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generally require time to replicate and spread in thefor wild-caught individuals can be used to infer the age
mosquito’s salivary glands. Only if the mosquito survivesstructure dynamics of wild populations. Similar to natu
longer than the extrinsic incubation period (the inter ral lifespans, post-capture longevity of wild-captured
val of time between the ingestion of pathogen infectedmosquitoes are conditioned by: (i) their environment and
blood from one host and the transmission of the patho (ii) their physiological and chronological ages [17]. bif
gen by biting another host) can it succeed in transmitting ferences between the pre- and post-capture conditions
the pathogen [6]. In fact, adult survival is one of the keyinclude the absence of certain environmental hazards
parameters in MacDonalds’s classic equation for diseasée.g. predation), which can impact the potential longevity.
transmission risk [4], and behavioural and physiological Here, we apply the CCM in the eld to assess the fac
adaptive strategies have allowed mosquitoes to extendors in uencing post-capture longevity in mosquito pop
their longevity [7], and consequently the overall risk of ulations, both extrinsic (e.g. temperature, photoperiod,
disease transmission. humidity) and intrinsic (individual frailty). Our aim is to
Given this inuential role of survival in the trans understand how these factors aect mosquito popula
mission of mosquito-borne diseases, knowledge oftion dynamics and promote additional e ort in the study
the extrinsic and intrinsic factors that can limit the life of demography and survival of insects in the wild, key to
expectancy of these insects is essential. Seasonality anshderstanding the dispersal mechanisms and the success
weather variation play a critical role in mosquito popula in the transmission of disease-causing pathogens.
tion dynamics, with temperature being the most imper  Our target species is the Asian tiger mosquiteledes
tant extrinsic factor [8]. e e ect of humidity in survival  albopictus. is highly invasive species, originated in
is not as clear. While some laboratory work suggests thaGoutheast Asia [18], has colonized Africa, Europe and
humidity is not a limiting factor for mosquito survival America (north and south) in recent decades, after rst
[9], others show reduced survival at low relative humidity extending its range eastwards across the Paci ¢ islands
levels [10]. during the early twentieth century [19]. is ease of
Frailty, the condition of being weak and more vulnera expansion poses a serious risk to human health because
ble to death, also a ects the overall longevity of individu of the species’ capability of transmitting several patho
als. Frailty is often understood as an intrinsic componentgens. In laboratory conditions, Ae. albopictus can trans
of survival that can vary with genotype and age, but alsonit more than 20 arboviruses and, in the wild, it has
depends on the phenotype and the overall life conditionshown competence as a vector of dengue and chikungu
(e.g. accumulation of metabolic stressors that decreasaya viruses, among others [20].
the chances of survival). From a demographic perspec
tive, individual frailty is strongly associated with age; Methods
among adult mosquitoes, young individuals have theField sampling
greatest reproductive potential and fewest mortality From June to November 2021, we sampled adult female
risks, while older individuals have lower reproductive Aedes albopictus mosquitoes daily in Catalonia, Spain.
potential and higher mortality risks [11]. e study locations included an urban area in Pala
Despite the epidemiological importance of age in dis folls (41.669167N, 2.750558E) within the Maresme
ease-transmitting species and current age-grading toolgegion, approximately 68 km east of Barcelona, and the
[12], there is no standardised methodology available toJardi Botanic Marimurtra, a botanical garden located in
estimate the age structure of insect populations in anBlanes (41.67666'N, 2.801944E), 5 km east of Palafolls
e cient and inexpensive way [11]. Some of the meth (Fig.1la). Both sites o ered suitable breeding sites for Ae.
ods used at present, such as transcriptional pro ling [6], albopictus, with some variations between the urban and
the use of follicular relics [13] or near-infrared spectros vegetated areas. e urban site, situated downtown in
copy (NIRS) [14], can distinguish young individuals from Palafolls with a population of approximately 10,000 resi
old ones, but they are not accurate enough to classifyents, had numerous houses with gardens and various
mid- and advanced-aged individuals [11]. Others, suchpublic and private water irrigation systems. In contrast,
as mark-release and recapture, are labour intensive anthe vegetated site had a smaller residential population in
could overestimate mortality by losses during emigration the surroundings but experienced a high in ux of tour
or removal sampling [15]. ists, providing a great availability of hosts. e presence
With the objective of nding a way to infer longevity of vegetation and continuous irrigation in the area cre
and estimate age structure in wild insect populations, ated ample mosquito breeding sites and refuges, resulting
Carey, Miller and colleagues [16] developed the captivén a more humid and shaded environment.
cohort method (CCM) as a demographic technique. In  Mosquitoes were captured using two methods: BG-
this approach, the distribution of remaining longevities Sentinel traps (BGT) with BG-Lure attractant and
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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

Human Landing catch (HLC) with a handheld mouth containers, females were provided with a 10% sugar solu
aspirator. Upon capture, each mosquito was immediatelytion for nourishment. We replenished the sugar solution
transferred to an individual container labeled with an in each individual cage as needed to maintain food gual
ID code, location, capture method and date of capture.ity and prevent fungal contamination. All individual con
BGTs (three in the Jardi Botanic Marimurtra and one in tainers in both locations were placed on a shaded shelf
Palafolls) were checked daily, collecting only females ofvith six levels (Figlc). Temperature and relative humid
Ae. albopictus, with an average of 5 individuals per day ity were continuously recorded using HOB® MX1101
(ranging from 1 to 10 females depending on the momentdata loggers. Each mosquito was checked daily at the
of the season and mosquito presence). To minimizesame time (+1 h), and deaths were noted and removed.
potential negative impacts, the BGTs were active during
speci ¢ periods corresponding to increased Ae. albopic Laboratory
tus activity [21, 22], controlling the fan with timers for e laboratory populations of Ae. albopictus came from
two intervals of approximately 4 h each in the morning eggs collected at the Jardi Botanic Marimurtra every
and before sunset to prevent dehydration caused by-conweek from June to October by means of six ovitraps
tinuous air ow exposure (Fig.1lb). In addition to BGTs, placed around the garden.
we used HLC to capture females. is involved captur Immature stages were fed increasing amounts of sh
ing mosquitoes as they landed on the collector whilefood as they grew (fromr 0.1 mg of akes/larva/day
checking the BGTs, transferring females to individual in L1 to ~0.4 mg/larva/day in L4) [23]. irteen cohort
containers and monitoring mortality £ 20 min). Females cages o&120 mosquitoes were established with predem
captured by HLC followed the same protocol as the BGT-inance of females over males (ratio 2:1), maintaining lar
captured females, as described below. vae and adults under semi-controlled climatic conditions
Individual cages, comprising transparent plastic con (22-25 °C;~1 °C daily uctuations; 60-70%RH, natural
tainers (1000 ml) with a side opening covered by mos cycle L:D) (Fig.1d). Daily samples ok 10 females of
quito net, were used for each mosquito. Inside theknown ages ranging from 2 to 27 days from each cohort
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cage were transferred to individual containers with adierences in GDD (daily_acc_gdd), were computed. e
handheld mouth aspirator and monitored. Containers pollen package [28] in R version 4.2.0 [26] was employed
were labelled with mosquito ID, colony start date and for GDD calculations. Photoperiod (hours of light/day)
capture date. Individuals were inspected daily, and deadvas calculated for the entire experimental period with

mosquitoes were noted and removed. the meteor package [29] in R version 4.2.0 [26] and used

as covariable. Since survival was dependent on location
Statistical analysis and capture method, both variables were treated as-lev
Post-capture longevity: mean difference tests els. A simple Cox regression model examined the impact

We examined the in uence of location (urban and veg of location and capture method on survival, while a
etated) and capture method (BGT and HLC) on remain time-dependent mixed Cox regression model incorpo
ing longevity after capturing females of unknown age inrated daily changing environmental variables [3G1].

the eld. We performed a Shapiro-Wilk test (W= 0.95, To account for clustered variance due to multiple events
P < 0.0001) and graphical methods (Additional I&: Fig. observed daily for each mosquito, an individual mosquito
S1) to determine if our longevity data followed a normal level was included in the analysis.

distribution. Due to the non-normal distribution of the Potential correlation (see Additional lel: Fig. S2) and
data we compared the di erences between mean survivakollinearity were assessed using the corrplot [32] and car
rates with Wilcoxon-Mann—Whitney and Kruskal-Wallis [33] packages for R version 4.2.0 [26], respectively. Model
tests. Considering varying sample sizes (HLC: N = 157selection was based on the Akaike information criterion
BGT: N = 702), we also conducted bootstrap analysegAIC). Cox models were implemented using thervival
[24]. ese involved comparing N individuals from each [25] and coxme [34] packages in R version 4.2.0 [26].
location (where N represents the minimum sample size

obtained for the HLC condition) with N individuals Results

randomly sampled from the BGT captures. We iterated Post-capture longevity: raw data and mean comparisons

this comparison 999 times and then computed a pseudoA total of 859 Ae. albopictus females were monitored
P-value counting how many times these comparisonsover a 168-day period between 18 June and 3 December

were statistically signi cant. 2021 (death of the last female) (Fig). e post-capture
longevities of female Ae. albopictus mosquitoes sig

Post-capture survival modelling: Kaplan-Meier and Cox ni cantly di ered based on capture methods (BGT vs.

regressions HLC), locations (urban area vs. vegetated area) and-cap

We estimated survival functions for three location groups ture methods within each location, suggesting variations
(urban, vegetated and laboratory) and for each methodin the potential longevity of females among the compared
of capture (BGT and HLC) in each eld location. e groups. In the urban location, the mean post-capture
Kaplan-Meier estimator was used considering escapedongevity of Ae. albopictus females was 19.33 days (SD
or arti cially killed mosquitoes as censored observations. 16.37), with a range of 1 to 86 days. In the vegetated-loca
We performed pair-wise comparisons among the dier tion, the mean post-capture longevity was 15.94 days (SD
ent locations and methods with the log-rank test using 14.41), ranging from 1 to 74 days. We utilized bootstrap
the survival package [25] for R version 4.2.0 [26]. ping methods to examine di erences in post-capture len
We performed a Cox regression analysis to assess thgevity according to capture method within each location.
in uence of environmental factors on post-capture sur On average, females captured with BG traps had signi
vival. Hazard ratios (HR) and 95% con dence intervalscantly lower post-capture longevity, with mean values of
(95% CI) were calculated to determine the impact and17.31 days (SD 15.60) in the urban area and 14.63 days
signi cance of each variable. We used daily temperature(SD 13.51) in the vegetated area. However, those females
and humidity measurements from our HOBOs and cem captured with human landing catch (HLC) showed bet
puted the Growing Degree Day (GDD), a measure of heater mean post-capture longevity values; 28.34 days (SD
accumulation used to predict plant and animal develop 16.75) in the urban area and 21.84 days (SD 16.79) in the
ment rates (e.g. the date in which an insect will emergevegetated area (Table 1).
from dormancy). As seen in Delatte et al. [27], the lower Pooling the data from both eld locations, we
developmental temperature was found at 10.4 °C, withobserved a seasonal pattern on post-capture longev
an optimum of 29.7 °C. erefore, GDDs were calcu ity (Fig.2). In both the urban and vegetated locations,
lated with a Tbase of 10 °C and a maximum tempera post-capture longevity was lower during June and July:
ture limit of 30 °C. Two additional variables, GDD per 12.67 days (SD 13.42) in the urban site; 14.22 days (SD
captured female (gdd_id; value of heat accumulation for13.40) in the vegetated site) compared to August and
each female during its captivity period to death) and daily September (23.66 days (SD 17.43) in the urban site;
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Fig. 2 Postcapture longevity of female Aedes albopictus captured in both study sites from June to November 2021. A Points represent the average
postcapture 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 Dierences in postapture longevity of females 17.69 days (SD 15.49) in the vegetated site. For. October
captured in both urban and vegetated eld locations and byand November the mean post-capture longevity was

both capture methods 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

Groups Mean = SD Range (min-max) in vegetated). In the urban area, the post-capture {on

Field locations* gevity in June and July di ered signi cantly from both
Urban 19.33+16.37 1-86 August and September. September and October in the
Vegetated 15.94+14.41 1-74 urban area also revealed signi cant di erences. In the

Capture methods** vegetated area, signi cant di erences were found only
HLC 25.11+17.08 1-84 between August and October (for detailed information,
BGT 15.97+14.67 1-86 see Additional le 1: Figs. S3-S4).

Location + Method eld*** Noticeably, the maximum temperatures recorded in
Vegetated - BGT 14.63+13.51 1-69 both eld locations never exceeded 33.1 °C. Indeed, the
Vegetated - HLC 21 84+16.79 1-74 30 °C threshold was rarely surpassed, except for ecca
Urban - BGT 17 31415.68 1-86 sional temperature peaks in July and August. Gon
Urban - HLC 28.30:16.75 1-84 sequently, the females were not exposed to extreme

temperatures. However, signi cant di erences in temper
Wilcoxon-Mann- Whitney test (p < 0.05) aturt.a.vanatlons.wgre observed among the I_ocat|on§ (see
**Di erent superscripts indicate signi cantdi erences according to the Addltlonal le 1: Flg' 85)' .e values of relative hum!d
Wilcoxon-Mann-Whitney test (P < 0.05) ity (RH%) were generally high; on average, the maximum
=*Dj erent superscripts indicate signi cantdi erences according to the post average values of RH% were 92.42% (SD % 8.75) in the
hoc Dunn test (P < 0.05) after performing a Kruskal-Wallis test (P < 0.05) vegetated area and 87.61% (SD +7 05) in the urban area

*Di erent superscripts indicate signi cantdi erences according to the
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Survival curves: in uence of capture method, location vegetated area with BGT had the lowest survival rate

and seasonality (Fig.3b; P < 0.0001). In general, HLC was associated with

e Kaplan-Meier estimator [35] and pairwise compari  greater longevity compared to BGT, whatever the leca

sons among the survival rates clearly reproduced thetion (Fig. 4a, b), and the survival rate in the urban area

di erences between the post-capture survival curves inwas slightly higher than that of the females from the veg

the eld and in the laboratory (Fig.3a). Females raised etated area, whatever the capture method (Fig, d). For

in the laboratory showed a higher survival rate than themore details, see Additional le 1: Table S1.

females captured and kept in the eld (P < 0.0001). If we

compare the survival rates of the eld groups, we observeCox regression analysis

that females captured in the urban area with HLC had Cox regression analysis revealed location and capture

the highest survival rate, while females captured in themethod as signi cant predictors of the risk of death.
Urban areas showed lower risk of death (HR = 0.837; 95%
Cl = 0.72-0.96;P < 0.05) than vegetated areas. e same
analysis revealed BGT (HR 1.564; 95% CI 1.31..86;P

1.00] al 100 b < 0.0001) as a signi cant predictor of an increased risk of
s ors et LG death compared with HLC method.
-9 = Peri Urban -197 e wi H H

- G - Vegstated with BT Mixed eect Cox regression models showed that

= Urban with BGT

larger photoperiod values (hours of light/day) decreased

the risk of death (HR= 0.941; 95% Ck 0.89-0.99;

P < 0.05), while more growing degree days computed
s o I at the individual level (gdd_id ) increased the risk of

0 10 é%‘aslgfﬁgygﬁvsg 70 80 o 10 2$°‘as;oofigyss'l?vegb 70 80 death (HR = 1.0005; 95% CI = 1.00611.001; P < 0.01).

Fig. 3 Kaplan-Meier curves showing cumulative survival probabilities\Nhen both gdd_id and ph.OtOPe”Od W.er.e combined in

as a function of postapture days lived for female Aedes albopictus: the same model, they maintained their in uence. Add

A captured in eld and laboratory locations; B captured in each eld ing maximum relative humidity to photoperiod and
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Fig. 4 Survival curve comparison across methods of capture and location of females in the eld showing cumulative survival probabilities
as a function of postapture 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; 0.00005 1
95% Cl = 0.97 0.99; P < 0.0001).

e average daily maximum values of temperature (HR 0.00000]
= 0.979; 95% CI = 0.96 0.99; P= 0.01) and humidity
(HR = 0.985; 95% CI = 0.9D.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, wher Y 1
examining the minimum daily values of temperature and ~0.000107 ¥ DZN{%K ‘

humidity (for more details, see Table 2). Qg@\
L 7v5 I

-0.00005 1

Random effects

-0.000157

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 Fig. 5 Individual variation of mixed e ect Cox regression models
models by mcorpqratl_ng a Vanable_(level)_ with a unique cagpturing age/frailty e ects on longevity. IndividSaI level variation

ID value for each individual mosquito. e intercepts of i, random intercepts from Model 4 (see Table 2) againstapstre

this variable represent individual variation in survival longevity, for the four di erent data pools (Urban-BGT; Urban-HLC;
that could be associated to individual age or frailty. Fig Vegetated-BGT; Vegetated-HLC)

ure 5 illustrates the negative correlation between these

intercept values (frailty/age) and longevity. Mosquitoes

captured with BGTs showed a stronger negative correla BGT capture method. e dierences observed among
tion between such random intercepts and post-capture location (urban vs. vegetated) were minor, with vegetated
longevity than mosquitoes captured with HLC, suggest areas (circles) showing slightly stronger negative slopes
ing larger individual frailty/age in association with the than urban areas (squares) for both capture methods.

0 25 50
Longevity post—capture (days)

method ® HLC @ BGT |ocation © Vegetated O Urban

Table 2 Summary of the Mixed e ects Cox regression models

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% Cl) (95% Cl) (95% ClI) (95% Cl) (95% Cl) (95% Cl)
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 ki
(1.0001-1.001) (1.0001-1.001) (1.0001-1.001)
TMax 0.979 *x
(0.96-0.99)
Tmin 0.967 ook
(0.95-0.98)
RHmin 0.989 ik
(0.98-0.99)
RHmax 0.985 o 0.984 ek
(0.98-0.99) (0.97-0.99)

Random e ects 2 o2 o2 o? o? o’
Locatioh 0.011 0.010 0.012 0.019 0.031 0.058
Method 0.084 0.092 0.093 0.085 0.098 0.084
Id_mosquito 8.2e05 2e-04 3e-04 4.1e05 3e-04 3e-05

AIC 18.48 20.71 22.64 29.58 36.80 44.20

*P <005

P <001

%P < 0.0001

! Vegetated and urban areas
2 Human Landing catch and BG traps
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HLC-captured mosquitoes in the urban area displayeduse of biological larvicides four times between April and
the lowest negative relationship between frailty/age andOctober at the main known breeding sites, removal of

longevity post-capture. garden bromeliads) likely slowed mosquito population
growth. erefore, we may expect young individuals to
Discussion be under represented in the vegetated area, leading to

During part of the twentieth century, mosquito stud aged populations. e latter could explain the reduced
ies in vector ecology assumed that mosquito mortality post-capture longevity observed in the vegetated com
remained constant across ages [4]. is assumption sug pared to the urban site. In addition, laboratory-reared
gested that all mosquitoes had the same potential for-dis females exhibited higher survival rates compared to those
ease transmission regardless of age. is would apply to collected from urban and vegetated locations. is di er
various determinants of disease transmission, includingence is likely due to reduced stress due to gentle transfers
biting rate, host preference and dispersal capacity [36]to individual cages in the laboratory (i.e. handheld mouth
However, it is now widely recognized that mosquitoes aspirator) and the subsequent environmental steadiness
do undergo senescence and that age and longevity play the cages as well as a prevalence of young females, i.e. a
a crucial role in their ability to transmit pathogens [36, wide age range of laboratory experimental subjects (2-27
37]. In this work, we followed the captive cohort method days) compared to eld experimental subjects, where
(CCM) [16] to gather unique data on the longevity young females are expected to be less represented.
potential of wild-caught Ae. albopictus populations. By e post-capture longevity of wild-caught female mos
assessing post-capture longevity under semi-controlledquitoes exhibited a clear seasonal pattern, with lower
conditions, we aimed to investigate the determinants ofaverage lifespan during spring and autumn compared
longevity, including extrinsic factors (e.g. temperature,to summer months. In summer, wild populations are
humidity, photoperiod) and the role of individual frailty. expected to be younger and so post-capture longevity
Although we were unable to measure other hazards (e.gbecomes longer. is pattern is in uenced by external
predation in the wild), our results reveal clear seasonafactors such as temperature and photoperiod [8]. Our
patterns in the potential longevity of Ae. albopictus pop study reveals that growing degree days, photoperiod and
ulations, placing the peak of survival of previously eap maximum/minimum temperature and humidity strongly
tured mosquitoes between late July and early Septembein uence post-capture longevity. Mosquitoes, being
ese observations coincide with the abundance peaks poikilothermic organisms, are susceptible to tempera
observed in other studies on the activity and population ture variations that impact their body temperature [42].
dynamics of Ae. albopictus in Catalonia, Spain [38]. Temperature plays a crucial role in the population eeol

e method by which we captured mosquitoes signi-  ogy of Ae. albopictus, as highlighted by previous studies
cantly in uenced longevity estimates. Females captured[27,43,44]. Highest adult survival was observed at 15 °C,
with HLC exhibited higher survival rates compared to while the lowest was found at 30-35 °C. Other studies
BGTs, despite making e orts to minimize damage and reported the range of 25-30 °C as suitable for them to
stress caused by the fan in the BGTs (see Methods setive, but higher temperatures suggested a decline in life
tion). Hence, we still observed a negative e ect on post-expectancy in laboratory conditions [45-47He. albop-
capture longevity by BGTs likely because of the strongetictus has adapted well to mild temperatures, enabling
suction of the fan compared to manual aspiration. its establishment in temperate regions [27]. e moder

Local habitats appear to signi cantly impact mosquito ate temperature values within the experimental areas did
survival, regardless of the capture method. Urban areas:iot have a negative impact on post-capture longevity.
showed larger Ae. albopictus survival rates compared However, we showed that increasing heat accumulation
to vegetated locations. Dierent habitats provide dif (measured as growing degree days) had a negative impact
ferent resources and environmental stressors, resulton mosquito survival. At our study sites, relative humid
ing in diverse post-capture longevities. Although it wasity (RH%) showed a stable seasonal pattern (Additional
previously considered a rural vector [39%e. albopictus  le 1: Fig. S5 and Results). Previous works have shown
has successfully adapted to urban environments, withthat Ae. albopictus thrives in RH% ranges of 60—90%
more availability to breed in arti cial containers [4041].  with minimal impact on adult survival [2747]. However,
Urban areas tend to exhibit more larval habitat avail other studies showed that RH% values of 35% and 70%,
ability, shorter development time, increased emergencenot usual in our data, negatively a ected survival [148].
rates and extended longevity [41]. In our study, bothOverall, our results support a reduced risk of death (HR
eld sampling sites had ample breeding sites, but control< 1) with increasing RH%. Photoperiod encompass vari
measures at the Jardi Botanic Marimurtra (e.g. emptyingous seasonal changes and can serve as a cue for changes
pots with accumulation of water from rains or irrigation, in insect development, growth and behaviour. For certain
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mosquito species, such as Ae. albopictus, photoperiod

postcapture longevity through the months of the experiment in the

can also act as a signal to induce diapause as unfavour vegetated area. Figure S5. Signi cance test for the di erences between

able conditions approach [49]. Our ndings indicate a
signi cant association between more daylight hours pe

the meteorological conditions of (a) temperature and (b) relative humidity
r (b) both eld sites.
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