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Abstract

Culex pipiens mosquito is a species widely spread across Europe and represents a compe-
tent vector for many arboviruses such as West Nile virus (WNV), which has been recently
circulating in many European countries, causing hundreds of human cases. In order to iden-
tify the main determinants of the high heterogeneity in Cx. pipiens abundance observed in
Piedmont region (Northwestern Italy) among different seasons, we developed a density-
dependent stochastic model that takes explicitly into account the role played by tempera-
ture, which affects both developmental and mortality rates of different life stages. The model
was calibrated with a Markov chain Monte Carlo approach exploring the likelihood of
recorded capture data gathered in the study area from 2000 to 2011; in this way, we disen-
tangled the role played by different seasonal eco-climatic factors in shaping the vector
abundance. lllustrative simulations have been performed to forecast likely changes if tem-
perature or density—dependent inputs would change. Our analysis suggests that inter-sea-
sonal differences in the mosquito dynamics are largely driven by different temporal patterns
of temperature and seasonal-specific larval carrying capacities. Specifically, high tempera-
tures during early spring hasten the onset of the breeding season and increase population
abundance in that period, while, high temperatures during the summer can decrease popu-
lation size by increasing adult mortality. Higher densities of adult mosquitoes are associated
with higher larval carrying capacities, which are positively correlated with spring precipita-
tions. Finally, an increase in larval carrying capacity is expected to proportionally increase
adult mosquito abundance.
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Introduction

Zoonotic pathogens are believed to cause about three quarters of human emerging infectious
diseases, many of which (22%) are spread by vectors such as mosquitoes [1]. One of the most
recent emerging mosquito-borne diseases in the Western Hemisphere is West Nile Virus
(WNV), a flavivirus first isolated in Uganda in 1937 [2]. It is maintained in a bird-mosquito
transmission cycle primarily involving Culex species mosquitoes of which the Cx. pipiens com-
plex is thought to be one of the most important in Europe [3]. In recent years, WNV has been
circulating in many European countries, including Italy, causing hundreds of human cases [4].
Cx. pipiens is also involved in the transmission of other human and animal pathogens such as
Usutu virus [5], whose first case outside Africa was recorded in Italy in 2009 [6], St. Louis
encephalitis [7], which caused about a hundred human cases in the US during the last decade
[8], Rift Valley fever [9], Sindbis virus [10], avian malaria and filarial worms [11].

The transmission of mosquito-borne diseases is largely driven by the abundance of the vec-
tor [12, 13]. Thus, rigorous surveillance of mosquito density and control programs based on its
reduction represent key components of disease containment and prevention. Therefore, in
order to design appropriate control strategies it is crucial to understand the population dynam-
ics of existing vector populations and evaluate how it depends on environmental factors.

In the Piedmont region of Northwestern Italy, an extensive program of monitoring adult
mosquitoes has been implemented, since 1997, by the Municipality of Casale Monferrato and
the Istituto per le Piante da Legno e ’Ambiente (IPLA). The area is at risk for WNV, because of
the presence of suitable vector and reservoir host populations, and the increasing numbers of
human cases of WNV in adjacent areas [14, 15]. Previous studies [16, 17] analyzed spatio-tem-
poral variations of mosquito species collected in the area, detecting a very high heterogeneity in
the temporal pattern of mosquito population dynamics both inter- and intra-annually. In par-
ticular, looking at Cx. pipiens population dynamics from 2001 to 2011, Rosa and co-authors
[17], detected a huge variation in total yearly mosquito abundance among different traps, rang-
ing from 40 to more than 4000 individuals captured per year. Also the timing of mosquito sea-
sonal dynamics varied significantly among traps and years. Specifically, for around 90% of the
observations the start of mosquito season varied from the beginning of June to mid-July, while
the length of mosquito season varied from 45 to 90 days [17].

The main goal of our work is to describe and interpret in a robust theoretical framework the
high heterogeneity observed among different seasons for Cx. pipiens population dynamics in
Northwestern Italy [17], by explicitly taking into account some important eco-climatic and
biological factors.

In their work, Rosa and co-authors [17] found that precipitation and temperatures during
the early period of the year (spring and early summer) might remarkably influence Cx. pipiens
population dynamics. In particular, warm temperatures early in the year were associated with
an earlier start of the mosquito season and increased season length, while early precipitation
delayed the start, and shortened the length of the mosquito season, but increased total abun-
dance [17]. Indeed, temperature is well known to affect several aspects of Cx. pipiens life cycle
including development and survival rates [18, 19].

Density-dependence in mosquito population growth is another important factor in regulating
Cx. pipiens population dynamics [20]. In fact, it has been found that inclusion of density-depen-
dence, in combination with key environmental factors, significantly improves model prediction
of Cx. pipiens population expansion in Northern Italy [20]. By using a statistical model, the
authors found that the most significant environmental drivers of Cx. pipiens population dynam-
ics were the daylight duration and temperature conditions in the 15 day period prior to sampling
while precipitation and humidity had only a minor influence on Cx. pipiens growth rates.
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Diapause is a common mechanism adopted by mosquitoes to survive through winter. While
other mosquitoes, for instance Aedes albopictus, overwinter through diapausing eggs [21], in
the case of Cx. pipiens, only adult females undergo diapause halting blood feeding and therefore
host-seeking behavior [21]. More specifically, immature stages develop into diapausing adults
according to the photoperiod they are exposed to [22].

We therefore develop a density-dependent stochastic model that describes temporal varia-
tions of Cx. pipiens population dynamics including the effect of temperature and daylight dura-
tion on the abundance of both adults and immature stages of Cx. pipiens. Mechanistic models
include, with more or less details, the biological processes driving mosquito population dynam-
ics and provide a suitable framework to investigate the main determinants of dynamical pat-
terns beyond the observed conditions [23]. Several mechanistic models have been proposed to
explore mosquito population dynamics especially for Anopheles species (e.g. [24-27]) and
Aedes albopictus (e.g. [28-30]) while, to the best of our knowledge, fewer attempts have been
carried out for modelling Cx. species population dynamics [31-34]. Mathematical models rep-
resent a powerful tool to investigate the role played by different climatic factors on vector pop-
ulation dynamics and to evaluate the effectiveness of alternative mosquito control strategies, as
suggested by recent works on Cx. quinquefasciatus [33], Anopheles species [27] and Aedes albo-
pictus [30].

We follow a stochastic approach as deterministic models ignore the contribution of demo-
graphic stochasticity which is especially relevant when the vector population is low, for
instance at the beginning and at the end of mosquito activity season. The proposed model
explicitly accounts for the temporal variation of all immature stages, i.e. eggs, four larval instars
and the pupal stage; it is assumed that the lengths of all mosquito life stages depend on temper-
ature and that developmental rates of larval stages are density-dependent; finally, a diapausing
mechanism is included in response to the photoperiod.

The effect of precipitation on survival and development of mosquito life stages is not explic-
itly accounted for, as, to the best of our knowledge, no reliable data on Cx. pipiens are present
in literature for modeling and calibrating such mechanism. In the Results Section, we discuss
correlation of density dependence with precipitation, which could indirectly enter the model in
this way.

Finally, extensive model simulations have been carried out in order to better understand the
role played by different eco-climatic factors in shaping the seasonal specific vector dynamics
and to forecast, under various illustrative scenarios, likely changes in Cx. pipiens seasonal
dynamics if temperature or density-dependent inputs would change.

Methods
Data

Cx. pipiens mosquitoes were collected on public land using CO, dry ice baited traps operated
by Municipality of Casale Monferrato and the Istituto per le Piante da Legno e I’ Ambiente
(IPLA), under the regional program for mosquito surveillance, authorized by Regione Pie-
monte. The traps were dispersed over an area of 987 km? in the Eastern Piedmont Region in
North West of Italy (see Figure G in S1 Text and [16, 17] for more details). The study region is
characterized by cold winters and warm summers (average temperature of 0.4°C and 24°C,
respectively), abundant precipitation (~600 mm/yr) and by a mostly agricultural landscape
(86%) with few urban settlements (3%). This makes the area a highly suitable habitat for Cx.
pipiens. Traps were set up one night every week, for a twenty-week period starting at the begin-
ning of May and ending in mid-September, for 12 consecutive years (2000-2011). Traps were
collected the following day and all catches counted, sexed and identified. Since some locations
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were not deployed every year [16, 17], we consider in this study only data coming from traps
sampled for all the 12 consecutive years (i.e., 24 out of 44). Trapping conditions including posi-
tioning, battery and trap type, and CO2 source (0.5 kg placed in traps each evening before a
capture session) were identical among different sites and years [17]. Moreover, during the
study period, no relevant activities were performed to control Cx. pipiens and no substantial
changes have been observed in the land use of the area and in the human population size. The
biotype present in the eastern Piedmont area has not been definitively identified. However,
given the relatively infrequent bites to humans in the considered area, a previous study has sug-
gested Cx. pipiens pipiens—which is predominantly bird-feeding—as the more likely biotype
[17]. It is possible that human exposure to mosquito bites may be lower in more agricultural
areas. However, a recent study conducted in a region of Northern Italy showed that Cx. pipiens
prefer to take blood meals from avian hosts both in rural and urban areas [35]. For a more
detailed description of the study area and the trapping conditions, see [16, 17]. Data used for
the proposed analysis are fully available in S1 Table.

Modelling mosquito dynamics

The model for the dynamics of the abundance of the vector in seven life stages of Cx. pipiens,
namely eggs (E), 4 larval instars (L;, L,, L3, Ly), pupae (P) and non-diapausing female adults
(A), is based on the following system of equations:

n
E,| = d_EA* (MEJFTE)E
A

L +1L, -‘rL +L,
L| =1E— (TL1 + <1+ ) L

)
(Lththy L))
))

L +1L, —|—L +L)>

Ly| = TL1L1 - <IL2 + g, L,

M= L | = IL2L2 - (IL;; + Uy, L,

L,

(1
( (bt Ll
(

L| = TL;;LS - <TL_1 + Uy, 1+
P,| = ‘CL4L4_ (TP+:uP)

, 1
Al = 5%(1 —p)P — Bu,A — y0A
C| = y0A

where T, 7, ,7;,, 7, , T, , T, are the temperature dependent developmental rates driving the
transitions of vectors across the different life stages considered; g, pt; , fy,, fty, 14y, oy 1, ATE
the temperature dependent death rates associated with the different stages; ny is the number of
eggs laid in one oviposition; dy is the length of the gonotrophic cycle; K is the density-depen-
dent scaling factor driving the carrying capacity for the larval stages; p is the probability
(depending on daylight duration) that a fully developed pupa becomes a diapausing adult;
gauges the possible increase in adult mortality rate due to wild conditions with respect to lab
conditions; o is the capture rate; y¢ is a function of the time defined equal to 1 when the trap is
open and 0 otherwise; C represents the cumulative number of captured female adult mosqui-
toes. Since only female adult mosquitoes are explicitly considered in the model, the term 1/2 in
the equation for the adults accounts for the sex ratio [36]. Note, moreover, that diapausing
females do not take blood meals before overwintering [21] and they cannot be captured with
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the considered traps. For this reason, only non-diapausing female adults are considered in the
model.

Daily mean temperature and precipitation records for the period and study area considered
were obtained from ARPA Piedmont [37]. Daylight durations for the centroid of the study
region during the considered period were obtained from the US Naval Observatory [38].

We actually adopted a discrete-time stochastic version of model M, with time-step At = 1
day, in order to account for the stochastic nature of the processes. Precisely, the model is a
Markov chain whose states represent the number (an integer) of individuals in all developmen-
tal stages, and whose transition probabilities are built according to binomial distributions
whose means are obtained from the rate in system M. Details are specified in S1 Text. The sea-
sonal dynamics of the mosquito population is simulated for 12 years, from April 1 (corre-
sponding to approximately one month before the first capture session) to October 1. Since, to
the best of our knowledge, no data are available on the overwintering of Cx. pipiens, we simu-
late each year y separately by initializing the system with Ag(y) > 0 non-diapausing adults.

Model calibration

Mortality and developmental rates across different vector life stages have been modeled as a
function of temperature following the approach already proposed in [29] on the basis of data
collected in [19, 39]. Specifically, we modeled the developmental period and the mortality rate
associated with different vector stages at each temperature by fitting a suitable set of functions
of the temperature T—comprising exponential and parabolic functions—to durations and
rates measured at different specific temperatures through laboratory experiments [19, 39]. For
the egg developmental rate, we used the same function proposed in [32]. The same technique
was used to estimate the probability p for a developed pupa to become a diapausing adult as a
function of daylight duration using the data presented in [22]. The uncertainty of parameters’
estimates was obtained by using a bootstrap procedure similar to that used in [29, 40]. More
details on the technique employed are presented in S1 Text.

To the best of our knowledge, data on adult mortality at different temperature are not avail-
able for Cx. pipiens. Therefore, the mortality rate of adult female mosquitoes has been taken as
the function of temperature suggested in [18], also allowing for an increase in adult mortality
rate in the wild relatively to lab conditions. The average number of laid eggs ny per oviposition
and the duration of the gonotrophic cycle d4 in our simulations were chosen uniformly in the
intervals [150,240] and [2,8] days respectively, according to results presented in [41,42].

Free model parameters to be estimated are the capture rate o, the increase of adult death
rate in the wild B, the density-dependent factor K, and the number of initial adults A,. More
specifically, we assumed o and f to be equal among all years considered, while the value of K
and A, could be year-specific.

Model predictions for the dynamics of mosquito population during a specific season depend
on the free parameters 0 = (o, B, K, Ay) but are also influenced by the intrinsic stochasticity of
simulations and by the uncertainty on parameters defining the transition rates used in the
model (e.g. the developmental and mortality rates for different mosquito life-stages). By denot-
ing the latter set as w we define as 4,,,)(6, @) the number of captures at month  and year y
predicted by the model with parameters 6 and w.

In order to estimate the free parameters by taking into account both the stochasticity of the
process and the uncertainty on parameter estimates defined by w, for each year y, we define the

{m.y} (0) > as
the A¢,,,}(6, w) corresponding to the simulation producing the median cumulative number of

expected number of captures at month m associated with 6, denoted hereafter by /.
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yearly captures among the simulations obtained by employing the same parameter set 6 and
varying w.

The posterior distributions of the free parameters 6 were explored by Markov chain Monte
Carlo (MCMC) sampling applied to the likelihood of observing the monthly number of
trapped adults, averaged among the 24 considered sites. Assuming that for each month the
number of observed trapped adult mosquitoes follows a Poisson distribution with mean
obtained from the model, the likelihood of the observed data over the twelve simulated years
has been defined as

2011 5 ~
- Mmy}
I— | | | |e{—z{m.y}<6> ) oy (0) "

n, !
»y=2000 m=1 {m.y}

where y runs over the different considered years, m runs over months, n, ) is the observed
average number of trapped adults over the 24 sites at month m and year y as reported in [16,
17] and / (my (0) is the predicted number of captures at month m and year y simulated by the
model with parameters 0 = (o, B, K(), Ao(¥)).

The posterior distribution of 6 was obtained by using random-walk Metropolis-Hastings
sampling approach [43] and normal jump distributions. A total of 100,000 iterations were
performed and a burn-in period of 5,000 steps was chosen. Convergence was checked by con-
sidering chains associated with different starting points in the parameter space and by visual
inspection on the trace plots of chains.

Model predictions associated with the estimated posterior distributions of model parame-
ters for the different seasons (from 2000 to 2011) were analyzed in terms of i) the weekly num-
ber of Cx. pipiens captured during the twenty-week survey period; ii) the total number of
captured mosquitoes at the end of each year; iii) the highest weekly capture during each year;
iv) the week at which the highest capture was observed; v) the start and the end of the mosquito
season, defined as in [17] to be the weeks by which respectively 5% and 95% of the cumulative
captures in the simulated season occurred; for clarity, from now on, we will denote these values
by onset and offset; vi) the season length, defined as the number of weeks between the onset
and the offset of the season [17]. The uncertainty surrounding model predictions is generated
by both the variability of the estimated posterior distribution of free model parameters and the
intrinsic stochasticity characterizing model simulation.

Finally, we applied the model to assess the influence of the temperature on the population
dynamics. To this aim, we simulated each year y with 10 different temperature patterns T(y,t)

ranging from T(y,t) — 2.5° to T(y, t) + 2.5°, where T(y, t) is the observed temporal pattern
of temperature associated with year y. Following a similar approach, we investigated the role
played by the larval carrying capacity by simulating each year y with different density-depen-
dent factors K, ranging from 0.5 - K(y) to 1.5 - K(y), where K(y) is the estimated density-
dependent factor for year y.

Results and Discussion

The proposed model can well reproduce the number of weekly captures of adult mosquitoes
reported between May and September for all the twelve years of observation (2000-2011). In
particular, more than 90% of the weekly trap records lie within the 2.5-97.5% quantile of
model predictions. The model shows the ability of reproducing both the strong seasonality
characterizing the adult population dynamics within different years and the high heterogeneity
observed among different seasons in terms of mosquito density (see Fig 1).
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Fig 1. Model fit. Average number of weekly captured Cx. pipiens during the twenty-week survey period observed in Piedmont region from 2000 to 2011 (blue
points) and predicted by model simulation based on the estimated posterior distribution of free parameters (median in red, pink region defines 2.5-97.5%

quantile predictions).

doi:10.1371/journal.pone.0154018.g001

In agreement with collected data (see Fig 2¢), our results show that the average cumulative
number of trapped adults can substantially change between seasons, ranging from 510 (2.5-
97.5% quantile predictions: 100-1887) in 2003 to 2425 (2.5-97.5% quantile predictions: 1194—
4677) in 2000.

The highest capture is predicted to occur, on average, between the 27" and 31° week of the
year (corresponding to the month of July) in good agreement with observed values (see Fig 2b).
On the opposite, the predictions on the maximum number of trapped adults in a single capture
session during the entire season are extremely variable among different simulations and do not
accurately reproduce observed values. This field measure is highly sensitive and reflects sto-
chastic variations driven by site-specific factors such as rain and wind condition of the day.
Indeed, strong wind and rainfalls might alter Cx. pipiens dispersal and host-seeking behavior,
possibly reducing the probability of being captured. In fact, data collected show that captures
of two consecutive trapping sessions can be remarkably different (with differences sometimes
of an order of magnitude). In order to smooth the inherent variability in captures, we com-
puted, for each trap, the 3-point moving average of weekly captures. The distribution of the
maxima of moving averages, for each year, is shown in Fig 2d; it can be seen that the variability
in model predictions is consistent (though a bit lower) with the observed variability among
traps. In addition, years characterized by higher maximum number of trapped adults within a
single capture are associated with higher peaks in model predictions.

The 2.5-97.5% quantile of the predicted offsets are between the 34™ and 37" week (mid-
August—mid-September) in each year, like the observed captures (see Fig 2a). The predicted
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Fig 2. Annual synthetic indexes. Boxplot (2.5%, 25%, 75% and 97.5% quantile and median) of predicted onset (lower orange bars in panel a) and offset
(higher orange bars in panel a), defined as the week of the year when the 5% and the 95% of the cumulative captures are reached respectively; week of the
year associated with peak (highest) capture (red bars in panel b); total annual captures, i.e. the sum of the 20 weekly captures (green bars in panel c); peak
capture, i.e. maximum number of trapped adults in a single capture session (purple bars in panel d). Blue boxplots represent the distributions of the observed
site-specific values. Distributions of the observed peak capture were obtained by computing the maximum of 3-point moving average of weekly captures.

doi:10.1371/journal.pone.0154018.9002

onsets are on the average between the 21° and the 23" week (end of May-beginning of June), a
few weeks earlier than what observed (median values between 24™-27" week, June).

In [17] the authors found that the starting time of the mosquito season (onset) was nega-
tively correlated with the average temperature of weeks 8-19 (i.e., higher temperatures hasten
the onset), and found that season length was positively correlated with mean temperature of
weeks 16-27. Our analysis confirms such results suggesting that the median predicted onset,
which defines the starting time of the season, is negatively correlated (y = 27.81-0.52-x, p-
value<0.01) with the average temperature recorded between mid-February and the beginning
of May, which ranges from 9.6°C in 2004 to 13.4°C in 2007. This is in line with the observed
faster development of immature stages associated with higher temperatures.

Furthermore, the median predicted season length is positively correlated (y = —2.00 + 0.80-x,
p-value<0.01) with the average temperature recorded between mid-April and the end of June,
which varies from 18.5°C in 2004 to 21.5°C in 2003.

The model accounts for the observed heterogeneous dynamics of the mosquito population
among different seasons thanks to the explicit inclusion of two seasonal factors. The first one is
the dependence of developmental and mortality rates of different mosquito stages on tempera-
ture. The second one is represented by the assumption of a year specific density-dependent fac-
tor for larval stages, which may reflect possible differences in the availability of breeding sites
in different years.
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doi:10.1371/journal.pone.0154018.9003

The estimated posterior distribution of the initial number of adults (namely Ao) spans a
wide range, between approximately 1 and 1,000 in each season (see Fig 3a), with negligible dif-
ferences among different years.

Conversely, estimated posterior distributions of the density-dependent factor are remark-
ably different among years (see Fig 3b). A recent study [17] carried out on the same dataset
considered in this work has shown that Cx. pipiens population size in different years is posi-
tively correlated with the number of days of precipitation in the first three months of the year.
Following the same approach presented in [17], we explored possible correlations between the
estimated density-dependent factors and the number of rainy days among different temporal
windows. We considered 22 temporal widows built by grouping periods of 12 consecutive
weeks, starting from the first week of the year (weeks 1-12) and ending with weeks 22-33. For
each window, number of days of precipitation was summed. We found that the median value
of the estimated density-dependent factor is positively correlated (y = -380.54+ 32.14-x, p-
value<0.01) with the number of rainy days in weeks 13-24 (end of March—mid-June), which
encompass partially the first half of the simulated period. Therefore, although the model does
not take precipitation explicitly into account, our analysis highlights its likely influence on
mosquito population dynamics. This positive correlation is biologically reasonable as more
rain can create more breeding sites and therefore increase the carrying capacity of larval stages,
which is proportional to the density-dependent factor.

The capture rate o is estimated to be on average 11.35% (10% median, see Fig 3c) in good
agreement with values published in [44], where it was estimated to be 10.8% through a field
experiment carried out using bird-baited traps placed outdoors in an open lawn area. However,
it is worth noting that this experiment was carried out in a setting different from our study
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area, using different traps. Furthermore, the posterior distribution we obtained for o is very
wide, and thus does not give strong support to any specific estimate.

The estimated posterior distribution of B, the increase in adult mortality rate in the wild rel-
atively to lab conditions, is also very wide (95% CI 1.09,23.98, see Fig 3d) with an estimated
average of 4.61 (4.52 median). This result is in good agreement to what has been observed in
[45] for Aedes albopictus, for which adult survival is four times lower in the wild relatively to

the survival observed under laboratory conditions.

Undoubtedly, independent estimates on a subset of our free parameters would allow provid-
ing more robust estimates of these specific biological quantities. However, the MCMC approach
represents a suitable statistical technique to handle uncertainties about parameters, as it takes
into account all possible parameters’ configurations compliant with patterns observed in the
data. Simulations were run also by assuming seasonal dependent o and B. The two different
modeling assumptions result in qualitatively similar predictions about the abundance of the
mosquito among different years (see S1 Text). These results strongly suggest that the more par-
simonious model with seasonal independent o and B should be preferred as associated with a
lower value of the Deviance Information Criterion (DIC) [46].

Temperature plays a crucial role in shaping the population dynamics of Cx. pipiens. As
already suggested by the statistical correlations presented above, higher temperatures can both
hasten the occurrence of high adult densities (see Fig 4b) and lengthen the breeding season (see
Fig 4a). On the other hand, either too high or too low temperatures during the season might be
responsible of a noticeable decrease in peak mosquito abundance (see Fig 4c) as a consequence
of the balance between two opposite phenomena; high temperatures increase mosquito mortal-
ity rates (especially in adults) while low temperatures can strongly reduce the developmental
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Fig 4. Effect of temperature variations on Cx. pipiens. Boxplots (2.5%, 25%, 75% and 97.5% quantile and median) of predicted annual synthetic indexes
associated with different temperature inputs (x-axis, from -2.5°C to +2.5°C with respect to actual records). Panel (a) shows the effect on the duration of the
breeding season, defined as the difference between the week of the year when the 95% and the 5% of the cumulative captures are reached; panels (b) and
(c) show respectively the effect on the timing and the value of the peak capture; panel (d) shows the effect on the total annual captures.

doi:10.1371/journal.pone.0154018.9004
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rates of mosquito immature stages. Our results suggest that a reduction of the temperature of
1.5°C decreases both the highest mosquito density during the season and the cumulative num-
ber of captured mosquitoes of about 20%, while in the extreme case of a decrease of 2.5°C a
reduction of 40% of the total abundance and peak values is expected (see Fig 4d). This confirms
that the inability of immature stages to cope with low temperature is a critical factor in shaping
Cx. pipiens habitat suitability.

Hotter seasons might also reduce the maximal abundance of adult mosquitoes (about -25%
for the +2.5°C scenario) but produce only negligible effects on the overall number of captured
adults during the whole season. This apparent contradiction can be explained by the observa-
tion that higher temperatures increase mosquito populations during spring and decrease them
during summer (see S1 Text).

On the other hand, changes in the larval carrying capacity produce proportional effects on
mosquito abundance during the whole breeding season. For instance, our analysis shows that a
30% reduction of the density-dependent factor K causes a decrease of about the same percent-
age on both the highest capture and the cumulative number of captured adult mosquitoes (see
Fig 5¢ and 5d). Lower values of the larval carrying capacity prevent the development of a large
number of larvae into pupae and, in turn, into adults. Consequently, under favorable condi-
tions, an increase of this parameter increases the population size. However, the length of the
breeding season and the time of the highest capture are not significantly influenced by the mag-
nitude of larval carrying capacity. Indeed, the occurrence of favorable conditions, such as the
increase of the developmental rates of aquatic stages into adults, is mainly driven by tempera-
ture. These results suggest that the carrying capacity, which correlates with the abundance of
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Fig 5. Effects of density-dependent factor variations on Cx. pipiens. Boxplots (2.5%, 25%, 75% and 97.5% quantile and median) of predicted annual
synthetic indexes associated with different values of K (x-axis, from -50% to +50% with respect to fitted values). Panel (a) shows the effect on the duration of
the breeding season; panels (b) and (c) show respectively the effect on the timing and the value of the peak capture; panel (d) shows the effect on the total

annual captures.

doi:10.1371/journal.pone.0154018.9005
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spring precipitations and is possibly linked to the availability of mosquito breeding sites, affects
the reproduction number, and thus the growth rate, of the population but it does not influence

the developmental and the mortality rates at the beginning and at the end of the season, which

are the main determinants of season length.

Conclusions

In this paper, we investigated which are the main drivers of the observed high heterogeneity
characterizing the Cx. pipiens population among different seasons in Northwestern Italy. We
found that inter-seasonal variability is determined by two main drivers: i) differences in larval
carrying capacities, which in turn might depend on the cumulative number of rainy days from
end of March to mid-June, potentially correlated to the availability of breeding sites, and ii) dif-
ferences in average temperatures, which affect both developmental and survival rates.

Opverall, this work provides useful indications about the dynamics of Cx. pipiens during a
typical breeding season. Our results suggest that variations in the number of rainy days and
temperature, like those observed in the study period, may give rise to substantially different
seasonal mosquito abundances and provide interesting insights on how possible climatic
changes could affect the future density of this vector in Piedmont and in similar areas.

The data also exhibit a large degree of spatial heterogeneity, as trap captures vary in abun-
dance and temporal patterns. Investigating these patterns would require detailed information
on habitat utilization and related mosquito movement, which are not available and are beyond
the scope of the present work. Instead, data coming from different traps were aggregated in
order to strengthen the investigation of seasonal heterogeneity, by reducing the influence of cli-
matic condition characterizing single specific days.

In this work, Cx. pipiens population dynamics has been modeled on the basis of the empiri-
cal relations found in laboratory experiments between demographic and developmental rates
of the various life stages (eggs, larvae, pupae, female adults) on temperature and, as far as dia-
pause is concerned, photoperiod. Use of statistical methods on population data have allowed
us to use the model with field data, elucidating the role of density-dependence. Availability
of data on survival and fertility rates in the wild—where for instance Cx. pipiens adults are
expected to seek refuge from heat in summer and from cold in winter—could allow for refine-
ments of the model and for using it beyond a single season.

Supporting Information
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S1 Text. Supporting text containing methodological details and additional results.
(PDF)

Acknowledgments

The fieldwork was realized by the technicians of the "Istituto per le Piante da Legno e I'Am-
biente" operative center of Casale Monferrato. The authors especially acknowledge Andrea
Mosca for useful discussions on fieldwork data. We thank the anonymous reviewers for their
helpful and constructive comments that contributed to improve the final version of the
manuscript.

PLOS ONE | DOI:10.1371/journal.pone.0154018  April 22,2016 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0154018.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0154018.s002

@’PLOS ‘ ONE

Eco-Climatic Drivers of Culex pipiens Dynamics

Author Contributions

Conceived and designed the experiments: GM PP SM AP RR. Performed the experiments: GM
PP. Analyzed the data: GM PP MG AP SM RR. Wrote the paper: GM PP MG AP SM RR.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Taylor LH, Latham SM, Woolhouse ME. Risk factors for human disease emergence. Philos Trans R
Soc B. 2001; 356(1411): 983-989.

Smithburn KC, Hughes TP, Burke AW, Paul JH. A Neurotropic Virus Isolated from the Blood of a Native
of Uganda. Am J Trop Med Hyg. 1940; 20: 471-472.

Zeller HG, Schuffenecker I. West Nile virus: An overview of its spread in Europe and the Mediterranean
Basin in contrast to its spread in the Americas. Eur J Clin Microbiol Infect Dis. 2004; 23(3): 147-156.
PMID: 14986160

European Centre for Disease Prevention and Control. Annual epidemiological report 2014—emerging
and vector-borne diseases. Stockholm: ECDC; 2014.

Gaibani P, Cavrini F, Gould EA, Rossini G, Pierro A, Landini MP, et al. Comparative Genomic and Phy-
logenetic Analysis of the First Usutu Virus Isolate from a Human Patient Presenting with Neurological
Symptoms. PLOSONE. 2013; 8(5): e64761.

Pecorari M, Longo G, Gennari W, Grottola A, Sabbatini A, Tagliazucchi S, et al. First human case of
Usutu virus neuroinvasive infection, Italy, August-September 2009. Eurosurveillance. 2009; 14(50):
pii19446

Reisen WK, Lothrop HD, Wheeler SS, Kennsington M, Gutierrez A, Fang Y, et al. Persistent West Nile

virus transmission and the apparent displacement St. Louis encephalitis virus in southeastern Califor-
nia, 2003-2006. J Med Entomol. 2008; 45(3): 494-508. PMID: 18533445

Centers for Disease Control and Prevention (2015) Final Maps & Data for 1999—2014, West Nile Virus.
Available: http://www.cdc.gov/westnile/statsmaps/final.html

Turell MJ, Dohm DJ, Fonseca DM. Comparison of the Potential for Different Genetic Forms in the
Culex Pipiens Complex in North America to Transmit Rift Valley Fever Virus. J Am Mosq Control
Assoc. 2014; 30(4): 253-259. doi: 10.2987/14-6441R.1 PMID: 25843130

Lundstrom JO, Lindstrom KM, Olsen B, Dufva R, Krakower DS. Prevalence of Sindbis virus neutralizing
antibodies among Swedish passerines indicates that thrushes are the main amplifying hosts. J Med
Entomol. 2001; 38(2): 289-297. PMID: 11296837

Farajollahi A, Fonseca DM, Kramer LD, Kilpatrick AM. “Bird biting” mosquitoes and human disease: A
review of the role of Culex pipiens complex mosquitoes in epidemiology. Infect Genet Evol. 2011; 11
(7): 1577-1585. doi: 10.1016/j.meegid.2011.08.013 PMID: 21875691

Colborn JM, Smith KA, Townsend J, Damian D, Nasci RS, Mutebi J-P. West Nile Virus Outbreak in
Phoenix, Arizona-2010: Entomological Observations and Epidemiological Correlations. J Am Mosq
Control Assoc. 2013; 29(2): 123—-132. PMID: 23923326

Kilpatrick AM, Pape WJ. Predicting Human West Nile Virus Infections With Mosquito Surveillance
Data. Am J Epidemiol. 2013; 178(5): 829-835. doi: 10.1093/aje/kwt046 PMID: 23825164

Calistri P, Giovannini A, Savini G, Monaco F, Bonfanti L, Ceolin C, et al. West Nile Virus Transmission
in 2008 in North-Eastern Italy. Zoonoses Public Health. 2010; 57(3): 211-219. doi: 10.1111/j.1863-
2378.2009.01303.x PMID: 20042066

Monaco F, Lelli R, Teodori L, Pinoni C, Di Gennaro A, Polci A, et al. Re-Emergence of West Nile Virus
in ltaly. Zoonoses Public Health. 2010; 57(7-8): 476—486. doi: 10.1111/].1863-2378.2009.01245.x
PMID: 19638165

Bisanzio D, Giacobini M, Bertolotti L, Mosca A, Balbo L, Kitron U, et al. Spatio-temporal patterns of dis-
tribution of West Nile virus vectors in eastern Piedmont Region, Italy. Parasites Vectors. 2011; 4(1):
230.

Rosa R, Marini G, Bolzoni L, Neteler M, Metz M, Delucchi L, et al. Early warning of West Nile virus mos-
quito vector: climate and land use models successfully explain phenology and abundance of Culex
pipiens mosquitoes in north-western Italy. Parasites Vectors. 2014; 7:269. doi: 10.1186/1756-3305-7-
269 PMID: 24924622

Ciota AT, Matacchiero AC, Kilpatrick AM, Kramer LD. The Effect of Temperature on Life History Traits
of Culex Mosquitoes. J Med Entomol. 2014; 51(1): 55-62. PMID: 24605453

Loetti V, Schweigmann N, Burroni N. Development rates, larval survivorship and wing length of Culex
pipiens (Diptera: Culicidae) at constant temperatures. J Nat Hist. 2011; 45(35-36): 2207—2217.

PLOS ONE | DOI:10.1371/journal.pone.0154018  April 22,2016 13/15


http://www.ncbi.nlm.nih.gov/pubmed/14986160
http://www.ncbi.nlm.nih.gov/pubmed/18533445
http://www.cdc.gov/westnile/statsmaps/final.html
http://dx.doi.org/10.2987/14-6441R.1
http://www.ncbi.nlm.nih.gov/pubmed/25843130
http://www.ncbi.nlm.nih.gov/pubmed/11296837
http://dx.doi.org/10.1016/j.meegid.2011.08.013
http://www.ncbi.nlm.nih.gov/pubmed/21875691
http://www.ncbi.nlm.nih.gov/pubmed/23923326
http://dx.doi.org/10.1093/aje/kwt046
http://www.ncbi.nlm.nih.gov/pubmed/23825164
http://dx.doi.org/10.1111/j.1863-2378.2009.01303.x
http://dx.doi.org/10.1111/j.1863-2378.2009.01303.x
http://www.ncbi.nlm.nih.gov/pubmed/20042066
http://dx.doi.org/10.1111/j.1863-2378.2009.01245.x
http://www.ncbi.nlm.nih.gov/pubmed/19638165
http://dx.doi.org/10.1186/1756-3305-7-269
http://dx.doi.org/10.1186/1756-3305-7-269
http://www.ncbi.nlm.nih.gov/pubmed/24924622
http://www.ncbi.nlm.nih.gov/pubmed/24605453

@’PLOS ‘ ONE

Eco-Climatic Drivers of Culex pipiens Dynamics

20.

21,

22,

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Mulatti P, Ferguson HM, Bonfanti L, Montarsi F, Capelli G, Marangon S. Determinants of the population
growth of the West Nile virus mosquito vector Culex pipiens in a repeatedly affected area in ltaly. Para-
sites Vectors. 2014; 7:26. doi: 10.1186/1756-3305-7-26 PMID: 24428887

Denlinger DL, Armbruster PA. Mosquito diapause. Annu Rev Entomol. 2014; 59: 73-93. doi: 10.1146/
annurev-ento-011613-162023 PMID: 24160427

Spielman A, Wong J. Environmental Control of Ovarian Diapause in Culex pipiens. Ann Entomol Soc
Am. 1973; 66(4): 905-907.

Bolker BM. Ecological models and data in R. Princeton: Princeton University Press; 2008.

Arifin SMN, Zhou Y, Davis GJ, Gentile JE, Madey GR, Collins FH. An agent-based model of the popula-
tion dynamics of Anopheles gambiae. Malar J. 2014; 13: 424. doi: 10.1186/1475-2875-13-424 PMID:
25373418

Beck-Johnson LM, Nelson WA, Paaijmans KP, Read AF, Thomas MB, Bjornstad ON. The Effect of
Temperature on Anopheles Mosquito Population Dynamics and the Potential for Malaria Transmission.
PLOSONE. 2013; 8(11): e79276.

Yamana TK, Eltahir EAB. Incorporating the effects of humidity in a mechanistic model of Anopheles
gambiae mosquito population dynamics in the Sahel region of Africa. Parasites Vectors. 2013; 6: 235.
doi: 10.1186/1756-3305-6-235 PMID: 23938022

Cailly P, Tran A, Balenghien T, L’Ambert G, Toty C, Ezanno P. A climate-driven abundance model to
assess mosquito control strategies. Ecol Modell 2012, 227:7-17.

Erickson RA, Presley SM, Allen LJS, Long KR, Cox SB. A stage-structured, Aedes albopictus popula-
tion model. Ecol Model. 2010; 221(9): 1273—1282.

Poletti P, Messeri G, Ajelli M, Vallorani R, Rizzo C, Merler S. Transmission Potential of Chikungunya
Virus and Control Measures: The Case of ltaly. PLOSONE. 2011; 6(5): e18860.

Tran A, L'Ambert G, Lacour G, Benoit R, Demarchi M, Cros M, et al. A Rainfall- and Temperature-
Driven Abundance Model for Aedes albopictus Populations. Int J Environ Res Public Health. 2013; 10
(5): 1698-1719. doi: 10.3390/ijerph10051698 PMID: 23624579

Gong H, DeGaetano AT, Harrington LC. Climate-based models for West Nile Culex mosquito vectors in
the Northeastern US. Int J Biometeorol. 2011; 55(3): 435-446. doi: 10.1007/s00484-010-0354-9
PMID: 20821026

Longari¢ Z, K. Hackenberger B. Stage and age structured Aedes vexans and Culex pipiens (Diptera:
Culicidae) climate-dependent matrix population model. Theor Popul Biol. 2013; 83: 82—-94. doi: 10.
1016/j.tpb.2012.08.002 PMID: 22971424

Morin CW, Comrie AC. Modeled response of the West Nile virus vector Culex quinquefasciatus to
changing climate using the dynamic mosquito simulation model. Int J Biometeorol 2010; 54:517-529.
doi: 10.1007/s00484-010-0349-6 PMID: 20683620

Pawelek KA, Niehaus P, Salmeron C, Hager EJ, Hunt GJ. Modeling Dynamics of Culex pipiens Com-
plex Populations and Assessing Abatement Strategies for West Nile Virus. PLOSONE. 2014; 9(9):
e108452.

Rizzoli A, Bolzoni L, Chadwick EA, Capelli G, Montarsi F, Grisenti M, et al. Understanding West Nile
virus ecology in Europe: Culex pipiens host feeding preference in a hotspot of virus emergence. Para-
sites Vectors. 2015; 8:213. doi: 10.1186/s13071-015-0831-4 PMID: 25888754

Vinogradova EB. The sex structure of the larval populations of the urban mosquito Culex pipiens
pipiens f. molestus Forskal (Diptera, Culicidae) in St. Petersburg. Entomol Rev. 2011; 91(6):729-734.

Arpa Piemonte (2015) Dati Ambientali. Available: http://www.arpa.piemonte.it/dati-ambientali

United States Naval Meteorology and Oceanography Command (2015) Naval Oceanography Portal:
Data Services. Available: http://www.usno.navy.mil/lUSNO/astronomical-applications/data-services/
data-services

Eirayah E, Abugroun N. Effect of Temperature on Hatching Eggs and Embryonic Survival in the Mos-
quito Culex-Quinquefasciatus. Entomol Exp Appl. 1983; 33(3): 349-351.

Chowell G, Diaz-Duenas P, Miller JC, Alcazar-Velazco A, Hyman JM, Fenimore PW, et al. Estimation
of the reproduction number of dengue fever from spatial epidemic data. Math Biosci. 2007; 208(2):
571-589. PMID: 17303188

Becker N, Petric D, Zgomba M, Boase C, Madon M, Dahl C, et al. Mosquitoes and Their Control. Berlin:
Springer; 2010.

Faraj C, Elkohli M, Lyagoubi M. Cycle gonotrophique de Culex pipiens (Diptera: Culicidae), vecteur
potentiel du virus West Nile, au Maroc: estimation de la durée en laboratoire. Bull Soc Pathol Exot.
2006; 99(2): 119-121. PMID: 16821445

PLOS ONE | DOI:10.1371/journal.pone.0154018  April 22,2016 14/15


http://dx.doi.org/10.1186/1756-3305-7-26
http://www.ncbi.nlm.nih.gov/pubmed/24428887
http://dx.doi.org/10.1146/annurev-ento-011613-162023
http://dx.doi.org/10.1146/annurev-ento-011613-162023
http://www.ncbi.nlm.nih.gov/pubmed/24160427
http://dx.doi.org/10.1186/1475-2875-13-424
http://www.ncbi.nlm.nih.gov/pubmed/25373418
http://dx.doi.org/10.1186/1756-3305-6-235
http://www.ncbi.nlm.nih.gov/pubmed/23938022
http://dx.doi.org/10.3390/ijerph10051698
http://www.ncbi.nlm.nih.gov/pubmed/23624579
http://dx.doi.org/10.1007/s00484-010-0354-9
http://www.ncbi.nlm.nih.gov/pubmed/20821026
http://dx.doi.org/10.1016/j.tpb.2012.08.002
http://dx.doi.org/10.1016/j.tpb.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22971424
http://dx.doi.org/10.1007/s00484-010-0349-6
http://www.ncbi.nlm.nih.gov/pubmed/20683620
http://dx.doi.org/10.1186/s13071-015-0831-4
http://www.ncbi.nlm.nih.gov/pubmed/25888754
http://www.arpa.piemonte.it/dati-ambientali
http://www.usno.navy.mil/USNO/astronomical-applications/data-services/data-services
http://www.usno.navy.mil/USNO/astronomical-applications/data-services/data-services
http://www.ncbi.nlm.nih.gov/pubmed/17303188
http://www.ncbi.nlm.nih.gov/pubmed/16821445

@’PLOS ‘ ONE

Eco-Climatic Drivers of Culex pipiens Dynamics

43.

44.

45.

46.

Gilks WR, Richardson S, Spiegelhalter D. Markov Chain Monte Carlo in practice. London: Chapman &
Hall; 1996.

Simpson JE, Folsom-O’Keefe CM, Childs JE, Simons LE, Andreadis TG, Diuk-Wasser MA. Avian
Host-Selection by Culex pipiens in Experimental Trials. PLOSONE. 2009; 4(11): e7861.

Niebylski M, Craig G. Dispersal and Survival of Aedes-Albopictus at a Scrap Tire Yard in Missouri. J
Am Mosq Control Assoc. 1994; 10(3): 339-343. PMID: 7807074

Spiegelhalter DJ, Best NG, Carlin BP, Van Der Linde A. Bayesian measures of model complexity and
fit. Journal of the Royal Statistical Society: Series B (Statistical Methodology). 2002; 64(4): 583—639.

PLOS ONE | DOI:10.1371/journal.pone.0154018  April 22,2016 15/15


http://www.ncbi.nlm.nih.gov/pubmed/7807074

