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generally require time to replicate and spread in the 
mosquito’s salivary glands. Only if the mosquito survives 
longer than the extrinsic incubation period (the inter-
val of time between the ingestion of pathogen infected 
blood from one host and the transmission of the patho-
gen by biting another host) can it succeed in transmitting 
the pathogen [6]. In fact, adult survival is one of the key 
parameters in MacDonalds’s classic equation for disease 
transmission risk [4], and behavioural and physiological 
adaptive strategies have allowed mosquitoes to extend 
their longevity [7], and consequently the overall risk of 
disease transmission.

Given this in�uential role of survival in the trans-
mission of mosquito-borne diseases, knowledge of 
the extrinsic and intrinsic factors that can limit the life 
expectancy of these insects is essential. Seasonality and 
weather variation play a critical role in mosquito popula-
tion dynamics, with temperature being the most impor-
tant extrinsic factor [8]. �e e�ect of humidity in survival 
is not as clear. While some laboratory work suggests that 
humidity is not a limiting factor for mosquito survival 
[9], others show reduced survival at low relative humidity 
levels [10].

Frailty, the condition of being weak and more vulnera-
ble to death, also a�ects the overall longevity of individu-
als. Frailty is often understood as an intrinsic component 
of survival that can vary with genotype and age, but also 
depends on the phenotype and the overall life condition 
(e.g. accumulation of metabolic stressors that decrease 
the chances of survival). From a demographic perspec-
tive, individual frailty is strongly associated with age; 
among adult mosquitoes, young individuals have the 
greatest reproductive potential and fewest mortality 
risks, while older individuals have lower reproductive 
potential and higher mortality risks [11].

Despite the epidemiological importance of age in dis-
ease-transmitting species and current age-grading tools 
[12], there is no standardised methodology available to 
estimate the age structure of insect populations in an 
e�cient and inexpensive way [11]. Some of the meth-
ods used at present, such as transcriptional pro�ling [6], 
the use of follicular relics [13] or near-infrared spectros-
copy (NIRS) [14], can distinguish young individuals from 
old ones, but they are not accurate enough to classify 
mid- and advanced-aged individuals [11]. Others, such 
as mark-release and recapture, are labour intensive and 
could overestimate mortality by losses during emigration 
or removal sampling [15].

With the objective of �nding a way to infer longevity 
and estimate age structure in wild insect populations, 
Carey, Müller and colleagues [16] developed the captive 
cohort method (CCM) as a demographic technique. In 
this approach, the distribution of remaining longevities 

for wild-caught individuals can be used to infer the age 
structure dynamics of wild populations. Similar to natu-
ral lifespans, post-capture longevity of wild-captured 
mosquitoes are conditioned by: (i) their environment and 
(ii) their physiological and chronological ages [17]. Dif-
ferences between the pre- and post-capture conditions 
include the absence of certain environmental hazards 
(e.g. predation), which can impact the potential longevity.

Here, we apply the CCM in the �eld to assess the fac-
tors in�uencing post-capture longevity in mosquito pop-
ulations, both extrinsic (e.g. temperature, photoperiod, 
humidity) and intrinsic (individual frailty). Our aim is to 
understand how these factors a�ect mosquito popula-
tion dynamics and promote additional e�ort in the study 
of demography and survival of insects in the wild, key to 
understanding the dispersal mechanisms and the success 
in the transmission of disease-causing pathogens.

Our target species is the Asian tiger mosquito �Aedes 
albopictus. �is highly invasive species, originated in 
Southeast Asia [18], has colonized Africa, Europe and 
America (north and south) in recent decades, after �rst 
extending its range eastwards across the Paci�c islands 
during the early twentieth century [19]. �is ease of 
expansion poses a serious risk to human health because 
of the species’ capability of transmitting several patho-
gens. In laboratory conditions, Ae. albopictus can trans-
mit more than 20 arboviruses and, in the wild, it has 
shown competence as a vector of dengue and chikungu-
nya viruses, among others [20].

Methods
Field sampling
From June to November 2021, we sampled adult female 
Aedes albopictus mosquitoes daily in Catalonia, Spain. 
�e study locations included an urban area in Pala-
folls (41.669167◦ N, 2.750556◦ E) within the Maresme 
region, approximately 68�km east of Barcelona, and the 
Jardí Botanic Marimurtra, a botanical garden located in 
Blanes (41.676667◦ N, 2.801944◦E), 5�km east of Palafolls 
(Fig.�1a). Both sites o�ered suitable breeding sites for Ae. 
albopictus, with some variations between the urban and 
vegetated areas. �e urban site, situated downtown in 
Palafolls with a population of approximately 10,000 resi-
dents, had numerous houses with gardens and various 
public and private water irrigation systems. In contrast, 
the vegetated site had a smaller residential population in 
the surroundings but experienced a high in�ux of tour-
ists, providing a great availability of hosts. �e presence 
of vegetation and continuous irrigation in the area cre-
ated ample mosquito breeding sites and refuges, resulting 
in a more humid and shaded environment.

Mosquitoes were captured using two methods: BG-
Sentinel traps (BGT) with BG-Lure attractant and 
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Human Landing catch (HLC) with a handheld mouth 
aspirator. Upon capture, each mosquito was immediately 
transferred to an individual container labeled with an 
ID code, location, capture method and date of capture. 
BGTs (three in the Jardí Botanic Marimurtra and one in 
Palafolls) were checked daily, collecting only females of 
Ae. albopictus, with an average of ≈ 5 individuals per day 
(ranging from 1 to 10 females depending on the moment 
of the season and mosquito presence). To minimize 
potential negative impacts, the BGTs were active during 
speci�c periods corresponding to increased Ae. albopic-
tus activity [21, 22], controlling the fan with timers for 
two intervals of approximately 4�h each in the morning 
and before sunset to prevent dehydration caused by con-
tinuous air�ow exposure (Fig.�1b). In addition to BGTs, 
we used HLC to capture females. �is involved captur-
ing mosquitoes as they landed on the collector while 
checking the BGTs, transferring females to individual 
containers and monitoring mortality ( ≈ 20 min). Females 
captured by HLC followed the same protocol as the BGT-
captured females, as described below.

Individual cages, comprising transparent plastic con-
tainers (1000� ml) with a side opening covered by mos-
quito net, were used for each mosquito. Inside the 

containers, females were provided with a 10% sugar solu-
tion for nourishment. We replenished the sugar solution 
in each individual cage as needed to maintain food qual-
ity and prevent fungal contamination. All individual con-
tainers in both locations were placed on a shaded shelf 
with six levels (Fig.�1c). Temperature and relative humid-
ity were continuously recorded using HOBO� MX1101 
data loggers. Each mosquito was checked daily at the 
same time (±1�h), and deaths were noted and removed.

Laboratory
�e laboratory populations of Ae. albopictus came from 
eggs collected at the Jardí Botanic Marimurtra every 
week from June to October by means of six ovitraps 
placed around the garden.

Immature stages were fed increasing amounts of �sh 
food as they grew (from ≈ 0.1� mg of �akes/larva/day 
in L1 to ≈0.4�mg/larva/day in L4) [23]. �irteen cohort 
cages of ≈120 mosquitoes were established with predom-
inance of females over males (ratio 2:1), maintaining lar-
vae and adults under semi-controlled climatic conditions 
(22–25� °C; ∼1� °C daily �uctuations; 60–70%RH, natural 
cycle L:D) (Fig.�1d). Daily samples of ≈ 10 females of 
known ages ranging from 2 to 27 days from each cohort 

Fig. 1 A Map of Catalonia, Spain (top left) and study area (center); red point in top left map indicates the southern coast of the province of Girona; 
in the study area map blue point indicates Palafolls (urban) and yellow indicates Blanes (vegetated); B BG-Sentinel trap in the vegetated location, 
with timer installed. C Shelves installed in the �eld and laboratory locations, with the individual containers for the female mosquitoes. D Cages 
for raising colonies in the laboratory
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cage were transferred to individual containers with a 
handheld mouth aspirator and monitored. Containers 
were labelled with mosquito ID, colony start date and 
capture date. Individuals were inspected daily, and dead 
mosquitoes were noted and removed.

Statistical analysis
Post‑capture longevity: mean difference tests
We examined the in�uence of location (urban and veg-
etated) and capture method (BGT and HLC) on remain-
ing longevity after capturing females of unknown age in 
the �eld. We performed a Shapiro-Wilk test (W = 0.95, 
P < 0.0001) and graphical methods (Additional �le�1: Fig. 
S1) to determine if our longevity data followed a normal 
distribution. Due to the non-normal distribution of the 
data we compared the di�erences between mean survival 
rates with Wilcoxon-Mann–Whitney and Kruskal-Wallis 
tests. Considering varying sample sizes (HLC: N = 157, 
BGT: N = 702), we also conducted bootstrap analyses 
[24]. �ese involved comparing N individuals from each 
location (where N represents the minimum sample size 
obtained for the HLC condition) with N individuals 
randomly sampled from the BGT captures. We iterated 
this comparison 999 times and then computed a pseudo 
P-value counting how many times these comparisons 
were statistically signi�cant.

Post‑capture survival modelling: Kaplan‑Meier and Cox 
regressions
We estimated survival functions for three location groups 
(urban, vegetated and laboratory) and for each method 
of capture (BGT and HLC) in each �eld location. �e 
Kaplan-Meier estimator was used considering escaped 
or arti�cially killed mosquitoes as censored observations. 
We performed pair-wise comparisons among the di�er-
ent locations and methods with the log-rank test using 
the survival package [25] for R version 4.2.0 [26].

We performed a Cox regression analysis to assess the 
in�uence of environmental factors on post-capture sur-
vival. Hazard ratios (HR) and 95% con�dence intervals 
(95% CI) were calculated to determine the impact and 
signi�cance of each variable. We used daily temperature 
and humidity measurements from our HOBOs and com-
puted the Growing Degree Day (GDD), a measure of heat 
accumulation used to predict plant and animal develop-
ment rates (e.g. the date in which an insect will emerge 
from dormancy). As seen in Delatte et�al. [27], the lower 
developmental temperature was found at 10.4� °C, with 
an optimum of 29.7� °C. �erefore, GDDs were calcu-
lated with a Tbase of 10� °C and a maximum tempera-
ture limit of 30� °C. Two additional variables, GDD per 
captured female (gdd_id; value of heat accumulation for 
each female during its captivity period to death) and daily 

di�erences in GDD (daily_acc_gdd), were computed. �e 
pollen package [28] in R version 4.2.0 [26] was employed 
for GDD calculations. Photoperiod (hours of light/day) 
was calculated for the entire experimental period with 
the meteor package [29] in R version 4.2.0 [26] and used 
as covariable. Since survival was dependent on location 
and capture method, both variables were treated as lev-
els. A simple Cox regression model examined the impact 
of location and capture method on survival, while a 
time-dependent mixed Cox regression model incorpo-
rated daily changing environmental variables [30, 31]. 
To account for clustered variance due to multiple events 
observed daily for each mosquito, an individual mosquito 
level was included in the analysis.

Potential correlation (see Additional �le�1: Fig. S2) and 
collinearity were assessed using the corrplot [32] and car 
[33] packages for R version 4.2.0 [26], respectively. Model 
selection was based on the Akaike information criterion 
(AIC). Cox models were implemented using the survival 
[25] and coxme [34] packages in R version 4.2.0 [26].

Results
Post-capture longevity: raw data and�mean comparisons
A total of 859 Ae. albopictus females were monitored 
over a 168-day period between 18 June and 3 December 
2021 (death of the last female) (Fig.�2). �e post-capture 
longevities of female Ae. albopictus mosquitoes sig-
ni�cantly di�ered based on capture methods (BGT vs. 
HLC), locations (urban area vs. vegetated area) and cap-
ture methods within each location, suggesting variations 
in the potential longevity of females among the compared 
groups. In the urban location, the mean post-capture 
longevity of Ae. albopictus females was 19.33 days (SD 
16.37), with a range of 1 to 86 days. In the vegetated loca-
tion, the mean post-capture longevity was 15.94 days (SD 
14.41), ranging from 1 to 74 days. We utilized bootstrap-
ping methods to examine di�erences in post-capture lon-
gevity according to capture method within each location. 
On average, females captured with BG traps had signi�-
cantly lower post-capture longevity, with mean values of 
17.31 days (SD 15.60) in the urban area and 14.63 days 
(SD 13.51) in the vegetated area. However, those females 
captured with human landing catch (HLC) showed bet-
ter mean post-capture longevity values; 28.34 days (SD 
16.75) in the urban area and 21.84 days (SD 16.79) in the 
vegetated area (Table�1).

Pooling the data from both �eld locations, we 
observed a seasonal pattern on post-capture longev-
ity (Fig.�2). In both the urban and vegetated locations, 
post-capture longevity was lower during June and July: 
12.67 days (SD 13.42) in the urban site; 14.22 days (SD 
13.40) in the vegetated site) compared to August and 
September (23.66 days (SD 17.43) in the urban site; 
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17.69 days (SD 15.49) in the vegetated site. For October 
and November the mean post-capture longevity was 
also lower than in August and September (16.21 days 
with SD of 13.20 in urban; 12.29 days with SD of 10.82 
in vegetated). In the urban area, the post-capture lon-
gevity in June and July di�ered signi�cantly from both 
August and September. September and October in the 
urban area also revealed signi�cant di�erences. In the 
vegetated area, signi�cant di�erences were found only 
between August and October (for detailed information, 
see Additional �le�1: Figs. S3–S4).

Noticeably, the maximum temperatures recorded in 
both �eld locations never exceeded 33.1� °C. Indeed, the 
30� °C threshold was rarely surpassed, except for occa-
sional temperature peaks in July and August. Con-
sequently, the females were not exposed to extreme 
temperatures. However, signi�cant di�erences in temper-
ature variations were observed among the locations (see 
Additional �le� 1: Fig. S5). �e values of relative humid-
ity (RH%) were generally high; on average, the maximum 
average values of RH% were 92.42% (SD ± 8.75) in the 
vegetated area and 87.61% (SD ± 7.05) in the urban area.

Fig. 2 Post-capture longevity of female Aedes albopictus captured in both study sites from June to November 2021. A Points represent the average 
post-capture longevities of individuals sampled each day. The black line represents the trend of longevity through the season with its 95% 
con�dence interval. B Box plots of the average daily temperature (°C) and relative humidity (%) values grouped by month during the experimental 
season

Table 1 Di�erences in post-capture longevity of females 
captured in both urban and vegetated �eld locations and by 
both capture methods

*Different superscripts indicate significant differences according to the 
Wilcoxon-Mann-Whitney test (P < 0.05)

**Different superscripts indicate significant differences according to the 
Wilcoxon-Mann-Whitney test (P < 0.05)

***Different superscripts indicate significant differences according to the post 
hoc Dunn test (P < 0.05) after performing a Kruskal-Wallis test (P < 0.05)

Groups Mean ± SD Range (min–max)

Field locations*

 Urban 19.33±16.37a 1–86

 Vegetated 15.94±14.41b 1–74

Capture methods**

 HLC 25.11±17.03a 1–84

 BGT 15.97±14.67b 1–86

Location + Method �eld***

 Vegetated - BGT 14.63±13.51a 1–69

 Vegetated - HLC 21.84±16.79bc 1–74

 Urban - BGT 17.31±15.60ab 1–86

 Urban - HLC 28.34±16.75c 1–84
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Survival curves: in�uence of�capture method, location 
and�seasonality
�e Kaplan-Meier estimator [35] and pairwise compari-
sons among the survival rates clearly reproduced the 
di�erences between the post-capture survival curves in 
the �eld and in the laboratory (Fig.�3a). Females raised 
in the laboratory showed a higher survival rate than the 
females captured and kept in the �eld (P < 0.0001). If we 
compare the survival rates of the �eld groups, we observe 
that females captured in the urban area with HLC had 
the highest survival rate, while females captured in the 

vegetated area with BGT had the lowest survival rate 
(Fig.�3b; P < 0.0001). In general, HLC was associated with 
greater longevity compared to BGT, whatever the loca-
tion (Fig.�4a, b), and the survival rate in the urban area 
was slightly higher than that of the females from the veg-
etated area, whatever the capture method (Fig.�4c, d). For 
more details, see Additional �le�1: Table�S1.

Cox regression analysis
Cox regression analysis revealed location and capture 
method as signi�cant predictors of the risk of death. 
Urban areas showed lower risk of death (HR = 0.837; 95% 
CI = 0.72−0.96; P < 0.05) than vegetated areas. �e same 
analysis revealed BGT (HR = 1.564; 95% CI 1.31−1.86; P 
< 0.0001) as a signi�cant predictor of an increased risk of 
death compared with HLC method.

Mixed e�ect Cox regression models showed that 
larger photoperiod values (hours of light/day) decreased 
the risk of death (HR = 0.941; 95% CI =  0.89−0.99; 
P < 0.05), while more growing degree days computed 
at the individual level (gdd_id ) increased the risk of 
death (HR = 1.0005; 95% CI = 1.0001 − 1.001; P < 0.01). 
When both gdd_id and photoperiod were combined in 
the same model, they maintained their in�uence. Add-
ing maximum relative humidity to photoperiod and 
gdd_id revealed maximum relative humidity as a strong 

Fig. 3 Kaplan-Meier curves showing cumulative survival probabilities 
as a function of post-capture days lived for female Aedes albopictus: 
A captured in �eld and laboratory locations; B captured in each �eld 
location and with each capture method

Fig. 4 Survival curve comparison across methods of capture and location of females in the �eld showing cumulative survival probabilities 
as a function of post-capture days lived for female Ae. albopictus: A in the vegetated location by each method of capture; B in the urban location 
by each method of capture; C captured by BGT in each �eld location; D captured by HLC in each �eld location
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predictor related with lower risk of death (HR = 0.984; 
95% CI = 0.97 − 0.99; P < 0.0001).

�e average daily maximum values of temperature (HR 
= 0.979; 95% CI = 0.96 − 0.99; P = 0.01) and humidity 
(HR =  0.985; 95% CI = 0.97−0.99; P < 0.001) decreased 
the risk of death signi�cantly. Results were the same, i.e. 
the larger the values, the lower the risk of death, when 
examining the minimum daily values of temperature and 
humidity (for more details, see Table�2).

In�uence of�the�individual random e�ects 
in�the�post-capture longevity
To assess individual variability in post-capture longev-
ity, we extracted random e�ects from the Cox mixed 
models by incorporating a variable (level) with a unique 
ID value for each individual mosquito. �e intercepts of 
this variable represent individual variation in survival 
that could be associated to individual age or frailty. Fig-
ure�5 illustrates the negative correlation between these 
intercept values (frailty/age) and longevity. Mosquitoes 
captured with BGTs showed a stronger negative correla-
tion between such random intercepts and post-capture 
longevity than mosquitoes captured with HLC, suggest-
ing larger individual frailty/age in association with the 

BGT capture method. �e di�erences observed among 
location (urban vs. vegetated) were minor, with vegetated 
areas (circles) showing slightly stronger negative slopes 
than urban areas (squares) for both capture methods. 

Table 2 Summary of the Mixed e�ects Cox regression models

∗
P < 0.05

∗∗
P < 0.01

∗∗∗
P < 0.0001

1  Vegetated and urban areas
2  Human Landing catch and BG traps

Fixed e�ects Model 1 P Model 2 P Model 3 P Model 4 P Model 5 P Model 6

HR HR HR HR HR

(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

 Photoperiod 0.941 * 0.947 * 0.931 **

(0.89-0.99) (0.89-0.99) (0.88-0.98)

 GDD (id) 1.0005 ** 1.0001 ** 1.0005 **

(1.0001-1.001) (1.0001-1.001) (1.0001-1.001)

 TMax 0.979 **

(0.96-0.99)

 Tmin 0.967 ***

(0.95-0.98)

 RHmin 0.989 ***

(0.98-0.99)

 RHmax 0.985 *** 0.984 ***

(0.98-0.99) (0.97-0.99)

Random e�ects σ
2

σ
2

σ
2

σ
2

σ
2

σ
2

 Location1 0.011 0.010 0.012 0.019 0.031 0.058

 Method2 0.084 0.092 0.093 0.085 0.098 0.084

 Id_mosquito 8.2e-05 2e-04 3e-04 4.1e-05 3e-04 3e-05

AIC 18.48 20.71 22.64 29.58 36.80 44.20

−0.00015

−0.00010
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Fig. 5  Individual variation of mixed e�ect Cox regression models 
capturing age/frailty e�ects on longevity. Individual level variation 
in random intercepts from Model 4 (see Table 2) against post-capture 
longevity, for the four di�erent data pools (Urban-BGT; Urban-HLC; 
Vegetated-BGT; Vegetated-HLC)
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HLC-captured mosquitoes in the urban area displayed 
the lowest negative relationship between frailty/age and 
longevity post-capture.

Discussion
During part of the twentieth century, mosquito stud-
ies in vector ecology assumed that mosquito mortality 
remained constant across ages [4]. �is assumption sug-
gested that all mosquitoes had the same potential for dis-
ease transmission regardless of age. �is would apply to 
various determinants of disease transmission, including 
biting rate, host preference and dispersal capacity [36]. 
However, it is now widely recognized that mosquitoes 
do undergo senescence and that age and longevity play 
a crucial role in their ability to transmit pathogens [36, 
37]. In this work, we followed the captive cohort method 
(CCM) [16] to gather unique data on the longevity 
potential of wild-caught Ae. albopictus populations. By 
assessing post-capture longevity under semi-controlled 
conditions, we aimed to investigate the determinants of 
longevity, including extrinsic factors (e.g. temperature, 
humidity, photoperiod) and the role of individual frailty. 
Although we were unable to measure other hazards (e.g. 
predation in the wild), our results reveal clear seasonal 
patterns in the potential longevity of Ae. albopictus pop-
ulations, placing the peak of survival of previously cap-
tured mosquitoes between late July and early September. 
�ese observations coincide with the abundance peaks 
observed in other studies on the activity and population 
dynamics of Ae. albopictus in Catalonia, Spain [38].

�e method by which we captured mosquitoes signi�-
cantly in�uenced longevity estimates. Females captured 
with HLC exhibited higher survival rates compared to 
BGTs, despite making e�orts to minimize damage and 
stress caused by the fan in the BGTs (see Methods sec-
tion). Hence, we still observed a negative e�ect on post-
capture longevity by BGTs likely because of the stronger 
suction of the fan compared to manual aspiration.

Local habitats appear to signi�cantly impact mosquito 
survival, regardless of the capture method. Urban areas 
showed larger Ae. albopictus survival rates compared 
to vegetated locations. Di�erent habitats provide dif-
ferent resources and environmental stressors, result-
ing in diverse post-capture longevities. Although it was 
previously considered a rural vector [39], Ae. albopictus 
has successfully adapted to urban environments, with 
more availability to breed in arti�cial containers [40, 41]. 
Urban areas tend to exhibit more larval habitat avail-
ability, shorter development time, increased emergence 
rates and extended longevity [41]. In our study, both 
�eld sampling sites had ample breeding sites, but control 
measures at the Jardí Botànic Marimurtra (e.g. emptying 
pots with accumulation of water from rains or irrigation, 

use of biological larvicides four times between April and 
October at the main known breeding sites, removal of 
garden bromeliads) likely slowed mosquito population 
growth. �erefore, we may expect young individuals to 
be under represented in the vegetated area, leading to 
aged populations. �e latter could explain the reduced 
post-capture longevity observed in the vegetated com-
pared to the urban site. In addition, laboratory-reared 
females exhibited higher survival rates compared to those 
collected from urban and vegetated locations. �is di�er-
ence is likely due to reduced stress due to gentle transfers 
to individual cages in the laboratory (i.e. handheld mouth 
aspirator) and the subsequent environmental steadiness 
in the cages as well as a prevalence of young females, i.e. a 
wide age range of laboratory experimental subjects (2–27 
days) compared to �eld experimental subjects, where 
young females are expected to be less represented.

�e post-capture longevity of wild-caught female mos-
quitoes exhibited a clear seasonal pattern, with lower 
average lifespan during spring and autumn compared 
to summer months. In summer, wild populations are 
expected to be younger and so post-capture longevity 
becomes longer. �is pattern is in�uenced by external 
factors such as temperature and photoperiod [8]. Our 
study reveals that growing degree days, photoperiod and 
maximum/minimum temperature and humidity strongly 
in�uence post-capture longevity. Mosquitoes, being 
poikilothermic organisms, are susceptible to tempera-
ture variations that impact their body temperature [42]. 
Temperature plays a crucial role in the population ecol-
ogy of Ae. albopictus, as highlighted by previous studies 
[27, 43, 44]. Highest adult survival was observed at 15�°C, 
while the lowest was found at 30–35� °C. Other studies 
reported the range of 25–30� °C as suitable for them to 
live, but higher temperatures suggested a decline in life 
expectancy in laboratory conditions [45–47]. Ae. albop-
ictus has adapted well to mild temperatures, enabling 
its establishment in temperate regions [27]. �e moder-
ate temperature values within the experimental areas did 
not have a negative impact on post-capture longevity. 
However, we showed that increasing heat accumulation 
(measured as growing degree days) had a negative impact 
on mosquito survival. At our study sites, relative humid-
ity (RH%) showed a stable seasonal pattern (Additional 
�le� 1: Fig. S5 and Results). Previous works have shown 
that Ae. albopictus thrives in RH% ranges of 60–90% 
with minimal impact on adult survival [27, 47]. However, 
other studies showed that RH% values of 35% and 70%, 
not usual in our data, negatively a�ected survival [10, 48]. 
Overall, our results support a reduced risk of death (HR 
< 1) with increasing RH%. Photoperiod encompass vari-
ous seasonal changes and can serve as a cue for changes 
in insect development, growth and behaviour. For certain 
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mosquito species, such as Ae. albopictus, photoperiod 
can also act as a signal to induce diapause as unfavour-
able conditions approach [49]. Our �ndings indicate a 
signi�cant association between more daylight hours per 
day and decreased risk of death. While other studies have 
shown that shorter days prompt mosquitoes to initiate 
di�erent strategies for coping with cold conditions, such 
as larger body size or diapause, it has not been demon-
strated that Ae. albopictus females increase their longev-
ity with shorter day lengths [9, 49, 50].

In addition to environmental factors, which resulted in 
a clear seasonal pattern with higher post-capture longev-
ity in August and September and lower at the beginning 
and end of the mosquito season, we observed signi�cant 
individual variation in post-capture longevity. We hypoth-
esize that individual variability in post-capture longevity 
may re�ect inherent variation in frailty, which in turn is 
associated with aging, genetics or phenotypic degradation 
resulting from previous hazards encountered before cap-
ture. Our results demonstrated that females with shorter 
post-capture longevity exhibited greater frailty compared 
to those with longer post-capture longevity. �e age dis-
tribution of the Ae. albopictus population may have 
changed over the season, and daily captures could have 
allowed us to observe these age-related di�erences over 
time. �ese �ndings align with Carey’s theory [1], which 
states that the shorter an individual lives after capture, the 
older it probably was when captured.

Conclusion
Acknowledging the limitations of our methods and rec-
ognizing that our estimations do not represent true sur-
vival curves, it is clear that our post-capture survival 
estimations e�ectively capture the natural individual 
variability and seasonal patterns in�uenced by chang-
ing environmental conditions. Our �ndings highlight the 
complex interplay between environmental and intrin-
sic drivers of longevity, deserving further research. We 
believe that understanding mosquito demographic pat-
terns in the wild is essential for deploying more compre-
hensive mosquito surveillance and control strategies.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13071-​023-​05961-4.

Additional �le�1: Table�S1. Kaplan-Meier analysis, comparing survival 
curves of di�erenr locations (�eld and labpratory), capture methods 
(human landing catches, BG-Sentinel trapping) and their combinations. 
Figure S1. Histogram and Shapiro-Wilk test to assess normality of the 
longevity data. Figure S2. Correlation plot of the variables included in the 
Cox mixed models. Figure S3. Kruskall-Wallis and Dunn test with Bonfer-
roni correction, showing the di�erences in post-capture longevity through 
the months of the experiment in the urban area. Figure S4. Kruskall-Wallis 
and Dunn test with Bonferroni correction, showing the di�erences in 

post-capture longevity through the months of the experiment in the 
vegetated area. Figure S5. Signi�cance test for the di�erences between 
the meteorological conditions of (a) temperature and (b) relative humidity 
(b) both �eld sites.

Acknowledgements
We thank the private foundation Carl Faust, owner and manager of the “Jardí 
Botànic Marimurtra”, for allowing us to carry out the experiment in their facili-
ties, as well as their workers for their help in the correct maintenance of the 
traps. We also thank the city hall of Palafolls for facilitating experimental stud-
ies within the city and, in particular, the Palafolls police station for providing a 
space to carry out the experiment in the municipality.

Author contributions
LB, FB and RE designed the study. LB, SM and SE performed the experiments. 
LB analysed the data. JP and FB participated in statistical analysis and interpre-
tation. LB wrote the paper, and all authors performed revisions and approved 
the �nal manuscript.

Funding
Open Access funding provided thanks to the CRUE-CSIC agreement with 
Springer Nature. The project leading to these results has received funding 
from “la Caixa” Foundation (ID 100,010,434) under agreement HR-18-0036.

Availibility of data and materials
The dataset used and the codes to carry out the analysis and graphs are avail-
able in the following GitHub repository: https://​github.​com/​lblan​cozgz/​drive​
rslon​gevity

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interest.

Received: 5 July 2023   Accepted: 2 September 2023

References
	1.	 Carey JR, Roach D, Vaupel JW. Biodemography. Princeton: Princeton 

University Press; 2020.
	2.	 Lande R. Genetics and demography in biological conservation. Science. 

1988;9:1455–60. https://​doi.​org/​10.​1126/​scien​ce.​34204​03.
	3.	 Silk MJ, Hodgson DJ, Rozins C, Croft DP, Delahay RJ, Boots M, et al. Inte-

grating social behaviour, demography and disease dynamics in network 
models: applications to disease management in declining wildlife 
populations. Philos Trans R Soc Lond B Biol Sci. 2019;9:20180211. https://​
doi.​org/​10.​1098/​rstb.​2018.​0211.

	4.	 Macdonald G. The analysis of equilibrium in malaria. Trop Dis Bull. 
1952;49:813–29.

	5.	 Garrett-Jones C, Shidrawi GR. Malaria vectorial capacity of a population 
of Anopheles gambiae: an exercise in epidemiological entomology. Bull 
World Health Organ. 1969;4:531–45.

	6.	 Cook PE, Hugo LE, Iturbe-Ormaetxe I, Williams CR, Chenoweth SF, Ritchie 
SA, et al. The use of transcriptional pro�les to predict adult mosquito age 
under �eld conditions. Proc Natl Acad Sci USA. 2006;11:18060–5. https://​
doi.​org/​10.​1073/​pnas.​06048​75103.

	7.	 Tauber MJ, Tauber CA, Masaki S. Seasonal adaptations of insects. Oxford, 
USA: Oxford University Press; 1986.

	8.	 Petri� M, Ducheyne E, Gossner CM, Marsboom C, Nicolas G, Venail R, 
et al. Seasonality and timing of peak abundance of Aedes albopictus 

https://doi.org/10.1186/s13071-023-05961-4
https://doi.org/10.1186/s13071-023-05961-4
https://github.com/lblancozgz/driverslongevity
https://github.com/lblancozgz/driverslongevity
https://doi.org/10.1126/science.3420403
https://doi.org/10.1098/rstb.2018.0211
https://doi.org/10.1098/rstb.2018.0211
https://doi.org/10.1073/pnas.0604875103
https://doi.org/10.1073/pnas.0604875103


Page 10 of 10Blanco‑Sierra et al. Parasites & Vectors          (2023) 16:328 

in Europe: implications to public and animal health. Geospat Health. 
2021;5:16. https://​doi.​org/​10.​4081/​gh.​2021.​996.

	9.	 Waldock J, Chandra NL, Lelieveld J, Proestos Y, Michael E, Christophides 
G, et al. The role of environmental variables on Aedes albopictus biology 
and chikungunya epidemiology. Pathog Glob Health. 2013;7:224–41. 
https://​doi.​org/​10.​1179/​20477​73213Y.​00000​00100.

	10.	 Reiskind MH, Lounibos LP. E�ects of intraspeci�c larval competition on 
adult longevity in the mosquitoes Aedes aegypti and Aedes albopictus. 
Med Vet Entomol. 2009;3:62–8. https://​doi.​org/​10.​1111/j.​1365-​2915.​2008.​
00782.x.

	11.	 Carey JR, Müller HG, Wang JL, Papadopoulos NT, Diamantidis A, Koulousis 
NA. Graphical and demographic synopsis of the captive cohort method 
for estimating population age structure in the wild. Exp Gerontol. 
2012;10:787–91. https://​doi.​org/​10.​1016/j.​exger.​2012.​06.​012.

	12.	 Johnson BJ, Hugo LE, Churcher TS, Ong OT, Devine GJ. Mosquito age 
grading and vector-control programmes. Trends Parasitol. 2020;36:39–51.

	13.	 Tyndale-Biscoe M. Age-grading methods in adult insects: a review. Bull 
Entomol Res. 1984;74:341–77. https://​doi.​org/​10.​1017/​S0007​48530​00156​37.

	14.	 Lambert B, Sikulu-Lord MT, Mayagaya VS, Devine G, Dowell F, Churcher 
TS. Monitoring the age of mosquito populations using near-infrared 
spectroscopy. Sci Rep. 2018;8:5274.

	15.	 Papadopoulos NT, Carey JR, Ioannou CS, Ji H, Müller HG, Wang JL, et al. 
Seasonality of post-capture longevity in a medically-important mosquito 
(Culex pipiens). Front Ecol Evol. 2016;6:4. https://​doi.​org/​10.​3389/​fevo.​
2016.​00063.

	16.	 Müller HG, Wang JL, Carey JR, Caswell-Chen EP, Chen C, Papadopoulos NT, 
et al. Demographic window to aging in the wild: constructing life tables 
and estimating survival functions from marked individuals of unknown age. 
Aging cell. 2004;6:125–31. https://​doi.​org/​10.​1111/j.​1474-​9728.​2004.​00096.x.

	17.	 Klowden MJ, Lea AO. “Physiologically old” mosquitoes are not necessarily old 
physiologically. Am J Trop Med Hyg. 1980;11:1460–4. https://​doi.​org/​10.​4269/​
ajtmh.​1980.​29.​1460.

	18.	 Paupy C, Delatte H, Bagny L, Corbel V, Fontenille D. Aedes albopictus, an arbo-
virus vector: from the darkness to the light. Microbes Infect. 2009;12:1177–85. 
https://​doi.​org/​10.​1016/j.​micinf.​2009.​05.​005.

	19.	 Gratz NG. Critical review of the vector status of Aedes albopictus. Med Vet 
Entomol. 2004;9:215–27. https://​doi.​org/​10.​1111/j.​0269-​283X.​2004.​00513.x.

	20.	 Shroyer DA. Aedes albopictus and arboviruses: a concise review of the 
literature. J Am Mosq Control Assoc. 1986;12:424–8.

	21.	 Delatte H, Desvars A, Bouétard A, Bord S, Gimonneau G, Vourc’h G, et al. 
Blood-feeding behavior of Aedes albopictus, a vector of chikungunya 
on La Réunion. Vector Borne Zoonotic Dis. 2010;10:249–58.

	22.	 Almeida APG, Baptista SSSG, Sousa CAGCC, Novo MTLM, Ramos HC, 
Panella NA et al. Bioecology and vectorial capacity of Aedes albopictus 
(Diptera: Culicidae) in Macao, China, in relation to dengue virus trans-
mission. J Med Entomol. 2005;42: 419–428. https://​doi.​org/​10.​1093/​
jmede​nt/​42.3.​419.

	23.	 Elbal PMA, Estrella SD, Prieto RP, Arrondo IR, Muñoz A, Bengoa M, et al. 
Establecimiento y mantenimiento de una colonia autóctona española 
de Aedes (Stegomyia) albopictus (Skuse, 1894), en laboratorio. Parasitol 
Latinoam. 2010;69:140–8.

	24.	 Campbell RC. Statistics for biologists. 3rd ed. Cambridge: Cambridge 
University Press; 1989.

	25.	 Therneau TM.: A Package for Survival Analysis in R. R package version 
3.3-1. Available from: https://​CRAN.R-​proje​ct.​org/​packa​ge=​survi​val.

	26.	 R Core Team.: R: A Language and Environment for Statistical Comput-
ing. Vienna, Austria. Available from: https://​www.R-​proje​ct.​org/.

	27.	 Delatte H, Gimonneau G, Triboire A, Fontenille D. In�uence of tem-
perature on immature development, survival, longevity, fecundity, and 
gonotrophic cycles of Aedes albopictus, vector of chikungunya and 
dengue in the Indian Ocean. J Med Entomol. 2009;1:33–41. https://​doi.​
org/​10.​1603/​033.​046.​0105.

	28.	 Nowosad J.: pollen: Analysis of Aerobiological Data. R package version 
0.71. Available from: https://​CRAN.R-​proje​ct.​org/​packa​ge=​pollen.

	29.	 Hijmans RJ.: meteor: Meteorological Data Manipulation. R package 
version 0.3-4. Available from: https://​CRAN.R-​proje​ct.​org/​packa​ge=​
meteor.

	30.	 Zhang Z, Reinikainen J, Adeleke KA, Pieterse ME, Groothuis-Oudshoorn 
CGM. Time-varying covariates and coe�cients in Cox regression mod-
els. Ann Transl Med. 2018;6:121–121. https://​doi.​org/​10.​21037/​atm.​
2018.​02.​12.

	31.	 Therneau T, Crowson C, Atkinson E. Using time dependent covariates 
and time dependent coe�cients in the cox model. Vignette for R 
survival package.

	32.	 Wei T, Simko V.: R package ’corrplot’: Visualization of a Correlation Matrix. 
(Version 0.92). Available from: https://​github.​com/​taiyun/​corrp​lot.

	33.	 Fox J, Weisberg S. An R companion to applied regression. 3rd ed. Thou-
sand Oaks CA: Sage; 2019.

	34.	 Therneau TM.: coxme: Mixed E�ects Cox Models. R package version 2.2-
16. Available from: https://​CRAN.R-​proje​ct.​org/​packa​ge=​coxme.

	35.	 Kaplan EL, Meier P. Nonparametric estimation from incomplete obser-
vations. J Am Stat Assoc. 1958;53:457–81. https://​doi.​org/​10.​1080/​
01621​459.​1958.​10501​452.

	36.	 Styer LM, Carey JR, Wang JL, Scott TW. Mosquitoes do senesce: 
departure from the paradigm of constant mortality. Am J Trop Med. 
2007;1:111–7.

	37.	 Harrington LC, Evermeylen F, Jones JJ, Kitthawee S, Sithiprasasna R, 
Edman JD, et al. Age-dependent survival of the dengue vector Aedes 
aegypti (Diptera: Culicidae) demonstrated by simultaneous release-
recapture of di�erent age cohorts. J Med Entomol. 2014;45:307–13.

	38.	 Collantes F, Delacour S, Alarcón-Elbal PM, Ruiz-Arrondo I, Delgado JA, 
Torrell-Sorio A, et al. Review of ten-years presence of Aedes albop-
ictus in Spain 2004–2014: known distribution and public health 
concerns. Parasit Vectors. 2015;12:655. https://​doi.​org/​10.​1186/​
s13071-​015-​1262-y.

	39.	 Higa Y. Dengue vectors and their spatial distribution. Trop Med Health. 
2011;39:S17–27. https://​doi.​org/​10.​2149/​tmh.​2011-​S04.

	40.	 Delatte H, Toty C, Boyer S, Bouetard A, Bastien F, Fontenille D. Evidence of 
habitat structuring Aedes albopictus populations in Réunion Island. PLoS 
Negl Trop Dis. 2013;3: e2111. https://​doi.​org/​10.​1371/​journ​al.​pntd.​00021​
11.

	41.	 Li Y, Kamara F, Zhou G, Puthiyakunnon S, Li C, Liu Y, et al. Urbanization 
increases Aedes albopictus larval habitats and accelerates mosquito 
development and survivorship. PLoS Negl Trop Dis. 2014;11: e3301. 
https://​doi.​org/​10.​1371/​journ​al.​pntd.​00033​01.

	42.	 Hawley WA, Pumpuni CB, Brady RH, Craig GB. Overwintering survival of 
Aedes albopictus (Diptera: Culicidae) eggs in Indiana. J Med Entomol. 
1989;3:122–9. https://​doi.​org/​10.​1093/​jmede​nt/​26.2.​122.

	43.	 Shahrudin NA, Dom NC, Ishak AR. Temperature stress e�ect on the 
survival of Aedes albopictus (Skuse)(Diptera: Culicidae) adult mosquito: 
an experimental study. Malays J Med Health Sci. 2019;15:106–13.

	44.	 Mordecai EA, Caldwell JM, Grossman MK, Lippi CA, Johnson LR, 
Neira M, et al. Thermal biology of mosquito-borne disease. Ecol Lett. 
2019;10:1690–708. https://​doi.​org/​10.​1111/​ele.​13335.

	45.	 Calado DC, Navarro-Silva MA. In�uência da temperatura sobre a lon-
gevidade, fecundidade e atividade hematofágica de Aedes (Stegomya) 
albopictus (Skuse), 1894 (Diptera, Culicidae) sob condições de labo-
ratório. Rev Bras Entomol. 2002;46:93–8. https://​doi.​org/​10.​1590/​S0085-​
56262​00200​01000​11.

	46.	 Phanitchat T, Apiwathnasorn C, Sumroiphon S, Samung Y, Naksathit A, 
Thawornkuno C, et al. The in�uence of temperature on the developmen-
tal rate and survival of Aedes albopictus in Thailand. Southeast Asian J 
Trop Med Public Health. 2017;48:799–808.

	47.	 Alto BW, Juliano SA. Precipitation and temperature e�ects on populations 
of Aedes albopictus (Diptera: Culicidae): implications for range expansion. 
J Med Entomol. 2001;9:646–56. https://​doi.​org/​10.​1603/​0022-​2585-​38.5.​
646.

	48.	 Mogi M, Miyagi I, Abadi K. Inter- and Intraspeci�c variation in resistance 
to desiccation by adult Aedes (Stegomya) spp. (Diptera: Culicidae) from 
Indonesia. J Med Entomol. 1996;33:53–7. https://​doi.​org/​10.​1093/​jmede​
nt/​33.1.​53.

	49.	 Costanzo KS, Schelble S, Jerz K, Keenan M. The e�ect of photoperiod on 
life history and blood-feeding activity in Aedes albopictus and Aedes 
aegypti (Diptera: Culicidae). J Vector Ecol. 2015;6:164–71. https://​doi.​org/​
10.​1111/​jvec.​12146.

	50.	 Lanciani CA. Photoperiod and longevity in Anopheles crucians. J Am 
Mosq Control Assoc. 1993;9:308–12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional a�liations.

https://doi.org/10.4081/gh.2021.996
https://doi.org/10.1179/2047773213Y.0000000100
https://doi.org/10.1111/j.1365-2915.2008.00782.x
https://doi.org/10.1111/j.1365-2915.2008.00782.x
https://doi.org/10.1016/j.exger.2012.06.012
https://doi.org/10.1017/S0007485300015637
https://doi.org/10.3389/fevo.2016.00063
https://doi.org/10.3389/fevo.2016.00063
https://doi.org/10.1111/j.1474-9728.2004.00096.x
https://doi.org/10.4269/ajtmh.1980.29.1460
https://doi.org/10.4269/ajtmh.1980.29.1460
https://doi.org/10.1016/j.micinf.2009.05.005
https://doi.org/10.1111/j.0269-283X.2004.00513.x
https://doi.org/10.1093/jmedent/42.3.419
https://doi.org/10.1093/jmedent/42.3.419
https://CRAN.R-project.org/package=survival
https://www.R-project.org/
https://doi.org/10.1603/033.046.0105
https://doi.org/10.1603/033.046.0105
https://CRAN.R-project.org/package=pollen
https://CRAN.R-project.org/package=meteor
https://CRAN.R-project.org/package=meteor
https://doi.org/10.21037/atm.2018.02.12
https://doi.org/10.21037/atm.2018.02.12
https://github.com/taiyun/corrplot
https://CRAN.R-project.org/package=coxme
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1080/01621459.1958.10501452
https://doi.org/10.1186/s13071-015-1262-y
https://doi.org/10.1186/s13071-015-1262-y
https://doi.org/10.2149/tmh.2011-S04
https://doi.org/10.1371/journal.pntd.0002111
https://doi.org/10.1371/journal.pntd.0002111
https://doi.org/10.1371/journal.pntd.0003301
https://doi.org/10.1093/jmedent/26.2.122
https://doi.org/10.1111/ele.13335
https://doi.org/10.1590/S0085-56262002000100011
https://doi.org/10.1590/S0085-56262002000100011
https://doi.org/10.1603/0022-2585-38.5.646
https://doi.org/10.1603/0022-2585-38.5.646
https://doi.org/10.1093/jmedent/33.1.53
https://doi.org/10.1093/jmedent/33.1.53
https://doi.org/10.1111/jvec.12146
https://doi.org/10.1111/jvec.12146

