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ABSTRACT Spatial and temporal abundance patterns of anopheline larvae and their relationships
with wetland conditions were studied in an endemic malaria area in northeastern Venezuela, where
Anopheles aquasalis Curry is the main vector. Larvae were sampled over a 2-yr period in 7 wetland
types (brackish and freshwater herbaceous swamps, mangrove swamps, freshwater ponds, clear-cut
marsh forests, small irrigation canals, and swamp forests), covering 3 environmental gradients
(salinity, aquatic vegetation, and habitat permanence). Twelve variables were quantified to describe
each habitat. Two species of anophelines were collected. An. aquasalis was the species with the
widest distribution, and its highest abundance was in the seasonal brackish mangrove habitat during
the rainy season. An. oswaldoi Peryassu was rarely encountered, but was mainly associated with the
dry season and with the permanent freshwater wetlands (such as ponds). Principal components and
correlation analyses revealed that the physicochemical (salinity, dissolved oxygen) variables of the
wetland were associated most strongly with the spatial distribution of both species. Variations in
salinity were strongly associated with the abundance of An. aquasalis. Both the occurrence and
abundance of An. oswaldoi were most closely correlated with dissolved oxygen. Changes in seasonal
abundance of both species were associated with rainfall. The relevance of these results to vector
control in northern Venezuela is discussed.
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MosqQuitoes (DipTERA: CULICIDAE) are often dominant
members of wetland ecosystems where the larvae play
an important trophic role as filter-feeders (Wallace
and Merritt 1980). Assuming that the species distri-
butions are nonrandom and predictable based on hab-
itat conditions, the characterization and interpreta-
tion of distribution and abundance patterns of
immatures can provide insight about how mosquito
communities are structured. Physical factors, such as
habitat permanence or degree of spatial heterogene-
ity, and biotic interactions, such as predation, are
known to influence wetland mosquito species assem-
blages (Batzer and Wissinger 1996). These generali-
zations are based on studies in temperate ecosystems
and it is uncertain whether they apply to Neotropical
mosquito populations because few comparative data
exist (e.g., Rejmankova et al. 1991, 1993).
Knowledge of mosquito distribution patterns is crit-
ical when considering the management of vector spe-
cies. In Mexico and Belize, for example, the determi-
nation of spatial and temporal distribution patterns of
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anopheline species has provided insights into the dy-
namics of malaria transmission, and has resulted in
efficient monitoring of vector breeding sites (Pope et
al. 1994).

Most studies on preadult anopheline ecology in the
Americas have been more descriptive than compre-
hensive (see review in Zimmerman 1992). However,
recent work on An. albimanus Wiedemann and An.
pseudopunctipennis Theobald in Mexico and Belize
have demonstrated a strong association between larval
distribution and the distribution of some habitat fac-
tors: cyanobacterial mats and filamentous algae (Rej-
mankova et al. 1991, 1993).

Anopheles aquasalis Curry is considered the main
coastal Plasmodium vivax malaria vector from north-
eastern Venezuela (Berti et al. 1993b) to southern
Brazil (Fleming 1986). Larvae of An. aquasalis have
been collected in brackish (Senior-White 1951, Berti
et al. 1993a) and fresh water habitats (Ayroza Galvao
et al. 1942, Berti et al. 1993a); in habitats with (Senior-
White 1951) and without, aquatic vegetation (Silvain
and Pajot 1981); and in permanent and seasonal wet-
lands (Berti et al. 1993a). Although these studies have
been mainly descriptive, with few attempts to relate
preadult distribution with any of those environmental
factors, they suggest that An. aquasalis is adapted to a
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Table 1. Wetland descriptions in northeastern Venezuela
Habitat (code) Water salinity Dominant aquatic vegetation species Habitat
permanence
Mangroves (M) Mesosaline Basin mangrove: Avicenia germinans Seasonal
Polysaline Coastal mangrove: Rhizophora sp., Seasonal
Laguncularia racemosa
Brackish herbaceous swamps (Bhs) Oligosaline Eleocharis mutata (emergent) Permanent
Mesosaline Eleocharis mutata (emergent) Seasonal
Freshwater herbaceous swamps (Fhs) Freshwater Typha dominguensis (emergent) Permanent
Cyperus articulatus (emergent) Seasonal
Ponds (P) Freshwater Cyperus sp. (emergent) Temporal
Typha dominguensis (emergent) Seasonal
Ludwigia affinis (emergent) Permanent
Lemna sp., Nymphaea sp. (floating)
Clear-cut marsh forests (Cemf) Freshwater Colocasia sp. (emergent) Temporal
Lemna sp., Pistia sp. (floating)
Canals (C) Freshwater No aquatic vegetation Temporal
Swamp forests (Sf) Freshwater No aquatic vegetation Temporal

broad range of ecological conditions, and that separate
studies for each particular geographic area must be
made to understand and explain species distribution.

The study reported here was conducted to deter-
mine the spatial and temporal distribution of
anopheline species in relation to breeding site condi-
tions in a diversity of wetlands in a malaria endemic
area in northeastern Venezuela. Gradients of 3 envi-
ronmental parameters were chosen for this purpose.
The parameters were water salinity, aquatic vegeta-
tion, and annual habitat permanence. These gradients
can be interpreted as measures of adversity (South-
wood 1977), structural heterogeneity (Orr and Resh
1989), and frequency of habitat disturbance (Schnei-
der and Frost 1996), respectively. They are considered
critical axes along which the wetland mosquito com-
munities should be organized (Batzer and Wissinger
1996).

The information gathered in this study should con-
tribute to the understanding of species assemblage
patterns of Neotropical mosquitoes and will help form
the basis for future integrated control programs for
malaria vector control in northeastern Venezuela.
This study is part of a multidisciplinary effort (bio-
systematic, ecological, and vector control) aimed at
the control of An. aquasalis larvae with the use of
biocontrol agents (see Delgado et al. 1998, Grillet et al.
1998).

The specific objectives of the study were to char-
acterize physicochemical, structural, and biotic fac-
tors in the larval mosquito habitat; describe spatial and
temporal patterns of mosquito abundance in relation
to selected environmental parameters; and identify
the factors that influence the abundance and distri-
bution of mosquito species in the habitat.

Materials and Methods

Study Site. The study was carried out in the south-
ern coastal lowland areas of the Paria Peninsula (10°
17" N, 63° 57" W), 0-10 km from the littoral zone, in
Sucre State, northeastern Venezuela. Annual mean
temperature is 27-28°C and total annual rainfall is
1,200-1,700 mm, with a rainy season from May to

November and a dry season from December to April.
The vegetation is dominated by deciduous forests, a
relatively undisturbed area of coastal mangroves, and
herbaceous and woody swamps (Huber and Alarcén
1988). Aquatic habitats were classified using 3 param-
eters: water salinity, the dominant species of aquatic
vegetation (>60% of cover vegetation), and habitat
permanence. Categories of salinity for wetlands were
freshwater, oligosaline, mesosaline, and polysaline and
refer to saline contents of <0.5,0.5-5, 5.1-18, and >18
ppt, respectively. Habitat permanence was deter-
mined as the number of months per year the habitat
contained any standing water. Permanent wetlands
are wet all year. Seasonal wetlands are dry for 3 or 4
mo each year. Temporal wetlands are dry for 6-8 mo
each year. The first 14 mo of the sampling period in this
study provided the basis for defining habitat perma-
nence. Within the categories for habitat permanence,
the term marsh applies to wetland having marked
seasonal fluctuations in moisture conditions ranging
from water-logged, in the rainy season, to dry in at
least the upper layers of the soil in the dry season
(Fanshawe 1952). When the term swamp is used, it
means that the soil is rarely dry; the land may be
inundated year-round, or for varying periods, and that
it has a high water table (Fanshawe 1952).

Habitat Types. Seven wetlands were chosen as a
representative and contrasting subset of natural wet-
lands prevailing in this region. These differed in size,
shape, and substratum type and were termed brackish
and freshwater herbaceous swamps, mangrove
swamps, freshwater ponds, clear-cut marsh forests,
small irrigation canals, and swamp forests. A brief
description of each habitat type is given in Table 1.

Temporal Sampling Design. To determine the tem-
poral (within year) distribution of Anopheles species,
a sampling was performed at 10 sites, 2 of each habitat
type (mangrove, brackish and freshwater herbaceous
swamp, pond, and clear-cut marsh forest), at ~3-wk
intervals over a 14-mo period (July 1993-August
1994).

Spatial Sampling Design. To determine spatial
(among habitats) distribution of Anopheles species, a
sampling was carried out at 28 rainy season (corre-
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sponding 4 mangrove, 6 brackish herbaceous swamp,
3 freshwater herbaceous swamp, 4 pond, 3 clear-cut
marsh forest, 4 canals, and 4 swamp forest habitats)
and 16 dry season sites (corresponding 1 mangrove, 3
brackish herbaceous swamp, 5 freshwater herbaceous
swamp, 2 ponds, 4 canals, and 1 swamp forest habitats).
Accessibility and extensive time needed to make the
sampling limited the number of sampled sites in each
habitat type. Each site was visited once at each occa-
sion (October 1994, corresponding rainy season, and
February 1995, corresponding dry season), although
many of the sites previously surveyed in the rainy
season were dry during the dry season. The temporal
sampling provided the basis for selecting these 2 mo in
which the highest (October) and lowest (February)
larval abundance of An. aquasalis (the dominant
anopheline species of the study area) was observed.

Mosquito Sampling. Larvae were sampled with a
long-handled dipper (1.5 liter), and the number of
larvae per dip was calculated from 30 such samples
from each collection site. Dipper samples were made
in a transect at 1.5-m intervals, 2-3 m from the shore.
Samples were always taken by the same individuals.
During each sampling, the habitat was visited at the
same morning (0700-1100 hours) or afternoon (1500 -
1800 hours) hours, every month (temporal sampling)
or season (spatial sampling). Third- and 4th-instar
larvae and pupae of anophelines were picked from the
dipper sample, transported to the laboratory, and
reared to the adult stage; the associated larval and
pupal exuviae were used for species identification
using the characters described by Cova Garcia and
Sutil (1977) and by Faran and Linthicum (1981). Wa-
ter from each sample was sieved through a 0.5-mm
mesh screen, and the samples were preserved in 80%
ethanol (20 ml volume) to enable identification of all
anopheline larvae in each sample.

Environmental Variables. At each occasion a site
was visited; 12 variables were measured previously in
the environment. The 12 variables were as follows: (1)
habitat permanence (permanent, seasonal, or tempo-
ral), (2) type of dominant aquatic vegetation (emer-
gent, floating, or submerged), (3) total cover of dom-
inant aquatic vegetation (mean from 6 replicates; 0.5
by 0.5-m quadrats; Braun-Blanquet method, Mueller-
Dumbois and Ellenberg 1974), (4) mean height of
emergent dominant vegetation above the water sur-
face (6 replicates), (5) chlorophyll a content (Wetzel
and Likens 1991), (6) mean water depth (6 repli-
cates), (7) temperature, (8) pH, (9) salinity, (10)
alkalinity, (11) dissolved oxygen, and (12) dissolved
carbon dioxide. Portable field meters were used for pH
(model 5996 -70, Cole Palmer, (Chestertown, MD)),
and for salinity and water temperature (model 33,
YSI). Chemical Kits (Standard LaMotte, LaMotte
Chemical, (Vernon Hills, IL.) ) were used for dissolved
oxygen, dissolved carbon dioxide, and alkalinity. Spot
measures were made for variables 7-12 at the depth of
mosquito sampling (up to 17-20 cm below the surface)
in 1 site chosen randomly in the wetland. Phytoplank-
ton density was estimated by measuring chlorophyll a
concentration at each collection site from a 500-ml
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sample of water taken 30 cm below the surface in a
plastic bottle, with the sample concentrated to 2
Whatman (0.45 um) GF/F filters (Whatman, Hills-
boro, OR) and stored at 4°C in the dark. Chlorophyll
a was extracted from each filter sample using 90%
methanol (for freshwater samples) or acetone (for
saline water samples). Extractions were performed in
the dark for 24-h. Spectrophotometric readings were
made at 665 and 750 nm, before and after acidification
of each sample (with HCI), to correct for chlorophyll
degradation products in the sample (Wetzel and Lik-
ens 1991).

Data Analyses. The log;, (x + 1) or log;, transfor-
mation (larval abundance, height of dominant emer-
gent vegetation, chlorophyll @ content, water depth,
salinity, alkalinity, dissolved oxygen, and dissolved
carbon dioxide) and angular transformation (total
cover of dominant aquatic vegetation) were made
before the statistical analysis (Zar 1999). The data
from each temporal and spatial sampling period were
analyzed separately. For the temporal analysis, data
for the 2 sites within each of the 5 wetland types were
combined. Similarly, in the dry or rainy season spatial
sampling, the samples of each wetland type were com-
bined. We used a multivariate approach, principal
components analysis, to elucidate environmental gra-
dients in the studied wetlands (ter Braak 1987). Prin-
cipal component analysis was carried out to reduce
and order the environmental data into a smaller num-
ber of statistically independent principal components.
Each principal component is a linear combination of
the original habitat variables, with each successive
principal component accounting for a smaller percent
of the variation in the original data set. A preliminary
examination of the habitat data suggested that a linear
description of relationships among habitat variables
was reasonable. Interpretations of each principal com-
ponent was based on Pearson correlation analysis be-
tween scores of derived environmental components
and the original habitat data (Ludwig and Reynolds
1988). Similarly, the association between abundance
of Anopheles species and scores of derived environ-
mental components was determined by correlation
analysis, because a linear description of species—habi-
tat relationship was suggested (ter Braak 1987). Spear-
man nonparametric correlation analysis was used to
correlate rainfall with larval density in each habitat. A
Student ¢-test was used to compare the mean density
of different anopheline species within each sampling
period. All statistical tests were considered significant
at P < 0.05. The analysis were performed using the
Multivariate Statistical Package (MVSP 1998) and the
Statistica for Windows Package (Statsoft 1995).

Results

Habitat Characterization. Overall, mangrove
swamps were the most brackish wetlands, with high
dissolved carbon dioxide and phytoplankton content,
and with fewer aquatic macrophytes (Tables 2 and 3).
Ponds were the habitats with the warmest and most
oxygenated waters, with great values of phytoplank-
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Table 2. Environmental variables (mean x SE) used to characterize the wetlands, during the temporal sampling

Habitat types

Variables
Bhs (n = 26) Fhs (n = 26) Cemf (n = 13) P (n = 20) M (n = 20)
Depth, cm 284+ 1.7 40.3 = 3.3 184+ 1.3 24.6 = 2.0 19+ 1.7
Vegetation cover, % 624+ 54 81.1 = 3.7 5298 60 = 6.0 3976
Vegetation ht, cm 67.6 =52 239 + 12.2 95 =52 119 = 15.0 11 = 3.6
Temp, °C 281 *04 28.6 = 0.3 28 = 0.7 30 = 0.6 27+ 0.8
pH 6.7%+0.2 71202 7.0=0.1 71 %01 6.0 0.4
Oxygen, ppm 1.4+0.1 1.8+02 1.2*+02 3.6 +0.5 09 +0.2
Salinity, o/00 07+0.1 0.3+0.1 0 0 15.0 + 2.0
Alkalinity, ppm 240 = 30 179 + 8.8 227 + 18.5 113 = 145 139 = 25
CO,, ppm 41542 329 *32 53+ 8.0 22.5 = 2.6 106 + 33
Chlorophyll, ug/L 28.7 5.7 320*70 23 +13.0 61.0 = 13.7 60 = 16

Bhs, brackish herbaceous swamps; Fhs, freshwater herbaceous swamps; Cemf, clear-cut marsh forests; P, ponds; and M, mangroves. n, Total
number of sampling occasions in each habitat type (2 wetlands for each habitat type were sampled).

ton, and low content of dissolved carbon dioxide and
alkalinity. Freshwater herbaceous swamps were
deeper and with larger emergent vegetation than
other habitats. Canals were the wetlands with the
lowest amount of phytoplankton, and with high values
of oxygen and pH (Tables 2 and 3).

Three principal components (PC) explained 59.2,
60.2, and 69.6% of the total variance based on the
environmental variables measured during the 3 sam-
pling periods, respectively (Table 4). The 1st principal
component was a linear combination with high loads
on the chemical variables such as salinity and carbon
dioxide, describing a strong salinity gradient that sep-
arated the polysaline and mesosaline habitats (man-
groves and brackish herbaceous swamps sites laying
on the right or positive side of PC1) from the rest of
freshwater wetlands (sites laying on the left or neg-
ative side PCI). Additionally, the 1st axis separated

mangrove from other habitats based on the absence of
macrophytes and low depth. PC2 was a linear com-
bination with high loads on water alkalinity, emergent
aquatic vegetation and oxygen, describing mainly an
alkalinity gradient during the temporal and rainy sea-
son spatial sampling, and a weaker heterogeneity gra-
dient (or aquatic vegetation gradient) during the dry
season spatial sampling. In the alkalinity gradient, sites
with high PC2 scores (on the positive side of PC2)
were sites of high alkalinity but without aquatic veg-
etation (canal habitats). In the heterogeneity gradi-
ent, sites with high PC2 scores were sites with emer-
gent aquatic vegetation but little oxygenated
(freshwater herbaceous swamps). Finally, PC3 axis
separated sites with low dissolved oxygen (the clear-
cut marsh forest sites ordenated on the positive side of
PC3) from sites with high dissolved oxygen (pond
habitat sites ordenated on the negative side of PC3),

Table 3. Environmental variables (mean * SE) used to characterize the wetlands, during the spatial sampling
Habitat type
Variables BHS Fhs Cemf “ P M" C St P
(n = 6) (n =3) - (n = 4) - (n = 4) _
(n=3) (n=5) (n=3) (n=2) (n=4) (n=4) (n=4)
Depth, cm 20 £ 5.0 34*41 15+52 28 £52 20 = 6.6 24+28 13+0.9
16 =14 29+ 6 — 26 = 11 — 27+ 49 —
Vegetation cover, % 69 = 11 60 = 12 65 = 18 46 = 95 42 =18 23 £ 18 4389
20 £ 7.7 51 £20 — 62 = 23 — 36 7.0 —
Vegetation ht, cm 71+10 208 + 27 91 £19 99 £ 18 27+ 13 77 *15 0
63 £ 5.9 216 = 35 — 110 = 56 — 36 =17 —
Temp, °C 28 0.5 28 £ 0.9 22+ 7.7 29 + 1.3 27 0.5 28 £ 0.3 26 04
26 £ 0.1 27+ 0.1 — 31+02 — 29 £ 0.0 —
pH 6.0 £0.3 7.0x£0.1 6.8 £ 0.0 6.5 0.1 6.8 0.1 6.9 02 6.9 * 0.2
73+0.1 77*01 — 7303 — 8.2+ 0.1 —
Oxygen, ppm 0.8 *0.3 19+13 0.8 =02 39=*08 09=*04 2.6 £ 1.0 26 1.1
0 1612 — 6.7x11 — 59*+05 —
Salinity, o/00 40*+23 0 0 0 13+ 4.1 0 0
1.7+0.3 0.6 £0.3 — 0 — 0 —
Alkalinity, ppm 121 = 28.4 176 = 14.4 200 £ 58 70 =29 70 =29 231 £29 165 = 51
482 = 11 234 £ 118 — 109 =79 — 202 * 26 —
CO,, ppm 118 = 30 27+9.9 93.3 3.3 24 58 24 +58 54+ 255 31 =51
70 £ 15 41 £ 6.4 — 18 = 3.5 — 15+1.0 —
Chlorophyll, pg/L 42+12 37+ 24 32+55 30 = 2.3 3023 7+03 67 + 16
30 £ 11.5 21 £99 — 44+62 — 53+ 3.6 —

Bhs, brackish herbaceous swamps; Fhs, freshwater herbaceous swamps; Cemf, clear-cut marsh forests; P, ponds; M, mangroves; C, canals;
and Sf, swamp forests. Values (n, number of sampled habitats) from rainy (top) and dry (bottom) season spatial sampling.

“Wetland dried out.

» Only one each of the M and Sf habitats were sampled in the dry season.
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Table 4. Principal component analysis of habitat variables and interpretation of derived principal components (PC), based on Pearson
correlation analyses between wetlands variables and derived principal components, during the temporal and the spatial sampling

Temporal sampling®

b

Rainy season Dry season®

Variables

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
Depth, cm —0.55* —0.15 0.23 —0.53* —0.21 0.35 —0.64* 0.23 0.55*
Vegetation type —0.85* —0.22 0.02 —0.28 —0.80* —0.35 0.12 0.89* 0.22
Vegetation Height, cm —0.68* —0.28 —0.06 —0.48* —0.44* —0.19 0.02 0.64* —0.01
Oxygen, ppm —0.46* —0.01 —0.64* —0.49* 0.01 —0.61* —0.70* —0.61* 0.13
Salinity, o/00 0.90* 0.04 —0.22 0.84* 0.05 0.19 0.90* —0.14 —0.09
Alkalinity, ppm —0.28 0.75* 0.21 —0.03 0.74* —0.33 0.24 0.26 0.58*
CO,, ppm 0.68* —0.44* 0.10 0.58* —0.26 0.49 0.89* 0.32 0.01
% variance explained 36.4 13.11 9.7 26.5 19.4 14.3 34.4 19.5 15.7

*, P < 0.05. The + and — signs indicate the direction of change with increasing PC scores. Note: Some variables were omitted in the table

by any significant association with each PC.

“n = 98 (number of sampled habitats + number of sampled months in each habitat type).

bp = 28.
°n = 16 (number of sampled habitats).

during the temporal and rainy season spatial sampling
(Table 4). In the dry season, the canal habitats were
separated from the rest of the habitas based on their
deeper and more alkaline waters.

Richness, Abundance, and Associated Habitat Fac-
tors. Two species of anophelines were collected dur-
ing the study period: An. aquasalis Curry and An.
oswaldoi Peryassu (Table 5). Larvae were routinely
found near emergent structures such as mangrove
roots, emergent aquatic vegetation, and floating leaves
and debris. An. aquasalis was the most plentiful species
in each of the 3 sampling periods (t = 6.7, df = 212; t =
7.1,df = 54; and t = 2.7, df = 30; P < 0.05; respectively)
with mean larval abundance (10.6 =4.3,7.0 = 3.1,12 =
1.7; temporal, rainy, and dry season spatial sampling,
respectively) highest in the mangrove habitat (pri-
marily, Avicennia), followed by the brackish herba-
ceous swamp habitat (primarily, the mesohaline, 7.5 +
0.9) during the rainy season. However, An. aquasalis
was observed in all habitats except clear-cut marsh
forest. An. oswaldoi was most abundant in ponds, but
most frequently collected in the clear-cut marsh for-
ests and canals during the rainy and dry season, re-

Table 5. Mean density (larvae per dip) = SE of An. li

and An. ld

spectively (Table 5). No larvae were found in the
mangroves and brackish herbaceous swamps.

Results of the correlation analysis between
anopheline larval density and habitat factors (or prin-
cipal components) showed a significant and positive
association between An. aquasalis abundance and PC1
(implying a strong association with the positive side of
the PC1, Table 6). Larvae were most frequently col-
lected in saline habitats, such as the mangrove wet-
lands. In contrast, the abundance of An. oswaldoi was
significant and negatively correlated with PC3 and
PC1 (meaning an association with the negative side
of each component) during the temporal sampling.
Larvae of An. oswaldoi were associated with oxygen-
ated freshwater habitats, such as ponds (Table 6).

The temporal abundance of each species varied
according to the habitat permanence of each wetland,
but overlapped little. An. aquasalis was most abundant
during the rainy season and at the beginning of the dry
season (Fig. 1a), whereas An. oswaldoi was most abun-
dant at the end of the dry season (r, = - 0.82,n = 14,
P < 0.05; ponds; Fig. 1b).

i over sampled wetlands during the temporal and the

spatial sampling

Habitat types

M Bhs ce Fhs P Sf Cemf ?
Species (n = 600) (n = 780) (n = 780) (n = 600) (n = 390)
(n = 120) (n = 180) (n = 120) (n = 90) (n = 150) (n = 120) n _ 90
(n = 30) (n = 90) (n = 120) (n = 150) (n = 60) (n = 30) (n =90)
An. aquasalis 55+24 2.2+ 0.6 — 0.8 =0.1 04=*0.1 — 0
6.6+ 1.4 50+ 1.2 2.6+ 0.2 1102 1606 0705 0
12 = 0.0 14+04 29+ 14 0.8 = 0.4 30 %30 1.6 * 0.0 —
An. oswaldoi 0 0 — 0.1 = 0.02 0.2 =+ 0.02 — 0.05 = 0.01
0 0 0.3+0.3 0101 0 0 0505
0 0 18=18 01+01 1.0+ 1.0 0.9+ 0.0 —

M, mangroves; Bhs, brackish herbaceous swamps; C, canals; Fhs, freshwater herbaceous swamps; P, ponds; Sf, swamp forests; and Cemf,
clear-cut marsh forests. Values from temporal (top; n, total number of sampling occasions in each habitat type X 30 dips), rainy (middle; n,
number of sampled habitats X 30 dips), and dry (bottom; n, number of sampled habitats X 30 dips) season spatial sampling.

“Wetlands not sampled during the temporal sampling.
P Wetland dried out completely during the dry season.
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Table 6. Results of Pearson correlation analyses between species abundances and derived principal components (PC) during each

sampling occasion

Spec Temporal sampling Rainy season Dry season
pecies PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
An. aquasalis 0.26* 0.12 0.00 0,51 ~0.11 0.19 0.36 ~0.46 0.03
An. oswaldoi —0.25* —0.09 —0.33* —0.17 0.06 —0.07 —0.42 —0.31 0.05

* P <0.05n=98;* P<0.05n= 28 The + and — signs indicate the direction of change with increasing principal component

scores.

Discussion

The importance of studying spatial and temporal
variations in the distribution and abundance of wet-
land mosquitoes across environmental gradients was
demonstrated in this study when some mosquito spe-
cies- environment relationships in northeastern Ven-
ezuela were elucidated.

Anopheles aquasalis was the most common, abun-
dant, and widely distributed species in this study,
whereas An. oswaldoi was rare. Spatial abundance of
both species varied in association with water physi-
cochemistry, mainly the salinity. An. aquasalis was
found mostly in the seasonal saline wetlands, such as
basin mangrove swamps of Avicennia. Nevertheless,
salinity seems not to be the only environmental vari-
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Fig. 1. Rainfall and relative abundance of An. aquasalis

(a) and An. oswaldoi (b) in the studied wetlands in north-
eastern Venezuela, during the temporal sampling.

able associated with An. aquasalis occurrence, because
this species was also collected in freshwater perma-
nent wetlands during the dry season. Spatial distribu-
tion of An. aquasalis is in agreement with the previous
studies done in the Americas (e.g., Senior-White 1951,
Silvain and Pajot 1981, Berti et al. 1993a); however,
such studies did not differentiate between occurrence
and abundance. An. oswaldoi was most abundant and
frequent in the freshwater permanent oxygenated
vegetated wetlands, such as ponds or in nonvegetated
habitats such as canals. Previous descriptive studies of
this species only refer to its association with freshwa-
ter habitats (Faran and Linthicum 1981).

The mechanism by which salinity affects the An.
aquasalis abundance and occurrence is yet unknown,
although at the physiological level, it is likely to in-
volve the ionic balance of the larvae. Salinity can
determine directly species occurrence through phys-
iological tolerances, and An. aquasalis appears to tol-
erate a wide salinity range (Berti et al. 1993; current
study). Physiological processes can determine the up-
per limits of salinity tolerance for the aquatic organ-
isms; lower limits, if any, may be attributed to biotic
interaction (Ward 1992). In addition, salinity appears
to affect indirectly the abundance and occurrence of
some aquatic faunal through its general negative effect
on the macrophytes and other aquatic organisms
(Ward 1992). Consequently, the few species adapted
to tolerate high salinities can occur in enormous num-
bers (Batzer and Wissinger 1996). The positive asso-
ciation between dissolved oxygen levels and An. os-
waldoi abundance is surprising because most
anopheline species respire primarily at the water sur-
face, and the oxygen has not been usually considered
as a relevant habitat factor to the anopheline preadult
distribution. Nevertheless, some anopheline species
are affected in water that contains little oxygen in a yet
unexplained way (Unti 1943).

Oviposition site selection has been recognized as a
critical factor for the occurrence and survival of mos-
quito species (Fleming 1986). We suggest that An.
aquasalis does not select specific oviposition habitats,
but is able to use a variety of wetlands. This ability
probably involve a high levels of adult dispersion, a
short life cycle, and a tolerance to high salinity con-
ditions. In addition, because mosquito abundance may
be influenced mainly by biotic interactions (Schnei-
der and Frost 1996), opportunistic species such as An.
aquasalis may be poor competitors or may develop few
antipredator defenses; thus, they are less abundant in
those heterogeneous habitats with high diversity of
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aquatic vegetation where they could be negatively
affected by biotic interactions. The low species rich-
ness and abundance of predators in the saline envi-
ronments, such as mangrove swamps, could explain
the high abundance of An. aquasalis in such wetlands.
We found the richness and abundance of aquatic pred-
ators in this study to increase in relation to a decreas-
ing salinity and increased vegetation in the habitat
(M.E.G., unpublished data).

Anopheles aquasalis showed a wider temporal oc-
currence than An. oswaldoi. Seasonal changes in the
larval population of both species were attributed to
rainfall patterns; and the temporal distribution of both
species appears strongly related to the hydrologic re-
gimes (drying/flooding) of each wetland. Studies on
the temporal dynamics of anopheline breeding site
(species colonization and habitat permanency) in this
region deserve future attention.

Results of the current study, along with that of Berti
etal. (1993a), contribute to the basic understanding of
An. aquasalis and An. oswaldoi with respect to a variety
of environmental conditions in northern Venezuela.
In this area, An. aquasalis is the main malaria vector,
whereas An. oswaldoi is a suspected malaria vector
only in western Venezuela (Rubio-Palis et al. 1992).
The results of this study allow us to stratify An. aqua-
salis breeding sites according to larval presence and
abundance over time and space, which is an important
component of control programs. Future studies should
assess the species and habitat spatial distribution on a
larger scale (regional level).

The proximity to and density of immature mosqui-
toes in habitats near human settlements is an impor-
tant risk factor for malaria transmission by An. aqua-
salis in northwestern Sucre State in Venezuela (Berti
et al. 1993b, Barrera et al. 1998). In this region, there
is strong overlap between human populations and
breeding sites, which increases the potential for vec-
tor-human contact and the risk of malaria. An. aqua-
salis is a species with low vectorial capacity. It needs
to bite in large numbers for efficient disease transmis-
sion (Berti et al. 1993b); thus, abundance or larval
occurrence, or both, of this species may be a good
indicator of the need for vector control. In northeast-
ern Sucre State, most of the high density breeding sites
of An. aquasalis (i.e., mangrove and brackish herba-
ceous wetlands) are >5 km from the human villages
(Berti et al. 1993b), although malaria transmission in
the area has increased recently (Aché 1998). This
suggests that factors other than the spatial location of
breeding sites are influencing malaria transmission.
The actual adult flight range of An. aquasalis is un-
known (Fleming 1986); however, it would be useful to
know if a large number of low density, but continu-
ously productive freshwater anopheline habitats, con-
tribute more than the single high density saline larval
habitat to the adult density of An. aquasalis and the risk
of malaria transmission. Adult longevity, host prefer-
ence of An. aquasalis, and the availability and migra-
tion of human hosts also may be key factors to explore
in future entomological and epidemiological studies in
northeastern Sucre State.
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Based on seasonal patterns observed here for An.
aquasalis in northeastern Venezuela, vector control
operations should be applied in the dry season rather
the rainy season, to take advantage of natural regula-
tion (density-dependent mechanisms) of the
anopheline larval population. Previous studies (Berti
et al. 1993a, Barrera et al. 1998) have already shown
the relevance of An. aquasalis larval presence in per-
manent wetlands, during the dry season, to the main-
tenance of malaria transmission throughout the year.

Acknowledgments

I thank H. Montaifiez, J. Berti, J. Amarista, A. Rojas, N.
Puente, and J. L. Pérez (Malariologia, MSAS, Maracay, Ven-
ezuela) for their invaluable technical, logistical support, and
field assistance. I am grateful to D. Pifiero (MSAS, UC, Ma-
racay, Venezuela) for her constant encouragement. I thank
R. Wilkerson (Smithsonian Institution, Washington, DC) for
confirming our morphological identifications of anopheline
larvae. I am indebted to P. Spiniello and M. B. Barreto for the
technical advice in the phytoplankton and wetland charac-
terization. Special thanks are due to J. Conn, E. Rejmankova,
R. Barrera, and an anonymous reviewer for the critical read-
ing and correction of the manuscript. This study was sup-
ported by CONICIT (RPIV-130032-11).

References Cited

Aché, A. R. 1998. Situacién actual de la malaria en Venezu-
ela. Bol. Dir. Malariol. San. Amb. 38(1): 68-72.

Ayroza Galvao, A. L., R. G., Damasceno, and A. Porto
Marques. 1942. Algunas observacoes sobre a biologia
dos anofelinos de importancia epidemiologica de Belem,
Para. Arq. Hig. 12: 51-111.

Barrera, R., M. E. Grillet, Y. Rangel, J. Berti, and A. Ache.
1998. Estudio eco-epidemiolégico de la reintroduccién
de la malaria en el nor-oriente de Venezuela, mediante
sistemas de informacion geografica y sensores remotos.
Bol. Dir. Malariol. San. Amb. 38(1): 14-30.

Batzer, D. P., and S. A. Wissinger. 1996. Ecology of insect
communities in nontidal wetlands. Annu. Rev. Entomol.
41: 75-100.

Berti, J., R. Zimmerman, and J. Amarista. 1993a. Spatial and
temporal distribution of anopheline larvae in two malar-
ious areas in Sucre state, Venezuela. Mem. Inst. Oswaldo
Cruz 88(3): 353-362.

Berti, J., R. Zimmerman, and J. Amarista. 1993b. Adult
abundance, biting behavior and parity of Anopheles aqua-
salis CURRY 1932 in two malarious areas of Sucre state,
Venezuela. Mem. Inst. Oswaldo Cruz 88(3): 363-369.

Cova Garcia, P., and E. Sutil. 1977. Claves grificas para la
clasificacién de anofelinos de Venezuela. Publicacién de
la Divisién de Endemias Rurales, DMSA, MSAS, Maracay,
Venezuela.

Delgado, N., J. Berti, D. Gonzilez, J. Gonzilez, and J. Am-
arista. 1998. Estudio biosistemdtico y ecolégico de
Anopheles aquasalis Curry y sus implicaciones para el
control de la malaria en Venezuela: III-Control biolégico
e integrado. Bol. Dir. Malariol. San. Amb. 38(1): 47-62.

Fanshawe, D. B. 1952. The vegetation of British Guiana. A
preliminary review. Imp. For. Inst. Pap. Oxford 29.

Faran, M. E., and K. J. Linthicum. 1981. A handbook of the
Amazonian species of Anopheles (Nyssorhynchus)
(Diptera: Culicidae). Mosq. Syst. 13: 1-81.

Fleming, G. 1986. Biology and ecology of malaria vectors in
the Americas. PAHO, Washington, DC.



238

Grillet, M. E., H. Montafiéz, and J. Berti. 1998. Estudio bio-
sistematico y ecolégico de Anopheles aquasalis Curry y sus
implicaciones para el control de la malaria en Venezuela:
II-Ecologfa de sus criaderos. Bol. Dir. Malariol. San. Amb.
38(1): 38-46.

Huber, O., and C. Alarcén. 1988. Mapa de la vegetacién de
Venezuela. MARNR, Caracas, Venezuela.

Ludwig, J. A., and J. F. Reynolds. 1988. Statistical ecology: a
primer on methods in computing. Wiley, New York.
Mueller-Dombois, D., and H. Ellenberg. 1974. Aims and

methods of vegetation ecology. Wiley, New York.

MVSP. 1998. Multivariate Statistical Package for Windows.
Kovach Computing Services, Anglesey, Wales, UK.

Orr, B. K, and V. H. Resh. 1989. Experimental test of the
influence of aquatic macrophyte cover on the survival
of Anopheles larvae. J. Am. Mosq. Control Assoc. 5:
579-85.

Pope, K., E. Rejmankova, H. M. Savage, J. I. Arredondo-
Jimenez, M. H. Rodriguez, and D. R. Roberts. 1994. Re-
mote sensing of tropical wetlands for malaria control in
Chiapas, Mexico. Ecol. Entomol. 4(1): 81-90.

Rejmankova, E., H. Savage, M. Rejmanek, J. Arredondo-
Jimenez, and D. Roberts. 1991. Multivariate analysis of
relationships between habitats, environmental factors
and occurrence of Anopheline mosquito larvae in south-
ern Chiapas, Mexico. J. Appl. Ecol. 28: 827-841.

Rejmankova, E., D. Roberts, R. Harbach, J. Pecor, E. L.
Peyton, S. Manguin, R. Krieg, J. Polanco, and L. Legters.
1993. Environmental and regional determinants of
Anopheles (Diptera: Culicidae) larval distribution in Be-
lize, Central America. Environ. Entomol. 22: 978 -992.

Rubio-Palis, Y., R. A. Wirtz, and C. F. Curtis. 1992. Malaria
entomological inoculation rates in western Venezuela.
Acta Trop. 52: 167-174.

JOURNAL OF MEDICAL ENTOMOLOGY

Vol. 37, no. 2

Schneider, D. W. and T. Frost. 1996. Habitat duration and
community structure in temporary ponds. J. Am. Benthol.
Soc. 15: 64-86.

Senior-White, R. A. 1951. Studies on the bionomics of
Anopheles aquasalis, Curry 1932. Part 1. Ind. J. Malariol. 5:
293-404.

Silvain, J. F., and F. Pajot. 1981. Ecologie d’Anopheles (Nys-
sorhynchus) aquasalis Curry, 1932 en Guyane Francaise.
1. Dinamique des populations imaginales, caracterisation
des gites larvaires. Cah. ORSTOM Ser. Entomol. Med.
Parasitol. 19: 11-21.

Southwood, T.R.E. 1977. Habitat: the template for ecolog-
ical strategies? J. Anim. Ecol 46: 337-365.

Statsoft. 1995. Statistica for Windows, Statsoft, Tulsa, OK.

ter Braak, C.J.F. 1987. The analysis of vegetation: environ-
ment relationships by canonical correspondence analysis.
Vegetatio 69: 69-77.

Unti, O. 1943. Oxigenio dos focos de anopheles de Sao
Paulo. Arq. Hig. Saude Publ. (Sao Paulo) 8: 83-102.
Wallace, J. B., and R. W. Merritt. 1980. Filter-feeding ecol-

ogy of aquatic insects. Annu. Rev. Entomol. 25: 103-32.

Ward, ]. V. 1992. Aquatic insect ecologyl. Biology and hab-
itat. Wiley, New York.

Wetzel, R. G., and G. E. Likens. 1991. Limnological analy-
ses, 2nd ed. Springer, New York.

Zar, ]. H. 1999. Biostatistical analysis, 4th ed. Prentice-Hall,
Englewood Cliffs, NJ.

Zimmerman, R. H. 1992. Ecology of malaria vectors in the
Americas and future direction. Mem Inst. Oswaldo Cruz
87 (suppl. 3): 371-383.

Received for publication 3 February 1999; accepted 22 Sep-
tember 1999.




