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1 Text S1 – R-Scripts used for simulations
We model five life stage of Aedes japonicus japonicus: egg, larva, pupa,
sexually immature adults before the intake of a blood-meal (“premature”)
and adults. For each life stage we obtain a daily development rate and
through-stage mortality rate. These factors tend to be temperature depen-
dent, however, for some parameters only estimates could be obtained (Kettle
and Nutter, 2015; Gurney and Nisbet, 1998). Below, we provide the R-codes
to our models. It can be adapted to accomodate different input datasets, i.e.
daily and monthly temperature data and all control measures are included
in commented sections of the scripts.
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1.1 Text S1.1 – Script for calling and parallelising stagePop
function

#S c r i p t to c a l l and p a r a l l e l i s e s tagepop

#Andreas Wieser 09.04.2018

#Input : I t i s necessary to prov ide temperature data , e . g . in a ∗
.RDS− f i l e

setwd ( "/home/user/your/path " )

#args shou ld be the corresponding s tagepop_s c r i p t .R
args <− commandArgs(TRUE)

source ( args [ 1 ] )

#load temperature data from data .RDS
tempdata <− readRDS( " data .RDS" )

transformed <− t ( tempdata )

#We choose a per iod o f 20 years from the data
Time <− c ( 1 : 7305 )
removed <− transformed [ , ! apply ( transformed , 2 , function ( x )

any( i s .na( x ) ) ) ]
t runcated <− removed [{24716−7305−242}:{24716−243} ,]

#setup f o r automation
l ibrary (R. u t i l s )
l ibrary ( snow )

#i f s tagepop s imu la t i on f a i l s , i t can run i n d e f i n i t e l y . We
s u g g e s t to counter t h i s wi th a t imeout .

i n t e r r up t o r = function (FUN, args , time . l im i t ) {
r e s u l t s <− NULL
r e s u l t s <− withTimeout ({FUN( args ) } , t imeout=time . l im i t ,

onTimeout=" s i l e n t " )
i f ( i s . null ( r e s u l t s ) ) {

r e s u l t s <− 0
}
return ( r e s u l t s )

}

#setup c l u s t e r
c l <− makeCluster (getOption ( " c l . c o r e s " , 120) )
c lu s t e rExpor t ( c l , l i s t ( " i n t e r r up t o r " , " funForInput " , " withTimeout "

, "Time" ) )
r e s <− ( parCapply ( c l , truncated , function ( x ) i n t e r r up t o r (

funForInput , x , time . l im i t =1000) ) )
s topClus t e r ( c l )

#t r e a t output
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resnorm <− r e s/max( r e s )
resnorm [ resnorm <0.001]<−0

curCond <− data . frame ( removed [ 1 , ] , res , resnorm )
colnames ( curCond ) <− c ( " ID" , " abso lu t e " , " dens i ty " )

saveRDS( curCond , f i l e=paste ( args [ 1 ] , " . rds " , sep=" " ) )
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1.2 Text S1.2 – Script for R-package StagePop

#StagePop S c r i p t f o r Annual Dynamics o f Aedes japon icus
japon icus

#Andreas Wieser 09.04.2018

#O b j e c t i v e :
#This s c r i p t o f f e r s a complete summary o f the popu la t i on

dynamics models i n c l u d i n g a l l c o n t r o l measures ( commented out
f o r convenience ) .

#transformed i n t o func t i on
#requirements : s tagepop (R−package ) and dependencies
#input : a dataframe with d a i l y mean temperature and da te s :
# temp date
# 0.00 2000−01−31 (%Y%m%d )

funForInput <− function ( loca l temp ) {

#f i t t i n g the temperature curve to data from loca l t emp
xc<−cos (2∗pi∗Time/365)
xs<−sin (2∗pi∗Time/365)
f i t . lm <− lm( loca l temp~xc+xs , na . action=na . exc lude )
i n t e r c e p t <− coef ( f i t . lm) [ 1 ]
co s ineFac to r <− coef ( f i t . lm) [ 2 ]
s i neFac to r <− coef ( f i t . lm) [ 3 ]

#access the f i t t e d s e r i e s ( f o r p l o t t i n g )
f i t <− f i tted ( f i t . lm)

#f i n d p r e d i c t i o n s f o r time s e r i e s
pred <− predict ( f i t . lm , newdata=data . frame (Time=Time) )

#t h i s par t l o o k s f o r the l o w e s t v a l u e s . This i s used to f i n d
the t h r e s h o l d f o r f r e e z i n g even t s . At l e a s t one f r e e z i n g
event o f four days i s assumed f o r every c e l l .

N<−4
ndx=order ( f i tted ( f i t . lm) [ 1 : 3 6 5 ] )
thre sho ld Index=ndx [N]
th r e sho ld= f i tted ( f i t . lm) [ thre sho ld Index ]

#a l l v a l u e s o f the year l i s t e d
a l l y e a r=f i tted ( f i t . lm) [ 1 : 3 6 5 ]

#StagePop
#Model f o r Aedes japon icus i n c l u d i n g 5 s tages , f r e e z i n g event ,

d e n s i t y dependency in l a r v a l s t a g e
l ibrary ( stagePop )
l ibrary ( deSolve )

#S e t t i n g s f o r s tagepop : both v a r i a n t s work .
#s o l v e r . op t i ons= l i s t ( DDEsolver=’ deSolve ’ , a t o l=1e −14, r t o l =1e −16,
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h b s i z e=1e9 )
s o l v e r . options=l i s t (DDEsolver=’PBS ’ , t o l=1e−8, hbs i z e=1e4 , dt=0.01)

#Airtemp
#Temperature func t i on based on data from loca l t emp
tempAir=function ( time ) {

xc<−cos (2∗pi∗time/365)
xs<−sin (2∗pi∗time/365)
A= in t e r c e p t + cos ineFac to r ∗xc + s ineFac to r ∗xs
return (A) }

##Here we p r e d e f i n e the development f u n c t i o n s . They are c a l l e d
again l a t e r in the s c r i p t .

#Development func t i on f o r l a r v a e . Very s low under 7 degrees ,
o the rw i s e 10 days .

eggFunc=function (A) {
i f (A<7){v=100}
else {v=10}
return ( v )

}

#Time to maturation o f a d u l t s . Considered to be the same as
average time u n t i l b lood−meal was ob ta ined . Always 14 days .

adFunc=function (A) {
v=14
return ( v )

}

#Development func t i on o f l a r v a e
tauFunc=function (A) {

u=0.01507∗exp (0 .07507∗A)
v=1/u
return ( v ) }

#Development func t i on f o r pupae
tauPupae=function (A) {

u=0.04137∗exp (0 .09234∗A)
v=1/u
return ( v )

}

##This s e c t i o n d e f i n e s a l l f u n c t i o n s f o r s tagepop
varDurEnvFunctions<−l i s t (

#b i r t h ra t e
reproFunc=function (x , time , s p e c i e s , s t r a i n ) {

A=tempAir (time )
#Adul ts w i l l not reproduce be low 5 degrees .
i f (A<5){ reprod=x$Aedes [ ’ adu l t s ’ , 1 ] }
else {

#Reproduction depending on temperature .
reprod =(115.278/(1+exp((29.121 −A)/ −5.846) ) )∗x$Aedes [ ’

adu l t s ’ , 1 ] }
#Scenario " Reduced Ov ipo s i t i on " : Manipulat ion o f

reproduc t ion as c o n t r o l measure
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#Constant Contro l
#reprod =(115.278/(1+exp ((29.121 −A)/ −5.846) ) )∗x$Aedes

[ ’ adu l t s ’ , 1 ] ∗0.5}
#Early Spring

#i f ( time >365){
#i f (A>5 & A<9 & tempAir ( time )>tempAir ({ time −1}) ) {

#reprod =(115.278/(1+exp ((29.121 −A)/ −5.846) ) )∗x$
Aedes [ ’ adu l t s ’ , 1 ] ∗0.5

#}
#}

#Late Spring
#i f ( time >365){

#i f (A>9 & A<14 & tempAir ( time )>tempAir ({ time −1}) ) {
#reprod =(115.278/(1+exp ((29.121 −A)/ −5.846) ) )∗x$

Aedes [ ’ adu l t s ’ , 1 ] ∗0.5
#}

#}
#Summer

#i f ( time >365){
#i f (A>tempAir ( ndx [ 3 3 5 ] ) ) {

#reprod =(115.278/(1+exp ((29.121 −A)/ −5.846) ) )∗x$
Aedes [ ’ adu l t s ’ , 1 ] ∗0.5

#}
#}

#Early F a l l
#i f ( time >365){

#i f (A>9 & A<14 & tempAir ( time )<tempAir ({ time −1}) ) {
#reprod =(115.278/(1+exp ((29.121 −A)/ −5.846) ) )∗x$

Aedes [ ’ adu l t s ’ , 1 ] ∗0.5
#}

#}
#Late F a l l

#i f ( time >365){
#i f (A>5 & A<9 & tempAir ( time )<tempAir ({ time −1}) ) {

#reprod =(115.278/(1+exp ((29.121 −A)/ −5.846) ) )∗x$
Aedes [ ’ adu l t s ’ , 1 ] ∗0.5

#}
#}

return ( reprod ) } ,

#morta l i t y , s t a g e s p e c i f i c
deathFunc=function ( stage , x , time , s p e c i e s , s t r a i n ) {

A=tempAir (time )

#egg mor ta l i t y , temp dependent ;
gamma=exp(−0.8352−0.05423∗A)

#Scenario " Egg Mor ta l i t y " : Manipulat ion o f egg m o r t a l i t y as
c o n t r o l measure .

#Constant c o n t r o l
#i f ( time >365){

#gamma=.5+exp ( −0.8352 −0.05423∗A)
#}
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#e l s e {gamma=exp ( −0.8352 −0.05423∗A)
#}

#Early Spring
#i f ( time >365){

#i f (A>5 & A<9 & tempAir ( time )>tempAir ({ time −1}) ) {
#gamma=exp ( −0.8352 −0.05423∗A) +0.5

#}
#}

#Late Spring
#i f ( time >365){

#i f (A>9 & A<14 & tempAir ( time )>tempAir ({ time −1}) ) {
#gamma=exp ( −0.8352 −0.05423∗A) +0.5

#}
#}

#Summer
#i f ( time >365){

#i f (A>tempAir ( ndx [ 3 3 5 ] ) ) {
#gamma=exp ( −0.8352 −0.05423∗A) +0.5

#}
#}

#Early F a l l
#i f ( time >365){

#i f (A>9 & A<14 & tempAir ( time )<tempAir ({ time −1}) ) {
#gamma=exp ( −0.8352 −0.05423∗A) +0.5

#}
#}

#Late F a l l
#i f ( time >365){

#i f (A>5 & A<9 & tempAir ( time )<tempAir ({ time −1}) ) {
#gamma=exp ( −0.8352 −0.05423∗A) +0.5

#}
#}

#l a r v a l mor ta l i t y , temp and d e n s i t y dependent ;
de l t a =(0.92964∗exp(−0.07226∗A)+ (0 .0764 + 0.8764 ∗ ( x$Aedes [

’ l a rvae ’ , ] /1e6 ) ) )

#Scenario " Larva l Mor ta l i t y " : Manipulat ion o f l a r v a l
m o r t a l i t y as c o n t r o l measure .

#Constant c o n t r o l
#i f ( time >365){

#d e l t a =0.5+(0.92964∗exp ( −0.07226∗A)+ (0.0764 + 0.8764
∗ ( x$Aedes [ ’ l arvae ’ , ] /1e6 ) ) )

#}
#e l s e { d e l t a =(0.92964∗exp ( −0.07226∗A)+ (0.0764 + 0.8764

∗ ( x$Aedes [ ’ l arvae ’ , ] /1e6 ) ) ) }
#Early Spring

#i f ( time >365){
#i f (A>5 & A<9 & tempAir ( time )>tempAir ({ time −1}) ) {

#d e l t a =0.5+(0.92964∗exp ( −0.07226∗A)+ (0.0764 +
0.8764 ∗ ( x$Aedes [ ’ l arvae ’ , ] /1e6 ) ) )

#}
#}

#Late Spring
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#i f ( time >365){
#i f (A>9 & A<14 & tempAir ( time )>tempAir ({ time −1}) ) {

#d e l t a =0.5+(0.92964∗exp ( −0.07226∗A)+ (0.0764 +
0.8764 ∗ ( x$Aedes [ ’ l arvae ’ , ] /1e6 ) ) )

#}
#}

#Summer
#i f ( time >365){

#i f (A>tempAir ( ndx [ 3 3 5 ] ) ) {
#d e l t a =0.5+(0.92964∗exp ( −0.07226∗A)+ (0.0764 +

0.8764 ∗ ( x$Aedes [ ’ l arvae ’ , ] /1e6 ) ) )
#}

#}
#Early F a l l

#i f ( time >365){
#i f (A>9 & A<14 & tempAir ( time )<tempAir ({ time −1}) ) {

#d e l t a =0.5+(0.92964∗exp ( −0.07226∗A)+ (0.0764 +
0.8764 ∗ ( x$Aedes [ ’ l arvae ’ , ] /1e6 ) ) )

#}
#}

#Late F a l l
#i f ( time >365){

#i f (A>5 & A<9 & tempAir ( time )<tempAir ({ time −1}) ) {
#d e l t a =0.5+(0.92964∗exp ( −0.07226∗A)+ (0.0764 +

0.8764 ∗ ( x$Aedes [ ’ l arvae ’ , ] /1e6 ) ) )
#}

#}

#pupal mor ta l i t y , temp dependent
ep s i l o n =(0.23251∗exp(−0.06276∗A) + 1.69 e−13∗exp ( 9 . 23 e−1∗A) )

#a d u l t ( both premature and mature ) mor ta l i t y , temp dependent
omega=0.03747∗exp (0 .06113∗A)

#Scenario " Adult Mor ta l i t y " : Manipulat ion o f a d u l t m o r t a l i t y
as c o n t r o l measure .

#Constant c o n t r o l
#i f ( time >365){
# omega=0.5+0.03747∗exp (0.06113∗A)
#}
#e l s e {omega=0.03747∗exp (0.06113∗A)
#}

#Early Spring
#i f ( time >365){

#i f (A>5 & A<9 & tempAir ( time )>tempAir ({ time −1}) ) {
#omega=0.5+0.03747∗exp (0.06113∗A)

#}
#}

#Late Spring
#i f ( time >365){

#i f (A>9 & A<14 & tempAir ( time )>tempAir ({ time −1}) ) {
#omega=0.5+0.03747∗exp (0.06113∗A)

#}
#}
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#Summer
#i f ( time >365){

#i f (A>tempAir ( ndx [ 3 3 5 ] ) ) {
#omega=0.5+0.03747∗exp (0.06113∗A)

#}
#}

#Early F a l l
#i f ( time >365){

#i f (A>9 & A<14 & tempAir ( time )<tempAir ({ time −1}) ) {
#omega=0.5+0.03747∗exp (0.06113∗A)

#}
#}

#Late F a l l
#i f ( time >365){

#i f (A>9 & A<14 & tempAir ( time )<tempAir ({ time −1}) ) {
#omega=0.5+0.03747∗exp (0.06113∗A)

#}
#}

#a f t e r year 1 , i f temperature f a l l s be low 0 degrees ,
m o r t a l i t y o f l a r v a l , pupal and a d u l t s t a g e s i s r a i s e d to
1 .

i f (time>365 & any( a l l y e a r <0) & A<0){
de l t a=1
ep s i l o n=1

}

#i f mean temp func t i on does not drop below 0 degrees , we
c r e a t e an a r t i f i c i a l f r e e z i n g event , once a year f o r four

days .
i f (time>365 & A<=thre sho ld ) {

de l t a=1
ep s i l o n=1

}

a=c (gamma, de l ta , ep s i l on , omega , omega )
v=a [ s tage ]
return (max(0 , v ) )

} ,

#Development f u n c t i o n s f o r a l l s t a g e s
develFunc=function ( stage , x , time , s p e c i e s , s t r a i n ) {

A=tempAir (time )
#egg development
i f ( s tage==1){v=1/eggFunc (A) }

#larvae , development very s low below 7 degrees , above i t
f o l l o w s tau func t i on

i f ( s tage==2){ i f (A<7){v=0.1∗1/tauFunc (A) }
else {v=1/tauFunc (A) }}

#pupae
i f ( s tage==3){v=1/tauPupae (A) }

#a d u l t s
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i f ( s tage==4){v=1/adFunc (A) }

return ( v )
} ,

#s t a r t i n g c o n d i t i o n s .
durationFunc=function ( stage , x , time , s p e c i e s , s t r a i n ) {

i f ( time==0){
A=tempAir ( time )
i f ( s tage==1){v=10}
i f ( s tage==2){v=tauFunc (A) }
i f ( s tage==3){v=tauPupae (A) }
i f ( s tage==4){v=14}

}
return ( v )

} ,

#immigration s e r v e s as s t a r t i n g cond i t i on .
immigrationFunc=function ( stage , x , time , s p e c i e s , s t r a i n ) {

v=0
i f ( s tage==5){ i f (time>=0 & time<=0.1){v=1}}
return ( v )

} ,

#emigrat ion . ignored in t h i s model .
emigrationFunc=function ( stage , x , time , s p e c i e s , s t r a i n ) {

return (0 ) }
)

#durat ion o f s imu la t i on . We recommend running the s i m u l a t i o n s
f o r at l e a s t 2−3 years u n t i l s t a b l e c o n d i t i o n s are reached .

dur <− 365∗5 +2

#model c o n d i t i o n s . 1 spec i e s , 5 s tages , d e n s i t y dependency and
changing development .

modelOutput=popModel (
numSpecies=1,numStages=5,
timeDependLoss=TRUE, timeDependDuration=TRUE,
ICs=l i s t (matrix (0 ,nrow=5,ncol=1) ) ,
timeVec=seq (0 , dur , 1 ) ,
so lve rOpt ions=s o l v e r . options ,
ra teFunct ions=varDurEnvFunctions ,
p l o tF i g s = FALSE,
stageNames=l i s t (c ( ’ egg ’ , ’ l a rvae ’ , ’ pupae ’ , ’ premature ’ , ’ adu l t s ’ )

) ,
speciesNames=c ( ’ Aedes ’ ) )

#j u s t f o r p l o t t i n g , saves p l o t in working d i r e c t o r y
#z <− seq ( as . Date ("01/01/0001" , format = "%d/%m/%Y") , by = " days

" , l e n g t h = dur )

#svg ( f i l ename=" p l o t . svg " )
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#par (mar = c (5 ,5 ,2 ,5) )
#p l o t ( z , modelOutput [ 1 : dur , 3 ] , type=" l " , c o l ="red3 " , y l a b ="Larva l

Densi ty [ I n d i v i d u a l s ] " , x l a b ="Time [ in years ] " , main=
expre s s i on ( pas t e ( " Annual Dynamics loca l t emp ") ) )

#par (new = TRUE)
#p l o t ( modelOutput [ , 5 ] , type=" l " , axes=F, x l a b=NA, y l a b=NA)
#a x i s ( s i d e = 4)
#mtext ( s i d e = 4 , l i n e = 3 , ’ Adult Densi ty [ I n d i v i d u a l s ] ’ )
#legend (" t o p l e f t " ,
# legend=c (" Larvae " , " Adul ts " ) ,
# l t y=c (1 ,1) , c o l=c (" red3 " , " b l a c k " ) )

#dev . o f f ( )

#output : cumula t ive annual d e n s i t y o f l a r v a e
return (sum(modelOutput [ { dur −365}:dur , 3 ] ) )

}
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1.3 Text S1.3 – Script for visualization

l ibrary ( r a s t e r )
l ibrary ( RColorBrewer )
setwd ( "/home/user/your/path " )

#args shou ld be s tagepop output (∗ . rds )
args <− commandArgs(TRUE)

# Raster temp la te based on the Temp data
#r<−r a s t e r ( " t g_0.25 deg_DE. grd " )
r<−r a s t e r (nrow=31, ncol=37, xmn=5.75 , xmx=15, ymn=47.25 , ymx=55)
c r s ( r )<−"+pro j=l ong l a t ␣+datum=WGS84␣+e l l p s=WGS84␣+towgs84=0 ,0 ,0␣

"

# Polygone Germany
de_border<−readRDS( "DEU_adm0 . rds " )

# Inputs from stagepop
l a r v a l_density_abs <−readRDS( "norm .R. rds " )
l a r v a l_density <−readRDS( args [ 1 ] )
l a r v a l_density$absca l e <− l a r v a l_density$abso lu t e/max( l a r v a l_

density_abs$abso lu t e )

# Assign c e l l v a l u e s
for ( i in l a r v a l_density$ID)

{
r [ i ]<−l a r v a l_density$absca l e [ l a r v a l_density$ID==i ]

}

wr i t eRaste r ( r , " l a r v a l_dens i ty_01 . img " , format="HFA" , ove rwr i t e=
TRUE)

# Plo t s
r<−r a s t e r ( " l a r v a l_dens i ty_01 . img " )
my. palette <− brewer . pa l (n = 9 , name = "YlOrRd" )
png ( f i l ename = paste ( args [ 1 ] , " . png " , sep=" " ) , width = 1000 ,

he ight = 1000)
plot ( r , col = my. palette , z l im=c ( 0 , 1 ) )
plot (de_border ,add=T)
dev . of f ( )
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2 Text S2 – Detailed Parameter elicitation

2.1 Text S2.1 – A linear model utilizing a sine-cosine curve
is fitted to temperature data

A linear model utilizing a sine-cosine curve is fitted to temperature data
from every location (e.g. Figure S1). The temperature function is then
defined as

y = I + a · cos 2πt
d

+ b · sin 2πt
d
, (1)

where I is the intercept, a denotes the cosine cofactor, b denotes the sine
cofactor, and t denotes time in days, d denotes temporal resolution, i.e. d =
12 for monthly data (CHELSA, Karger et al. (2017), Wordlclim, Hijmans
et al. (2005)), d = 365 for daily data (ENSEMBLES, Haylock et al. (2008).

Figure S1 – Example for daily mean temperature and fitted curve. Temperature data from Lahr
(Schwarzwald, Germany).
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2.2 Text S2.2 – Development during egg stage

Development during egg stage is considered constant and temperature inde-
pendent at 10 days. Through-stage mortality (Figure S2) was obtained for
four temperatures and a decay curve was fitted. The equation for the fitted
curve is given by y = exp(−0.8352−0.05423·t).

Figure S2 – Through-stage mortality in eggs.
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2.3 Text S2.3 – Parameters for larval stages

Larval development is temperature dependent and defined as y = 0.01831 ·
exp0.06559·t. A nonlinear model was used for fitting even though a linear
fit would have been more appropriate (Figure S3). We chose a nonlin-
ear fit to ease later model development. Larval mortality is high at tem-
peratures lower than 10 ◦C and higher than 28 ◦C, thus we fit two differ-
ent functions to the data (Figure S3). For temperatures up to 28 ◦C we
use y = 0.92964 · exp−0.07226·t, while for temperatures higher than 28 ◦C
y = 10−9 · exp

0.9
log (0.22)−1 proved acceptable. During larval stage density de-

pendent competition is another factor to be considered. We assume a linear
relation as shown in Figure S3 and described by y = 0.0764 + 0.004382 · x,
where x denotes the density of individuals.

Daily development rate Through-stage mortality rate

Density effect on mortality.

Figure S3 – Parameters for larval stage.
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2.4 Text S2.4 – Parameters for pupal stage

Pupal development (Figure S4) is modelled by y = 0.04137 · exp0.09234·t,
mortality in low temperatures is defined as y = 0.23251 · exp−0.06276·t, and
as in larval stage mortality for high temperatures is included as well.

Daily development rate Through-stage mortality rate

Figure S4 – Parameters for pupal stage.

17



2.5 Text S2.5 – Daily mortality rate in premature and adult
stage

We assume a constant duration of 14 days until adults matured (blood-meal,
mating). Adult mortality is modelled as y = 0.03747 · exp0.06113·t.

Figure S5 – Daily mortality rate in premature and adult stage.
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2.6 Text S2.6 – Approximation of birth rate through wing
length

As described in Armistead et al. (2008), number of offspring correlates with
wing length of females as follows: y = 53.078 · x− 113.91, where x denotes
mean female wing length [in mm] and y denotes eggs per female (see Table
S1). Thus, we model a logistic fit y = 115.278

1+exp
29.121−x

−5.846
(see Fig. S6).

Table S1 – Mean wing lengths in 14 temperatures and estimated female fecundity.

temperature x y
10 4.183874 108.2
12 4.249405 111.6
14 4.157696 106.8
15 4.260843 112.2
17 3.97515 97.1
19 4.013494 99.1
20 3.926066 94.5
23 3.663847 80.6
25 3.692363 82.1
26 3.494686 71.6
27 3.41604 67.4
28 3.434567 68.4
29 3.182838 55.0
31 3.039693 47.4

Figure S6 – Number of offspring per female.
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2.7 Text S2.7 – Parameter Summary

Table S2 – List of parameters used in population dynamics model. Parameters are input in the following
equations: for (a) y = α · exp(b+ c · t), for (c) y = m+ n · x, for (d) y = φ1

1+exp φ2−t
φ3

; t corresponds

to time in days, x equates to number of individuals. For (b) a constant duration in days was assumed.

(a) α b c
Egg Mortality* 1 -0.054 -0.835
Larval Mortality** 0.930 0 -0.072
Larval Development 0.018 0 0.0656
Pupal Mortality** 0.233 0 -0.063
Pupal Development 0.041 0 0.092
Premature Adult & Adult Mortality 0.037 0 0.061
(b) duration
Egg Development 10
Premature Adult Development 14
(c) m n
Larval Competition 0.076 0.004
(d) φ1 φ2 φ3
Birth Rate 115.278 29.121 -5.846

*This parameter includes all factors that prevent progression to the larval stage, including mortality,
unfertilised eggs, etc. For simplicity it is referred to as egg mortality.
**Mortalities in low temperatures. An additional term for high temperatures is included in the
model (see Fig S3b).
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3 Text S3 – Population Density and Continuity

Figure S7 – Population Dynamics if no larval competition is applied.
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Figure S8 – Cumulative larval density without any control measure.

Figure S9 – Our model compared with occurrence data from Schaffner et al. (2009); Becker et al.
(2013); Schneider et al. (2011); Kampen et al. (2012); Werner and Kampen (2013); Huber et al.
(2014); Melaun et al. (2015); Zielke et al. (2014, 2016); Kampen et al. (2015); Bock et al. (2015)
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4 Text S4 – Control Measures

Table S3 – Different scenarios in pest control measures. For every time frame (a), control of life cycle
parameter (b) was performed.

a declaration definition of time frame
constant all year
early spring early year, when temperature is between 5°C and 9°C
late spring early year, when temperature is between 9°C and 14°C
summer hottest 30 days
early fall late year, when temperature is between 9°C and 14°C
late fall late year, when temperature is between 5°C and 9°C

b parameter description
oviposition reduced number of eggs produced per female
ovicide elevated mortality rates in the egg stage
larvicide elevated mortality rates in the larval stage
adulticide elevated mortality rates in the premature and adult stage
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constant control (oviposition
reduced by 50%)

constant control (oviposition
reduced by 80%) control in early spring (50%)

control in early spring (80%) control in late spring (50%) control in late spring (80%)

control in summer (50%) control in summer (80%) control in early fall (50%)

control in early fall (80%) control in late fall (50%) control in late fall (80%)

Figure S10 – Annual cumulative density of larvae if control measure targets oviposition. Density
normalized by the highest density in scenario without any control.
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constant control (egg mortality
raised by 50%)

constant control (egg mortality
raised by 80%) control in early spring (50%)

control in early spring (80%) control in late spring (50%) control in late spring (80%)

control in summer (50%) control in summer (80%) control in early fall (50%)

control in early fall (80%) control in late fall (50%) control in late fall (80%)

Figure S11 – Annual cumulative density of larvae if control measure targets egg mortality. Density
normalized by the highest density in scenario without any control.
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constant control (larval mor-
tality raised by 50%)

constant control (larval mor-
tality raised by 80%) control in early spring (50%)

control in early spring (80%) control in late spring (50%) control in late spring (80%)

control in summer (50%) control in summer (80%) control in early fall (50%)

control in early fall (80%) control in late fall (50%) control in late fall (80%)

Figure S12 – Annual cumulative density of larvae if control measure targets larval mortality. Density
normalized by the highest density in scenario without any control.
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constant control (adult mortal-
ity raised by 50%)

constant control (adult mortal-
ity raised by 80%) control in early spring (50%)

control in early spring (80%) control in late spring (50%) control in late spring (80%)

control in summer (50%) control in summer (80%) control in early fall (50%)

control in early fall (80%) control in late fall (50%) control in late fall (80%)

Figure S13 – Annual cumulative density of larvae if control measure targets adult mortality. Density
normalized by the highest density in scenario without any control.
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Figure S14 – Combination of constant larval control (50%) and summer adult control (50%)

Table S4 – Results of control measures. Mean values.

(a) oviposition egg larva adult
C50 0.6638 0.7278 0.4889 0
C80 0.3078 0.6034 0.232 0
ES50 0.9714 0.9702 0.9401 0.682
ES80 0.9372 0.9564 0.9232 0.6114
LS50 0.9631 0.9732 0.9274 0.5399
LS80 0.9143 0.9568 0.8941 0.2985
S50 0.957 0.9672 0.9319 0.5513
S80 0.9182 0.9533 0.9062 0.2594
EF50 0.9676 0.9684 0.9436 0.5458
EF80 0.9593 0.9614 0.9177 0.2498
LF50 0.9877 0.9875 0.9788 0.7495
LF80 0.9802 0.9839 0.9714 0.5801
(b) mean reduction
C50 0.3362 0.2722 0.5111 1
C80 0.6922 0.3966 0.768 1
ES50 0.0286 0.0298 0.0599 0.318
ES80 0.0628 0.0436 0.0768 0.3886
LS50 0.0369 0.0268 0.0726 0.4601
LS80 0.0857 0.0432 0.1059 0.7015
S50 0.043 0.0328 0.0681 0.4487
S80 0.0818 0.0467 0.0938 0.7406
EF50 0.0324 0.0316 0.0564 0.4542
EF80 0.0407 0.0386 0.0823 0.7502
LF50 0.0123 0.0125 0.0212 0.2505
LF80 0.0198 0.0161 0.0286 0.4199
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5 Text S5 – Discussion of Winter Mortality
When temperatures are below 0 ◦C for more than three days, all larvae
(and presumably pupae) die (Reuss et al., 2018). To ensure that our model
reflects this hard border, we included special conditions for mortality during
winter:
Condition 1 Our model states that larval and pupal mortality is 1, as long
as temperature is below 0°C.
As can be seen in Fig. S1, the smoothed temperature function cannot always
reflect freezing events. However, as the E-OBS dataset shows (Reuss et al.,
2018), there is on average at least one period of three consecutive days
below 0 ◦C. Thus, we decided to include a second condition as an ‘artificial’
freezing event:
Condition 2 On the three days of lowest temperature, larval and pupal
mortality is 1.
Both conditions apply to every grid cell, but the requirements for Condition
1 are not always met.
Ultimately, it became clear that Condition 2 is not necessary. Its impact
on the results is minimal (as can be seen in Fig. S15 and S16 densities
without Condition 2 are slightly higher). However, it does not change the
distribution of high risk areas, it only makes the model more complicated
without actual gain. We thus would recommend to cut Condition 2 from
the model, which could speed up the simulations. Additionally, adding this
condition adds assumptions about freezing events, which are not necessary.

Scenario as described in main text Scenario without artificial freezing event

Figure S 15 – Annual population density dynamics of larvae in scenarios with different winter mortality.
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Scenario as described in main
text

Scenario without artificial
freezing event

Difference between scenarios

Figure S 16 – Annual cumulative density of larvae in scenarios with different winter mortality. Density
normalized by the highest density in scenario without any control.
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