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Highlights

e Assuming age-independent mosquito mortality could result in underesti-
mating mosquito abundances in climate change scenarios.

e Warmer temperatures increase the proportion of older adults in a mosquito
population.

e Age-dependent effects on mosquito fecundity under extreme temperature
scenarios can lead to decreased adult abundances.
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1 Abstract

2 Mosquito-borne diseases (MBDs) pose increasing threats under future climate change
3 scenarios and an understanding of mosquito population dynamics is pivotal to predict-
4 ing future risk of MBDs. Most models that describe mosquito population dynamics
5 often assume that adult life-history is independent of adult age and yet mosquito
6 senescence is known to affect mosquito mortality, fecundity and other key biological
7 traits. Despite this, little is known about the effects of adult age at the level of the
8 mosquito population, especially under varying temperature scenarios. We develop a
9 stage-structured delayed differential equations (DDEs) model incorporating the effects
10 of the abiotic environment and adult age to shed light on the complex interactions
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11 between age, temperature, and mosquito population dynamics. Taking Culex pipiens,
12 a major vector of West Nile Virus, as our study species our results show that failing
13 to consider mosquito senescence can lead to underestimates of future mosquito abun-
14 dances predicted under climate change scenarios. We also find that the age-dependent
15 mechanisms combined with the effects of density-dependent mortality on the immature
16 stages can result in mosquito abundances decreasing at extreme temperatures. With
17 our work, we underscore the need for more studies to consider the effects of mosquito
18 age. Not accounting for senescence can compromise the accuracy of abundance esti-
19 mates and has implications for predicting the risk of future MBD outbreaks.
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» 1 Introduction

21 Vector-borne diseases (VBDs) such as dengue, malaria, and leishmaniasis impose signifi-
2 cant health and economic burdens on human populations, causing millions of deaths annually
;3 and leading to high economic costs due to hospitalizations and lost productivity from illness
2 (World Health Organization et al., 2020). In the recent decades, VBDs have re-emerged in
» locations in which they were once eradicated and spread to territories in which they were
s previously absent (Chala and Hamde, 2021; El-Sayed and Kamel, 2020). The causes for
27 the emergence and re-emergence of VBDs include changes to vector distributions through
28 direct human activity such as deforestation, irrigation, urbanisation (Gratz, 1999; Gangoso
2 et al., 2020), and the impacts of climate change (Rogers and Randolph, 2006; Caminade
w0 et al., 2019; Wilson et al., 2020). Among the VBDs, the ones that pose the largest threat
a to present and future human health and economy are transmitted by mosquitoes (World
» Health Organization, 2022; Franklinos et al.; 2019; Manguin and Boéte, 2011). Hence, com-
;3 prehensive studies of mosquito dynamics and their role as disease vectors are vital in the bid
u  to not only prevent deaths but also to mitigate the economic costs on healthcare systems.

35 Multiple biotic and abiotic drivers shape mosquito dynamics (Hardy et al., 1983). Envi-
s ronmental factors such as humidity and temperature play pivotal roles in shaping mosquito
w life cycles and behaviour, which in turn affect mosquito-borne diseases (MBDs) risks (Morde-
s cai et al., 2019). Given the ectothermic nature of mosquitoes, temperature strongly influ-
» ences mortality rates, developmental processes, and overall activity levels (Shelton et al.,
w 1973; Watts et al., 1987; Delatte et al., 2009). These physiological and life-history traits are
s often influenced by mosquito senescence in many mosquito species of human interest, such
22 as those from the genera Aedes, Anopheles and Culex, due to their role in disease transmis-
i3 sion (Turell, 2012; Brugman et al., 2018). Studies have shown for species in these genera
» that as mosquitoes age, their mortality rates can increase (Knecht et al., 2018; Clements
»s and Paterson, 1981), their fecundity can decline (McCann et al., 2009; Akoh et al., 1992),

s and their ability to transmit diseases is affected in complex ways (Richards et al., 2009;
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w Pigeault et al., 2015; Knecht et al., 2018; Mayton et al., 2020). Previous researches have
ss highlighted the importance of mosquito senescence in disease transmission and in designing
s control strategies, as adults of different ages contribute differently to both overall population
so abundance and disease transmission (Styer et al., 2007b; Somé et al., 2024; Harrington et al.,
st 2014). However, few studies have explored in detail the effects of mosquito senescence on
52 seasonal abundance patterns, particularly in the context of future climate change scenarios,
53 which is crucial for understanding MBD dynamics and transmission to humans.

54 The complex interaction of environment and aging on individual mosquitoes present chal-
55 lenges when predicting the effects of age at the population level. For example, increased tem-
ss peratures may reduce the duration of the immature stages and the length of the gonotrophic
svcycle, providing more opportunities for egg-laying (Loetti et al., 2011; Madder et al., 1983).
s However, as adults age, after each cycle, females tend to lay fewer eggs (Roubaud, 1944;
s Awahmukalah and Brooks, 1985), and face increased mortality due to senescence (Clements
oo and Paterson, 1981). Consequently, predicting how adult abundance responds to increas-
61 ing temperatures, particularly when considering the effects of senescence, remains unclear.
&2 Mathematical models provide a valuable framework for incorporating the mechanisms affect-
&3 ing species life-history, offering novel opportunities for insights into the dynamics of mosquito
e populations.

6 Previous studies have developed models that indicated the role ageing can play in VBDs
s dynamics, without explicitly accounting for the effects of temperature. By comparing an
e age-dependent to an age-independent model for vectorial capacity, Bellan (2010) indicated
¢ how VBD models that fail to consider age-dependent mortality can overestimate the effi-
s ciency of mosquito control strategies. They observed that the majority of the transmission
7 happens through younger mosquitoes that survive long enough to be infected and transmit
7 the pathogen. Similar conclusions were obtained by Rock et al. (2015), who utilised partial
72 differential equations (PDEs) to build a VBD model that incorporated the effects of age on

73 mosquito mortality and biting rates.
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7 In parallel to the models that have focused on age only effects, mathematical models
7 that concentrate on incorporating the influence of temperature on mosquito dynamics while
7 omitting the effect of aging have shown how mosquito abundances are likely to increase in
77 future climate scenarios. Ewing et al. (2016) proposed a detailed description of temperature
72 mechanisms acting on mosquito biology through a delayed-differential equations (DDEs)
79 model, later refined in Ewing et al. (2019). Despite the good fit of the Ewing et al. (2019)
s model to Cz. pipiens abundance data, the authors highlighted how the incorporation of adult
a1 senescence mechanisms could potentially further enhance the predictions of the model.

82 While studies have successfully explored the dynamics of mosquito populations by incor-
&3 porating age and temperature mechanisms separately (Cailly et al., 2012; Metelmann et al.,
ss  2019; Bakran-Lebl et al., 2023; Frantz et al., 2024; Brass et al., 2024), there has been a lim-
s ited number of models considering the temperature and age mechanisms simultaneously. One
s notable exception is the age-structured, discrete-time matrix mosquito population model in-
& troduced by Loncari¢ and Hackenberger (2013). In this model, stage duration is influenced by
s temperature, while adult age affects fecundity but not mortality. Lonc¢ari¢ and Hackenberger
g0 (2013) explore the sensitivity of transient mosquito dynamics to the different developmental
o stages, identifying larval and adult stages as those most sensitive and most suitable targets
o1 for control measures.

92 We focus on modelling a particular mosquito species, Culex pipiens. The seasonal abun-
o3 dance patterns of Cx. pipiens remain not fully understood. In particular, distinct explana-
o tions have been proposed for the observation that this species can often exhibit two separate
s population peaks per year (Barker et al., 2010; Ewing et al., 2019). Furthermore, climate
o change has caused noticeable range expansions for Culex mosquitoes (Liu et al., 2020; Hon-
o goh et al., 2012), highlighting the notable response of these mosquito species to changing
¢ environmental conditions. Notably, there has been a growing concern about the increased
o risk of Rift Valley Fever (RVF) transmission by Cz. pipiens in countries neighboring the

wo south and east of Europe, including parts of North Africa and the Middle East (Nielsen
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et al., 2020). Besides RVF, other diseases, including but not limited to West Nile Virus
(WNV) (Diaz-Badillo et al., 2011), Saint Louis encephalitis virus (Richards et al., 2009) and
lymphatic filariasis (Ramzy et al., 2019), also feature in the repertoire of diseases transmitted
by this species complex (Vinogradova, 2000). Thus understanding the seasonal abundance
patterns of Cz. pipiens vectors is pivotal under the increasing interest on the MBDs that
this species can transmit, especially in a changing climate.

We investigate the impact of climate change induced temperature increases on Cx. pipiens
populations while examining the role of adult age dynamics. In particular, we consider
the implications on the mosquito population dynamics of various hypothetical temperature
scenarios based on both historic temperature recordings and future climate predictions. We
build upon the previous Cz. pipiens model established by (Ewing et al., 2019). Our approach
distinguishes itself from previous models by incorporating explicitly the effects of age on
mortality and fecundity in addition to the detailed temperature dependency introduced by
Ewing et al. (2016). While our modelling is focused on Cz. pipiens, many of our insights are

likely to apply to other mosquito species that exhibit similar responses to adult senescence.
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w 2 Model

117 In our study, we focused on the effects of temperature and age on adult mosquito abun-
us dance, while not addressing hydrological factors like humidity and rainfall variability. Hu-
1o midity has been receiving increasingly more attention due to its effect on mosquito survival
20 and egg production, but requires further research for integration into mechanistic models
121 (Brown et al., 2023). Additionally, our model assumes a fixed habitat size, due to lack of
122 data on the relationship between habitat size and precipitation variability (Shaman et al.,
s 2010). We introduce adult senescence into the model of Cz. pipiens proposed by Ewing
e et al. (2019), based on the framework of Nisbet and Gurney (1983). As Ewing et al. (2019),
s we are focused on describing the subspecies Culexr pipiens pipiens (Vinogradova, 2000) in
16 temperate climates. The framework from Ewing et al. (2019) tracks the progression of the
127 population through the four main developmental stages: eggs, larvae, pupae, and adults.
128 Hach of these developmental stages is temperature-dependent and is parameterised using
120 experimental data. Their model is a stage-structured system of DDEs, in which the time
ot is measured in days. We keep the same structure for the immature stages (eggs, larvae,
131 pupae) as Ewing et al. (2019). We let E(t), L(t), P(t) denote the abundance of the immature
12 stages: eggs, larvae and pupae, respectively, at time ¢t. Our model modifies the adult stage to
133 also keep track of adult age and capture the effects of senescence by including the following

13« mechanisms:

135 e Adults exhibit decreased fecundity with age (Roubaud, 1944; Awahmukalah and Brooks,
136 1985; Walter and Hacker, 1974),

137 e Adults exhibit increased mortality with age (Kershaw et al., 1954; Papadopoulos et al.,

138 2016; Makiya and Sakurai, 1975),
130 e The majority of adults surviving overwinter have not had their first blood meal and
140 are mostly nulliparous (have not laid eggs) (Makiya and Sakurai, 1975; Jaenson, 1987).
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141 To include these features we keep track of the number of gonotrophic cycles that cohorts
12 of adults have been through. Gonotrophic cycles are only experienced by female adults, and
s male adults typically do not diapause and do not survive the winter (Mitchell and Briegel,
e 1989; Nelms et al., 2013; Farajollahi, 2005). Therefore, we make the simplifying assumption
us of a 1:1 sex ratio and that male adults only contribute to the dynamics through reproduction
us  with females. We choose to model adult age by the number of gonotrophic cycles completed
7 for two reasons. The first is that quantifying adult age from the reproductive history is a
us  standard empirical techinique (Tyndale-Biscoe, 1984; Samarawickrema, 1967) and has been
o successfully used to keep track age in other models (Davis et al., 2024; Kamgang et al.,
150 2014). Secondly, experiments have tracked the increasing mortality (Clements and Paterson,
151 1981) and decreasing fecundity (Roubaud, 1944; Awahmukalah and Brooks, 1985) of adult
152 mosquitoes across gonotrophic cycles, albeit not controlling for temperature. The underlying
153 assumption is that the number of gonotrophic cycles is representative of the chronological
15« age of mosquitoes, which is reasonable when female adults are not resource-limited (i.e., easy
155 access to blood meals, energy, water reservoirs (Vinogradova, 2000)).

156 The model structure is illustrated in Figure 1. The adult class is divided into N classes,
sr Ai(t),7 € {1,...,N} where each A;(t) represents a different age class. After pupation
158 is complete, individuals emerge as adults into the adult class 1, A;(¢). Ageing is then
19 represented by individuals advancing from class A;(t) to A;41(t). Each A;(t) class has a
60 different fecundity and mortality rate. We assume that the development time from class j to
61 j+1 (i.e., thelength of the gonotrophic cycle) is determined by temperature and it is denoted
12 by the variable 74 (t). We also introduce N additional adult classes, D;(t),5 € {1,...,N}
163 to which adults transition at the onset of diapause (individuals in A;(¢) transition to Dq(¢),
6 As(t) to Dy(t), etc.). The D;(t) class corresponds to adults that are in diapause during
155 autumn and winter and that only lay eggs after the overwintering period, dying immediately
s after egg-laying, as modelled by Ewing et al. (2019). We refer to A;(t) as active adults and to

w7 D;(t) as diapausing adults. The D;(t) individuals do not advance through the gonotrophic
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cycles. In Section 3.1, we show that allowing all diapausing classes to survive winter leads
to a poorer fit to abundance data. Therefore, for the remainder of the analysis we assume
that only D;(¢) adults survive overwinter and contribute to the egg-laying in spring, since
empirical data indicates the majority of mosquitoes that survive the overwintering period

are nulliparous (Jaenson, 1987; Makiya and Sakurai, 1975; Vinogradova, 2000).

AZ@ S R PN AN(t)

'
~
S

Y

QAT J

SHNpY

A
>

Y ¢ Y

Qusmade;q

\

Figure 1: Model schematic, where F(t), L(t), P(t) correspond to the eggs, larvae and pu-
pae sub-populations, respectively. Adult age classes are denoted by A;(t) and D;(t). After
pupation is complete, individuals emerge as adults into the A;(¢) class. The D;(t) classes
correspond to adults that are diapausing in autumn and winter. We assume that only the
D+ (t) survive overwinter and therefore lay eggs after emerging from diapause in spring, dying
immediately after oviposition. We refer to A;(t) as active adults and to D;(t) as diapausing
adults. Black arrows: maturation of immature stages, ageing for adults. Single red arrows:
density-independent mortality. Double red arrows on the larval class indicates the addi-
tional presence of density-dependent mortality. Orange arrows: diapause. Green arrows:
egg-laying. Mortality, maturation and length of the gonotrophic cycle are temperature-
dependent. The Dy(t),..., Dy(t) adults are assumed not to survive the winter and hence
do not lay eggs.

10
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s 2.1  Stage-structured equations

174 In this section we present the equations for the stage-structured DDE population model
ws  following the framework from Nisbet and Gurney (1983). The equations describing the time

e evolution of each stage are given by

dfl_fj) = Ry(t) — My(t) — (6pp(L(1), £) + 6.(t)) L (1),

%Et) = Rp(t) — Mp(t) — op(t) P(1), )
df‘;jt(t) = R, (t) — 6.4, (t)A;(t) — Ma,(t) — ﬁm je{l,...,N -1},

PN B (1) ~ 51, (0AN(D) — n(DAK D)

d%‘t(t) = n(t)A;(t) — p, () D;(t), ~5.€ {1, N},

wr where R;(t), M;(t),0;(t),i € {F,L, P}, represent the immature recruitment, maturation,
e and density-independent mortality, respectively. Additionally, the larvae undergo density
o dependent mortality at rate dpp(L(t),t) as a consequence of competition for resources. The
180 expressions for the immature recruitment, maturation, development and mortality rates
w1 follow directly from Ewing et al. (2019) and are given in Appendix A.1 and Appendix A.2.

182 The adult recruitment R4, (t) and maturation My, (t) rates are given by

ga(t)

My, (t) = Ra,,,(t) = Ra,(t — 7(t))Sa, @M’

je{l,...,N-1}, (2

13 where Sy, (t) is the survival of the active adult classes A;(t), j € {1,..., N —1}, and gg(t) is
18s the rate of progression through the gonotrophic cycle and determines the rate of progression

155 through the adult age classes. The expression for gg(t) is parameterised by Ewing et al.

)

s (2019) and is given in Appendix A.2. The function 74(t) describes the duration of the

11
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gonotrophic cycle, and its evolution is given by

dTG (t) 1 ga (t)

dt = ga(t—1a(t)

(3)

We choose the number of adult age classes to be N = 10. This is large enough so that a
negligible (< 0.01) number of adults reach age class N during the egg-laying season.

Individuals leave the A;(t) class through age and temperature dependent morality (d4, (%))
and entry into diapause (n(t)). Consequently, the survival of the active adult classes A;(t), j €
{1,..., N — 1}, is given by

dSa, ()
dt

= 8,0) | (3,0t = ) + 10 70(0) LD a0 0] @

For completeness, the survival of Ay(t) is similar to Equation (4) but without the gg(t)
term, since Ay (t) individuals are not maturing to another class by assumption.

The rate, n(t), at which adults enter diapause is constrained to be zero when photoperiod
is increasing and non-zero otherwise. Between ¢ = 0 (corresponding to January 1*%) and the
summer solstice (¢ = 172.5 (Forsythe et al., 1995), using the northern hemisphere as a
reference), photoperiod increases. Diapause is mainly characterised by the halt of ovarian
development in females (Vinogradova, 2000). We use the termination of egg-laying in the
data from Madder et al. (1983) as an indicator of the onset of diapause. We assume that
when photoperiod is decreasing, the rate of entering diapause increases as the fraction of
egg-laying adults decreases. The fraction of adults egg-laying in autumn is given by Cuu(t)
and is estimated from trap data in which adults were captured when looking for a blood

meal for ovarian development. The expression for (. (t) is given by

1

Caut (1) = 1 4 exp(Waut (Saut — V(1))

()

The constants &, and w,y,; are parameterised by Ewing et al. (2019) and v (t) is the pho-

12
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toperiod on day t, described by the model from Forsythe et al. (1995). We let ¥ denote the
maximum rate that mosquitoes enter diapause, hence in autumn the rate of diapause entry
is (t) = W(1 — Gut(t)). To estimate ¥, we use high resolution (daily) egg-laying data from
Madder et al. (1983) in the late summer/early autumn. The estimation of W is detailed in

Appendix A.4. The full expression for n(t) is given by

0, if mod (¢,365) < 172.5,
n(t) = (6)
V(1 — CGaus(t)), otherwise.

2.2 Adult death rate

The adult mortality in the Ewing et al. (2019) model is temperature-dependent, but does
not consider the effects of age. Figure A.1 from Appendix A.5 illustrates that assuming that
adult mortality does not change with age can underestimate mortality of older adults and
overestimate mortality of younger adults (Papadopoulos et al., 2016; Makiya and Sakurai,
1975; Walter and Hacker, 1974; Clements and Paterson, 1981). We incorporate the effect
of adult age on mortality by introducing a factor h; multiplying the mortality rate of each
adult class. We assume that, other than the effect of temperature (7°(¢)) on the length of the
gonotrophic cycle (7¢(t)), effects of age and temperature are independent. The per capita

mortality of adults in age class j is:

temperature effect

—
Sa(t)= by paT(t)’s ™)
~—
age effect
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21 for active adults and

post-diapause mortality
7\

exp (— (t=7alt) - D>2))\, it T(t) > (%)H,

202

Ve

(1) = 4 hawaT () + (

0p,

y 2

2ro

baa + (\/%7 exp (— %)) ., otherwise,

22 for diapausing adults, where T'(¢) is the air temperature in °C' on day ¢. For the range of
23 temperatures that we explored in our simulations, 7'(¢) is non-negative. The function dp, (t)
24 18 constrained to have a minimal value of by, corresponding to the essentially constant
»s  mortality rate of diapausing mosquitoes observed in the experiments from Bailey et al.
26 (1982); Koenraadt et al. (2019). The expression of dp,(f) (Equation (8)) includes the post-
»7  diapause mortality that was introduced by Ewing et al. (2019). It accounts for the increased
»s mortality that overwintered mosquitoes can experience (Hahn and Denlinger, 2007). We
2o assume that mosquitoes in class D;(t) emerge from diapause at day ¢ = D and die after one
20 gonotrophic cycle of length 7¢(t). The parameters o and I' are chosen so that overwintered
»n mosquitoes are eliminated after emergence and egg-laying. The parametrisation of ¢4 and
22 4 is based on the data from Ciota et al. (2014) and follows Ewing et al. (2016).

233 To determine the dependence of adult mortality on age, we compared 6 different models

2 for hj. Model selection (Appendix A.5) gave the best fit model to be
h‘j:"ij:ia 1§]§N7 (9)
235 where k is a positive constant and /; describes the increasing adult morality rate with age.

= 2.3 Egg-laying

237 Our model includes a description of the decrease in egg raft size with adult age (Roubaud,
28 1944; Awahmukalah and Brooks, 1985; Walter and Hacker, 1974). Studies have commonly

20 described the effect of age (Awahmukalah and Brooks, 1985) or temperature (Madder et al.,

14
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1983) on fecundity, but rarely both. We assume that temperature only affects fecundity
through the length of the gonotrophic cycle and use a general function describing how the
egg raft size (p;) depends on gonotrophic cycle number, j. For convenience, we assume
that egg-laying is continuous during each gonotrophic cycle, which is a common modelling
assumption (Caldwell et al., 2021; Brass et al., 2024). In particular, the continuous egg-
laying assumption was successfully used in the model from Ewing et al. (2019). The birth
rate is given by:

bj(t) = piC(t)/7a(t) (10)

where ((t) is the fraction of egg-laying adults at time ¢, given by

i if mod (t,365) < 172.5
1+ex (UJspr (gspr*w(t))) ! ! ’ 7
() = > (11)

1

1+exp(waut (gaut—lp(t))) ) OtherWISe7

where Wepr, Espry Waut s Saut Were parameterised by Ewing et al. (2019). The function ((¢) reflects
the fact that egg-laying activity by active female mosquitoes is driven by photoperiod. Hence,
the number of active egg-laying adults is given by ((t) >_; A;(t). The parameter p; is the egg
raft size of the adults in class A;(t). We also assume that overwintered mosquitoes produce
the same egg raft size as those corresponding adults that have not overwintered, since current
empirical data is inconclusive. While Madder et al. (1983) found evidence that overwintered
mosquitoes lay fewer eggs, Liu et al. (2016) did not observe such a clear pattern. Therefore,
in spring, D;(¢) adults have an egg raft size that is the same as A;(t) adults, namely p;
and ((t)Dq(t) is the fraction of newly emerged D;(t) adults that are egg-laying in spring.
The range of values for egg raft size that we explore in our model is based on the egg raft
sizes observed by Madder et al. (1983). It is important to mention that in autumn, since
individuals do not transition to diapause instantaneously, a fraction, 1 — ((t), of adults are
still active and not in diapause, but are no longer egg-laying. Formally, such individuals are

not going through the gonotrophic cycles. Nonetheless, we assume that they age at exactly

15
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the same rate as they would age by going though the gonotrophic cycles.

Due to lack of data on the relationship between fecundity and age, we choose a general
functional form to describe p; as a decreasing function of j. We assume that after M
gonotrophic cycles, egg raft size is zero and we denote by pgq,, the average egg raft size of

egg-laying adults across the gonotrophic cycles. For j < M, p; is determined by:

= pmg |a— 0+ D@ - (5)'| (12

where a determines how rapidly fecundity declines with age. A value of @ = 1.5 indicates
that A;(t) lay 50% more eggs than the average (p1 = apavg). The parameter 6 determines the
concavity of Equation (12) (# = 1, linear, # < 1, convex, # > 1, concave). The parameters
0, M, pgvg and « are constrained such that p; > 0. Plots illustrating the shape of Equation
(12) are shown in Appendix A.6.

Empirical evidence for Culex pipiens has found that adults do not lay eggs after more
than 6 gonotrophic cycles (Roubaud, 1944; Awahmukalah and Brooks, 1985; Walter and
Hacker, 1974). Therefore, we assume M = 6 for all our simulations. In Appendix B.1 we
explored scenarios with M > 6 and illustrate that it does not have a significant effect on our
results. To assess the effects of age-dependent egg-laying rates on mosquito abundance, we
fix the average egg raft size to be puy = 200 (Ewing et al., 2019; Vinogradova, 2000). This
allows us to isolate the effects of age of egg laying from the lifetime egg-laying potential of
adults.

By fixing M and pg,,, the only free parameters are a and 6. In Appendix B.2 we illustrate
that the effects of 8 on adult abundances are small compared to the effects of . Thus for
the rest of the article, we keep §# = 1 (Figure A.4b) and focus our analysis on the effects of
varying «. In particular, large values of o correspond to a strong effect of age on fecundity:
an increased number of eggs being laid by younger adults and a smaller number of eggs laid
by older adults (Figure A.4b). At o =1, p1 = pa = -+ - = payy and adults of all ages produce

the same number of eggs, an egg raft size corresponding to pg,,. We refer to this case as
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age-independent fecundity.

2.4 Temperature profiles

To explore the effects of different temperature scenarios we run simulations using sinu-
soidal air temperature profiles (Figure 2). We use North Kent Marshes in the UK as a
reference location for temperature and photoperiod variations. It is known to be a common
habitat for the Culex species complex, providing a realistic range of environmental conditions
to which mosquitoes might be exposed and a likely location for the introduction of WNV

into the UK (Golding et al., 2012; Vaux et al., 2015). The temperature function is given by

21

1
T(t) = pu— A+ 2) {—<1+cos (365

; = (213+¢)))7}. (13)

The parameter p denotes the mean annual temperature, A the amplitude of the annual tem-
perature, 7 the length/sharpness of summer and ¢ the shift in timing of peak temperature,
with the reference for the day of peak temperature being the 15 of August (¢ = 213). The
choice of summer peak is consistent with the historic temperature recordings for North Kent
Marshes (Met Office; Hollis; D.; McCarthy, M, 2017). We note that only when v = 1 does
i directly correspond to the mean annual temperature. The water temperature that affects
the immature stages is obtained from the air temperature using the regression performed by
Ewing (2017):

Tyater = 0.94917;, + 3.9174. (14)
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Figure 2: Sinusoidal temperature profile, indicating the role of each parameter in Equation
(13). The parameters pu, A, ¢ and v denote mean temperature, amplitude, timing of the peak
summer temperature and length/sharpness of the summer season, respectively.

We started the simulations following the procedure from Nisbet and Gurney (1983).
Initially, all immature and adult populations being equal to 0 on the 1% of July (¢, = 183).
Then Jy = 100 adults were inoculated into the A;(t) class for one day At = 1. Simulations
were then run for 1.5 years under baseline conditions p = 10.80, A = 6.38,¢ = 0.55,7 =
1.25 before changing the temperature to a specified scenario. The baseline temperature
corresponds to a least mean squares fit of Equation (13) to the mean daily temperature time
series from Met Office; Hollis, D.; McCarthy, M (2017) at the grid point nearest to North
Kent Marshes (approximately (latitude, longitude) = (51° 29°, 0° 30)) from 1960 to 1990.
Subsequently simulations were run for different values of u, A\, ¢, to assess the effects of
alternative temperature scenarios on mosquito abundances. Each simulation was run for
enough time for transient effects to be negligible for our results. The range of u, A, ¢ and
~ explored is based on the maximum and minimum values of such parameters across every

year of the time series from North Kent marshes from the 1960-1990 period (Met Office;
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a6 Hollis, D.; McCarthy, M, 2017).
317 In addition to temperature values based on historical time series from the Kent Marshes,
ss we also use estimates of future climate parameters based on the UK Climate Projections

20 (Met Office Hadley Centre, 2018). The climate projections considered are the following:

320 1. Average emission scenario (RCP 4.5) for 2020s, 2050s and 2080s in the Southeast of

321 England (where the North Kent Marshes are located). The RCP 4.5 projection uses the
322 1960-90 data as a baseline for the estimates of future mean () and maximum/minimum
303 (M) temperature estimates. Since there were no RCP 4.5 predictions for ¢,~, unless
24 otherwise specified, ¢, values are kept at the 1960 — 90 as a baseline values (¢ =
325 0.55,7 = 1.25). The RCP 4.5 scenarios are used in Sections 3.2 and 3.3 and Appendices
326 B.2 and B.6.

327 2. High emission scenario (RCP 8.5) for the periods of 2010 — 2029, 2030 — 2049 and

328 2050 — 2069 for the North Kent Marshes, which we refer to as 2020s, 2040s and 2060s,
329 respectively. The RCP 8.5 projections are average daily temperatures and can therefore
330 be used to obtain estimates of not only u, A, but also ¢, ~, using least squares fitting of
331 the temperature time series. The RCP 8.5 temperature dataset consists of 12 stochastic
33 runs. We select 4 runs out of the 12 (runs 1,5,7,10) that lead to typical (excluding
333 outliers) temperature parameter predictions to illustrate general temperature trends.
334 However, our conclusions remain consistent with the predictions of the remaining runs.
335 When indicating the future temperature projections on Figure 8, (i, A) are obtained
336 from fits of Equation (13) to the climate projection data while fixing (¢,~) to values
337 taken from baseline historical records. In Figure 9 we proceed in a similar fashion, but
338 instead fixing (i, A) and fitting (¢,~). RCP 8.5 projections are used in Section 3.4.

330 To complete the description of the model, the history functions are given in Appendix

s A.7. The table of all model parameters can be found in Appendix A.8. Parameters take the

s values in Table A.2 and Table A.3 unless otherwise stated. All simulations are run using
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the Differential Equations library from Julia. Specifically, we use the DDE solver with the
Method of Steps (Driver, 2012) with a relative and absolute tolerances of 107*°. The code

used in our simulations is available at (Andrade et al., 2025).

3 Results

Figure 3 illustrates typical abundance profiles obtained from the model. In the simulation
shown in Figure 3 and throughout the rest of the results we use N = 10 adult classes
and M = 6 egg-laying adult classes unless explicitly specified otherwise. To facilitate the
discussion of the results, we define the summer peak abundance to be the maximum value
of active adults (> i A4 (t)) over the last year of the simulations, and define the diapausing
peak abundance, to be the corresponding maximum value of D;(t) (Figure 3a). The spring
peak is defined as the maximum value of ((¢)D;(t). The D;(t) adults are only egg-laying
once they have emerged from diapause in spring and ((t) determines the fraction of emerged
D, (t) adults (see Figure 3b).

The height of the spring peak is determined by the height of the diapause peak since
overwinter mortality occurs at an approximately constant rate (Koenraadt et al., 2019).
Therefore, changes in the number of mosquitoes emerging in spring reflects changes in the
peak number of mosquitoes in diapause. We choose to focus our analysis on the diapausing
peak instead of the spring peak since the latter depends on the egg-laying activity function
¢(t), which relies on assumptions about the cues for entering and leaving diapause. The
diapausing peak provides a more general description of the size of the maximum overwintering

population and a proxy measure for the size of the spring peak.
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Figure 3: Mosquito abundance profiles following an initial burn-in of 5 years. (a) Ac-
tive (A;(t)) (violet to red colored lines) and diapausing (D;(t)) (blue dashed lines) adult
mosquitoes. The grey line corresponds to the total abundance of active adults (3, 4;(t)). (b)
egg-laying active adults (((t)A;(t), continuous lines) and egg-laying post-diapausing adults
(C(t)D1(t), dashed lines). The grey line corresponds to (¢(t) >, A;(t)), the total abundance
of egg-laying active adults. We simulate with N = 10 adult classes that lay eggs until class
M = 6. (c)-(e) Immature population abundances. Temperature parameters are taken from
the 1960-90 historical recordings: p = 10.80, A = 6.38,¢ = 0.55,7 = 1.25. Egg-laying is
taken to be independent of age, that is, @ = 1.0. In this simulation and throughout the rest
of the results we use N = 10 adult classes and M = 6 egg-laying adult classes.

3.1 Assessing the impact of age-dependent diapause survival

Based on the empirical observation that only nulliparous diapausing adults survive winter,
we assumed only the D;(t) diapausing adults can contribute to the adult population and egg-
laying pool in spring. In this section, we examine the impact of this age-dependent diapause
survival on the spring abundance profile. In Figure 4, the continuous lines correspond to
the case in which only the D;(t) class survives overwinter and therefore contributes to the

population in the spring of the following year. Conversely, the dashed lines correspond to
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the case in which all diapausing classes (D;(t)) survive overwinter and lay eggs in spring.
We compare these two cases to the 3-day averaged trap data from Ewing et al. (2019)
(black dashed-dot line). In each case, adult abundances are normalised with respect the
summer peak in that year to allow comparisons between the simulations and the trap data.
The results from Figure 4 illustrate how allowing only younger adults to survive overwinter
combined with the age-dependent fecundity can help explain the small size of the spring
peak, a feature that was not fully described by the model presented by Ewing et al. (2019).

In Ewing et al. (2019), simulations used hourly temperature data, resulting in temper-
ature fluctuations not captured by the sinusoidal seasonal temperature profiles used in our
model, limiting direct comparisons between our simulations and the simulations from Ew-
ing et al. (2019). Hence to understand the role senescence and overwintering survival in
Figure 4, we compare our model outputs to the trap data from Ewing et al. (2019), with
sinusoidal temperatures fit to the hourly temperature recordings from Ewing et al. (2019).
By tracking active adults and diapausing adults separately we can more accurately capture
spring mortality. Ewing et al. (2019) consider a single adult class, making no distinction
between newly emerged active-adults in spring and post-diapause adults. A closer look at
the population curves around mid-May (Figure 4, inset) shows that there are adult offspring
of post-diapause adults that are present before the D;(t) adults have died. However, in the
Ewing et al. (2019) model, post-diapause spring mortality kills both of overwintered indi-
viduals and their offspring, when in fact only the overwintered individuals should die. We
illustrate this remark for the temperature parameters fitted to Ewing et al. (2019), but it is
even more pronounced for simulations carried out at higher temperatures or when summers
are warmer and earlier (highers p’s and smaller ¢’s, respectively, not shown). This early
death of the A;(t) adults in spring can lead to an underestimation of the summer peak in
the Ewing et al. (2019) model and further contributes to the mismatch between trap data

and model predictions observed by Ewing et al. (2019).
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Figure 4: Comparison between egg-laying adult abundances from the model using a sinu-
soidal temperature profile and normalised 3-day averaged trap data from Ewing et al. (2019).
The dashed lines represent simulations where all D;(t) classes survive overwinter and the
continuous lines when only D;(t) survives overwinter. Thicker lines: total number of egg-
laying active adults (3_;((¢)A;(¢)). Thinner lines: dashed lines indicate total egg-laying
post-diapause adults (_; ((t)D;(t)), the solid line indicates only post-diapausing egg-laying
adults of the first adult class ({(¢)D;(t)). For each curve, adult abundances are normalised
with respect the corresponding summer peak abundances. Temperatures were fitted to the
hourly-recorded air temperature data from Ewing et al. (2019) using the model described
in Equation (13): (p, A, ¢,y = 11.41,5.41,9.47,1.68). In the simulation runs corresponding
to the dashed lines, all adults survive diapause irrespective of their age, as done by Ewing
et al. (2019).

3.2 The role of age-dependent mortality in the context of age-
dependent fecundity

In this section we compare adult abundances from the model with age-dependent adult
mortality to the model with age-independent mortality, while also varying how rapidly fe-
cundity declines with age («). Figure 5 demonstrates that adult abundance at both summer
and diapause peaks is higher when adult mortality is age-dependent compared to when adult
mortality is age-independent. The higher peak abundances observed with the age-dependent
mortality model are illustrated by the positive values in Figure 5a and 5b, that indicate the

difference in the peak size between the two model variants. The lower mortality of younger
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adults in the age-dependent case facilitates population growth and explains the higher abun-
dances.

Increasing the rate at which fecundity declines with age (increasing «)) impacts peak
mosquito abundance in the age-dependent and the age-independent mortality models dif-
ferently. In most instances, increasing « increases the peak abundances both when adult
mortality is age-dependent and when it is age-independent. However, when temperatures
are sufficiently high, as in the 2080s RCP 4.5 projections and mortality is age-dependent,
the declining fecundity with age can start to have a negative impact on population peak
abundance, as observed in Figure 5c¢ for @ > 1.4. In the age-dependent mortality scenario,
if fecundity decreases rapidly with age (high «), young adults have both a low mortality
and high fecundity, but for sufficiently high « the net effect is a decline in overall popula-
tion abundance. The decline is due high larval competition as a result of the large larval
population. The high larval mortality via competition then results in a decline in the adult
population. For smaller «, the strength of larval competition is lower and the decline in the
adult population is not observed (see Figure 5¢ for a@ < 1.4). We further discuss the adult

abundance decline due to larvae competition in Section 3.3.
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Figure 5: Comparing two model variants, one in which mortality is age-dependent (h; = ),
the other in which mortality is age-independent (h; = 1.0), while also varying the rate at
which fecundity decreases with age («). The last year of 7 years of simulations is considered
for all plots. Different colours correspond to different values of «, as indicated in the legend.
(a) Difference in adult summer peak size between model variants when adult mortality is
age-dependent versus age-independent, under four temperature scenarios (1960-1990 daily
temperatures and RCP4.5 projections for 2020s, 2050s and 2080s). (b) Analogous to (a),
comparing adult diapausing peaks. (c,d) Summer and diapause peak values as function of
«, comparing the case of age-dependent mortality to the case of age-independent mortality,
under temperature scenario RCP4.5 - 2080.

3.3 The limiting effect of larval competition on adult summer peak
abundance

In this section we explore how larval competition can limit the adult abundance at the
summer peak when both temperatures are high and fecundity declines rapidly with age (high

«). Firstly, we examine the impact of varying only the rate at which fecundity declines with
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age (o) on larval competition. Secondly, we show how increased values of a combined with
high temperatures lead to decreased adult abundances through larval competition.

In Figure 6a-c, we plot the contribution of each adult age class to the population egg-
laying rate across the egg-laying season, illustrating a shift in the relative contribution of the
adult class to the immature stages. By comparing the plots in Figure 6a-c, we observe that
as « is increased, young adults contribute a greater fraction of the total egg-laying, as shown
by the increase in size of the blue and green areas when comparing plot b to a and plot ¢
to b. In fact, by integrating over the whole season, the eggs laid by A;(t) adults shift from
24.9% of the total number of eggs laid when o = 1.0 to 32.2% when a = 1.9. The increase in
eggs laid by young adults as we increase a happens since inereasing o means that younger
adults have larger egg raft sizes than older adults. It is worth mentioning that the increase
in eggs laid by young adults happens despite the relative contribution of young adults to the
total population not changing significantly as we change « (shown in Appendix B.4), and
thus the increase in egg-laying by young adults is not caused by an increase in the relative
abundance of young adults. Since the young adults are naturally the first ones to emerge in
spring, they compose the majority of the adult population early in the season. As a result,
the increase in eggs laid by young adults obtained from increasing « leads to an increased
egg-laying rate early in the season, as can be seen by comparing the blue shaded areas in
Figure 6a-c. When « is high, the increased egg-laying rate early in the season leads to an
accumulation of eggs laid within a shorter time frame, as opposed to eggs being laid more
evenly across the season when « is small. After hatching, the eggs accumulated early in the
season culminate in a concentrated peak of larvae, that results in high larval competition. In
Figure 6d we illustrate how larval mortality due to competition increases as we increase «.
Moreover, in Figure 6d we observe that the peak in larval mortality due to competition also
shifts to earlier in the season we increase «, further indicating the shift in larval abundances

towards earlier in the season.
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Figure 6: The effect of « (the rate at which fecundity decreases with age) on the egg-
laying rate of each adult class and larval competition. (a-c) Stack plot of the total egg-
laying rate (((t)A;(t)pj/7a(t),7 = 1,2,..., M) for each A;(t) adult class for three different
values of a. Annotations indicate the percentage of eggs laid by A;(t) over the duration
of egg-laying season, obtained through numerical integration. Plots are of normalised rates
over the last year of 7 years of simulations. (d) Larval density-dependent mortality due to
competition in days™! for three different values of a. For (a-d) temperature parameters are
(1, A, ¢,7v) = (10.80,6.38,0.55,1.25), estimated from the 1960-90 historical records.

To complete the picture, we now illustrate how the effects of age-dependent fecundity on
larval competition are amplified by high temperatures. In Figure 7, we plot the (a) larval
peak and (b) adult summer peak abundances as functions of « for different temperature sce-
narios. In all temperature scenarios, we observe that larval abundance peaks increase if « is
increased enough (Figure 7a). Overall, the adult summer peaks also increase with o (Figure
7b), despite the increased larval competition associated to high . However, if temperatures
are increased to the RCP 4.5 2080s projections (red curve in Figure 7b), we observe that
adult abundance peaks decrease for av > 1.4. The decrease in adult abundance happens due
to the increased larval competition that was illustrated in Figure 6d and that is amplified
by the increased abundances in high temperatures. Therefore, when both temperatures are
high and fecundity decreases rapidly with age, larval abundance and hence larval competi-
tion are increased sufficiently that the rise in the size of the larval abundance peak is not

carried through to a similar rise in the adult summer abundance peak. In Appendix B.6 we
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further discuss larval mortality due to competition under different temperature scenarios. In
particular, we demonstrate that changes in o do not significantly affect the larval mortality
due to predation and thus the increased larval mortality we observe with high « is only due

to competition.
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Figure 7: Size of the (a) larval and (b) summer adult peaks in abundance plotted as functions
of «, the rate at which fecundity declines with age. Each plot illustrates four temperature
scenarios: 1960-90 daily temperatures (blue) and RCP 4.5 temperature projections for 2020s
(green), 2050s (orange) and 2080s (red).

3.4 Exploring the effects of temperature via pu, A\, ¢,y

In this section we explore the response of mosquito population dynamics to changes
not only to mean temperature () and temperature amplitude (A), but also to timing (¢)
and length of the summer (). By considering the range of u, A\, ¢, based on historical
recordings from 1960-90 (Met Office; Hollis, D.; McCarthy, M, 2017) we explore how different
properties of the temperature profile affect peak abundances, a similar approach as Ewing
et al. (2016). The range of each temperature parameter is determined individually by fitting
Equations (13) to the historical recordings to each year from 1960-90. Estimates of u, A, ¢
and 7 from temperature time series often show considerable correlation (Ewing et al., 2016),
so as reference points for discussion, we indicate the RCP 8.5 (high emissions scenario)

predictions for u, A on plots in Figure 8 and for ¢, on plots in Figure 9. We consider the
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high emission scenario as this is the only scenario where daily temperature predictions are
available, necessary to estimate timing (¢) and length of summer (), as explained in Section
2.4.

Initially, we explore the effects of varying p and A while fixing ¢ and  at the fitted values
for the whole 1960-90 period. In Figure 8 heatmaps of adult abundance at summer peaks and
diapause peaks are plotted as functions of i, A, for three different values of «, corresponding
to different rates in which fecundity decreases with adult age. Overall, we observe that for
all values of a, both summer and diapause peaks tend to increase in size with respect to
1 and A. Notably, © has a more visible effect than A, as suggested by the close to vertical
level curves, especially in Figure 8a-c. The climate predictions obtained from the RCP 8.5
data (Met Office Hadley Centre, 2018) are illustrated by the markers on the heap maps in
Figure 8 and show that the model suggests peak adult abundance (summer and diapause)
is expected to increase over the next century.

Moreover, by comparing Figures 8a and 8b to 8c for lower and intermediate mean tem-
perature values (u < 14), we observe that age-dependent fecundity (o = 1.375,a = 1.75)
can result in slightly higher peaks in adult abundance compared to when fecundity is inde-
pendent of adult age (o = 1.0). For example, compare the position of the 1800 level curve
with respect to the location of the climate projection markers around p = 13 in each plot
(Figure 8a-c). However, for higher values of mean temperature (1 > 14), a = 1.0 gives rise
to a higher summer peak than a = 1.75, due to the increased larval competition that can

result from age-dependent fecundity, as discussed in Section 3.3.
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Figure 8: Heatmaps for adult abundance at summer peaks (a-c) and diapause peaks (d-f)
over one year following an initial burn-in of 5 years for different values y, A, and fixed (¢, ) =
(0.55,1.25), taken from 1960-90 daily temperatures. Circles (o) represent the baseline i, A
for 1960-90 historic values (Met Office; Hollis, D.; McCarthy, M, 2017). The other markers
indicate the predicted values of u, A\ according to the daily temperature climate projections
for 2020s (4A), 2040s (), 2060s () for 4 different runs under RCP 8.5 (Met Office Hadley
Centre, 2018). The fitting of u, A for the climate projections are made with fixed ¢, for
consistency to the rest of the heatmap. In column 1, adult fecundity is independent of adult
age (o = 1.0), while in columns 2 and 3 adult fecundity declines with age, with higher values
of a corresponding to a steeper relationship between age and fecundity. Adult mortality
increases with age according to h; = kj>.

501 We additionally consider the effects of changing timing (¢) and summer duration ()

s while keeping the mean temperature (x) and temperature amplitude (\) fixed at the 1960-
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90 values. By comparing plots in Figure 9a-c, we observe that the size of the summer peak
tends to increase as we allow fecundity to decline more rapidly with age (increasing ). A
similar pattern holds for the adult abundance at the diapausing peak (Figure 9d-f).

We observe that summer peaks in adult abundance (Figure 9a-c) tend to be higher
when summer is longer (small 7). Similar to our discussion in Section 3.3, the warmer
temperatures due to the longer summers cause the younger adults to lay proportionally
more eggs than older adults, especially when « is high (> 1.0), leading to an overall increase
in peak abundances. If the summers are earlier (¢ < 0), the egg-laying of younger adults,
which are more abundant earlier in the season (Figure B.3), is also increased, leading to
similar increases to summer peak abundance to those seen when summer is longer (small ).

The heatmaps of the diapause peak abundances (Figure 9d-f) differ from the heatmaps
of the summer peak abundances in their response to ¢ and v. The most striking difference
is that the size of diapause abundance peaks are highest at intermediate values of v and ¢.
First, we focus on the effect of varying ~. For high values of 4 (short summers), the period
of high temperatures is small, resulting in lower adult abundances. For low values of
(long summers), the diapause peak is also smaller than observed under the 1960-90 reference
temperature (o markers), despite a larger peak in summer abundances. The cause of the
smaller diapause peak is due to a shift in the active adult age distribution towards older
adults (Appendix B.4), caused by a shorter gonotrophoic cycle and faster aging associated
to the long periods of warm temperatures when ~ is small. When the adult population enters
diapuase, fewer individuals are young adults and only D;(¢) adults survive winter and are
considered in the diapause peak. It is important to note that the shift in age composition
also happens by increasing the mean temperature (u, Figure 8), as shown in Appendix
B.4. However, when p is high, summer abundances are increased enough to cause Dj(t)
abundances to increase, despite the adult population being older. Therefore, the decrease
in the diapause peak abundances for small values of v is only observed when p is fixed at a

sufficiently low value.
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530 The effect of varying the timing of the summer (¢) on the diapause abundance peaks
s (Figure 9d-f) depends on the length of summer (). The effect of later summers (positive ¢)
s are mostly seen when summers are long. For high +’s, positive ¢’s further decrease the size
533 of the diapause abundance peak by moving the short summers towards the end of activity
s3¢  season. Analogously, the effect of earlier summers (negative ¢) are mainly observed at small
35 values of . The long summers, that are shifted earlier when ¢ is negative, also shift adult
s3 abundance peaks towards earlier in the year, leading to fewer young adults late in the season
s that later go on to constitute the diapause abundance peak (composed only of D;(t)).

538 The RCP 8.5 climate projections for ¢ do not follow a clear decadal trend (Figure 9). In
s contrast, the climate projections for v suggest an increase in the length of summer (smaller
s ) when compared to the historical recordings (o). Therefore, under RCP 8.5 climate pro-
sajections, our model predicts overall higher summier peaks in adult abundances, in spite of

s22 also predicting slightly smaller values of the diapause (and hence, spring) peaks.
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Figure 9: Heatmaps for adult abundance at the summer peaks (a-c) and diapause peaks
(d-f) over one year following an initial burn-in of 5 years for different values of the timing
(¢) and length of summer (v), and fixed (u, A) = (10.80,6.38), taken from 1960-90 daily
temperatures. Circles (o) represent the baseline ¢, for 1960-90 historic values (Met Office;
Hollis, D.; McCarthy, M, 2017). The other markers indicate the predicted values of ¢,~
according to the daily temperature RCP 8.5 climate projections for 2020s (A), 2040s (O),
2060s () for fixed u, A and for 4 different runs under RCP 8.5 (Met Office Hadley Centre,
2018). In column 1, adult fecundity is independent of adult age (« = 1.0), while in columns
2 and 3 adult fecundity declines with age, with higher values of o corresponding to a steeper
relationship between age and fecundity. Adult mortality increases with age according to

hj = /ij?’.
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« 4 Discussion

544 In the face of climate change, while VBDs are already a significant public health issue
ss 1N many regions, there is an increased risk of emergence of VBDs in areas where they were
s.6  previously absent (Rogers and Randolph, 2006; Caminade et al., 2019; Wilson et al., 2020).
sev Mosquitoes are amongst the most important vectors of VBDs (World Health Organization,
ses. 2022; Franklinos et al., 2019; Manguin and Boéte, 2011), and hence it is imperative to un-
sa0  derstand the interplay of factors shaping their population dynamics in order to effectively
sso - assess the risks of future VBD outbreaks. The dynamics of mosquitoes are influenced by
ssi multiple abiotic and biotic factors. Of these factors, senescence has been increasingly recog-
s» nised as having a role to play in VBD transmission (Pigeault et al., 2015; Knecht et al.,
ss3. 2018; Johnson et al., 2020; Somé et al., 2024). Despite the known effects of temperature and
s« age on mosquito biology, few studies have considered their combined impact on mosquito
sss  abundance. A detailed description of temperature effects on mosquito development rates and
ss6  age effects on adult fecundity was previously explored by Lonéari¢ and Hackenberger (2013)
ss7 through an age-structured, discrete-time matrix model. Using a different framework (DDEs),
sss our study distinguishes itself by incorporating not only age effects on adult fecundity, but
ss0 - also on adult mortality, while keeping the temperature-dependent effects on mosquito mat-
seo uration and mortality as described by Ewing et al. (2019). We aim to elucidate the role
ss1  Of senescence in shaping mosquito abundance and dynamics under changing temperature
562 scenarios.

563 We have extended the temperature-dependent DDE model of the mosquito life cycle
s« from Ewing et al. (2019) by incorporating the effects of age on adult fecundity and mor-
ses  tality. Our work uses the number of gonotrophic cycles experienced by adults as a proxy
sso for adult age, an approach that can be applied to many mosquito species. An unexpected
se7 insight from the modelling revealed that including age-dependent adult mortality can lead
sss  t0 higher adult abundances than when mortality does not vary with age. Age dependent

sso mortality associates high mortality to older adults, but also low mortality to younger adults.
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Since younger mosquitoes constitute the majority of the adult population when the entire
activity season is considered, overall adult mosquito mortality is lower when mortality is age
dependent than when it is age independent. Hence failing to consider mosquito senescence
may underestimate the expected increase in mosquito abundances under increasing temper-
ature scenarios. Our results depend significantly on young adults having a lower mortality
than older adults and are, therefore, in line with previous empirical studies that highlight
the importance of considering age structure in estimating mosquito abundances (Styer et al.,
2007b,a; Harrington et al., 2014). Moreover, since the mortality rate can vary significantly
within a mosquito population, neglecting the age effects on mosquito mortality can hamper
accurate estimates of the survival rates of mosquito populations and overestimate the efficacy
of control strategies, as discussed by (Bellan, 2010).

Our model was able to assess the effects of hypothetical temperature profiles, based
on both historical values for North Kent Marshes and future climate projections, on adult
abundances. Warmer summers tend to increase the size of both summer and diapause
peaks. As expected from temperate ectotherms, our results suggest that Cz. pipiens in
North Kent Marshes are likely to experience increased abundances under increased tem-
peratures (Deutsch et al., 2008; Ewing et al., 2016). Increases in mosquito abundance can
in turn increase risks of MBD outbreaks (Semenza and Suk, 2018), including into previ-
ously unaffected regions (El-Sayed and Kamel, 2020; Chala and Hamde, 2021). However,
if fecundity decreases rapidly with age and temperatures are high, towards the extremes
predicted by future climate change scenarios, we find adult mosquito abundance begins to
decline. The decline in adult abundances is caused by increased larval competition at these
extreme temperatures. The detrimental effects of extreme temperatures on ectotherms has
been previously discussed in the literature (Deutsch et al., 2008; Mohammed and Chadee,
2011). Amarasekare and Coutinho (2014) explored the role that competition has on life-
history traits of ectotherms, indicating how mortality due to intraspecfic competition can

play an important part in causing abundances at high temperatures to decrease. In turn,

35



Journal Pre-proof

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

our work suggests that the effects of age on mosquito populations can accentuate mortality
via competition, particularly at high temperatures. The fact the age-dependent mechanisms
can shape ranges of temperature in which adult populations are expected to increase or de-
crease underscores the importance of senescence to accurately describe mosquito population
dynamics. Furthermore, our results align with the established literature on the crucial role
of larval competition in regulating adult mosquito abundances (Agnew et al., 2000; Tsurim
et al., 2013), while also indicating how age-dependent mortality and fecundity can intensify
these regulatory effects.

Introducing explicit adult age structure into the model also allowed insights into mosquito
overwintering and spring abundances. Empirical studies provide evidence that the mosquitoes
which survive winter are mostly nulliparous (Jaenson, 1987; Vinogradova, 2000). By includ-
ing this observation into the model through only allowing adults in their first gonotrophic
cycle to survive winter, we found that the size of the spring peak in adult abundance was
smaller than when allowing diapausing adults of all ages to survive winter. The smaller
spring peak is consistent with field observations (Ewing et al., 2019) and supports the hy-
pothesis of Ewing et al. (2019) that argues that the age structure of overwintering adults
plays a role in explaining spring peak size.

Our results also suggest that under longer and earlier summers, the proportion of younger
adults in the active population can decrease as a result of the rapid aging and short gonotrophic
cycle length associated with warmer temperatures. If the mean annual temperatures are not
significantly increased, the reduction in the proportion of young adults in the population
caused by longer and earlier summers leads to smaller spring peaks, as adults tend to be
older when they enter diapause and are unable to survive winter. The recent development
of new mosquito-age grading techniques (Siria et al., 2022) offers an opportunity to test this
hypothesis by comparing the proportion of young adults between locations with different
temperature profiles. Moreover, the shifts in the age composition of a mosquito population

are expected to have implications for disease, given that adult mosquito age is known to
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affect vectorial capacity for several MBDs (Johnson et al., 2020). Previous modelling stud-
ies (Styer et al., 2007a; Bellan, 2010; Rock et al., 2015) have argued that younger adult
mosquitoes have a disproportionately more important role in the transmission of MBDs, due
to a higher chance of young mosquitoes surviving the extrinsic incubation period and hence
going on to transmit disease. Nonetheless, MBD dynamics are likely to be nuanced, with
increased temperatures expected to increase mosquito abundances, but decrease the propor-
tion of young adults that might drive disease spread, leaving potential for both increases
and descreases in MBD. We argue that further empirical and modelling studies are needed
to unpick the relative role that young mosquitoes might have in disease transmission at the
population level.

We show that mosquito abundance is significantly affected by the rate that fecundity
declines with adult age. Despite the importance of age-dependent fecundity, there is a lack
of data quantifying how the egg raft size changes at each gonotrophic cycle. This lack of data
is driven by the experimental challenges of measuring egg raft size while controlling for the
multitude of factors that affect mosquito egg-laying ability. The flexibility of our modelling
approach allowed the theoretical exploration of the effects of age-dependent egg-laying, but
it has highlighted a need for more detailed data on changes in egg raft size as Cx. pipiens
age. Our modelling revealed that both larval abundances and the extent to which larval
competition limits adult abundance can depend on how rapidly adult fecundity decreased
with age.

We focused on the effects of temperature and age on adult mosquito abundance, without a
detailed exploration of hydrological factors like humidity and variable rainfall. Humidity, an
important abiotic factor expected to change in future decades (Byrne and O’gorman, 2016),
is known to affect mosquito life history by influencing mosquito survival and egg production
(Brown et al., 2023). However, as noted by Brown et al. (2023), further research is needed to
integrate humidity and its interaction with temperature into mechanistic models. Similarly,

our model assumes a fixed habitat size, potentially overlooking variations in breeding site
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availability which, in turn, directly affects the strength of larval competition. Our assumption
stems from the fact that incorporating larval habitat size into models is challenging due to
limited knowledge about how factors such as breeding site availability, land use changes, and
water management practices are likely to evolve under future climate scenarios (Shaman
et al., 2010).

In summary, we have demonstrated that neglecting the age effect in mosquito mortality in
modelling frameworks can potentially lead to underestimation of mosquito peak abundances.
Our findings suggest that a steep decline in adult fecundity with age can increase or decrease
adult abundance, depending on whether temperatures are warm enough to induce high lev-
els of larval competition. By contrast, the decrease in-adult abundance is not observed
for these high temperatures when adult fecundity is age-independent. Therefore, we echo
previous studies advocating that models aiming to capture mosquito population dynamics
under climate change scenarios should incorporate senescence effects in their frameworks.
Additionally, our model shows that when age effects are taken into account, increasing tem-
peratures can have multiple effects on mosquito abundances, generally leading to increased
adult peak abundances and to shifts in age distribution of the adult mosquito population
towards an older age on average. Given that younger mosquitoes play a larger role in dis-
ease transmission and that increased mosquito abundances accentuate MBD outbreak risks,
future climate scenarios are expected to affect MBD dynamics in multifaceted and opposing

ways, which future research can help elucidate.
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. Appendices

9

=

«s A Model details

w A.1 Recruitment and survival expressions

950 The immature recruitment and maturation terms in Equations (1) are given by

Rp(t) = % [A1(t)b1(t) + -+ - + An(t)bn () + D1(t)bp, (1)],

9u(l)
L(t) = Rp(t) = Rp(t — 71.(1)) L(t)ma
ge(t)
gp(t—1p(t))’

Mp(t) = Rp(t — 7p(t))SpP(t)

o1 with b;(¢) denoting the rate of egg-laying by adult females in class A;(t) per day, and
w2 T;(t), gi(t) are stage duration and development rates, respectively, of eggs (i = E), larvae
ss3 (i = L) and pupae (i = P). The function bp, (t) is the same as by (¢) with the difference that
s bp, (1) is constrained to zero when photoperiod is decreasing (mod(¢,365) < 173, (Forsythe
55 et al., 1995)), so that Di(t) adults only lays eggs after emerging from diapause. The stage

s durations 7;(¢) are determined by the equation

dri(t) _ 1 gi(t)

dt m, Z:E,L,P,G. (16)

o7 In the case 1 = G, Equation (16) describes the time evolution of the length of the gonotrophic

ws cycle (i = G), 1¢(t).
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959 The survival probability of stage i, S; (i = E, L, P), is governed by equations

B — Sp(0) ot ~ rule)— 20 ()]
dS;t(t) — S.(t) [(5DD(L(t — (), t — (1)) + Op(t — TL(ﬂ))gL(tgf—% -
—60(t) — dpp(L(t), t)] ,
dSp(t) p(t)
= Se(t) [5p(t - Tp(t))m - (SP(t)] .

w A.2 Immature development and mortality

%61 The functional forms for the development (g;(¢)) and morality (J;(¢)) rates are fitted by
w2 Ewing et al. (2019) to experimental data available in the literature. The development rates

963 are given by

1

@il ()%, i T(t)<<l;ﬂi)ﬂ7

gi(t) = " (i€ {E,L P}, (18)

b, otherwise,

o4 and

o q1
960 = 13 g2 exp(—gsT (1))’ (19)

965 The mortality rates d;(t) are given by

3;(t) = max{vp exp

(L;Vlﬂ bw} i€ {E,L, P}, (20)

Vi

ss where model parameters are given in Table A.8

« A.3 Larval density-dependent mortality

The density-dependent larval mortality is given by

dpp(L(t),t) = drc(L(t)) + 0x(L(1), 1),
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taken from Ewing et al. (2019), where

(21)

S10(L(t)) = coexp (#) |

describes larval intraspecific competition and

aP(t)

0x(L(t),t) = —————, 22
(L)1) V + ahL(t) (22)
corresponds to larval predation, with predator density varying seasonally according to
1 1. [/2n(t—-v)\\*
= L(t) =rmax | = + = —— =" L(t). 2
Pt) =r(t)L(t)=r (2 + 2sm( 305 )) (t) (23)

A.4 Rate of entering diapause

In this section we detail how we update the Ewing et al. (2019) model of diapause entry
to track the age of mosquitoes entering diapause. We begin by estimating the maximum
rate at which adults enter diapause, ¥ (Equation (6)). Estimating the rate of entering
diapause is challenging, as the triggers for Cz. pipens diapause are multiple (e.g., photoperiod,
temperature, altitute, population genetics (Field et al., 2022)) and so using data from any
experiment has limitations. We base our estimate on the data of Madder et al. (1983), which
consists of daily egg-laying recordings for Cz. pipiens from May to September 1980. We use
this data set as a proxy for adult activity since the dates for maximum and minimum egg-
laying activity are consistent with the data from Ewing et al. (2019) on adult activity. The
maximum egg-laying activity on 3rd of August (¢t = 215) is approximately 135 egg rafts. On
the 30th of August (¢ = 241), 1 egg raft was observed, with egg-laying essentially stopping
after August. Assuming that the number of eggs laid is proportional to the number of adults

that are egg-laying and A(t) is the adult population size at time ¢, we have

A4 (241) 1
A(215) ot (215) — 135

(24)
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Ewing et al. (2019) assumed that the decrease in adult activity (measured by the number
of adults collected in traps) in late summer was primarily due to adults entering diapause,
rather than changes in adult abundance. Analogously, we assume that the change observed
in the number egg rafts during August by Madder et al. (1983) was mostly due to adults
entering diapause between t = 215 and ¢ = 241 rather than changes in overall abundance.

Hence, we have the relationship:

241

A =~y = 1og (5319) =¥ [ (- Gl

15

oss  which leads to
Caus (215
—log (135<au(t(24)1)>
U= —= . (25)
015 (1 — Caue(t))dt

s By numerically integrating 1 — (,u(t) we obtain W a2 0.1.
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o A.b Age-induced adult mortality

988 In this section we detail the model selection that led to the choice of function (Equation
w0 (9)) used to describe how adult mortality increases with age. There are few experiments
wo assessing age-dependent adult survival for multiple temperature values simultaneously for
w1 Culex pipiens (see however (Papadopoulos et al., 2016)), considering studies for other species
o2 of mosquitoes, we observe that the relationship between age and temperature on mortality
w3 can be complex (Brady et al., 2013; Miazgowicz et al., 2020). Given the lack of data, we
os assume that, other than the effect of temperature (7") on the length of the gonotrophic cycle
ws (17¢(T)), the effect of age and temperature on adult mortality are independent and can be

o6 expressed as

5(T7 t) = NA(T) f'rc (t)7 (26)

temperature age
or where p4(7T) is the component of adult mortality purely dependent on temperature, parame-
ws terised by Ewing et al. (2016), assumed to be known, and f;, (¢) represents the age-dependent
0o component of mortality. We assume that f, (¢) is a step function in which all steps have

wo length 7¢(7) and h; is the value of f,,(t) at the jth step. That is,
[re) =hy, if t€[(j—D1a(T),jra(T)), VjeN'. (27)

1001 Equation (26) is fitted to data from Andreadis et al. (2014), which consists of survival
w2 curves for Culex pipiens adults under 5 different constant temperature scenarios: 15°C', 20°C),
wis 25°C, 27.5°C', 30°C'. In the experiments, new-born adults (Ag) are monitored from ¢ = 0.

wi  Hence, letting A(t) represent the adult population at age t and S4(t) their survival, then
A(t) = AopSa(?) (28)

wos  and

54(0) = exp [-a?) [ Fefolas]. (29
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1006 Hence,

/0 fro()ds = —log(Sa(t))/pa(T). (30)

wer The data from Andreadis et al. (2014) corresponds to 5 different survival curves, one for each
wes  fixed temperature. We match each survival/temperature curve to S4(t)/7" in our derivation.
w0 We use survival curves of the female adults.
1010 In order to use the data for all temperatures simultaneously, we rescale time by the
o length of the gonotrophic cycle, setting ¢ = t/7¢(7") in order to remove all the temperature
02 dependency (through 74(7")) from the left hand size of Equation (30). This transformation
w3 corresponds to measuring time in terms of the number of gonotrophic cycles under constant
s temperature for all survival curves from Andreadis et al. (2014). We have that f(s) =
s fro(s7¢(T)), where

F(s)=hs, if sel(j=1))), ¥jeN* (31)

s Equation (30) then becomes

’ log(Sa(t))
N ) .

w7 Therefore, by transforming the data of Andreadis et al. (2014) according to t' — t/7¢(T"), Sa(t) —

_ log(Sa(t")
pa(T)ra(T)’?

o9 and find the best fit for Equation (32).

1018 we are able to aggregate the survival curves S (t’) for the different temperatures

1020 The models for h; and their estimated AIC values are given in Table A.1. The age-

wz  independent model (h; = 1,Vj) is included for completeness. The fitted curves for each

02 model are shown in Figure A.1 and their corresponding residuals in Figure A.2.
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Model name h; formula Fit value AIC value
Age-independent 1 - 269.0
Linear KJ k= 0.395 227.2
Quadratic Kj? k= 0.072 210.6
Cubic Kj? k= 0.011 205.6
Fourth order Kt rk = 0.002 208.9
Gomperz/exponential K1 exp(kaj) (K1, ko) = (0.120,0.474) 207.5

Table A.1: Model candidates and their corresponding AIC value.
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Figure A.1: Comparison between the 5 models for age-dependent mortality (h;), fitted
to survival data from Andreadis et al. (2014), and an age-independent model. The age-
independent model corresponds to h; = 1.
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Figure A.2: Residuals of fitting the models of age-dependent mortality given in Table A.1.

The model with the lowest AIC value is the cubic model:

hj = rj° (33)

with x = 0.01101 £ 0.00057.

The data from Andreadis et al. (2014) uses a relatively small number of mosquitoes
(20 females for each temperature), which reduces the statistical power of our fitting. The
limitation is particularly present at higher temperatures, in which mosquitoes often die at
a very young age. This latter observation partially explains why the fitted model performs
worse when compared to the 30°C' data (Figure A.3), but otherwise performs well for lower
temperatures. Moreover; most temperatures that we consider for North Kent Marshes in

our simulations are below 30°C.

T=15.0°C T=20.0°C T=25.0°C T=27.5°C T=30.0°C
1.00 1 @  Andreadis. 2014
= F
0.75 A
E
z 0.50
&
0.25 -
[ )
0.00 1 T T . T T T T T T T T T T T T T T T
0 100 200 0 50 1000 25 50 75 0 20 40 60 0 20 40

t (days) t (days) t (days) t (days) t (days)
Figure A.3: Selected model (h; = kj*) comparison to survival data recorded at different
temperatures from Andreadis et al. (2014). Dashed lines: x = 0.01101£2 standard deviations

curves.
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w2 A.6 Egg-laying

1033 In Figure A.4 we show plots illustrating the shape of the function describing the relation-
ws« ship between adult fecundity and age (p;, Equation (12)), presented in Section 2.3. All other
035 results of the article are made using § = 1.0 (Figure A.4b). Higher values of a correspond
w6 to a steeper decline in fecundity with adult age. In Appendix B.2 we explore the effect of

w7 varying 6 and « on the mosquito abundance profiles.

350 9s == ~~q (0, M, g, 0) = (2.3,9,87.2,0.33) 350 v AN —= a=18
~ -~ S —-— a=15
300 \‘\ = = (@, M, Py, 0) = (1.2,7,200.0, 1.00) 300 o o R
N (s M, g, 0) = (1.5,6,197.0,1.67) *\\ N w10
2504 Mo (0, M, g, 0) = (1.3,8, 266.7, 2.00) 250 4 .-
< Seo N
< S \
N 2004 ~ \ 200 emm—e—— A e e —
2z | ‘\\ \ \
= \ ~o >
S 150 \ *\‘\ 150 1
) N |
50 [N VN
m _ Se 4 \ 4
100 S~ 100
50 - TS 50 -
0 - R 0-
T T T T T T T T T
0 2 4 6 8 10 12 2 4 6 8
Gonotrophic cycle number, j Gonotrophic cycle number, j

Figure A.4: Plots of egg raft size (p;) as functions of gonotrophic cycle number (j) determined
by Equation (12). (a) curves for different values of «, pgyy, M and 6. (b) § = 1.0, M =6
and average raft size is 200 for all curves. We refer to the a = 1 case as the age-independent
fecundity case.

ws A.7 History function and inoculation

We assume that the system is empty before the start of the simulations (¢ = ¢;). In other

words:

E(t) = L(t) = P(t) = A;(t) = D;(1) =0, j e {L,2,.... N}, Vt <to.

103 The history functions for S;(t), 7;(¢) follow Ewing et al. (2019), and are given by

1 .
7i(t) = () i€{E, L PG}
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a0 and
di(t)
9i(t)

Si(t):exp<— ) i€ {E,L,P},

wa  for all ¢ < ty. Similarly, for the adult survival

5A]~ (t)

a0 = (32

), je{l,2,...,N}, Vt<t,.

ez Adult individuals are inoculated into the A;(t) class at time ¢ = ¢y according to the following

1043 function

Jo/At, iftg <t <ty+ At
I(t) = (34)

0, otherwise,

i where I(t) represents the rate at which A;(t) adults are being inoculated into the system

ws  and Jp is the number of adult mosquitoes inoculated.

s A.8 Table of model parameters

1047 Table A.2 lists the set of parameters taken from Ewing et al. (2019). The additional
1w parameters introduced in our model are given in Table A.3. Values for ¥ and x were
w9 determined based on the empirical data of Madder et al. (1983) and Andreadis et al. (2014),

wso  as discussed in Sections A.4 and A.5, respectively.
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Parameter Definition Value

OB Fit parameter in egg maturation (days—1°C~—7r) 2.20 x 1073
BE Fit parameter in egg maturation 1.77

oL Fit parameter in larval maturation (days—1°C~Pr) 3.15 x 1073
Br Fit parameter in larval maturation 1.12

op Fit parameter in pupal maturation (days—1°C~—FF) 7.11 x 1074
Bp Fit parameter in pupal maturation 1.89

HOE S 0L > 0P Baseline immature mortality rate (days~!) 0.0157
W1E, 1L, H1P Optimum temperature for immature survival (°C') 20.5

UoE, M2l Hop Width parameter for immature death rate (°C) 7

©0A Fit parameter for adult mortality (days=!"C~P4) 2.17 x 1078
Ba Fit parameter for adult mortality 4.48

b Baseline maturation (egg, larval, pupal) (days—!) %

by Threshold immature mortality rate (days™1) 1

baa Baseline diapausing adults mortality rate (days—1) 0.006

o Fit parameter in competition (days~T) 0.00319

c1 Fit parameter in competition (L larvae 1) 0.00469

a Atack rate of predators (predator ' days~!) 1.03

h Handling time (predator L larvae ‘days™1) 0.0043
Trmaz Peak predator per larvae (predator L larvae ' ) 0.0214

v Predation time parameter (days=') 19.84

X Predation sharpness parameter 2.45

Vv Volume of larval habitat (L) 20

q1 Gonotrophic cyele fit parameter (days—!) 0.202

Q2 Gonotrophic cycle fit parameter 74.5

q3 Gonotrophic cycle fit parameter (°C~1) 0.246

Espr Spring diapause threshold (hours) 13.7

Eaut Autumn diapause threshold (hours) 15

Wspr Spring diapause transition sensitivity 5}

Waut Autumn diapause transition sensitivity 3.5

r Post-diapause mortality parameter 10

o2 Post-diapause mortality duration? (days?) 4

D Diapause exit threshold day of the year 109

L Latitude used in the model for the photoperiod 51.6

L Sunset parameter used in the photoperiod model 0.8333

Table A.2: Parameter values taken from Ewing et al. (2019).

Parameter Definition Value
v Maximum rate of entering diapause (days™T) 0.1

K Fit parameter in age-dependent mortality 0.0110
0 Curvature in age-dependent fecundity 1.0

N Number of adult age classes 10

M Number of adult age classes that lay eggs 6

Table A.3: Additional parameters introduced in the age-dependent model.
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= B Supplementary results

w2 B.1 Varying the number of egg-laying adult classes

1053 In our model, we consider N = 10 adult age classes. Adults in age classes 1 to M lay eggs.
wsa  In Figure B.1 we illustrate the effect of varying the number of adult classes that lay eggs
wss  (M). For M > 6, adult abundances at the diapausing and summer peaks are not changed
wss by further increases of M. The contribution to population abundance of egg-laying adults
sz that reach adult class beyond the 6 is negligible because a 6 gonotrophic cycle is only

wss reached late in the season, when adults are already entering diapause.

e a=1750
1400 A e a=1.667
* A o a=1.583
1200 - a=1.500
A \ a=1417
A a=1.333
1000 A A A t * * * * * a=1.250
A A
N A o a=1167
S 8004 A o a=1083
A e a=1.000
E
600
400 3 v Y Y ' ' ! !
1 L
200
0 T T T T T T T T
3 4 5 6 7 8 9 10
M

Figure B.1: The size of adult summer peaks (a) and diapause peaks (V) in the last
year of a 7 year simulation, for different values of @ and M. Upward triangles: summer
peaks. Downward triangles: diapause peaks. Temperature parameters are (u, A, ¢,7y) =
(10.80,6.38,0.55,1.25) which correspond to 1960-90 temperature values (Met Office; Hollis,
D.; McCarthy, M, 2017).

we B.2 Comparison between the effect of § and «

1060 In this section we explore how the shape of the relationship between fecundity and age

e affects adults abundance. We vary the curvature () of the function and how strongly
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w2 fecundity declines with age («). In Figure B.2, heatmaps illustrate adult abundances at
03 the summer peak and the diapause peak for multiple values of (6, ). Two temperature
wes  Scenarios are considered. For temperature values corresponding to the recorded temperature
s from 1960-90 (Figure B.2a, ¢), the parameter # has little effect on peak size, both for the
s summer and diapause peaks (no more than a 6% change in peak size by varying the value
wsr of @ alone). For RCP 4.5 2080 temperature projections, the value of  has little effect on
s abundance in comparison to the effect of changing o (Figure B.2b, d). For example, at large
wso  values of «, the diapausing peak (Figure B.2d) does not change size by more than 3% as 6

w0 1s varied.
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Figure B.2: Heatmaps for adult summer and diapausing peaks during the final year of a 7 year
simulation for different values of adult fecundity parameters, 6 (curvature) and « (the rate
at which fecundity declines with age). When o = 1.0, adult fecundity is age-independent.
Temperature scenarios are (a,c) 1960-1990 historical records (Met Office; Hollis, D.; Mc-
Carthy, M, 2017) and (b,d) RCP 4.5 projections for 2080s (Met Office Hadley Centre, 2018).

w1 B.3 Increased fecundity of younger adults

w2 B.4 Adult age composition

1073 In this section we explore how temperature and the rate that fecundity declines with
s age («) affect the adult age distribution. We consider how the proportion of adults in each

s age class changes over time (Figure B.3) and focus our discussion on the contribution of the
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e young adults, A;(t), to the total egg-laying adult population over the full egg-laying period.
w7 Overall, we observe that in all plots, the younger adults compose the majority of the adult
wrs  population early in the season. In late summer and early autumn, the adult population is
we  composed mostly of older individuals. Moreover, our simulations show that increasing «
0o alone does not significantly increase the total percentage of A;(t) over the entire course of
st the egg-laying season. This is illustrated both for the 1960-60 historical record case (Figure
w2 B.3a-c) and the RCP 4.5 2050s temperature projection case (Figure B.3d-f) scenarios. In
ws3 each of the two temperature scenarios, the percentage of young adults does not change by
s more than 2% by varying a alone. However, for fixed «, if we compare the percentage of
wss A (t) adults under 1960-90 temperatures to those under RCP 4.5 2050 projections (e.g.,
s comparing Figure B.3a to Figure B.3d), we observe a noticeable decrease in the percentage
wsr of A;(t) for each value of a. The decrease in the percentage of A;(t) adults as temperature
s increased is due to the warmer summer temperatures (increased p and A), which decrease the
s length of the gonotrophic cycle and more adults reach the older classes before the summer
wo is over. Therefore, under increased temperatures, the age composition of the active adult
wa  population shifts towards older adults, as indicated by the orange and red plots in Figure
we B.3d-f. A similar shift in the age composition of the adult population towards older adult

003 classes is obtained when increasing the length of the summer (not shown).
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Figure B.3: Stack plot of the age composition of the egg-laying active adults (¢(t)A;(t),j =
1,2,..., M) for the (a-c) 1960-90 historical records and the (d-f) RCP 4.5 - 2050s temperature
projections, for three values values of « (the rate at which fecundity declines with age).
Plots are of normalised abundances over the last year of 7 year simulations. The percentages
correspond to contribution of the first adult class (A;(t)) to the population, considered over
the entire egg-laying period.

B.5 Larval density-dependent mortality

Here we illustrate that presence of high larval competition when both temperature is
high and fecundity declines rapidly with age (high «). Figure B.4 shows the larval mortality
rate due density-dependent competition (Equation 21) for two different temperature regimes:
1960-90 temperatures, in blue and RCP4.5 2080s projections in red, for multiple values of «.

As a reference for comparison, we also plot larval mortality rate due predation (Equation 22).
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oo The blue curves show a smaller contribution from competition (continuous lines) to larval
uo mortality compared to predation (dashed lines), for all values of o. When temperatures are
uee  increased to RCP4.5 2080s projections (red), the larval population has increased sufficiently
nos  that larval competition is high, whereas levels of larval predation remain almost unchanged.
nos  Moreover, in each temperature scenario, by comparing the more transparent curves to the
uos more opaque curves, the effect of competition is increased as we increase the rate that adult
uos  fecundity declines with age (increasing «). Therefore, under the high temperature scenario
uor  (RCP4.5 2080s), despite the large larval population, the increased competition results in
nos fewer individuals reaching adulthood when compared to the 1960-90 temperature scenario.
oo Increased competition-induced larval mortality is the mechanism behind the decrease in adult

o summer peak abundances found when both temperature and « are high (Figures 5¢,7b,8¢).
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Figure B.4: Components of density dependent larval mortality in days ™', for 1960-90 (blue)
and RCP 4.5 - 2080s (red) temperatures. Continuous lines denote the amount of mortality
due to larval competition, dashed lines correspond to the effect of predation component of
larval mortality. The transparency of the curves correspond to different values of «, with
opaque curves corresponding to the highest declines of fecundity with adult age.

mn B.6  Timing of the peak

112 In this section we illustrate how the age structure of the population affects the timing of
iz the adult summer peaks. When adult fecundity declines more rapidly with age (increasing
ue «), larval and adult stages peak in abundance earlier in the year, in all temperature scenarios
ms (Figure 7a). The peak abundances happen earlier as we increase a due to a relative increase

uws  in egg-laying by young adults, which are present earlier in the year, as discussed in Section
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ur - 3.3. Moreover, increasing temperature (denoted by moving from blue to red markers) causes
ms  the peaks to shift even earlier. This is due each temperature scenario (RCP 4.5 2020s, 2050s,
e 2080s) having progressively larger mean temperatures values (larger p’s), resulting in higher
m0 temperatures in spring. Hence, immature development time and gonotrophic cycle length
uz  tend to be smaller in spring, causing the population peaks to occur earlier in the year as we

2 move from RCP4.5 2020s towards RCP 4.5 2080s.

Timing of the larvae and adult summer peaks
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Figure B.5: Timing of the summer larval (cireles) and adult (three-pointed stars) peaks as a
function of a for temperatures corresponding to 1960-90 daily temperatures (blue), RCP4.5
- 2020s (green), RCP4.5 - 2050s (orange) and RCP4.5 - 2080s (red) maximum probability
projections.
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