number of ovitraps (where the total number of traps set
is indicated in row No. Traps) that had mosquitoes in that ontogenetic stage. For the containers that had pupae, the species, and number of collected individuals,

are indicated within parentheses.
aTp = Trichoprosopon digitatum.
bLd = Limatus durhamii.

Table 2. Habitats of the collected mosquito

Species/Habitat AC BS GP TH T RP FPS FH FLW HFB
Aedes podographicus X X X X

Culex corrigani X X

Culex secundus X X X X X X X

Limatus asulleptus X X X X X X

Limatus durhamii X X X X X X X X
Sabethes chloropterus X

Toxorhynchites hypoptes X X X

Trichoprosopon digitatum X X X X X X
Wyeomyia spp X X X

In the Table an X denotes presence. This table is based on observations from Heinemann and Belkin (1977) and records at Museo Nacional de Costa Rica.
Habitats include: AC (arti cial container), BS (bamboo stump), GP (ground pool), T (tire), TH (tree hole), RP (rock pools), FPS (fallen palm fronds), FH (fallen
fruit husks holding water), FLW (fallen leaves holding water), HFB (heliconia ower bracts).

the set of rules leading to them. In Fig. 3C, the most basal node is the
canopy openness, meaning this is the most important variable associ-
ated with species richness patterns, where values below 0.27 (i.e., high
canopy cover) were associated with more species per trap. Similarly,
the number of species was largest in traps at 75 cm, where ground
cover was dominated by leaf litter and trees. On the opposite extreme,
no species were found when the canopy cover was low (i.e., openness
high) and grounds were mainly formed by concrete. The regression
tree for the number of collected larvae had a lower t (R?=0.44) than
the richness tree (R? = 0.84), and it shows similar patterns to the spe-
cies richness tree (Fig. 3D). Nevertheless, the most important variable
(basal branching node) was ground coverage, where a ground cover-
age dominated by leaf litter and trees had more fourth-instar mosquito
larvae. Canopy cover and water volume were also important to explain
mosquito abundance. High canopy cover (i.e., low canopy openness)
was associated with an increased mosquito abundance, while the rela-
tionship with water volume was non-linear, with more mosquitoes
being observed at certain, bounded, water volumes (below 134 ml).

Discussion

Our survey revealed new species records for Sarapiqui county, as
Aedes podographicus Dyar & Knab and Sa. chloropterus, both of

which were found in the NF area, were not reported by Heinemann
and Belkin (1977) or more recently by Calder n Arguedas et al.
(2012). Here, it is worth highlighting that Sa. chloropterus is a
Yellow Fever vector (de Rodaniche et al. 1956, Trapido and Galindo
1957) which often bites humans, and its nding in a residential area
(NF) deserves further inquire for its potential to transmit pathogenic
arboviruses to humans in Sarapiqui county. The use of ovitraps for
mosquito larval sampling in a mesoamerican neotropical rainforest
was successful, as we were able to sample eight taxonomic units out
of 68 taxonomic units (32 identi ed at the species level) recorded
at LSBS, using several sampling techniques not including ovitraps,
by Heinemann and Belkin (1977). We are con dent our sampling
was comprehensive for the conditions where and when traps were
set, given the attening of the species accumulation curve (Colwell
and Coddington 1994). Our data also showed that, as observed else-
where (Chaves et al. 2015a, Chaves 2016), mosquito species rich-
ness and abundance increased with forest canopy and in places were
the ground was dominated by standing vegetation and/or leaf lit-
ter. Thus, in the speci c setting of our study mosquitoes were more
abundant and diverse in the forested areas. Nevertheless, species
similarity patterns as function of geographical distance does not sug-
gest that the areas have differentiated faunas as product of distance
(Chaves et al. 2011), while the cluster analysis suggests that the two
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