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A review on insect phenology models

JING TianZhong" LIU Li-Ping XIE Yu-dong ( School of Forestry Northeast Forestry University
Harbin 150040 China)

Abstract: Phenology is one of important traits of insect. Predicting timing of insect development
phenology models are of significance in the studies of population dynamics species distribution and
evolutionary dynamics and in agricultural and forestry practices. Some common phenology models and
their application in insect studies were reviewed including thermal performance curves biophysical
models  probabilistic approach models  distributed delay models developing progress curves
phenological match models and phenological shift models.
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X o
( thermal ( ); X
constant) Réaumur 1735 ( Tkemoto and Takai 2000) .
( Ikemoto and Takai 2000; :
Damos and Savopoulou-Soultani 2012) (D) =K+ T,D (4)
K=D(T-T,) (1)
K ( effective .
cumulative temperature) ; T v T, o
i D ( development time)

T (T)

o

( development rate) r(7) o
a, = jor( T A)di ~ ;r( T A) At (2)
a
( physiological age)
0~1.0 1
o A r(T A)

o

( physiological time)

( linear degree-day model)
X ( x-intercept method)
(y=1/Donx=T)
o 1/D 0

( Colinet et al.
2015) .

( Rebaudo and Rabhi 2018) ,
Bayoh. Beta. Brierel. Briere2. Damos.

Gaussian.  HarcourtYee. Kontodimas. Lactind
Lactin2. Loganl. Logan2. Performance. Wang—
Lan-Ding. Ratkowsky. Taylor. Weibull.
Gaussian Gaussian

( thermal performance curves/functions/equations/
models) ( Shi and Ge 2010; Rebaudo and Rabhi
2018) . R devRate o

Geng and Jung ( 2018)

Phyllonorycter ringoniella Logan-6
o Mythimna
sequax ( Jacques et al. 2019) .
Helicoverpa armigera Lycopersicon
esculentum ( Dalal and Arora 2019)

Ruspolia  differens
2021) 5 Shi and Ge (2010)
Plutella xylostella B
AIC ( Akaike information
criterion) ., BIC ( Bayesian information criterion)
12

Brierel

( Leonard et al.
Bemisia

tabact

Briere2

o Régniere et al. (2012)

Performance

o Anarca et al. (2018)

o
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o Arrhenius  Eyring
Johnson & Lewin.

Hultin. Sharpe DeMichele

( Vant Hoffs law) Schoolfield+ Sharpe Magnuson ( Schoolfield
— Sharpe-Schoolfield ( et al. 1981) , T ( K)
r(T) (time™")

Damos and Savopoulou-Soultani 2012) ,

T AH, 1 1 1
P(25%) @exp R (@ - 7)]
r(T) = (5)
1+ ex Afh( 1 1)] Afhw 1 1)]
Xp — ||+ exp -
R\Ty, T R\Ty, T
2 2
R (1.987 cal deg™' (K) AH,

mol ™) o Pas) (cal mol™') .

25°C (298°K)
(time™") AH, (cal mol ") ( Wagner et al. 1984) ,
T%L 50% ~ 50% Régniere et al. (2012)

(°K) AH,
(cal mol™") Ty, 50% v 50%
o T- T_T)—mT—T/ (T_T)wT—T—T—/A]
— (T-Ty) m (T-Ty) /Ay, b (Tn=Ty) ~(Tp=T) /A,
r =i|e - e - e 6
( T') iﬂ[ (Tm - Tb Tm - Tb ( )
I,<sT<T, 6 (5) o lexp[AH"‘ 1 1 )]
(6) (9 P 208" Pl R \208 ~ 7
r(7T) =
1 [AEQ 11
° + exp —( - 7)]
RA\T,, T
AH, Salis et al. (2016)
( developmental stage — dependent model DSD) :

Sharpe — Schoolfield

r(T) D <D,
r(T D) ps = (8)
r(T) +(D=D,) xSy x(r(T) = pc) D=D,
S,
; Dy, 3
) (D=0)
(D=1) o
Crespo — Pérez et al. (2015) (5) .
3 Phihorimaea operculella o
Jacques et al. (2019) Spodoptera
litura o o (5)
( de Jong
2010) . . . .

Sharpe et al.

o
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3
(1977) da [ =
(5) @ TR ()) T agp ) =0 04
R _, 9 " ds
& (T) (T)g ( ) a(t) —jloTi(s)
t A(l
( I'(Aa 1)
s gy
) Aa = L (s) (15)
f(1) =m‘32ﬁe-7(i‘*)zasr<b (10) . t) i
. 2 i ! :
folr) = ar +,8rlg'y0<a$r$lb (11) T, (0 1) =t T,
c_ . , E ) ) ) ~ ( Yurk and Powell 2010) ,
a=6/(a-b)" B=- (a+h) « ?/._ ( individual — based models)
abas ( Probability

a =,u—«/§0' b =,u,+«/§(ro

density function PDF) pla ) ¢
a
( ( )
) ( advection equation)
e
valt) = A 12 d 0
Sl = o (12) Spa ) + 2 r(0pan) |=0  (16)
for (1) :%+%+% (13)
a
( cohort — based)
(16) «
( life stage)
. ip(a t; ) e ar,(t)pla t;a) | =0 (17)
( chronological age) da ' a ' ’
a=1
16% . 50%  84% (17) (16) o
(17) ( diffusion
N term)
-o-u  to Fokker-Planck ( Fokker —
7. (7) T L Planck development equation) :
(1) ¢ 9 , J . v :
() . gala ) +orjar(ipla ta) =5 spla tia)
a 0 1 (18)
0 1 o o
T Aa ( v =0) (18) (17) 5
At At =7, (T) Aa. :
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+0o0 - . :
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(1) o = cr, Sharpe J
PDF ; t ( emergence times)

(2) ( Gilbert et al. 2004) :

2
: 1 U (1 - f r, T(y) ds) 0
pi(1) = Jopjfl( t) . expg— . = 5 Blir 0<t (20)
(¢ -17) «/27701. f r, T(s) ds 0 2¢ (J r, T( ) db) O
o 1, Co v; t;, =
(15) gamma Sur(T A) g = ln{ti]-/[va( T A) 1}
Régniere et al. (2012) o ~1/20° v, = E(1) /(T
. r t A) ol 1 .
‘ J J . dt .
AY o 811
ty7# 7 (T)
: v, [t —dtt]
- (D) ( L r
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—-dt
) A) = flv {F[l (7t )]—F[l (7‘ )]} 21
ptas g ) = ) ()] - (5 (21
F oo - 12072
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. ; | - Fe, A)
Lo, o, A) =(1-d)p(o, o,A) +d; 1 -F(eg; A) (22)
d=0 1 0 1 (1) 1, .
o o (23)
o Régniere et al. (2012) ty; . ty o (23)
( temperature transfer) (T, A)  Sur(T, A)
: (7)) gy =In( Moy la ) (o))
(t,) vr(T, A)  v7(T, A)

o

pilo. o ) =S {F “‘(w(t}f DRETEE )- F[ln(v_-f(t}f o, ol e

Gilbert et al. ( 2004 ) McKendrick-von McKendrick-~von Foerster
Foerster EvF ( Extended %p( al) + a%p( ai)=glatplan) (25

von Foerster model) J

( Gilbert et al. 2004) . gla t pCa 1))
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( per time) ( per age) ( total r
gain) ( negative loss) o Gilbert es al. (a=1)
(2004) (27)
2 2
Spla 0+ r(T() pla 0= o(1() p(a ) pla =10 =271To-2texp[—(12_a;°tt) 0 <t
(26) (28)
EvF o r(T()) o
v(T() r o
1 a -t J
plai) = 47Tytexp[ _ Tt ) ] 0<t¢ (27) t
; 2
pla =11 —J‘;pj_l(a =11 I X exp _(1 _Lr-f e ds) ]d’TO <t (29)
4, (t-17) 4o (t - 1)
Gilbert and Powell (2004) (29) Aekn) = el =0 )
(20) - EvF (k-1)!
Sharpe 0 Dendroctonus k ( shape) r
ponderosae EvF ( rate) 1/r ( scale) °
R’ 0.93 Sharpe R’ 0.59 w =klr ol =kl gamma
( Gilbert et al. 2004) . k=1 - R
VGAM Erlang
4 X
k N
( distributed delay) ( compartment) ( phase) k
“ " ( ‘boxcar ) ( Manetsch  1976; k . X,
Vansickle 1977; Gilbert et al. 2004) . x (1) X, - X, Xo X,
x(t-r) r X o X, ot
( discrete delay) Leslie %, (1) (r(p
) r; ( flow
f: rk( t—s)x(s)ds = f;k( 2a(t—2)dz0<r<ow rate) ( transition rate)
(30)
x(t-2)
. d .
dtxi(t) =r () x,_ (1) —r(t)x,(2) i=12
3 k (32)
6(0) ==x x(0) =0i =2k
( residence time dwell time) k
( survival time) . ! X o) = ; %(1) o
Erlang N Erlang PDF
Erlang k
PDF r>0 Erlang ( r
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k=pllo? k pla=11)= 1 UXp[_(l—rAzat)z o<t
5 W 2rAa’t
“ ( Jian et al. (34)
2007) . r,=r, = =r, = von Foerster
k
T = DELC DEL
( number of phases) ( Gilbert
PDF o MacDonald et al.  2004) .
(1978) ( linear chain trick)
( MacDonald 1978; Hurtado and Kirosingh 2019) ,
a
O<as<l p Aa
x,(t) = p(a, t)Aa a, i ( rAa) (k=1/Aa) .
a; = 1da; x; (1) i Jian et al. (2007)
t v pCa; 1) i t
pla;, | 1) Taylor Crypiolestes ferrugineus 0
(r,, =1 = Scranton and Amarasekare (2017)
Fig =7) (32)

( delay differential equations DDEs)

B, A, _ AL Tp I .
(9t+A Ja ) (’)‘(],2+O(A ) (33) (]) (A)
rAa
(jj{ = B(T(1) A(1))A(1) - R,(1) -D,(T(2) J(1)) J(1)
W o ri() - D10 A()) A
ds, M,(1)
oo J(t)(ml)]( (e-7) J(e-1)) -D,(T(2) J(1))) (35)
dr _ M,(1)
dt My(t-7(1))
R = BOTC=7(0) A= 5(0) A= 7(0) % g oS0
J A
B(T(r) A(1))  Dy(T(r) X(1)) 5
) RA( t) t
7( 1) ( cummulative proportion)
(1) S,(1) o 7( 1) ( )
; M,(T(¢)) 0 Geng and Jung (2018)
1/M,(T(0)) (1) Phyllonorycter ringoniella
Weibull + Damos and Savopoulou-Soultani

(2010) Boltzman  Logistic
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4 Weibull Milosavljevi Y i ¢
et al. ( 2017) Limonius o T
californicus L. infuscatus
DAuria et al. (2016) AIC
3
N n i :
( ) . ‘ (i +a) ( b )( 1 )"
P(il = =
. (il g T(i+1)T(a) \1 +6) \1+0
(37)
& a =p/d b =1/d.
¢ o
Centaurea scabiosa
6 x :
log it p(x) = B(x - x) (38)
X 50% B
Hindle et al. (2015) B-
Melanargia galathea ° p
t( ) w (1) N n
1 _ 2
() = yaesn( -5 (1)) (36)
o
T(N+D)T(a+b)T(n+a)T(N-n+b)
PON 2l @) = b S ) TN =+ 1) T(a) T(N +a + b) (39)
a=p/d b =(1-p)/d. ¢ Searle et al. (2013)
N o GAM
Diarthronomyia
( AIC ) chrysanthemi Ahlberg
5% ~95% o log
1 2 N 1 2
7 .o 2 (
). GLMM
Holloway et al. (2018)
o C5.0
. ( generalized .
additive models GAM) . ( first flight) ( no flight)

( generalized linear mixed models GLMM) o 7~105d o
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20% -
3% ~5%
Stemkovski et al. (2020) GAM
( . ) o
/ / ( day-of-
year)
GAM o

DOthum ~ enlim + ampo + etmit + Cite +e
Doy

phase

enlim ( N
) 0mpu ( ) atmi[
( N N ) Csite

sp

sp

o

Gutiérrez and Wilson (2021)

o

(2020)

Duchenne et al.
( multimodality)

Y, = u +p X latitude, + 7 x longitude, + 6 x

1

altitude, + ¢, + E,, (40)

Y, i k o

( )p 7
6 Pi ( ) E,
o 494
( grey
literature)
288 o

( Gaussian mixture-models)

o

(40)
Yy = +p X latitude, + 7 X longitude, + 6 x
altitude, + B; + ¢, + E, (41)
B: o 2 473
2 473 ( unimodal)
o ( mean flight date
MFD) ( flight period length FPL)

Y, =+ (7 + a x latitude, + & x longitude,) x year, + (p, + v, X longitude,) x latitude, +

(p, + 7y, x longitude;) x latitude; + (p; + vy, x longitude;) x latitude;, +

7, % longitude, + 7, x longitude; + 7, x longitude, + 0 x altitude, + E,

Y, k T

o

( phylogenetic generalized least squares model PGLS)

PS, = u + a x MFD_ + B X latitude, + & X

longitude, + E. (43)
PS, =z (
MFD  FPL ) () «

(42)
5 E. ~
N(O %) o 60
2 000 MFD 6 d FPL
2 d,
8
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( Chmura et al. 2019) .

( Chmura et al.

( pattern of phenological shift)
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