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a b s t r a c t

Water storage drums are often a primary breeding site for Aedes aegypti in developing countries. Habitat
characteristics can impact both adult and larval fitness and survival, which may potentially influence
arbovirus transmission. Our objective was to compare fundamental environmental differences in water
drums based on the presence or absence of larvae in Trinidad. Drums were categorized according to
the larval status, and if the drum was constructed of steel or plastic. Water samples were analyzed for
ammonium, nitrate, and soluble reactive phosphorus (SRP). Continuous surface water temperatures were
also recorded. Nutrient concentrations were considerably lower than those reported for other container
breeding mosquitoes. No nutrient measured differed in concentration between drums positive compared
to those that were negative for the presence of A. aegypti larvae. Levels of SRP and ammonium in steel
tress drums were significantly lower than in plastic water drums. Both maximum and minimum surface tem-
peratures were significantly lower in drums positive for the presence of larvae than in drums without
larvae. Water temperatures in March and May were warmer than during October sampling periods. Lar-
val presence is likely dependent upon the interaction among multiple biotic and abiotic factors. Despite
appearance, not all water storage drums are equally suitable for A. aegypti development. Exposing water
storage drums to direct sunlight or increased heat may be used in conjunction with sealing containers to

egypt
reduce production of A. a

. Introduction

Vector control remains the most effective method in combat-
ng the spread of the mosquito Aedes aegypti, the primary vector
f dengue virus. About 50–100 million cases of dengue fever occur
ach year, resulting in more than 20,000 deaths (WHO, 2008). No
accine or treatment is available. The Caribbean Epidemiology Cen-
re (CAREC) recommends sustainable control strategies including
limination of non-essential water holding containers and cov-
ring water storage containers to prevent A. aegypti infestation.
clearer understanding of factors influencing mosquito presence

nd production and how environmental conditions encountered by
mmature mosquitoes in water storage drums impact potential dis-
ase transmission should lead to more effective control strategies.
Multiple studies have implicated water storage drums as key
ontainers for A. aegypti production (Barrera et al., 2006; Chadee,
984, 2004; Kling et al., 2007; Tun-Lin et al., 1995; Nathan and
nudsen, 1991). However, a common observation is that not all

∗ Corresponding author. Tel.: +1 574 631 3826; fax: +1 574 631 7413.
E-mail address: severson.1@nd.edu (D.W. Severson).

001-706X/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.actatropica.2009.06.008
i when draining and chemical treatment are impractical.
© 2009 Elsevier B.V. All rights reserved.

water drums at a given site are positive for larvae, and it is not clear
as to what factors impact individual drum suitability as oviposition
sites. Water in drums that have been colonized by A. aegypti is gen-
erally described as being predominantly clean with some detritus,
but is otherwise unremarkable when compared to drums that have
not been colonized (Christophers, 1960).

In Trinidad, storage of water in drums by individual households
is common due to the lack of, or unpredictability in municipal
sources. Water drums routinely provide water for a variety of pur-
poses including drinking, bathing, washing and other household
needs (Chadee and Rahaman, 2000). Water drums account for over
70% of A. aegypti positive containers and represent the key con-
tainer for A. aegypti production throughout the country (Chadee
and Rahaman, 2000). Nathan and Knudsen (1991) reported that
543 of 1605 (34%) containers suitable for A. aegypti larvae in the
Caribbean were infested, and of these, water storage drums were
the most important.
Previous studies have suggested that the presence and abun-
dance of mosquito larvae in individual containers may be associated
with various aspects of water chemistry (Kengluecha et al., 2005;
Petersen and Chapman, 1969; Pitcairn et al., 1987; Udevitz et al.,
1987; Vrtiska and Pappas, 1984). Containers supporting A. aegypti

http://www.sciencedirect.com/science/journal/0001706X
http://www.elsevier.com/locate/actatropica
mailto:severson.1@nd.edu
dx.doi.org/10.1016/j.actatropica.2009.06.008
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arvae frequently had lower average concentrations of sulfate,
itrate, soluble reactive phosphate (SRP) and lower pH than con-
ainers with the related species Aedes albopictus and Aedes vittatus,
hile total alkalinity and chloride concentrations were generally

igher in containers with A. aegypti (Sehgal and Pillai, 1970). Labora-
ory and field studies of temperate tree holes used as breeding sites
or Ochlerotatus triseriatus (formerly Aedes triseriatus) have shown
hat stemflow that adds nutrients and simultaneously flushes toxic

etabolites can significantly increase production and speed larval
evelopment rates (Kaufman et al., 1999, 2002, 2006; Walker et al.,
991).

Water hardness, water temperature, carbonates, calcium, mag-
esium, phosphate, pH, and chloride were good predictors for
nopheline species in tropical and temperate climates (Kengluecha
t al., 2005; Pitcairn et al., 1987; Udevitz et al., 1987). Culex tarsalis
bundance was predicted by calcium and magnesium levels in Cal-
fornia rice fields, while in Iowa wetlands C. tarsalis production was
ssociated with nitrate and phosphate levels (Mercer et al., 2005;
itcairn et al., 1987).

Water drums are unique among artificial and natural larval habi-
ats. They are usually constructed from plastic or steel, and because
hey are used to store water for household purposes including
rinking water, they are usually well maintained and occasionally
rained and cleaned. Despite routine maintenance, many drums
ecome colonized and produce large numbers of adult A. aegypti.
llochthonous nutrient inputs are critical for artificial container
abitats, as primary production is likely nutrient limited (Carpenter,
983; Kesavaraju et al., 2007). Rainfall, debris collected from eaves
nd roofs, as well as leaves and other organic material falling or
lowing into drums are the most likely sources of new nutrient

nputs. It is well known that nutrient availability may limit rates of
lgal and microbial production in aquatic ecosystems and signifi-
antly influence food webs (Hecky and Kilham, 1988; Rhee, 1978;

chindler, 1977).

Mosquito production and development is regulated through
omplex interactions of biotic and abiotic factors in water drum
abitats. Environmental conditions in larval breeding sites, includ-

ng nutrient availability, and temperature likely play a vital role

Fig. 1. Collection sites located in Tamana, Windy H
ica 112 (2009) 59–66

in the ecology of A. aegypti, and subsequent dengue transmission.
Mosquito body size is dependent upon intrinsic genetic factors
as well as larval nutrition and temperature during development
has been correlated with vector competence (Alto et al., 2008;
Keirans and Fay, 1968; Kamimura et al., 2002; Reisen et al., 1997).
Understanding their effects on mosquito populations is important
to the development of novel control programs. Our objective was
to evaluate the influence of typical water quality indicators (e.g.,
ammonium, nitrate, SRP) and water temperature profiles with the
presence of A. aegypti larvae in water storage drums in Trinidad,
West Indies.

2. Materials and methods

2.1. Field sampling

Trinidad has a tropical climate and is characterized by a dry
season from January to May and a wet season from June to Decem-
ber. Average temperatures range from a low of ∼22 ◦C to a high
of ∼30.5 ◦C year round, but are generally cooler in the rainy sea-
son. Collections of water samples were limited by logistics to March
2005 and October 2005 in Tamana, a rural community in northeast
Trinidad (Fig. 1). Most households maintain several metal or plas-
tic drums for water storage as the community has no municipal
water source, and rainfall water is routinely collected as roof runoff
(Fig. 2). Also, due to its isolated location, vector control efforts in the
community are limited and sporadic. Water drums were inspected
for the presence of A. aegypti larvae, and larvae were identified by
field technicians from the Ministry of Health’s Insect Vector Con-
trol Division. Water drums that were identified as being positive
for larvae had instars 1–4 and pupae present. If possible, adjacent
water drums (<2 m) were matched based on larval status (presence
vs. absence) and drum type (steel vs. plastic) to minimize potential

environmental differences due to location. Larval status for each
drum was scored qualitatively as presence/absence.

We collected approximately equal numbers of water samples
from both steel and plastic drums. One water sample per drum was
obtained by filling a 50 ml nalgene jar with water that had been col-

ills, Ravine Sable and Oropouche, Trinidad.
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Fig. 2. Examples of typical steel (left) and plastic (rig

ected in the middle of the drum and filtered using a 40 cm3 syringe
dapted with a 0.45 �m glass fiber filter (GFF). Water samples were
ept on ice during transport and thereafter stored at −20 ◦C until
aboratory analysis.

Continuous temperatures were recorded in water drums in
arch 2005, May 2005, October 2007, and October 2008 using

towaway® TidbiT® (TBI32-05 + 37) and Hobo® Pendant Temper-
ture (UA-002-64) loggers (Onset Computer Corporation, Pocasset,
A). Data loggers recorded temperature every 10–15 min over 2–3

ays. During the 2005 sampling periods in March and May in
amana, two probes were placed in each water drum, the first
as located ∼20 cm from the surface of the water and the sec-

nd was placed ∼20 cm from the bottom of the drum. In 2007, a
ingle probe was placed ∼20 cm from the surface of the water in
eighborhoods in Ravine Sable and Oropouche in central and south-
estern Trinidad, respectively. In 2008, water surface temperature
as recorded in the same matter in the Windy Hills district outside

f Curepe.

.2. Water chemistry analyses

Ammonium (NH4
+) concentrations were determined using the

olorimetric phenylhypochlorite technique (Solorzano, 1969) using
10 cm cell on a Shimadzu UV1601 spectrophotometer (Columbia,
D) at 630 nm (detection limit = 1 �g N L−1; APHA, 1995). Phos-

hate (PO4
−3) concentrations were measured as soluble reactive

hosphorus (SRP) using the molybdate-antimony method (Murphy
nd Riley, 1962) also using a spectrophotometer. Nitrate (NO3

−)
as measured using ion chromatography (Dionex Model DX600,

unnyvale, CA) equipped with a conductivity detector, AS14A ana-
ytical and guard columns, and a 500 �L injection loop (APHA,
995).
.3. Statistical analyses

Statistical analyses were performed using Stata 8 and Graphpad
rism version 4.00 (StataCorp, 2003). Analysis of variance
ANOVA) was used to investigate the relationships between
ter drums that provide habitats for A. aegypti larvae.

nutrient concentrations among water drums (steel vs. plas-
tic), month of sample collection and larval A. aegypti presence.
Bartlett’s test for equal variances and the Shapiro–Francia
normality test revealed significant departures from the assump-
tions of normality and homogeneity of variances, all data
were then transformed using the natural log(ln). The data
were partitioned by category and examined for outliers. Two
nitrate observations exceeded the 95% quantile but were not
significant outliers according to Grubbs’ test (Grubbs, 1969;
http://www.graphpad.com/quickcalcs/Grubbs1.cfm (accessed Jan-
uary 2009); Iglewicz and Hoaglin, 1993). Samples were collected
from some of the same barrels in March and October, but we
did not treat them as repeated measures because individual
barrels are periodically drained and cleaned. Total dissolved inor-
ganic nitrogen (DIN) was calculated by ln transforming the sum
of ammonium and nitrate concentrations. ANOVA was used to
examine differences in DIN by category (drum material, and
by the presence of larvae). Analysis of water temperature data
included the calculation of the magnitude of temperature differ-
ence (maximum temperature–minimum temperature over ∼48 h
in a single drum.), as well as maximum and minimum tempera-
tures. Effects of temperature were analyzed using ANOVA, P < 0.05
was considered significant while P < 0.1 was considered marginally
significant.

3. Results

3.1. Water chemistry

In March 2005, water samples were collected from 12 drums:
two of five plastic drums were positive for A. aegypti larvae, while
four of seven steel drums were positive. In October 2005, samples
were collected from 29 drums: eight of 15 plastic drums and nine

of 14 steel drums were positive for larvae. As previously reported
for A. aegypti breeding sites (Christophers, 1960), we observed lit-
tle obvious organic debris in any of the sampled drums. The effect
of seasonality (i.e, March vs. October, 2005) on nutrient concentra-
tions was not significant (data not shown).

http://www.graphpad.com/quickcalcs/Grubbs1.cfm
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ig. 3. Variability in nutrient concentrations among water storage drums by larval
oncentration (�g N L−1), (B) nitrate (NO3

−) concentration (�g N L−1), (C) soluble reac
ith whiskers representing 10th and 90th percentiles.

Although inorganic nutrient concentrations were variable
mong individual drums, especially within drum type (plastic vs.
teel), there were differences across drum type. Ammonium con-
entrations were significantly different between steel and plastic
rums (F1,36 = 15.35, P = 0.0004, Table 1). In general, ammonium

evels in plastic drums were ∼3.5-fold higher than steel (Fig. 3A).
here was no significant influence of ammonium concentration on
osquito larval presence (F1,36 = 0.64, P = 0.4279), and the interac-

ion between mosquito larval presence and drum material was also
ot significant (F1,36 = 0.25, P = 0.6171, Table 1).

Unlike ammonium, there were no significant differences in
itrate concentrations between steel and plastic drums (F1,35 = 1.92,
= 0.1743). Nitrate concentrations in drums with larva did not
iffer significantly from those drums without larvae (F1,35 = 1.72,
= 0.1984, Table 1), although concentrations were generally higher

n steel drums without larvae (Fig. 3B). There was no signifi-
ant interaction between drum type and larval status (F1,35 = 0.00,
= 0.9603).

Total DIN did not differ between steel and plastic drums

F1,34 = 0.66, P = 0.4225, Table 1). No significant differences in
IN were found between water drums with or without larvae

F1,34 = 0.00, P = 0.9813, Table 1), and the interaction term was not
ignificant (F1,34 = 0.02, P = 0.8887, Table 1).

able 1
esults of two-way ANOVA comparing effects on larval presence, of construction
aterial of water drums and inorganic nutrients including ammonium, nitrate, dis-

olved inorganic nitrogen (DIN), and soluble reactive phosphate, (SRP).

ource of variation DF MS F-value P-value

mmonium
arval presence 1, 36 1.22 0.64 0.4279
rum material 1, 36 29.16 15.35 0.0004
arvae × Drum 1, 36 0.48 0.25 0.6171

itrate
arval presence 1, 35 2.57 1.72 0.1984
rum material 1, 35 2.88 1.92 0.1743
arvae × Drum 1, 35 0.00 0.00 0.9603

IN
arval presence 1, 34 0.98 0.66 0.4225
rum material 1, 34 0.00 0.00 0.9813
arvae × Drum 1, 34 0.03 0.02 0.8887

RP
arval presence 1, 37 0.25 0.14 0.7122
rum material 1, 37 15.13 8.28 0.0066
arvae × drum 1, 37 5.60 3.07 0.0882

old P-values identify significant values.
(present or absent) and by drum material (steel or plastic). (A) ammonium (NH4
+)

hosphorous (SRP) concentration (�g P L−1). Box plots identify medians and quartiles,

Concentrations of SRP were low in all drums but did not sig-
nificantly differ between drums with larvae and without larvae
(F1,37 = 0.14, P = 0.7122, Table 1). As for ammonium, SRP con-
centrations varied significantly between steel and plastic drums
(F1,37 = 8.28, P = 0.0066), with plastic drums containing ∼5.5-fold
greater concentrations than steel drums (Fig. 3C). Further, the inter-
action between larval status and drum material was suggestive
(F1,37 = 3.07, P = 0.0882), wherein drums positive for larvae con-
tained ∼1.4-fold lower SRP concentrations than drums without
larvae in both metal and plastic drums, respectively (Fig. 3C).

3.2. Water temperature

Water temperature data was recorded from 39 drums during
March and May 2005 as well as October 2007 and 2008. In March
2005, we monitored temperature in five drums; four were steel
drums of which one was positive for the presence of larvae and
the remaining drum was plastic and was negative for larvae. Sur-
face temperatures in water drums from March ranged from 23.4 to
31.6 ◦C (Fig. 4A). Probes placed in the bottom of drums in March did
not reach as high of temperatures compared to surface probes, and
ranged from 23.2 to 29.1 ◦C (data not shown). In May 2005, seven
drums were examined, two steel and five plastic. Among those,
one steel drum and one plastic drum were positive for A. aegypti.
Overall temperatures in May were higher than in March, ranging
from 26.0 to 36.0 ◦C near the surface (Fig. 4B). Similar to March,
probes placed near the bottom were buffered and did not reach as
high of temperature as surface probes but were warmer than bot-
tom probes in March (data not shown). The four larvae positive,
1/2-filled drums from May ranged from 27.1 to 34.5 ◦C (data not
shown).

In October 2007, nine drums were monitored for temperature
fluctuations, five steel and four plastic and all were positive for lar-
vae. In October 2008, 14 drums were monitored: of these, eight
were plastic with one negative for larvae while all six steel drums
were positive for larvae. Overall, October water temperatures from
2007 and 2008 ranged from 22.4 to 32.8 ◦C (Fig. 4C). Water temper-
ature oscillations were more variable in October than in March or
May (Fig. 4A–C).

Maximum water temperatures at the surface of water drums

by drum category and by sampling date are displayed in Fig. 5. All
drums positive for the presence of larvae, with the exception of two
steel drums sampled in May 2005 and October 2007, did not reach a
maximum temperature over 32 ◦C. However, four of the eight (50%)
of the negative drums exceeded 32 ◦C at least once during the sam-
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Table 2
Results of two-way ANOVA comparing effects of temperature (maximum, minimum,
and magnitude) and drum material on larval presence.

Source of variation DF MS F-value P-value

Magnitude of temperature swing
Larval presence 1, 35 14.01 3.78 0.0599
Drum material 1, 35 0.09 0.03 0.8752
Larvae × drum 1, 35 1.19 0.32 0.5736

Maximum temperature
Larval presence 1, 35 45.60 7.35 0.0103
Drum material 1, 35 0.17 0.03 0.8697
Larvae × drum 1, 35 2.71 0.44 0.5129

Minimum temperature
Larval presence 1, 35 9.06 8.86 0.0053

aegypti had an average nitrate concentration of 10 mg N L , and
−1
arch 2005, (B) May 2005, and (C) October 2007 and 2008 regardless of larval status
r drum type. The black line indicates the average water temperature and the gray
hading indicates minimum and maximum temperatures recorded.

ling period. Similar observations were made for minimum surface
ater temperature. Five of the eight (62.5%) negative drums’ mini-
um water temperature was warmer than 25 ◦C, while only three
f the 31 (0.1%) larvae positive drums had minimum water temper-
tures exceed 25 ◦C (Fig. 6). The removal or inclusion of four water
rums that were filled ∼1/2 from May 2005 (Figs. 5 and 6) did not

nfluence the results of the analyses.
Drum material 1, 35 0.01 0.01 0.9153
Larvae × drum 1, 35 0.31 0.30 0.5880

Bold P-values identify significant values.

The magnitude of the temperature change in drums with lar-
vae compared to those without was suggestive for significance
(F1,35 = 3.78, P = 0.0599, Table 2). No significant differences were
observed between steel and plastic drums (F1,35 = 0.03, P = 0.8752,
Table 2), nor was the interaction term between larvae status and
drum material significant (F1,24 = 0.32, P = 0.5736, Table 2). Maxi-
mum water temperature in drums was significantly different in
those with larvae and without (F1,35 = 7.35, P = 0.0103, Table 2).
No significant difference in maximum temperature was detected
between steel and plastic water drums (F1,35 = 0.03, P = 0.8697,
Table 2). The interaction between drum type and larval presence
was also not significant (F1,35 = 0.44, P = 0.5129, Table 2). Minimum
surface water temperature was significantly lower in drums that
were positive for the presence of larvae (F1,35 = 8.86, P = 0.0053,
Table 2) than in those without. Minimum temperature did not differ
by drum material (F1,35 = 0.01, P = 0.9153, Table 2), and no signifi-
cant interaction between larval presence and drum material was
observed (F1,35 = 0.30, P = 0.5880, Table 2).

4. Discussion

The variable yet surprisingly low concentrations of inorganic
nutrients, especially SRP, found in water drums and the general
lack of association with A. aegypti larval presence in Trinidad
supports evidence for the complex and dynamic relationship of
container habitats and their suitability for mosquito development.
Our observed nutrient concentrations for larvae positive contain-
ers were markedly lower (i.e., 35, 66, and 1989-fold lower for
nitrate, ammonium and SRP, respectively) compared to what has
been observed in tree hole larval habitats commonly used by O.
triseriatus (Walker et al., 1991). The differences in nutrient concen-
trations between drums and natural tree holes is interesting, but
not surprising. Tree holes are replenished by nutrient rich stem-
flow and liquids from the vascular system of the tree, whereas
drums are replenished solely by rainfall, runoff, random wind-
blown materials, or physical replacement by humans (Copeland,
1984, 1987; Kaufman et al., 1999, 2002, 2006; Walker et al., 1991).
Water drums might not be as sensitive to new rainfall inputs due
to their larger volumes; if there is an influence, each new rainfall
event likely serves to dilute nutrient concentrations rather than
increase them. There is a paucity of studies examining nutrient
availability in A. aegypti larval habitats; samples collected from
temporary rain pools in Delhi, India used as breeding sites by A.

−1
0.95 mg P L of phosphate, which were respectively, ∼50-fold and
∼100-fold higher in concentration than we detected in water drums
in rural Trinidad. This difference may be explained by the type of
larval habitat and nutrient rich runoff collecting in the pools in India
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ig. 5. Maximum recorded temperatures in water drums by larval status, material
007, gray stripes, October 2008.

Sehgal and Pillai, 1970), and the likely concentration effect of sea-
onal drying. These contrasting results also suggest that A. aegypti
arvae can successfully complete development across a large gradi-
nt of nutrient concentrations, and nutrient availability may have
stronger impact on mosquito production and size as opposed to

he determination of the suitability of the site for oviposition.
Of the three nutrients examined, ammonium, and SRP levels

ere significantly higher in plastic drums than in steel drums
Table 1, Fig. 3). SRP concentrations are commonly assumed to cor-
elate strongly with primary production in aquatic ecosystems, and
n non-polluted freshwater systems phosphorous is often the major
imiting nutrient of primary production (Schindler, 1977). Although
ot significant, drums with larvae present had lower SRP concen-
rations than those without larvae and while the form of inorganic
itrogen differed in plastic vs. steel drums, the total inorganic N
vailable for bacterial or algal growth did not differ across drum

ype. The relative abundance of total inorganic nitrogen available

ay indicate that phosphorous was a limiting nutrient in drums
ith larvae (Fig. 3C and D).

Undoubtedly nutrient availability in breeding habitats is impor-
ant in mosquito development. It is most likely that the impact of

ig. 6. Minimum recorded temperatures in water drums by larval status, material and d
007, gray stripes, October 2008.
ate recorded. Solid gray, March 2005, black stripes, May 2005, solid black, October

nutrient availability will be seen in production of adult mosquitoes,
shortened developmental periods, or increased body size of adults
as opposed to the simple presence or absence of larvae (Barrera
et al., 2006; Kaufman et al., 2002). Other nutrients not examined
in this study may also impact the presence and production of A.
aegypti as well as the abundance and composition of bacteria and
algae in the microbial community. In laboratory and field experi-
ments, Kaufman et al. (2002) reported that labile carbon was the
primary stimulus of bacterial growth, while the addition of nitrate
and phosphorous stimulated bacterial production on leaf surfaces.
Abiotic factors including light and pH may also indirectly impact
mosquito presence and development (Barrera et al., 2006).

Larval rearing temperatures can potentially have a major
impact on disease transmission by influencing body size, devel-
opment time, and production (Keirans and Fay, 1968; Atkinson,
1994; Kamimura et al., 2002; Reisen et al., 1997). The relation-

ship between elevated temperatures and shortened development
duration, could increase the abundance of host seeking adults
(Kamimura et al., 2002; Keirans and Fay, 1968). Increased mortality
and increased development time have been reported in A. aegypti
when larvae are reared in relatively low or high temperature condi-

ate recorded. Solid gray, March 2005, black stripes, May 2005, solid black, October
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ions (Bar-Zeev, 1958; Kamimura et al., 2002; Tun-Lin et al., 2000).
horter development periods can affect the size of adult females,
hich is believed to be an important aspect of vector competence,

ectorial capacity, and overall vector biology including longevity,
iting persistence, and blood meal frequency (Alto et al., 2008;
rust, 1967; Haramis, 1985; Maciel-de-Freitas et al., 2007; Nasci,
986, 1991; Nasci and Mitchell, 1994; Scott et al., 2000; Schneider
t al., 2007; Tun-Lin et al., 2000; Yan et al., 1997).

Significantly warmer maximum (P = 0.0103) and minimum
P = 0.0053) temperatures were observed in drums without larvae,
nd magnitude of temperature swing was suggestive (P = 0.05999).
t was surprising to see that few water drums positive for larvae
xceeded 32 ◦C (two of 31; 6.5%), while four out of eight larvae nega-
ive drums (50%) exceeded 32 ◦C. Similarly, minimum temperatures
ere lower in drums with larvae than in those without. One expla-
ation is the increased number of positive drums that were profiled

n both October sampling periods which was markedly cooler than
n March or May. However, during both October sampling peri-
ds attempts were made to find larvae negative water drums with

imited success. Our observations from the field are supported by
aboratory results from Tun-Lin et al. (2000) where a survival curve

as constructed across a gradient of increasing temperatures. Opti-
al survival rates for an A. aegypti strain were obtained between 20

nd 30 ◦C and a decrease in survival was observed, starting at ∼30
o ∼35 ◦C (Tun-Lin et al., 2000). Although mosquitoes have been
uccessfully reared at high temperatures in laboratory settings,
t is possible that elevated temperatures or extreme fluctuations
n temperature are detrimental to normal larval development in
he field (Kamimura et al., 2002; Keirans and Fay, 1968; Mourya
t al., 2004; Yadav et al., 2005). In Puerto Rico, pupal production
as negatively associated with water temperatures, and of inter-

st, Barrera et al. (2006) recorded water temperatures as high as
0 ◦C. Increased water temperatures may also be detrimental to
otential food sources including bacteria, algae, and fungi. There
re a limited number of studies that have examined the variation
n diel temperatures of larval habitats, although this is certainly an
mportant factor impacting vector biology and should be pursued.

Certain stresses, including temperature can modulate heat shock
roteins (hsps), revealing new phenotypes capable of becom-

ng independent of the inducing stress after several generations
Rutherford and Lindquist, 1998; Sangster et al., 2008). Adult
emales from A. aegypti larvae exposed to extreme heat shock
45.5 ◦C for 10 min) were more susceptible to DENV-2 infection.
ranslation and transcription levels of Hsp70 in larvae did not differ
rom controls in high- and low-susceptible mosquitoes, however,
igher expression levels were observed in a DDT resistant strain
Yadav et al., 2005). In a similar study, Mourya et al. (2004) reported
positive correlation between increasing intervals of larval temper-
ture stress and increased Chikungunya virus (CHIK) dissemination
mong adult females. Data from the same study suggested that the
xpression of immune responsive genes, including cecropin and
itric oxide synthase, were affected by heat shock, possibly impact-

ng susceptibility (Mourya et al., 2004). Currently, it is unknown
ow ambient heat shock inducing temperatures experienced by

arvae may affect DENV susceptibility in field populations, or even
hether temperatures reached in field conditions are high enough

o induce heat shock protein expression. Further investigation is
eeded to elucidate what role naturally occurring environmental
tresses and heat shock proteins play in arbovirus transmission.

In summary, this study expands the current understanding on
he interaction between water column nutrient concentrations and

. aegypti production in water drum habitats. No significant differ-
nces in nutrient concentrations were found in drums with larvae
nd those without, however, ammonium and SRP did differ by drum
aterial. Maximum and minimum surface water temperatures
ere different in drums with larvae as compared to those with-
ica 112 (2009) 59–66 65

out larvae. It was not uncommon for water temperatures in drums
to vary ∼6–8 ◦C. This was more common in March and May when
water temperatures were warmer than during October sampling
periods. There is surprisingly limited literature on environmental
conditions of larval breeding habitats for A. aegypti. Further research
is needed, considering the potential influence of the larval environ-
ment on disease transmission. Our results indicate that increased
water temperatures in water storage drums are detrimental to lar-
val presence. It is possible that water temperatures in drums that
are exposed to direct sunlight exceed optimal larval development
temperatures and limit the larval production. Placing water storage
drums in areas of intense sunlight exposure may enhance current
practices of sealing or covering drums, especially when draining or
treating with chemical larvicides is not possible.
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