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Abstract.

México has cities (e.g., México City and Puebla City) located at elevations > 2,000 m and above the elevation

ceiling below which local climates allow the dengue virus mosquito vector Aedes aegypti to proliferate. Climate warming
could raise this ceiling and place high-elevation cities at risk for dengue virus transmission. To assess the elevation ceiling
for Ae. aegypti and determine the potential for using weather/climate parameters to predict mosquito abundance, we
surveyed 12 communities along an elevation/climate gradient from Veracruz City (sea level) to Puebla City (~2,100 m).
Ae. aegypti was commonly encountered up to 1,700 m and present but rare from 1,700 to 2,130 m. This finding extends
the known elevation range in México by > 300 m. Mosquito abundance was correlated with weather parameters,
including temperature indices. Potential larval development sites were abundant in Puebla City and other high-elevation
communities, suggesting that Ae. aegypti could proliferate should the climate become warmer.

INTRODUCTION

The mosquito Aedes aegypti, a primary vector of dengue,
yellow fever, and chikungunya viruses, is widely distributed in
the subtropics and tropics."* Latin America, including México,
has experienced increasing dengue case numbers in recent
decades, and dengue is now hyperendemic in many areas,
with cocirculation of multiple and sometimes all four dengue
virus serotypes.’ Moreover, chikungunya presents a major
threat to Latin America should the causative virus emerge
there.* Some settings in Latin America present an intriguing
situation, where Ae. aegypti mosquitoes are abundant and
endemic dengue virus transmission occurs in low-elevation
areas but where a large proportion of the human population
lives in high-elevation cities located above the elevation
ceiling below which local climates allow for proliferation of
the mosquito vector and endemic dengue virus transmission.
This includes, for example, México City and Puebla City in
México and Quito in Ecuador. An important question is
whether ongoing climate warming potentially could lead to
the elevation ceiling for Ae. aegypti moving up to an extent
where currently unaffected high-elevation cities are threat-
ened by mosquito vector proliferation and establishment of
local dengue virus transmission cycles. Although the mos-
quito has been studied intensely in dengue-endemic areas at
the core of its geographic range, virtually nothing is known of
its natural history at the cool margins of its range.

Ae. aegypti is closely associated with humans and human
habitation. The female is primarily an indoor day-biter that
feeds almost exclusively on humans and exploits artificial con-
tainers as sites to deposit her eggs.>” The geographic distri-
bution of Ae. aegypti is considered to, in part, be limited by
cold temperatures: the low-latitude areas equatorward of
the average 10°C winter isotherms in the northern and south-
ern hemispheres approximate the climatic boundary for estab-
lishment of the mosquito.®!* Eggs of Ae. aegypti can be
transported over long distances in artificial containers through
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human activities, including to areas outside the established
range, but the innate climate tolerance precludes establishment
in colder areas at middle and high latitudes and at high eleva-
tions at lower latitudes. The highest previously published ele-
vation records for Ae. aegypti in the Americas are 1,630 m for
México'* and 2,200 m for Colombia.'> Moreover, the work by
Herrera-Basto and others'® reported a dengue outbreak in the
Meéxican city of Taxco, located at 1,700 m, but the collected
mosquitoes were only reported as Aedes species. Although these
mosquitoes likely included Ae. aegypti, they also may have
included specimens of another container-inhabiting mosquito
Ae. epactius, which occurs at high elevation in México.!”!®

There is a dearth of field studies aiming to determine the
specific climate conditions under which Ae. aegypti is capable
of establishment at the cool margins of its range. This dearth
has (1) prevented the development of robust climate-based
models for the distribution and abundance of the mosquito at
the cool margins of its range and (2) limited our ability to
assess the potential for climate warming to lead to changes in
the geographic distribution of the mosquito, which could
place additional human populations at risk for exposure to
this important arbovirus vector in the Americas. The latter
includes not only high-elevation urban areas in México and
other parts of Latin America but potentially, also high-latitude
urban centers in the United States.

Studies of associations between climate parameters and
Ae. aegypti are complicated by the dependence of the mos-
quito on humans, especially its preference for human blood
and its use of artificial containers as larval development
sites.™ Socioeconomic conditions and human behavior (for
example, water storage practices or use of air conditioning or
mosquito screening to prevent intrusion of mosquitoes into
homes) can confound basic associations between climate param-
eters and mosquito abundance.’*? It is, therefore, espe-
cially challenging to study associations between climate and
Ae. aegypti along transects that include high variability in
socioeconomic conditions, such as transects extending south
to north from México to the United States. To minimize the
potential confounding effect of socioeconomic conditions,
we focused on an elevation and climate gradient within
central México, where the targeted communities included
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Ficure 1. Locations of study communities in Veracruz State and Puebla State, México, in relation to elevation and the proportion of examined

premises with Ae. aegypti present.

neighborhoods of comparable socioeconomic status. These
communities extended from Veracruz City on México’s east-
ern seaboard to high-elevation communities (> 2,000 m) in the
central highlands of México, including Puebla City. We report
the collection of Ae. aegypti from several communities located
above 1,600 m (1,690-2,130 m), extending the known elevation
range of this important mosquito arbovirus vector in México
by several hundred meters.

MATERIALS AND METHODS

Study environment. The study included 12 communities
located along an elevation and climate gradient ranging from
sea level in Veracruz State to high elevation (> 2,000 m) in
Veracruz and Puebla States (Figure 1 and Table 1). To facili-
tate comparison among communities, we focused on low- to
middle-income homes with small- to medium-sized yards. The

TaBLE 1

General characteristics of study communities along an elevation and climate gradient in Veracruz and Puebla States, México

Maximum/minimum temperature (°C)t

. Population  No. of examined clusters/ ~ Mean elevation Mean annual Time period for surveys of

State and community estimate* individual premises of premises (m) July January rainfall (mm)7 mosquito immatures in 2011
Veracruz State

Veracruz City 428,000 3/54 11 31.3/23.5 25.2/18.0 1,274 July 11-13

Cordoba 141,000 3/51 853 29.2/18.5 24.6/13.3 2,082 July 18 and 19

Coatepec 53,000 3/48 1,198 27.8/14.3 21.7/8.9 894 August 31 and September 1

Orizaba 121,000 4/51 1,227 25.9/14.2 21.5/9.5 923 July 25-27

Rio Blanco 40,000 3/54 1,251 ND# NDi ND# August 2 and 3

Ciudad Mendoza 35,000 4/48 1,334 NDi NDi NDi August 3-8

Xalapa 425,000 4/51 1,416 25.5/15.2 20.8/10.3 731 August 23 and 24

Acultzingo 7,040 4/50 1,693 24.8/12.4 20.6/7.1 581 August 11-16

Maltrata 11,840 3/51 1,713 22.5/11.1 21.5/6.6 606 August 8 and 9

Perote 38,000 4/51 2,417 21.6/5.3 19.2/0.4 476 August 29 and 30
Puebla State

Puebla City 1,434,000 4/48 2,133 23.0/8.5 19.71.7 860 August 17 and 18

Atlixco 87,000 4/50 1,825 25.9/12.4 24.2/7.7 530 August 19 and 20

*Based on data for 2010 obtained from México’s Instituto Nacional de Estadistica y Geografia.

tBased on data obtained from México’s Servicio Meteoroldgico Nacional for 1975-2005 (except 1957-1987 for Cérdoba, 1961-1979 for Acultzingo, and 1970-2000 for Maltrata).

$No long-term data available.
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following premises types were excluded from the study: high-
income premises and low-income fraccionamiento-style pre-
mises, which typically are small homes clustered closely
together with very small yards.

Selection of study premises and temporal sampling scheme.
Google Earth (Google, Mountain View, CA) imagery, typi-
cally 1-3 years old, was used to select four clusters within each
community to target for surveys of mosquito immatures in
artificial containers. A cluster was defined as an area of approx-
imately 1 km? including blocks (groups of houses surrounded
by streets or roads) considered suitable for inclusion in the
study. In most communities, with the exception of the small
towns of Acultzingo and Maltrata, clusters were separated
by a distance of at least 1 km, which exceeds the typical
Ae. aegypti flight range (< 100 m).?® The target number of
premises to examine per community was 50; the actual num-
ber fell within three to four different clusters per community
(Table 1). No more than five premises were examined within
a single block. The locations of the examined premises were
recorded with a Global Positioning System receiver (Garmin
eTrex Vista H; Garmin, Olathe, KS).

Because of the intensive sampling effort and the large geo-
graphic area covered, we were only able to examine the study
premises on a single occasion within the perceived July to
September peak period for abundance of mosquito imma-
tures in the study area (July to September is the warmest part
of the rainy season). To minimize the effect of seasonal changes
in mosquito abundance occurring over the July 11 to Septem-
ber 1, 2011 sampling period, we started the sampling in the
community with the lowest elevation (Veracruz City) and
worked up in elevation along the core of the transect, which
also included Cordoba, Orizaba, Rio Blanco, Ciudad Mendoza,
Acultzingo, Maltrata, Puebla City, and Atlixco (Figure 1 and
Table 1). The sampling in these core communities started on
July 11 and concluded by August 20. Three additional com-
munities along another elevation gradient farther north in
Veracruz State (Coatepec, Xalapa, and Perote) (Figure 1 and
Table 1) were sampled from August 23 to September 1.

Temperature is an important driver for population growth
of Ae. aegypti, particularly during rainy parts of the year (pri-
marily June to October in our study area) when water-filled
containers are most abundant.”'>?’?® Qur temporal sam-
pling scheme within the rainy season, with lower-elevation
communities sampled before higher-elevation communities,
was designed to minimize the potential confounding effect of
increasing mosquito numbers over time when comparing pres-
ence and abundance of Ae. aegypti among communities. We
used the cumulative number of growing degree days (GDDs)
(10°C base) from June 1 to the specific mosquito survey dates
in a given community to assess whether there were major
differences in accumulated temperature among communities
at the time when the mosquito surveys were conducted. The
number of days during which GDDs were accumulated before
the mosquito surveys ranged from 42 in Veracruz City and
48.5 in Cérdoba at the lowest elevations (GDDs = 715 and
670, respectively) to 78.5-80.5 in Puebla City and Atlixco
at high elevations (GDDs = 640 and 779, respectively). By
the time that mosquito surveys were conducted in a given
community, the cumulative number of GDDs was reasonably
uniform among the study communities located along the core
of the transect (range = 634-779). Moreover, the observed
variability among communities was not associated with their

elevation (analysis of variance [ANOVA], P =0.99), which
indicates that data from the mosquito surveys were not skewed
for communities located at lower versus higher elevations
along the transect. We, therefore, conclude that the core com-
munities were sampled at points in time, within the 2011 rainy
season, that were reasonably comparable with regards to
cumulative degree days. The additional communities to the
north (Coatepec, Perote, and Xalapa) exhibited more varia-
tion in cumulative GDDs because of the later sampling.

Premises characteristics. We recorded basic characteristics
of the study premises: (1) elevation, (2) number of people that
slept in the home the previous night, (3) approximate yard
size (m?), (4) vegetation present in the yard (percentage grass
cover and number of shrubs and trees), (5) roof type (metal,
plastic, concrete, clay tile, asbestos, or other/mixed), (6) pres-
ence of rain gutters, (7) presence of open spaces between
the top of the wall and the roof, (8) wall type (concrete,
wood, brick, cinder block, or other/mixed), (9) floor type
(concrete, brick, tile, soil, or other/mixed), (10) number of
rooms, (11) total numbers of windows and doors and numbers
of windows and doors with intact screens, (12) presence and
use of air conditioning, (13) availability and regularity of
piped water, (14) frequency of trash collection and whether
tires are removed as part of the trash collection, (15) numbers
and status with regards to water fill level and use of lids of
different types of large water-holding structures located on
the roof (plastic roof tanks), outdoors or indoors at ground
level (swimming pools, concrete tanks, or barrels/drums made
of metal or plastic), or below ground level (wells, septic tanks,
or cisterns), and (16) total numbers of smaller containers and
numbers of these containers with water in them.

Mosquito collection. Surveys for immatures were conducted
in all study communities. Water-holding containers located
indoors or outdoors on the study premises were examined
for presence of mosquito larvae and pupae. The following
container types were excluded from the examination based
on safety concerns or difficulty of access: plastic roof water
tanks, rain gutters, and septic tanks. All mosquito immatures
were collected from small- to medium-sized containers. Using
the methodology described in the work by Romero-Vivas and
others,” a sweep net mounted on a pole was used to sample
large containers, including barrels/drums, cement tanks, cement
cisterns, and wells, in which it is difficult to see the immatures
without emptying the containers fully. This methodology esti-
mates the total number of pupae in a large container based on
the immature collected with a single sweep of the net and a
multiplication factor determined by the container water
capacity (less or more than 1,000 L) and the water fill level
(one-third full, two-thirds full, or full).?®

Collected immatures were separated by premises of collec-
tion and life stage (larvae or pupae). They were transported to
the laboratory and reared to adults. Adults were identified,
using the key in the work by Darsie and Ward,*® as males
or females belonging to the following taxonomic entities:
(1) Ae. aegypti, (2) Ae. epactius, or (3) a grouping consisting of
any other mosquito species (referred to as other mosquito
species). No special efforts were made to identify immatures,
because only fourth-instar larvae are consistently distinguish-
able as Ae. aegypti versus Ae. epactius.

Estimation of percentage of premises with Ae. aegypti pre-
sent or abundance of Ae. aegypti pupae per premises. Data
from the surveys for immatures were used to estimate the
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percentage of premises with Ae. aegypti present and the abun-
dance of Ae. aegypti pupae per premises. Abundance was
estimated only for pupae, because a greater proportion of
collected pupae (73%) was reared to adults and identified
compared with collected larvae (16%).

Percentage of premises with Ae. aegypti present. Of 607 exam-
ined premises, Ae. aegypti was present on 160 (i.e., identified
as adults resulting from immatures collected from these
premises) and absent from 349 (i.e., either no immatures were
observed or all specimens belonged to Ae. epactius or other
mosquito species). The remaining 98 premises (16% of total
premises) produced field observations of immatures that were
not identified to species as adults and therefore, potentially
could include Ae. aegypti. These premises were proportion-
ally allocated to the presence versus absence categories for
Ae. aegypti by cluster or community based on data for pre-
mises with definitive presence versus absence within the
same cluster or community. For instance, if a community had
10 unassigned premises, 20 premises with Ae. aegypti present,
and 30 premises with Ae. aegypti absent, the proportion of the
10 unassigned premises for that community classified as likely
having Ae. aegypti present would be 10 x (20/(20 + 30)) = 4.

Abundance of Ae. aegypti pupae per premises. Field-
observed pupae that were not subsequently identified as adults
were assigned to Ae. aegypti, Ae. epactius, or other mosquito
species in accordance with the data for pupae that could be
assigned to these taxonomic classifications. This assignment
was based on data from (1) the same container type on the
same premises (if such data were available), (2) other con-
tainer types on the same premises, (3) the cluster in which the
premises was located, or (4) the community in which the pre-
mises was located. Using scenario 2 as an example, if a sin-
gle taxonomic entity was identified from a given premises,
then all unassigned pupae from that specific premises were
assumed to belong to the same taxonomic entity. If multiple
taxonomic entities were identified, then the unassigned pupae
were proportionately allocated among them. The final step in
estimating the abundance of pupae for a given premises and
taxonomic entity involved applying a multiplication factor by
the container type that the pupae were observed in to account
for complete sampling of small- and medium-sized containers
versus partial sampling of very large containers. Container
types with complete sampling were uniformly assigned a neu-
tral multiplication factor of one. Multiplication factors rang-
ing from 1.9 to 3.5 were used, using the information in the
work by Romero-Vivas and others,” for very large container
types, with partial sampling based on their water volume and
water fill level.

Weather data. Determination of correlations between
presence or abundance of Ae. aegypti and the local climate
focused primarily on weather data for the 30-day period pre-
ceding the survey for immatures in a given community in
2011. Using shorter (7 or 15 days) or longer (60 days) time
periods produced similar results (data not shown). Weather
parameters under consideration, with relevance for the biol-
ogy of Ae. aegypti and perceived a priori importance along the
targeted sampling transect, which extends into cool and dry
areas at high elevation, included (1) average minimum daily
temperature, (2) daily temperature range, (3) cumulative GDDs
(10°C base), (4) average minimum daily relative humidity
(RH), and (5) total rainfall. This study was complemented
by examining correlations between presence or abundance of

Ae. aegypti and average minimum daily winter temperature dur-
ing the previous winter (December of 2010 to February of 2011).

Temperature and RH data for the 30-day period preceding
the survey for immatures in a given community were obtained
from HOBO (Onset Computer Corporation, Bourne, MA)
data loggers set up in each community along the transect.
Temperature and RH observations from the closest HOBO
site were adjusted for elevation to each residence location.
Rainfall data were obtained from the 0.07°-gridded Climate
Prediction Center Morphing Technique (CMORPH) dataset,™
which uses precipitation estimates derived exclusively from
low orbiter satellite microwave observations and features
transported by spatial propagation information obtained from
geostationary satellite infrared (IR) data. CMORPH provides
some of the most reliable estimates for tropical summer rain-
fall compared with other satellite- and model-based rainfall
products.** Average minimum daily winter temperature from
December of 2010 to February of 2011 was based on output
from the North American Regional Reanalysis (NARR)
dataset provided by the National Centers for Environmental
Prediction (Silver Spring, MD). CMORPH and NARR data
were bilinearly interpolated from surrounding grid points to
each residence location, and NARR temperature values were
adjusted to 1 arc-second Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer (ASTER) terrain height data
representative of each residence location. The household-level
data were then averaged across clusters and communities.

Statistical analyses. Statistical analyses were carried out using
the JMP statistical package,> and results were considered sig-
nificant when P < 0.05. Statistical tests used are noted in the
text. Correlations between environmental factors (elevation or
weather parameters) and the estimated proportion of homes
with Ae. aegypti present or the abundance of Ae. aegypti pupae
per premises were examined at the cluster level and included
only clusters with > 15 premises examined. Bonferroni correc-
tion was used to account for multiple comparisons.

RESULTS

A total of 43,921 immatures was observed in containers
on the study premises. This total included 40,722 larvae and
3,199 pupae. Approximately 20% (8,833/43,921) of the field-
observed immatures were successfully reared to adults and iden-
tified, including 15.9% of 40,722 larvae and 73.4% of 3,199 pupae.
Identification of adult specimens produced 5,758 Ae. aegypti
(2,770 females, 2,957 males, and 31 adults not identifiable to
sex), 2,703 Ae. epactius, and 372 mosquitoes of other species.

Ae. aegypti mosquitoes were collected from 11 of 12 study
communities (Figure 1 and Table 2); the lone exception was
the community at the highest elevation (Perote; > 2,400 m).
Ae. aegypti was, thus, collected at elevations ranging from near
sea level in Veracruz City on the Gulf of México to >2,100 m in
Puebla City in the central highlands of México. The estimates
for percentage of premises in the study communities with
Ae. aegypti present and abundance of Ae. aegypti pupae on
the study premises (Table 2) indicate that, along our elevation
and climate gradient in central México, the mosquito is abun-
dant at elevations up to 1,300 m, moderately abundant from
1,300 to 1,700 m, and still present but rare from 1,700 to 2,150 m.

Elevation was negatively correlated with the estimated pro-
portion of homes with Ae. aegypti present or the abundance
of Ae. aegypti pupae per premises along the sampling transect
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TABLE 2

Collections of Ae. aegypti from communities in Veracruz and Puebla States, México, during surveys for immatures in artificial containers from

July to September of 2011

Estimated no. Ae. aegypti

Selected weather data for the 30-day period
pupae per premise’

before the survey for immaturess}

Community (mean elevation No. of Ae. aegypti Estimated proportion of Average daily Average daily Total
of premises; m) identified to species* premises with Ae. aegyptit Mean (SD) Median temperature (°C) RH (%) rainfall (mm)

Veracruz City (11) 792 0.52 4.91 (11.11) 0 28.9 79.3 146
Cérdoba (853) 570 0.36 6.04 (30.26) 0 23.5 83.9 321
Coatepec (1,198) 602 0.46 326 (9.82) 0 21.6 82.9 96
Orizaba (1,227) 1,369 0.39 14.29 (38.24) 0 20.5 87.2 292
Rio Blanco (1,251) 1,540 0.62 10.43 (26.35) 0 20.3 86.0 279
Ciudad Mendoza (1,334) 350 0.43 2.63 (8.04) 0 19.8 86.0 236
Xalapa (1,416) 149 0.36 0.98 (2.46) 0 20.6 81.4 73
Acultzingo (1,693) 212 0.26 1.68 (6.24) 0 18.5 84.7 164
Maltrata (1,713) 7 0.07 0.06 (0.40) 0 19.4 81.0 190
Atlixco (1,825) 164 0.17 0.28 (1.19) 0 19.5 72.1 43
Puebla City (2,133) 3 0.05 0.04 (0.27) 0 17.8 71.6 94
Perote (2,417) 0 0.00 0.00 (0) 0 13.6 85.6 53

*Collected as larvae or pupae from artificial containers and reared to adults before species identification. Not all observed immatures (which also included Ae. epactius and other mosquito

species) were reared successfully to adults.
+The process for estimating these numbers is explained in Materials and Methods.
i Calculated based on the specific sampling dates for each community shown in Table 1.

(Table 3). Positive correlations with the estimated propor-
tion of homes with Ae. aegypti present or the abundance of
Ae. aegypti pupae per premises were recorded for the average
minimum daily temperature during the preceding winter
period (December to February) and the average minimum
daily temperature, cumulative GDDs, average daily minimum
RH, and total rainfall during the 30-d period preceding the
mosquito survey in a given community (Table 3). For the
average daily temperature range, there was a strong but non-
significant trend (P = 0.06) to a negative correlation with the
abundance of Ae. aegypti pupae per premises (Table 3).

We also compared selected characteristics of the study pre-
mises in nine communities with robust Ae. aegypti populations
(Veracruz City, Cordoba, Coatepec, Orizaba, Rio Blanco,

TaBLE 3
Correlations between elevation or selected weather parameters and
the estimates for percentage of premises with Ae. aegypti present
or abundance of Ae. aegypti pupae per premises at the cluster level

Spearman’s rank
correlation®

Dependent and independent parameters p P

Percentage of premises with Ae. aegypti present

Elevation -0.736 0.0027
Winter average minimum daily temperaturei  0.785 0.0017
30-day average minimum daily temperature§ 0.682 0.0057
30-day average daily temperature range§ —-0.349 0.202
30-day cumulative GDDs§ 0.721 0.0027
30-day average minimum daily RH§ 0.680 0.0057
30-day total rainfall§ 0.607 0.016
Abundance of Ae. aegypti pupae per premises
Elevation -0.713 0.0037
Winter average minimum daily temperature:  0.769 0.0017
30-day average minimum daily temperature§ 0.722 0.0027
30-day average daily temperature range$ -0.495 0.061
30-day cumulative GDDs§ 0.760 0.0017
30-day average minimum daily RH§ 0.795 < 0.001F
30-day total rainfall§ 0.617 0.014

*Based on data from eight communities (Cérdoba, Orizaba, Rio Blanco, Ciudad Mendoza,
Acultzingo, Maltrata, Atlixco, and Puebla City) located along the core transect at eleva-
tions from 850 to 2,130 m and including only clusters (N = 15) from these communities with
> 15 homes examined.

FStatistically significant (P < 0.05) with Bonferroni correction for multiple comparisons.

$Based on data for December of 2010 to February of 2011.

§Based on data for the 30-day period preceding the mosquito survey in a given community
in 2011.

Ciudad Mendoza, Xalapa, Acultzingo, and Atlixco; > 149
Ae. aegypti identified to species per community, estimated
proportions of premises with Ae. aegypti present > 0.17 per
community, and estimated mean numbers of Ae. aegypti
pupae per premises > 0.28 per community) with those charac-
teristics for premises in three high-elevation communities with
no or minimal numbers of Ae. aegypti collected (Puebla City,
Maltrata, and Perote; less than or equal to seven Ae. aegypti
identified to species per community, estimated proportions of
premises with Ae. aegypti present < 0.07 per community, and
estimated mean numbers of Ae. aegypti pupae per premises
< 0.06 per community) (Table 4). For the comparison between
Puebla City and the nine communities with robust Ae. aegypti
populations, the only significant differences were greater num-
bers of large containers at ground level and lower use of air
conditioning in Puebla City (Table 4). These differences should
promote rather than prevent the establishment of Ae. aegypti
populations in Puebla City. The comparison between the
small community of Maltrata and the nine communities with
robust Ae. aegypti populations produced several significant dif-
ferences: (1) premises in Maltrata were of larger size, (2) houses
in Maltrata were less likely to have intact window/door screens,
regular access to piped water, and trash removal services at
least weekly, and (3) premises in Maltrata harbored greater
numbers of large containers and total water-filled containers
at ground level (Table 4). These differences should promote
rather than prevent the establishment of Ae. aegypti pop-
ulations in Maltrata. The outcome of the comparison between
the small city of Perote and the nine communities with robust
Ae. aegypti populations was different: houses in Perote were
less likely to have intact window/door screens or use air con-
ditioning, but the premises harbored lower numbers of total
containers and total water-filled containers at ground level
(Table 4). The permissiveness of the houses in Perote for
entry of mosquitoes should promote the establishment of
Ae. aegypti populations, whereas the lower numbers of con-
tainers present to serve as larval development sites may neg-
atively impact population buildup. However, although the
average numbers of water-filled containers at ground level per
premises were lower in Perote (5.4) compared with Puebla City
(6.0), Maltrata (8.0), or the nine communities with robust
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TABLE 4

Comparison of selected characteristics of study premises for nine communities with robust Ae. aegypti populations versus individual high-
elevation communities with no or minimal numbers of Ae. aegypti collected

High-elevation communities with no or minimal
numbers of Ae. aegypti collectedt

Communities with robust

Ae. aegypti populations Puebla City} Maltrataf Peroted

Premises characteristics (N =457 premises)* (N= 48 premises) (N =51 premises) (N =51 premises)

Mean size (m?) of the lot (SD) 352 (436) 305 (228)8 392 (366)1 222 (125)8
Mean no. shrubs or trees on the lot (SD) 9.0 (26.8) 8.2 (10.6)8 6.2 (9.9)8 10.6 (15.9)§
Mean no. rooms per home (SD) 4.6 (2.5) 49 (3.1)8 4.5 (2.0)8 42 (2.2)8
Mean no. sleepers per home (SD) 51(2.9) 5.2 (3.0)8 53(2.1)8 6.0 2.9)9
Mean proportion per home of windows or doors with intact screens (SD) 0.15 (0.34) 0.10 (0.25)8 0.03 (0.12)4 0.03 (0.09)|
Proportion of homes where air conditioning is present and used 0.05 0.009 0.02§ 0.009
Proportion of homes with piped water always available 0.68 0.66§ 0.37%%* 0.638
Proportion of homes with trash removal at least weekly 0.98 1.008§ 0.88]| 1.008§
Mean no. large containers at ground level per premises (SD) 2.5(1.4) 3.6 (2.4)%* 3.3 (1.5)%* 2.0 (1.0)8§
Mean no. total containers at ground level per premises (SD) 65 (83) 48 (56)8 47 (40)$§ 39 (56)**
Mean no. total water-filled containers at ground level per premises (SD) 6.6 (10.5) 6.0 (8.5)8 8.0 (4.7)%* 5.4(9.9)9

*Including nine communities (Veracruz City, Cordoba, Coatepec, Orizaba, Rio Blanco, Ciudad Mendoza, Xalapa, Acultzingo, and Atlixco) with > 149 Ae. aegypti identified to species per
community, estimated proportions of premises with Ae. aegypti present > 0.17, and estimated mean numbers of Ae. aegypti pupae per premises > 0.28.
tIncluding three communities (Puebla City, Maltrata, and Perote) with less than or equal to seven Ae. aegypti identified to species per community, estimated proportions of premises with

Ae. aegypti present < 0.07, and estimated mean numbers of Ae. aegypti pupae per premises < 0.06.

#Statistical comparison between Puebla City, Maltrata, or Perote and the nine communities with robust Ae. aegypti populations based on Wilcoxon ranked sums test or contingency table

analysis likelihood ratio as appropriate.
§Non-significant (P > 0.05).

P <0.05.
|P<0.01.
5P < 0,001,

Ae. aegypti populations (6.6), such containers were still present
in numbers that are likely to support Ae. aegypti.

DISCUSSION

The potential effects of climate and environmental change
on Ae. aegypti and dengue virus transmission have generated
much debate.?***3? Part of this controversy relates to model-
ing future climate-driven change for the vector or disease with-
out accounting for human-related factors, which also impact
the vector (e.g., availability of water-filled artificial contain-
ers as larval development sites) or dengue virus transmission
dynamics (e.g., serotype-specific susceptibility of the human
population). These confounding factors can, thus, modulate
the effects of climate change. We also recognize that the effects
of climate and environmental change are location-specific and
likely to impact Ae. aegypti and potentially, also dengue virus
transmission to a greater extent in some geographic areas
than others. For example, recent studies suggest that future
changes in the range of Ae. aegypti in Australia may not be
directly caused by climate change but rather, human response
to changing rainfall patterns by increased or decreased use of
water storage containers.”>>* Our study focuses on the potential
for climate change, especially increasing temperatures, to result
in increased risk for future human exposure to Ae. aegypti in
high-elevation Latin American cities with current tempera-
ture conditions below the mosquito’s innate thresholds for
survival and proliferation. Annual and seasonal temperature
trends along our transect are on the order of a +0.15-0.20°C
increase per decade since 1950,% and they are projected to
continue rising at a similar or greater rate throughout this
century.* A warming rate of 0.2°C per decade corresponds
to a given isotherm moving up in elevation by ~30 m per decade;
stated differently, at the current rate of warming, Ae. aegypti
may be able to survive at elevations nearly 300 m higher in
2100 compared with today, assuming that no other factors
prevent establishment at those higher elevations.

We determined presence and abundance of Ae. aegypti
along an elevation and climate gradient in central México.

This gradient ranged from Veracruz City at sea level, with
highly favorable climate conditions for the mosquito, through
mid-range elevations (1,600-1,700 m), which previous data
indicated as the upper elevation margin for Ae. aegypti mos-
quitoes in México,'* into high elevations (> 2,000 m) in the
central highlands. The mosquito was not previously reported
> 1,700 m in México, where high-elevation cities, such as
México City and Puebla City, potentially are threatened if
the regional climate continues to warm as projected. Our
most important findings were that (1) Ae. aegypti mosquitoes
were moderately abundant up to 1,700 m and still present but
rare from 1,700 to 2,130 m, (2) the abundance of Ae. aegypti
along the elevation and climate gradient was correlated with
weather parameters, and (3) there was no evidence of charac-
teristics of the human environment in Puebla City or other
high-elevation communities, where our collections yielded
no or very few Ae. aegypti, that likely would prevent the
proliferation of Ae. aegypti should the local climate become
warmer. Our results are in accordance with previous studies
from México, which reported positive associations or correla-
tions between minimum temperature or rainfall and monthly
or annual dengue incidence®*™** or between median tem-
perature during the rainy season and dengue virus exposure
across communities.*’ Furthermore, one recent study concluded
that, within México, climatic parameters are more important
determinants of dengue incidence than socioeconomic ones.**

Large metropolitan areas located in the comparatively
cooler and drier central highlands of México, such as México
City and Puebla City, have local climates that are currently
poorly suited for establishment and proliferation of Ae. aegypti.
However, these cities are linked through transportation routes
to lower-elevation communities, where warmer and wetter
local climates are suitable for the mosquito to establish and
thrive. For example, we found very few specimens of
Ae. aegypti in Puebla City (> 2,100 m), but the mosquito was
moderately abundant in adjacent lower-elevation communities
on major roads leading to Puebla City from the west (Atlixco;
1,820 m) and east (Ciudad Mendoza; 1,330 m). It is very likely
that cities at high elevation in México experience repeated
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introductions of Ae. aegypti eggs or immatures through human
activities but that the mosquito is prevented from proliferat-
ing by environmental conditions that reduce survival of the
eggs or the active life stages. This outcome could be related to
lack of larval development sites, or as supported by our results,
it could be because of cold or dry conditions limiting popula-
tion growth during the mosquito season and poor survivorship
of overwintering eggs. One possible scenario for Puebla City is
that survivorship of overwintering Ae. aegypti eggs is minimal
and that presence of the mosquito in the summer results largely
from annual introductions of eggs or immatures through
human transport of infested containers. We found no evi-
dence of larval development sites (i.e., artificial containers
with water present) being less common in Puebla City than
study communities at lower elevations where Ae. aegypti mos-
quitoes are abundant. Indeed, the study premises in Puebla
City harbored an average of 48 containers and 6.0 water-filled
ones, which should provide ample opportunities for mosquito
females to locate suitable oviposition sites. However, our data
suggest that climate parameters related to temperature, humid-
ity, and rainfall (cold and dry conditions) during the part of
the year when mosquitoes are active may play key roles in
preventing buildup of populations of Ae. aegypti mosquitoes
in Puebla City. Moreover, winter temperatures in Puebla City
are sufficiently low (Table 1) to negatively impact the survi-
vorship of overwintering eggs.®*® Notably, there was a negative
correlation between daily temperature range, which increased
with elevation along our transect, and the abundance of
Ae. aegypti pupae per premises. A large daily temperature
range was previously documented to have negative effects on
the survivorship of Ae. aegypti females as well as influence the
efficiency with which they transmit dengue virus.*’

The main weaknesses of the study were that we were not
able to sample the study premises on more than one occasion
within the rainy season and that we were unable to identify all
observed immatures, which included surprisingly large num-
bers of the container-inhabiting Ae. epactius. The first issue was
counteracted by our temporal sampling scheme, which led to
mosquito surveys being conducted at similar accumulated
temperatures within the 2011 rainy season for the core com-
munities examined. The second issue was addressed by using
a conservative process to estimate abundance of Ae. aegypti
based on the specimens that were definitively identified to
species in the adult stage. Moreover, the overall results of the
study, with gradually declining abundance of Ae. aegypti to very
low numbers at high elevations, where the local climate pre-
sumably is too cool and dry for this species to proliferate, are
reasonable. The only potentially controversial result was the
collection of Ae. aegypti at elevations above the previously
known highest elevation for collection of this mosquito in
México. There is no question about the correctness of this find-
ing, but we caution that it should be interpreted with great care;
we do not yet know whether mosquito populations in high-
elevation communities can reach levels that support dengue
virus transmission, even among a susceptible human population.

Another potential study confounder is that we were not
able to comprehensively sample all potential larval develop-
ment sites that were observed on the study premises. These
sites included roof water storage tanks, which were excluded
because of safety concerns, and subterranean water-holding
structures, including septic tanks, which require the use of emer-
gence traps for adults to assess their productivity for Ae. aegypti.

It also should be noted that our sampling focused on imma-
tures, and it remains to be determined how frequently these
immatures emerge successfully as adults in high-elevation set-
tings compared with lower-elevation, warmer areas. Ongoing
follow-up studies in selected high-elevation communities include
trapping of Ae. aegypti adults.

Our results pose the question of whether continued warm-
ing and altered rainfall patterns may eventually allow for
establishment and proliferation of Ae. aegypti in México’s
high-elevation cities. We are addressing this question in ongoing
studies by (1) developing models to explain the presence
and abundance of Ae. aegypti along the sampling transect
based on associations with climatic parameters, characteristics
of the human domestic environment, and human behavior
and (2) using these models to assess the potential for future
climate and environmental change to impact the spatial pat-
terns of Ae. aegypti in high-elevation areas in México.
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