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A B S T R A C T   

There is substantial evidence showing that temperature have a great impact on insects behavior, 
phenology and life histories. Because of mosquito global importance as disease vectors, in 
temperate regions where climatic conditions could be only borderline suitable for mosquito 
development, there is a growing interest in understanding the effect of temperature shifts on vital 
statistics to more accurately define how such changes could impact distribution and abundance 
patterns, as well as disease transmission cycles. We determined the role of ambient temperature 
under fluctuating conditions in shaping Culex acharistus (Diptera: Culicidae) life history traits, and 
estimated its development threshold and physiological time, in its southern limit of distribution in 
the Argentine Patagonia region. Four horizontal life tables were conducted under natural fluc-
tuating temperature range in Esquel city (42◦S – 71◦W; 563 m a.s.l.), during spring-summer 
(17◦C), summer (15.4◦C), summer-autumn (12.7◦C) and autumn-winter (5.6◦C) seasons. 
Larvae, pupae and adult traits were recorded. The mean duration of the experiments varied be-
tween 28 to ≅100 days for spring-summer and autumn-winter seasons. Only during the cold 
season experiment pupae experienced the most severe temperatures and freeze-thaw cycles, and 
failed to reach adult stage. We found that larva and pupa development time, adult emergence 
time and longevity significantly increased with decreasing temperatures, while larval survival 
was greatest at an intermediate temperature and decreased toward low and high values. Also, 
protandry was observed and males emerge 2 days before females across seasons. Temperature 
development threshold and physiological time estimated for larva + pupa were 5.98◦C and 
211.24◦C-days. Our study contributes to a growing body of knowledge by examining the effect of 
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seasonal changes in temperature on mosquito life history traits. Results obtained here can be 
applied as useful parameters in the development of population dynamic models, improving 
current mosquito control strategies in cold-temperate regions.   

1. Introduction 

Insects are ectotherms, and therefore their body temperature, basic physiologic functions, life history and population dynamics are 
almost entirely dependent on that temperature of the surrounding environment [1–4]. The range over which insects can survive is 
limited above and below by lethal temperatures, and within this range lies the activity threshold [5,6]. There is substantial evidence 
showing that temperature have a great impact on mosquito life and disease transmission cycles [7–11]. Worldwide increasing tem-
peratures have been associated with increased rates of immature survival and development, and the abundance of adults and feeding 
activity of mosquitoes [8,12–14]. However, the effect of extremely high temperatures beyond a certain threshold over an extended 
period has been shown to be complex and nonlinearly, affecting negatively immature and adult mosquito life history [15,16]. Because 
of mosquito global importance as disease vectors, there is a growing interest in understanding the limits of their thermal tolerance and 
the local adaptation to temperate climates of species constantly expanded towards temperate regions [17–19]. 

Climate change and global warming may be the most pervasive and rapidly increasing threat, and is expected to have a severe 
impact on biodiversity and ecosystems [4,20]. Shifting patterns of temperature and precipitation due to climate change, combined 
with a variety of interacting anthropogenic stressors (e.g. degradation of land and habitat loss, pesticides, pollution), pose novel 
challenges on insects communities [1,21]. Global changes are likely to result in alterations of insects behavior, phenology and life 
histories, and species distribution and abundance [4]. Climate change is expected to affect the distribution and seasonal dynamic of 
mosquito populations, with implications for disease incidence, period of transmission, spread and persistence [22–24]. 

Culex acharistus Root, 1927 (Diptera: Culicidae) is known from Colombia, Brazil, Chile, Argentina and Uruguay [25]. It was first 
described by Ref. [26], from specimens collected in Agua Limpia (Brazil). In Colombia, Cx. acharistus was collected in high mountain 
areas (2546–2642 m a.s.l) of Salento [27]; whereas, in Chile it is distributed in northern, central and southern regions (29–41◦ S; 
70–73◦ O) [28,29]. In Argentina it is widely distributed through northern and central areas, up to Chubut province (22–46◦ S; Fig. 1) 
[31,32], and was mainly found in both, natural and artificial breeding sites [33]. Culex acharistus females have been incriminated as 

Fig. 1. Map of Argentina showing Culex acharistus distribution by provinces, and mean annual temperature variation across the country. Locations 
of Aldea Escolar and Esquel cities (Chubut province) are shown, were experimental material was collected and procedure was conducted, 
respectively. Temperature was derived from data produced by WorldClim v.2 [30]. 
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potential vector of Eastern Equine Encephalitis Virus during the 1988 epizootic in Chaco province [34], and found naturally infected 
with Bunyamwera Virus in Formosa Province [35]. Knowledge on the effect of temperature shifts on life history traits is needed to more 
accurately define how such changes could impact abundance and distribution patterns of mosquito and vector-borne diseases. Here, 
we determined the role of ambient temperature under fluctuating conditions in shaping Cx. acharistus life history traits, and estimated 
its development threshold and physiological time, in its southern limit of distribution in the Argentine Patagonia region. 

2. Material and methods 

2.1. Study area 

The study area was located in Esquel city (42◦S – 71◦W; 563 m a.s.l.), northwestern of Chubut Province, Argentine Patagonia 
(Fig. 1). The climate is cold temperate and rainfall is mainly concentrated in winter months, receiving 461.5 mm of mean annual 
precipitation. The mean summer temperature is 14 ◦C (mean maximum of 21 ◦C; mean minimum of 7 ◦C). During winter the mean 
temperature is 3.4 ◦C (mean maximum of 8.3 ◦C; mean minimum of − 1.5 ◦C), with heavy snow (Precipitation and temperature data 
collected during the period: 1981–2010) [36]. 

2.2. Culex acharistus mass rearing and experimental procedure 

To evaluate the effect of temperature on Cx. acharistus life history traits four horizontal life tables were conducted under natural 
fluctuating temperature range. Cohorts were reared at different natural thermal profiles recorded in Esquel city, in the CIEMEP (Centro 
de Investigación Esquel de Montaña y Estepa Patagónica) laboratory facilities. The laboratory setup consists of an open-room ensuring 
climatic conditions similar to the surrounding environmental conditions. The room was made of three concrete walls and the roof, 
exposed to ambient temperature, humidity and lighting conditions, and provide a shelter from direct rain and snow. During each study 
period, temperature was allowed to vary freely and daily maximum, minimum, and average temperatures were recorded with a data 
logger (HOBO 8 K Pendant Temperature/Alarm; logging rate: 30 min). Three cohorts of Cx. acharistus were reared in each study period 
at: 1) 17 ± 0.5◦C (end of spring-beginning of summer season: November–December 2016, mean minimum: 12.3 ± 0.4◦C, mean 
maximum: 22.5 ± 0.6◦C, amplitude of fluctuation: 10.2◦C); 2) 15.4 ± 0.5◦C (summer season: February–March 2018, mean minimum: 
11.3 ± 0.5◦C, mean maximum: 20 ± 0.7◦C, amplitude of fluctuation: 8.7◦C); 3) 12.7 ± 0.4◦C (end of summer-beginning of autumn 
season: March–April 2017, mean minimum: 9.4 ± 0.4◦C, mean maximum: 16.9 ± 0.5◦C, amplitude of fluctuation: 7.5◦C); 4) 5.6 ±
0.4◦C (autumn-beginning of winter season: April–July 2018, mean minimum: 3.7 ± 0.4◦C, mean maximum: 8.1 ± 0.4◦C, amplitude of 
fluctuation: 4.4◦C) (Fig. 2). 

Culex acharistus mass rearing was performed from field egg rafts originally collected from Aldea Escolar city (Chubut Province, 
Argentina), a semi-urban area located ≅ 30 Km far away from Esquel city (Fig. 1). Egg rafts were collected from natural breeding 
habitats and transfer to the laboratory, each raft in a well in 24-well tissue culture plates. Newly emerged larvae were randomly 
selected from 10 to 15 egg rafts that hatched synchronously the day before to each experiment, and separated into cohorts of 40 larvae 
each. To ensure egg rafts collected from Aldea Escolar city were only Cx. acharistus, ten larvae by raft were reared to the fourth-instar 
larvae for taxonomic identification according to available keys [37], being kept each larvae in a small plastic flask containing distilled 

Fig. 2. Temperature variation. a) Natural thermal profiles recorded in Esquel city, Argentine Patagonia, and b) daily temperature amplitude, during 
each study period (Spring-Summer, Summer, Summer-Autumn and Autumn-Winter). 
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water and added 0.25 mg daily/larva liver powder. 
Four cohorts of 40 larvae of Cx. acharistus were established during each study period. Each cohort was kept in a 500 ml dech-

lorinated water-filled plastic tray (16.5 cm length, 12 cm width, 4.5 cm height), and fed with 0.25 mg daily/larva of liver powder [38]. 
Water surface of larval trays was skimmed daily using a strip of filter paper to avoid subsequent fungal and bacterial development. 
When larvae reached the pupal stage they were picked from trays, and transferred into individually labelled, mesh-covered plastic 
flasks containing 30 ml of dechlorinated water (3.5 cm in diameter and 6.5 cm height), until adult emergence. Adults were kept alive in 
individually labelled mesh-covered containers, provided with only water-soaked cotton pad, until all had died. 

Each cohort was monitored daily, counting the number of larvae alive in each cohort and categorized them visually according to the 
instars. First and second instar larvae were considered together as one age class (larva 1 + 2). To estimate the duration of each instar 
larvae and the pupal stage development, the number of days spent in each instar larvae or pupal stage was recorded in each cohort (the 
presence of exuviae indicated changes of instar/stage). Larval exuviae and dead larvae/pupae were removed and counted. Total larva 
and pupa development time was recorded as the sum of days spent in each stage. Longevity of pupae surviving to adulthood (longevity 
success) and longevity of pupae that failed to reach adult stage (longevity failure) were discriminated. The number of living and dead 
males and females was recorded daily, and adult longevity was estimated. Survival was expressed as the percentage of individuals that 
reached the next instar larvae or pupal stage. 

2.3. Data analysis 

Descriptive summary measures were obtained (mean ± standard error) in order to assess the variation of immature and adult life 
history traits across seasons. The effect of season on larva and pupa development time and survival was analyzed using generalized 
linear models (GLM) [39]. Six separate models that included factor season (4 levels: Spring-Summer, Summer-Autumn, 
Autumn-Winter and Summer) as a fixed effect were tested. The response variables total larva, total pupa and total larva + pupa 
development time were modeled assuming a Gaussian distribution and log link function. A Beta distribution and logit link function 
were used for total larva, total pupa and total larva + pupa survival. Since the survival response variables were expressed as pro-
portions, and assumes the extremes 0 and 1 values, we applied the following transformation described by Ref. [40]: 

(Υ×(η − 1)+ 0.5)∕η  

where, Υ is the response variable survival, and η the sample size. Residual plots were examined for model validation following the 
protocol described by Ref. [39]. The percentage of explained deviance by each model was estimated as a measure of goodness of fit. 
Also pseudo-R2 values for survival models are shown. Modelling was performed in R software, Version 4.1.0 [41], via the RStudio 
software, Version 1.4.1106 [42], using R stats [41] and betareg [40] packages. 

To better understand the longevity of pupae surviving to adulthood and the longevity of pupae that failed to reach adult stage 
across seasons, three univariate GLM models were performed. Factor treatment (two levels: longevity success and longevity failure) 
was included as a fixed effect, and the response variable mean of longevity was modeled with a Gaussian distribution and log link 
function. Statistical analyses were conducted using R software in RStudio, and R stats package. 

GLM with a Gaussian distribution and log link function was employed to test the effects of season (3 levels: Spring-Summer, 
Summer-Autumn and Summer), sex (male and female), and their interactions on mean adult emergence time and longevity. An 
automatic backward step-wise approach was applied for model selection (likelihood ratio test) using the command “drop1”. Statistical 
analyses were conducted using R software in RStudio, and R stats package. 

Temperature development threshold was estimated by linear regression of development rate as function of mean temperature. The 
linear model expressed below evaluated the relationship between development rate of Cx. acharistus larva + pupa and temperature: 

r= a + bT  

where, r is the development rate expressed as the reciprocal of development time, T is the mean ambient temperature (◦C), while the 
intercept (a) and slope (b) are model parameters. The value of the x-axis obtained by extrapolation of the straight line (below which no 
development occurs) was determined as the development thermal threshold [43]. Statistical analysis was conducted using R software 
in RStudio, and R stats package. 

Physiological time was estimated as the cumulative product of total development time multiplied by the mean ambient temper-
ature above the temperature development threshold: 

K = t(T − c)

where, K is the physiological time measured in degree-days, t is the time from start of development to completion (larva + pupa), T is 
the mean ambient temperature, and c is the estimated temperature development threshold [8]. 

All R codes and data are available on figshare (https://doi.org/10.6084/m9.figshare.20338245) [44]. 
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3. Results 

3.1. Temperature fluctuation: natural thermal profiles 

Natural fluctuating temperature profiles across seasons are shown in Fig. 2a. The mean temperature ranged from 5.6◦C during 
autumn-winter season to 17◦C in spring-summer. Large temperature fluctuations were recorded at high mean temperatures, whereas 
small fluctuations occurred at low mean temperatures, with an observed decrease in temperature amplitude from 10.2◦C (spring- 
summer) to 4.4◦C (autumn-winter) (Fig. 2b). The highest maximum temperature was 27.5◦C, being recorded during spring-summer. 
Minimum temperatures were mostly above 0◦C except for autumn-winter season, where the lowest minimum temperature was − 6.4◦C, 
being this autumn-winter experiment the longest and lasted ≅ 100 days. After day 50, mean temperature dropped below 0◦C, and 
freezing temperatures and snowfalls were recorded. At least three consecutive freeze events occurred, of 2, 4 and 7 days of duration 
each one, at mean temperatures ≅1.6, − 1.2 and − 1.9◦C, respectively (Fig. 2a). 

3.2. Culex acharistus life history traits: larvae and pupae – adult transition 

Larva and pupa life history traits obtained across seasons are shown in Supplementary Table S1 and Fig. 3. The mean larval, pupae 
and larva + pupa development time differed significantly between seasons (Table 1). The mean larval development time ranged from 
15.3 to 48.3 days, at spring-summer and autumn-winter, respectively. The mean pupal development time was ≅ 4 days at 15.4 and 
17◦C, and took up to 4 days longer at the end of summer-beginning of autumn season (7.6 days). Total development time (larva +
pupa) followed a similar pattern, increasing from ≅ 20 days at 15.4 and 17◦C, to 32 days at 12.7◦C (Supplementary Table S1, Fig. 3a). 

A significant effect of season on larval, pupal and larva + pupae survival was observed (Table 1). Larvae reached the pupal stage 
during the four study periods, being mean larval survival greatest at 17◦C (73%), showing lower values toward the autumn-winter 
(10%) (Fig. 3b). Summer and summer-autumn seasons yielded higher pupal survival values (averaging ≅ 90%). No pupal survival 
was observed during the cold season experiment; whereas, the highest larva + pupa survival was recorded at the end of summer- 
beginning of autumn (62%). 

At high mean temperatures, longevity of pupae surviving to adulthood was significantly greater than longevity failure, being ≅4 
and 2 days, respectively (Table 2; Supplementary Table S2). During summer-autumn, similar trends were observed for both groups 
(longevity success and failure: 8 days). Then, during the cold season experiment, 100% of pupae failed to reach adult stage and only 
longevity failure values were recorded (Fig. 3b). Individuals spent a mean of 24 days as pupae, but then died. 

Fig. 3. Larva and pupa life history traits. a) Staked bar graph showing mean development time for larva (light blue) and pupa (dark blue), and b) 
number of dead (dark green) and alive (light green) larvae, pupae and adults of Culex acharistus, during each study period (Spring-Summer, Summer, 
Summer-Autumn and Autumn-Winter). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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3.3. Culex acharistus life history traits: males and females adults 

Male and female adults emerged before at higher temperatures compared to lower temperatures, but had a much shorter longevity 
(Supplementary Table S3 and Fig. 4). Time from hatching to adult emergence significantly increased with decreasing temperatures, 
and males always emerged ≅2 days before than females (Table 3 and Fig. 4a). A significant effect of season by sex interaction was 
observed for adult longevity (Table 3). Longevity was higher as temperature decreased, and only at summer season the longevity of 
females (5.5 days) was significantly greater than that of males (4.4 days) (Fig. 4b). 

3.4. Temperature development threshold and physiological time 

Linear regression of the development rate (1/development time) as function of temperature was significant (t = 13; p = 1.4e− 07). 
Temperature development threshold and physiological time estimated for larva + pupa were 5.98◦C and 211.24◦-days, respectively 
(Supplementary Fig. S1). 

4. Discussion 

The results of our study showed the role of ambient temperature under fluctuating conditions in shaping immature and adult Cx. 
acharistus life history traits on its southern limit of distribution. We found that larva and pupa development time, adult emergence time 
and longevity significantly increased with decreasing temperatures, while larval survival was greatest at an intermediate temperature 
and decreased toward low and high values. We also estimated two important developmental parameters for larva + pupa, the 

Table 1 
–GLM results. Generalized linear models results for the effect of season on immature development time and survival. Explanatory variables, 
parameter estimates (β) (±SE), t or z- and p-values, explained deviance or pseudo-R2 are shown for each model.  

Model Explanatory variables β ± SE t or z-value p-value Explained deviance Pseudo-R2 

Total larva development time Intercept 15.3 ± 0.4 39 <0.001 99.7% – 
Summer-Autumn 9 ± 0.6 16.2 <0.001 
Autumn-Winter 32.9 ± 0.6 59.3 <0.001 
Summer 2.8 ± 0.6 5 <0.001 

Total pupa development time Intercept 4.1 ± 0.3 16.5 <0.001 95% – 
Summer-Autumn 3.5 ± 0.4 10 <0.001 
Summer -0.8 ± 0.4 -2.2 0.052 

Total larva þ pupa development time Intercept 19.4 ± 0.5 37.4 <0.001 97.4% – 
Summer-Autumn 2.5 ± 0.7 17 <0.001 
Summer 2.1 ± 0.7 2.8 0.021 

Total larva survival Intercept 1 ± 0.2 4.2 <0.001 – 85% 
Summer-Autumn -0.2 ± 0.3 0.5 0.6 
Autumn-Winter -3±0.4 -8 <0.001 
Summer -1.1 ± 0.3 -3.7 <0.001 

Total pupa survival Intercept 0.7 ± 0.2 2.9 0.004 – 93% 
Summer-Autumn 1.4 ± 0.4 3.3 <0.001 
Autumn-Winter -3.6 ± 0.5 -7 <0.001 
Summer 1.5 ± 0.4 3.5 <0.001  
Intercept -0.02 ± 0.2 -0.1 0.9 – 94% 

Total larva þ pupa Summer-Autumn 0.5 ± 0.3 1.8 0.08 
survival Autumn-Winter -3±0.4 -7 <0.001  

Summer -0.3 ± 0.3 -0.9 0.3 

-The reference category in the model is Season_Spring-Summer. 
-Number of experimental units (cohorts of 40 larvae) used in each model: n = 16. 

Table 2 
–GLMM results. Generalized linear models results for the effect of treatments (success and failure) on mean longevity of pupae at three seasons. 
Explanatory variables, parameter estimates (β) (±SE), t - and p-values, and explained deviance are shown for each model.  

Model Explanatory variables β ± SE t-value p-value Explained deviance 

Longevity Summer Intercept 3.8 ± 0.3 12.6 <0.001 83.5% 
Longevity_failure -2.3 ± 0.5 -5.1 0.004 

Longevity Summer-Autumn Intercept 7.8 ± 0.6 12.9 <0.001 15% 
Longevity_failure 0.9 ± 0.9 0.9 0.4 

Longevity Spring-Summer Intercept 4.1 ± 0.2 24.5 <0.001 92.5% 
Longevity_failure -2.1 ± 0.2 -9 <0.001  

-The reference category in the model is Longevity_success 
-Number of experimental units (each pupa) used in each model: n = 74 (Longevity Summer), n = 109 (Longevity Summer-Autumn) and n = 116 
(Longevity Spring-Summer). 
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temperature development threshold and physiological time. 

4.1. Natural autumn-winter thermal fluctuations and pupal survival 

The mean duration of the experiments varied between 28 and 44 days for spring-summer, summer and summer-autumn seasons, 
being the cold season experiment the longest (≅100 days). During the autumn-winter pupae experienced the most severe temperatures 
and freeze-thaw cycles, and failed to reach adult stage. Small plastic flasks containing pupae with dechlorinated water were completely 
frozen from the top to the bottom, for at least three consecutive periods. However, in nature, the size and water volume of Culex larval 
habitats from Patagonia is usually bigger than that of the present study [45], and immature mosquitoes could became protected from a 
freeze event. Aquatic habitats during cold season commonly develop a layer of surface ice, insulating the underlying water from frigid 
air temperatures and windchill. Thus, submerged insects are likely to experience warmer winter temperatures than terrestrial insects 
[46]. Cold-stressed pupae from our study were able to restore their locomotion after the end of each cold period, but then all in-
dividuals perished later during the development. Pupae were not able to repair the injuries and did not metamorphosed into adults. 
Delayed mortality, a mortality which does not occur immediately upon cold stress but instead later during ontogenesis, was also 
observed in cryopreserved drosophilid fly larvae, where the majority of individuals failed to proceed in ontogenesis [47]. Cold injury 
occurs at the molecular level in terms of damage to proteins, nucleic acids and biological membranes. The damage occurs as a result of 
the interaction between temperature, ice formation and secondary effects (e.g. osmotic stress, concentration of solutes, cellular 

Fig. 4. Adult life history traits. a) Mean adult emergence time, and b) adult longevity (±SE), for male and female Culex acharistus at each study 
period (Spring-Summer, Summer and Summer-Autumn). 

Table 3 
–GLMM results. Generalized linear models results for the effect of season and sex on mean adult emergence time and longevity. Explanatory var-
iables, parameter estimates (β) (±SE), t - and p-values, and explained deviance are shown for each model.  

Model Explanatory variables β ± SE t-value p-value Explained deviance 

Adult emergence time (days) Intercept 20.4 ± 0.6 32.5 <0.001 94% 
Summer-Autumn 12.6 ± 0.8 16.3 <0.001 
Summer 2.4 ± 0.8 3.01 0.006 
Male -1.9 ± 0.6 -3.05 0.006 

Longevity of adults (days) Intercept 3.5 ± 0.2 14.5 <0.001 94% 
Summer-Autumn 4 ± 0.3 11.5 <0.001 
Summer 2.1 ± 0.3 6 <0.001 
Male -0.06 ± 0.3 -0.2 0.9 
Summer-Autumn*Male -0.03 ± 0.5 -0.07 0.9 
Summer*Male -1.1 ± 0.5 -2.3 0.03 

-The reference category in the model is Season_Spring-Summer and Sex_female 
-p-values from drop1 function for Adult emergence time: Season (3.4e-15) and Sex (0.002). 
-p-values from drop1 function for Longevity of adults: Season*Sex (0.02). 
-Number of experimental units (cohorts of 40 larvae) used in each model: n = 12. 
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dehydration and oxidative stress) [48]. The ability to tolerate or even actively repair the injuries is generally attributed to a 
cold-induced regulation of the activity of cellular protective systems [49,50]. 

4.2. Linking temperature and life history traits 

Larva and pupa development time significantly increased with decreasing temperatures, from spring-summer to autumn-winter. 
The same relationship was observed in other Culex species under constant [7,51], or fluctuating [52] laboratory temperature regi-
mens. Shorter mean development times than the present study were recorded for Cx. quinquefasciatus, Cx. pipiens and Cx. herperi (12.6 
and 16.5, 17.4 and 20.9 days, respectively) [7,51–53]. In general, temperature amplitude reported by these authors were higher than 
the present study, with higher maximum (25–34◦C) and minimum (15–16.6◦C) temperatures. Only, under a constant temperature of 
7◦C immatures of Cx. pipiens failed to reach pupa stage [51], and the mean development time for each instar larvae were similar than 
those reported in our cold season experiment. The larva and pupa survival values recorded in this study were highest at an intermediate 
temperature of 12.7◦C, and decline towards both, lower and higher temperatures. A similar pattern was described for Cx. quinque-
fasciatus and Cx. pipiens immature survival being greatest at 25◦C; while lower values below 50% were recorded at extreme low and 
high temperatures [7,51]. Only for Cx. quinquefasciatus under fluctuating temperature regimen, immature survival increased linearly 
with increasing temperatures, between 32 and 88% in the range of 16–25.2◦C [52]. 

In accordance with previous studies in other Culex species [7,51,53–55], results here showed that time from hatching to adult 
emergence and adult longevity significantly decreased with increasing temperatures. Thus, increasing temperatures could lead to a 
more rapid population proliferation; however, adults will survive for a shorter period. In the present study, males emerge 2 days before 
females across seasons. Protandry is widespread among animals and particular common among insects [56], and has been documented 
in many mosquito species belonging to Aedes [57], Culex [58], Wyeomyia [59] and Toxorhynchites [60]. In short-lived animals in 
seasonal environments, with discrete generations, it has been argued that males maturing before females may gain a fitness advantage 
by increasing their mating opportunities (direct selection hypothesis). Alternatively, the sex difference in age at maturity may also be a 
side-effect of sexually dimorphic selection on body size (indirect selection hypothesis) [56]. Trade-offs in development time versus 
mass at eclosion has been reported for male and female mosquitoes, with smaller and fast-growing males, and females maximizing 
mass (positively related to fecundity) but taking longer to develop [61]. 

4.3. Temperature development threshold and physiological time 

Development rate, temperature development threshold and physiological time are fundamental features of ectothermic organisms, 
and are essential elements for developing population dynamics models [8,62]. According with our results, once the ambient tem-
perature became greater than the estimated development thermal threshold of 5.98◦C, it will be necessary 211.24◦-days to complete 
the larval + pupal development of Cx. acharistus. Temperature development threshold reported for Cx. quinquefasciatus was usually 
higher than the present study, and varied between 9.5, 10 and 10.9◦C [52,63,64]. That species is present throughout Argentina 
(22–41◦S), except its southernmost end [31,32]. However, for Cx. pipiens and Cx. eduardoi, both species widely distributed through 
northern and central areas, up to southern Patagonia region (36–52◦S) [31,32], the estimated development thresholds were lower of 5 
and 5.7◦C, respectively [51,65]. Reductions in thermal threshold and increases in physiological time have also been recorded for insect 
species with increasing latitude or altitude [43,62]. Thus, understanding these parameters is of the utmost important in explaining 
adaptations of insect life histories to resources that vary seasonally [62]. 

5. Conclusions 

Our study reveals that seasonal changes in temperature had a pronounced effect on larvae, pupae and adult Cx. acharistus life 
history traits from central Patagonia. Understanding these relationships is needed to better define the potential impact of temperature 
changes on mosquito species distribution, abundance, morphology, behavior and phenology. Regional simulations of climate change 
under A2 and B2 IPCC emission scenarios, for the period 2081–2090 over southern South America, predicted a warming in the range of 
1.5–5.5◦C (A2) and 1–4◦C (B2), with minimum changes in the mean temperature projected for higher latitudes south of 35◦S in the 
Patagonia region. Projections showed an increase more or less constantly of surface air temperature throughout the entire Patagonia 
region (≅ 1–3◦C of warming), and a significant decrease in annual precipitation in north-west Patagonia [66]. Consequently, our study 
suggest that a shift in climate towards hotter conditions in Patagonia may decrease Cx. acharistus larva and pupa development time and 
time from hatching to adult emergence, and lead to a more rapid population proliferation. However, adult longevity and survival will 
decreased with increasing temperatures. Future studies should experimentally test for the effects of hotter conditions, similar to those 
projected for Patagonia, on mosquito life history traits. That will be particularly important in understanding ecological responses of 
different life stages to variations and extremes in environmental temperature. Also, the potential use of species distribution models to 
monitor the distribution pattern of Cx. acharistus and other Culex or Aedes species of sanitary importance in Patagonia, or to mapping 
potential vector-borne diseases spread in the region, could became important in a context of environmental change and its ecological 
consequences. Photoperiod, not addressed in the present study, may also contribute to the observed patterns of immature development 
time and survival, and adult emergence time and longevity, and should be taken into consideration. During spring-summer, sum-
mer-autumn, autumn-winter and summer photoperiod was 14:56–9:03, 11:38–12:21, 9:45–14:14 and 13:02–10:58 h of light-dark 
[67], respectively. The parameters obtained in the present study constitute baseline data for the region, and can be used as useful 
parameters in the development of population dynamic models, improving current mosquito control strategies in cold-temperate 
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regions. 
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