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Abstract
The	cabbage	aphid,	Brevicoryne brassicae,	is	a	pest	of	many	plants	of	the	Brassicaceae	
family	including	cabbage,	Brassica oleracea	Linnaeus,	1753.	We	investigated	the	ef‐
fect	of	temperature	on	the	biological	parameters	of	B. brassicae	using	different	tem‐
perature‐based	 models	 incorporated	 in	 the	 Insect	 Life	 Cycle	 Modelling	 (ILCYM)	
software.	Nymphs	of	first	stage	were	 individually	placed	in	the	 incubators	succes‐
sively	set	at	10°C,	15°C,	20°C,	25°C,	30°C,	and	35°C;	75	±	5%	RH;	and	L12:	D12‐hr	
photoperiods.	 We	 found	 that	 first	 nymph	 reached	 the	 adult	 stage	 after	
18.45	±	0.04	days	 (10°C),	 10.37	±	0.26	days	 (15°C),	 6.42	±	0.07	days	 (20°C),	
5.076	±	0.09	days	(25°C),	and	5.05	±	0.10	days	(30°C),	and	failed	at	35°C.	The	lower	
lethal	temperatures	for	B. brassicae	were	1.64°C,	1.57°C,	1.56°C,	and	1.62°C	with	a	
thermal	 constant	 for	 development	 of	 0.88,	 0.87,	 and	 0.08,	 0.79	degree/day	 for	
nymphs	I,	II,	III,	and	IV,	respectively.	The	temperatures	10,	30,	and	35°C	were	more	
lethal	 than	 15,	 20,	 and	 25°C.	 Longevity	 was	 highest	 at	 10°C	 (35.07	±	1.38	days).	
Fertility	was	nil	at	30°C	and	highest	at	20°C	(46.36	±	1.73	nymphs/female).	The	sto‐
chastic	simulation	of	the	models	obtained	from	the	precedent	biological	parameters	
revealed	that	the	life	table	parameters	of	B. brassicae	were	affected	by	the	tempera‐
ture.	The	net	reproduction	rate	was	highest	at	20°C	and	lowest	at	30°C.	The	average	
generation	 time	decreased	 from	36.85	±	1.5	days	 (15°C)	 to	6.86	±	0.1	days	 (30°C);	
the	intrinsic	rate	of	increase	and	the	finite	rate	of	increase	were	highest	at	25°C.	In	
general,	the	life	cycle	data	and	mathematical	functions	obtained	in	this	study	clearly	
illustrate	the	effect	of	temperature	on	the	biology	of	B. brassicae.	This	knowledge	will	
contribute	to	predicting	the	changes	that	may	occur	in	a	population	of	B. Brassiace	in	
response	to	temperature	variation.
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1  | INTRODUC TION

The	cabbage	aphid,	Brevicoryne brassicae	Linnaeus,	1758	(Hemiptera:	
Aphididae),	is	native	to	Europe	(Kessing	&	Mau,	1991),	but	now,	it	is	
distributed	throughout	the	temperate	and	warm	temperate	zones	of	
the	world	(Blackman	&	Eastop,	2000).	This	aphid	is	a	specialist	of	the	
plants	of	the	Brassicaceae	family	(Gabrys	et	al.,	1997;	Pontoppidan,	
Hopkins,	Rask,	&	Meijer,	2003),	and	it	is	a	significant	pest	of	cabbage	
(Fathipour,	 Hosseini,	 Talebi,	 &	Moharramipour,	 2006).	 By	 forming	
colonies	on	the	stems,	petioles,	and	leaves	of	their	hosts,	B. brassicae 
causes	 different	 damages	 that	 Christelle	 (2007)	 and	 Eaton	 (2009)	
grouped	into	two	categories:	(a)	direct	damage	due	to	the	host	sap	
absorption;	and	 (b)	 indirect	damage:	associated	with	 the	 transmis‐
sion	 phytopathogenic	 viruses	 (Blackman	 &	 Eastop,	 2000;	 Chan,	
Forbes,	 &	 Raworth,	 1991)	 and	 the	 ejection	 of	 honeydew	 causing	
fumagine	 formation	 that	 affects	 cabbage	 photosynthetic	 activity.	
Under	 severe	 infestation,	 B. brassicae	 reduces	 the	 production	 of	
cabbage	from	70%	to	80%	(Khattak,	Hameed,	Khan,	&	Farid.,	2002;	
Rustamani,	Qamikhani,	Munshi,	&	Chutto,	1988).

Aphids	 are	 ectothermic	 organisms;	 all	 their	 physiological	 pro‐
cesses	 largely	 depend	 on	 several	 climatic	 variables	 that	 include	
temperature	 (Brodeur	et	al.,	2013).	According	 to	Campbell,	Frazer,	
Gilbert,	Gutierrez,	and	Mackauer	 (1974),	 the	 temperature	 is	a	crit‐
ical	abiotic	factor	affecting	 insect	biology.	The	rise	 in	temperature	
from	1.5	to	5.8°C	until	the	end	of	2,100	as	predicted	by	many	math‐
ematical	models	 (Govindasamy,	Duffy,	&	Coquard,	2003;	Hijmans,	
Cameron,	Parra,	 Jones,	&	 Jarvis,	2005;	 IPCC,	2014)	 is	 likely	 to	 in‐
crease	 the	metabolic	 activity	of	B. brassicae.	 The	 ability	of	 insects	
to	modify	their	physiology	and	behavior	in	response	to	an	environ‐
mental	 factor	 is	 termed	phenotypic	plasticity	 (Pigliucci,	Murren,	&	
Schlichting,	2006).	This	plasticity	is	controlled	by	several	physiolog‐
ical	mechanisms	 (transcription,	 translation,	 enzyme,	 and	 hormonal	
regulation)	 that	 produce	 local	 or	 systemic	 responses	 (Whitman	 &	
Agrawal,	2009).	These	responses	can	be	visualized	using	mathemat‐
ical	functions	called	reaction	norms,	which	plot	values	for	a	specific	
phenotypic	 trait	 across	 two	 or	 more	 environments	 or	 treatments	
(David	et	al.,	1997).	According	to	Fischer	and	Karl	(2010),	phenotypic	
plasticity	 is	a	powerful	and	effective	mechanism	used	by	different	
organisms	to	cope	with	the	detrimental	effects	of	short‐term	envi‐
ronmental	 changes.	 In	 the	context	of	global	warming,	 the	primary	
challenge	faced	by	ecologists	 is	to	predict	variation	that	occurs	on	
the	biology	of	ectotherm	organisms	(Brodeur	et	al.,	2013).	Therefore,	
temperature‐based	reaction	norms	are	essential	analytical	tools	for	
evaluating,	understanding,	and	predicting	the	phenotypic	variation	
in	insects	(Baker,	1991;	Jarvis	&	Baker,	2001).

There	 are	 two	 distinct	 modeling	 approaches	 (Kroschel	 et	al.,	
2013;	 Trnka	 et	al.,	 2007).	 (a)	 The	 first	 approach	 is	 the	 inductive	
method,	which	matches	 the	 climate	where	 an	 organism	 is	 usually	
found	within	a	region	to	where	it	is	not	found	using	long‐term	me‐
teorological	 data	 (Beaumont,	 Hughes,	 &	 Poulsen,	 2005;	 Legaspi	
&	 Legaspi,	 2007;	 Peacock	 &	Worner,	 2006;	 Sutherst	 &	Maywald,	
2005;	Trnka	et	al.,	2007).	This	modeling	approach	has	an	advantage	
to	only	depend	on	the	presence/absence	data	of	the	species	studied.	

However,	the	critical	limitation	of	this	approach	is	its	failure	to	con‐
sider	 the	 biological	 characteristics	 of	 the	 species	 in	 the	modeling	
framework	 (Venette	 et	al.,	 2010).	 (b)	 The	 second	 approach	 is	 de‐
ductive,	which	use	mathematical	 functions	 (process‐based	climatic	
response)	to	describe	the	basic	physiological	principles	of	the	insect	
species	 growth,	 namely	 its	 development,	 survival,	 and	 reproduc‐
tion	(Curry,	Feldman,	&	Smith,	1978;	Nietschke,	Magarey,	Borchert,	
Calvin,	 &	 Jones,	 2007;	 Sporleder,	 Kroschel,	 Quispe,	 &	 Lagnaoui,	
2004;	Trnka	et	al.,	2007).	This	approach	is	based	on	detailed	labora‐
tory	experiments	that	produce	life	table	parameters	and	allows	the	
simulation	of	populations	according	to	real	or	interpolated	data	for	a	
given	region	and	time	(Sporleder,	Simon,	Juarez,	&	Kroschel,	2008).

Modeling	process	uses	linear	and	nonlinear	models.	Linear	mod‐
els	have	 long	been	used	 for	 the	 construction	of	phenological	 pat‐
terns	of	insect	populations	(Roltsch,	Mayse,	&	Clausen,	1990);	they	
produce	better	predictions	at	intermediate	temperatures.	Due	to	the	
nonlinear	 nature	 of	 insect	 demographic	 parameters	 (development	
rate,	mortality,	fertility,	etc.)	at	 low	and	high	temperatures,	nonlin‐
ear	models	were	developed	to	give	accurate	results	at	extreme	tem‐
peratures	(Briere,	Pracros,	Le	Roux,	&	Pierre,	1999;	Logan,	Wollkind,	
Hoyt,	&	Tanigoshi,	1976;	Sharpe	&	DeMichele,	1977).	Their	develop‐
ment	requires	knowledge	of	lethal	temperatures	(upper	and	lower)	
of	insect	species	studied	as	well	as	data	collected	on	each	individual	
from	birth	to	death	(Nietschke	et	al.,	2007).	Several	studies	have	al‐
ready	been	conducted	to	evaluate	the	effect	of	temperature	on	the	
biology	of	B. brassicae	(Abdel‐Rahman	et	al.;	2011;	Akinlosotu,	1977;	
DeLoach,	1974;	Fathipour,	Hosseini,	Talebi,	Moharamipour,	&	Asgari,	
2005;	Gupta,	2014;	Satar,	Kerstng,	&	Ulusoy,	2005);	however,	these	
studies	do	not	include	reaction	norms	in	their	studies.	Therefore,	the	
main	objective	of	this	work	was	to	study	and	visualize	the	effect	of	
temperature	on	the	biological	parameters	of	B. brassicae	using	math‐
ematical	models	 found	 in	 the	 Insect	 Life	Cycle	Modelling	 (ILCYM)	
software	(Tonnang	et	al.,	2013).	These	models	will	serve	as	essential	
components	to	predict	the	distribution	of	B. brassicae	as	influenced	
by	the	temperature.

2  | MATERIAL S AND METHODS

2.1 | Insect culture

The	 population	 of	 Brevicoryne brassicae	 used	 in	 this	 study	 was	 a	
clonal	line	of	aphids	(to	avoid	genetic	divergence)	collected	initially	
in	 a	 single	 infested	 cabbage	 farm	 in	Dschang	 (05°	 26′70″N.	 010°	
04′09″E;	Al.	1,391	m),	 a	 town	situated	 in	western	Cameroon.	The	
stock	culture	of	aphids	was	cultured	on	the	potted	cabbage	plants	
(Brassica oleracea	var.	Marcanta	L)	in	an	air‐controlled	insectary	room	
maintained	at	25	±	1°C,	75%	±	5%	RH,	and	12L:12D‐hr	photoperi‐
ods.	Aphids	were	reared	in	the	insectary	for	2–3	generations	before	
individuals	were	harvested	for	the	experiments	(Kindlmann	&	Dixon,	
1989).	Cabbage	plants	used	in	the	experiments	were	obtained	from	a	
greenhouse	culture	at	International	Institute	of	Tropical	Agriculture	
(IITA)—Cameroon—situated	in	Nkolbisson,	a	peripheric	west	quarter	
of	Yaounde	(11°5′	N.	3°86′	E).
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2.2 | Experimental design

2.2.1 | Rearing conditions

The	effect	of	temperature	on	the	biological	parameters	of	Brevicoryne 
brassicae	was	studied	in	cohorts	of	single	life	stages	in	controlled	en‐
vironmental	chambers	at	six	constant	temperatures,	that	 is,	10,	15,	
20,	25,	30,	and	35°C,	of	75%	±	5%	RH,	and	maintained	on	a	photoper‐
iod	regime	of	12L:12D‐hr	photoperiods.	The	required	temperatures	
and	hygrometry	inside	the	incubators	were	regularly	monitored	using	
a	standard	thermo‐hygrometer	of	HOBO	trademark.

2.2.2 | Experimental conditions

One	 hundred	 cabbage	 leaves	 were	 received	 each	 two	 to	 three	
apterous	 individual	of	Brevicoryne brassicae	 from	the	stock	culture	
(Figure	1).	 Leaves	were	 kept	hydrated	by	 immersing	 their	 petioles	
in	distilled	water	 in	a	glass	 tube	 (12	ml)	sealed	with	parafilm.	Each	
cabbage	 leave	 with	 aphids	 was	 transferred	 inside	 a	 clear	 plastic	
container	 covered	 with	 a	 lid	 previously	 perforated	 at	 the	 center	
and	 closed	 with	 an	 organza	 tissue	 to	 aerate	 the	 container.	 After	

24	hr,	one	newly	born	nymph	was	maintained	on	each	cabbage	leaf;	
adult	 and	 the	 extra	 nymphs	 were	 removed.	 After	 that,	 a	 total	 of	
100	nymphs	were	individually	monitored	at	each	test	temperature.	
Development	and	mortality	of	the	different	nymph	stages	were	re‐
corded	daily.	When	they	reached	the	adult	stage,	 individuals	were	
monitored	daily	to	count	and	separate	newborn	nymphs	from	check‐
ing	for	the	reproduction	data.	For	each	experimental	temperature,	
aphid	individuals	were	followed	until	the	death.	To	avoid	the	effect	
of	age	on	the	survivorship	and	reproduction,	aphids	were	carefully	
transferred	on	new	cabbage	leaves	every	7	days.

2.3 | Statistical analysis and modeling

2.3.1 | Software description

To	 study	 and	 visualize	 the	 effect	 of	 temperature	 on	 the	 biologi‐
cal	 parameters	 of	 Brevicoryne brassicae,	 we	 used	 the	 Insect	 Life	
Cycle	 Modelling	 (ILCYM,	 version	 3.0)	 software	 developed	 by	 the	
International	 Potato	 Centre	 (CIP)	 and	 freely	 available	 at	 the	 CIP	
website:	 http://www.cipotato.org	 (Tonnang	 et	al.,	 2013).	 Insect	
Life	Cycle	Modelling	contains	three	modules:	the	model	builder,	the	

F I G U R E  1  Cabbage	aphids,	Brevicoryne brassicae,	Photo:	Baleba	Steve

http://www.cipotato.org
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validation	and	simulation	module,	and	the	potential	population	dis‐
tribution	and	risk	mapping;	we	used	the	two‐first	modules	 for	 the	
present	study.	ILCYM’s	model	builder	is	a	complete	modeling	inter‐
face	that	helps	to	develop	insect	temperature‐based	models.	It	pro‐
vides	several	nonlinear	functions,	which	are	adequate	for	describing	
the	temperature	dependency	of	the	different	processes	in	the	spe‐
cies	life	history	(i.e.,	development,	survival,	and	reproduction).	The	
Akaike’s	 information	 criterion	 (AIC;	Akaike,	 1973),	which	 is	 inbuilt	
in	ILCYM,	was	used	to	select	the	best	mathematical	expression	for	
each	 nymphal	 stage	 of	B. brassicae.	 The	 validation	 and	 simulation	
module	with	the	stochastic	simulation	tool	was	used	to	estimate	life	
table	parameters	at	constant	temperatures	based	on	the	developed	
temperature‐based	models.

2.3.2 | Distribution model of development times

For	estimation	of	 the	variation	among	 individuals	 in	developmen‐
tal	times	of	Brevicoryne brassicae,	the	concepts	of	rate	summation	
(Curry	et	al.,	1978)	and	same	shape	 (Sharpe,	Curry,	DeMichele,	&	
Cole,	1977)	were	included.	These	concepts	assumed	that	the	intrin‐
sic	distributions	of	insect	development	times	at	different	constant	
temperatures	have	the	same	shape	(i.e.,	the	distributions	at	differ‐
ent	temperatures	will	fall	on	top	of	each	other	when	“normalized”	by	
a	selected	value	such	as	the	mean	or	median	of	each	distribution).	
The	data	collected	from	different	constant	temperatures	were	fit‐
ted	to	three	dichotomic	models:	 logit,	probit,	and	complementary	
log.	Due	 to	 its	 lowest	 AIC	 value,	 the	 logit	model	 represented	 by	
the	 following	 function	was	 selected	 to	 depict	 the	 effect	 of	 tem‐
perature	on	the	developmental	time	of	the	four	nymphal	stages	of	
B. brassicae.

where F(x)	is	the	probability	to	complete	development	at	time	x,	lnx	
is	the	natural	logarithm	of	the	days	observed,	a	is	the	intercept	cor‐
responding	to	temperature	 i,	and	b	 is	the	common	slope	of	the	re‐
gression	model.

2.3.3 | Temperature‐dependent development 
rate model

Development	rate	was	expressed	by	the	reciprocal	of	the	mean	de‐
velopment	times	for	all	the	four	nymphal	stages	of	Brevicoryne bras‐
sicae.	The	relationship	between	temperature	and	development	rate	
was	described	by	the	nonlinear	Sharpe	&	DeMichele	1	model	(Sharpe	
&	DeMichele,	1977)	 for	nymph	 I	 stage;	while	nymph	 II,	 III,	 and	 IV	
stages	 were	 described	 by	 the	 modified	 Janisch	 1	 model	 (Janisch,	
1932).	We	 chose	 the	 precedent	models	 based	on	 their	 respective	
AIC	value	that	was	smaller	compared	to	those	of	other	models;	their	
mathematical	equations	are	respectively	expressed	below:

where r(T)	is	the	development	rate	at	temperature	T	(°K),	R	is	the	uni‐
versal	 gas	 constant	 (1.987	cal/degree/mol),	 p	 represents	 the	 devel‐
opment	 rate	 at	 optimum	 temperature	Topt	 (°K)	 assuming	no	 enzyme	
inactivation,	ΔHA	is	the	enthalpy	of	activation	of	the	reaction	catalyzed	
by	an	enzyme	(cal/mol/1),	ΔHL	and	ΔHH	are	the	change	in	enthalpy	at	
high	temperature	(cal/mol/1),	and	TH	is	the	high	temperature	at	which	
enzyme	is	half	active.	Topt	is	the	optimum	temperature	for	survival	(°C).

For	each	B. brassicae	immature	stage,	the	following	linear	regres‐
sion	equation	was	used	to	evaluate	the	lower	developmental	thresh‐
old	(T0)	and	the	thermal	constant	(K)	expressed	in	degree	days	(DD)

where r(T)	is	the	rate	of	development	at	temperature	T, a	is	the	
y‐intercept,	and	b	 is	the	slope.	The	lower	developmental	threshold	
(T0)	and	the	degree‐day	(DD)	requirement	were	estimated	using	the	
parameters:	T0 = −a∕b	and	DD = 1∕b

2.3.4 | Temperature‐dependent mortality model

The	mortality	rate	of	each	Brevicoryne brassicae	immature	stage	was	
calculated	by	dividing	the	number	of	individuals	that	did	not	develop	
successfully	 to	 the	 next	 stage	 by	 the	 initial	 number	 of	 individuals	
at	 each	 stage.	 The	 effect	 of	 temperature	on	 the	mortality	 rate	of	
B. brassicae	was	described	by	using	polynomial	2	function	for	nymph	
I	and	II	according	to	the	equation	below:

m(T)	is	the	rate	of	mortality	at	temperature	T(°C),	and	a, b, c are 
the	equation	parameters.

Wang	1	and	7	functions	(Wang,	Lan,	&	Ding,	1982)	were	used	to	
illustrate	the	temperature	dependence	of	mortality	in	nymphs	III	and	
IV,	respectively.	The	following	equations	were	used:

where m(T)	 is	the	rate	of	mortality	at	temperature	T(°C).	Topt	 is	
the	optimum	temperature	for	survival	 (°C).	B, Bl, Bh,	and	H	are	the	
fitted	parameters.

As	rule	of	thumb,	all	the	listed	functions	were	chosen	based	on	
the	lower	value	of	their	value.

2.3.5 | Longevity and fecundity

The	 longevity	 of	 Brevicoryne brassicae	 was	 determined	 using	 the	
mean	survival	time	of	an	adult.	The	inversion	of	the	mean	longevity	
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time	allows	us	to	calculate	the	senescence	rate.	The	Stinner	4	model	
(Stinner,	Gutierrez,	&	Butler,	1974)	which	had	 the	 lower	AIC	value	
was	 fitted	 to	 determine	 the	 relationship	 between	 the	 senescence	
rate	and	temperature.	The	mathematical	expression	of	the	model	is	
illustrated	as:

S(T)	is	the	senescence	rate	at	temperature	T(°C).	T0	is	the	optimum	
temperature	 (°C).	C1	 and	C2	 are	 the	maximum	 and	minimum	 tem‐
peratures	(°C)	when	T	≤To	and	T > To,	respectively.	K1	and	K2	are	con‐
stants	representing	the	slope	and	the	intercept,	respectively.

The	 fecundity	 was	modeled	 by	 considering	 a	 total	 number	 of	
nymph	produced	per	adult	during	the	entire	lifespan.	The	polynomial	
2	function	shown	below	was	fitted	to	represent	the	temperature	ef‐
fect	on	this	parameter.

2.3.6 | Simulation of life table parameters at 
constant temperatures

Life	table	parameters	of	Brevicoryne brassicae	including	gross	repro‐
ductive	rate	(GRR),	net	reproductive	rate	(Ro),	intrinsic	rate	of	natu‐
ral	increase	(rm),	finite	rate	of	increase	(ƛ),	mean	generation	time	(T),	
and	doubling	time	(Dt)	were	estimated	using	the	module	“stochastic	
simulation	tool”	 in	 ILCYM,	which	 is	based	on	rate	summation	and	
cohort	up‐dating	approach	(Curry	et	al.,	1978).	A	female	ratio	of	1	
was	established	for	all	the	temperatures	that	were	studied	because	

of	the	parthenogenetic	status	of	B. brassicae.	For	estimation	of	life	
table	parameters,	five	replicates	were	performed	with	six	simula‐
tions	for	each	experimental	temperature.	The	estimated	life	table	
parameters	were	plotted	against	respective	temperatures	and	fit‐
ted	to	a	polynomial	function	represented	by	this	equation:

where Lp	 (T)	 represents	the	respective	 life	 table	parameters	 (GRR,	
R0,	T, rm,	 l,	Dt)	at	 temperature	T	 (°C),	and	a, b,	and	c	are	the	model	
parameters.

2.3.7 | Complementary analysis

Data	 on	 the	 development	 time	 of	 the	 different	 life	 stages,	 adult	
longevity,	and	fecundity	were	compared	across	constant	tempera‐
tures	using	a	one‐way	ANOVA	using	the	R	software	(version	3.5.1;	
R	Development	R	Core	Team,	2018)	using	 the	package	called	 “ag‐
ricolae”	 (de	Mendiburu,	 2017).	When	 significant	 differences	were	
detected,	the	Student–Newman–Keuls	(SNK)	post	hoc	test	was	used	
to	separate	the	means	(p	<	0.05).

3  | RESULTS

3.1 | The relationship between constant 
temperature and the development of immature stage

Developmental	times	of	Brevicoryne brassicae	 immature	stages	sig‐
nificantly	decreased	with	the	increase	in	temperature,	ranging	from	
18.45	days	at	10°C	to	5.05	days	at	30°C	(F4‐461 = 236.2; p < 0.0001).	

S(T) =
C1

1 + exp (K1 + K2T)
+

C2

1 + exp (K1 + K2(2T0 − T))

f(T) = exp (a + bT + cT2)

LP(T) = a + bT + cT2

TA B L E  1  Mean	development	time	of	Brevicoryne brassicae	of	nymphal	stages	at	different	constant	temperatures	in	the	laboratory

Temperature (0C) Nymph I Nymph II Nymph III Nymph IV Nymph I to adults

10 4.5	±	0.11a 4.65	±	0.147a 4.974	±	0.144a 5.834	±	0.281a 18.45	±	0.04a

15 3.2	±	0.90b 2.12	±	0.076b 2.204	±	0.075b 2.852	±	0.085b 10.37	±	0.26b

20 1.6	±	0.05c 1.418	±	0.045c 1.619	±	0.049c 1.78	±	0.059	c 6.42	±	0.07c

25 1.48	±	0.03c 1.162	±	0.032d 1.078	±	0.038d 1.356	±	0.035d 5.076	±	0.09d

30 1.06	±	0.00d 1.227	±	0.033d 1.554	±	0.066c 1.210	±	0.000d 5.05	±	0.10d

35 – – – –

Similar	letters	(a,	b,	c,	d)	in	the	column	indicate	no	significant	differences	(p	<	0.05)	at	various	constant	temperatures	by	SNK	test.

TA B L E  2  Estimated	parameters	(mean	±	SE)	of	the	cumulative	distribution	functions	fitted	to	normalized	development	time	frequencies	
for	immature	life	stages	of	Brevicoryne brassicae.	Fitted	functions:	probit	model	(nymphs	I,	II,	III,	and	IV)

Temperatures

Intercepts(ai)

Slope AIC10°C 15°C 20°C 25°C 30°C 35°C

Nymph	I −10.12	(0.46) −7.77	(0.38) −2.99	(0.28) −2.65	(0.27) −0.43	(0.20) 21.31	(2573.4) 6.75	(0.30) 105.50

Nymph	II −7.81	(0.34) −3.82	(0.23) −1.77	(0.21) −0.76	(0.19) −1.04	(0.20) 20.31	(1560.8) 5.08	(0.20) 192.68

Nymph	III −6.96	(0.33) −3.43	(0.22) −2.09	(0.20) −0.33	(0.18) −1.91	(0.19) 19.31	(946.71) 4.34	(0.19) 270.98

Nymph	IV −9.77	(0.46) −5.81	(0.31) −3.20	(0.25) −1.69	(0.22) −1.06	(0.2) 19.31	(946.71) 5.54	(0.25) 280.30

The	number	in	parentheses	represents	standard	errors.
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No	development	occurred	at	35°C	for	nymph	I	 (Table	1).	The	tem‐
perature	effect	on	development	times	of	all	nymphal	stages	was	de‐
scribed	 by	 a	 cumulative	 logit	 distribution	 (Table	2).	 The	 estimated	
lower	 threshold	 temperatures	 were	 1.64°C	 for	 nymph	 I,	 1.57°C	
for	nymph	 II,	1.56°C	 for	nymph	 III,	 and	1.62°C	 for	nymph	 IV.	The	
thermal	constants	for	nymphs	I,	II,	III,	and	IV	were	estimated	to	be	
0.88,	0.88,	0.08,	and	0.79	DD,	respectively	(Table	3).	The	Sharpe	&	
DeMichele	1	and	Janisch	1	models	were	preferred	to	describe	the	
relationship	between	temperatures	and	development	rate	of	B. bras‐
sicae	(Table	3	and	Figure	2).

3.2 | Mortality of nymphal stages

The	 mortality	 of	 Brevicoryne brassicae	 nymphal	 stages	 varied	 sig‐
nificantly	among	the	rearing	temperatures	 (Table	4).	Mortality	was	
highest	at	temperatures	of	10,	30,	and	35°C	and	lowest	at	tempera‐
tures	of	15,	20,	and	25°C	for	all	 immature	stages.	Accordingly,	the	
revealed	temperature	effect	in	the	mortality	of	B. brassicae	was	well	
visualized	by	the	polynomial	2	function	for	nymphs	I	and	II,	Wang	1	
function	for	nymph	III,	and	Wang	7	function	for	nymph	IV	(Table	5	
and	Figure	3).

3.3 | Longevity and fecundity capacity of adult

Temperature	had	a	significant	effect	on	the	longevity	(F4‐277 = 10.8; 
p < 0.0001)	and	fecundity	(F3‐274 = 23.19; p < 0.0001)	of	Brevicoryne 
brassicae	 (Table	6).	 The	 longest	 longevity	 period	 was	 recorded	 at	
10°C	and	the	shortest	at	30°C	(Table	6).	The	relationship	between	
temperature	 and	mean	 senescence	 rate	 of	B. brassicae	was	 repre‐
sented	 by	 Stinner	 4	 function	 (Table	7	 and	 Figure	4a).	 Our	 results	
showed	 that	 optimal	 fecundity	 was	 obtained	 from	 temperatures	
ranging	between	10	and	20°C.	The	effect	of	temperature	on	the	fe‐
cundity	of	B. brassicae	was	well	described	by	the	polynomial	2	func‐
tion	(Table	7	and	Figure	4b).

3.4 | Demographic parameters of Brevicoryne 
brassicae at constant temperatures

Results	 presented	 in	 Table	8	 show	 that	 in	 Brevicoryne brassicae,	
the	 intrinsic	 rate	 of	 increase	 (rm),	 the	 net	 reproduction	 rate	 (R0),	
the	 mean	 generation	 time	 (T),	 the	 finite	 rate	 of	 increase	 (λ),	 the	
doubling	 time	 (Dt),	 and	 the	 gross	 reproduction	 rate	 (GRR)	 were	
significantly	 influenced	 by	 the	 temperature	 (rm: F4‐166	=	1092.86,	
p < 0.0001; Ro: F4‐166	=	1112.42,	 p < 0,0001;	 T: F4‐166	=	24704.4,	
p < 0.0001; λ: F4‐166	=	1806.78,	 p < 0,0001;	 Dt: F4‐166	=	4155.05,	
p < 0,0001;	 and	 GRR:	 F4‐166 = 1386.32,	 p < 0,000).	 rm	 was	 highest	
at	 25°C	 (0.224	±	0.007),	 and	 lowest	 at	 30°C	 (−0.33	±	0.014).	 R0 
varied	 from	 10.23	±	0.21	 to	 0.15	±	0.01	females/female/genera‐
tion	 at	 temperatures	 of	 10	 and	 30°C,	 respectively.	 T	 varied	 from	
36.85	±	1.5	days	(15°C)	to	6.86	±	0.1	days	(30°C).	λ	was	maximal	at	
25°C	(1.22	±	0.036).	Dt	decreased	with	the	increase	in	temperature,	
whether	8.32	±	0.1	days	(10°C)	and	2.2	±	0.1	days	(30°C).	GRR	was	
highest	at	temperatures	of	15	(3.08	±	1.5)	and	20°C	(33.42	±	1.05).	 TA
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F I G U R E  2  The	temperature‐dependent	developmental	rate	for	immature	stages	of	Brevicoryne brassicae.	Nymph	I	(a),	nymph	II	(b),	
nymph	III	(c),	and	nymph	IV	(d).	The	bold	solid	line	is	the	selected	model	output,	and	dashed	lines	above	and	below	represent	the	upper	and	
lower	95%	confidence	bands.	Bars	represent	the	standard	deviation	of	the	mean

Temperature (°C)

Mortality rate (% ± SE)

Nymph I Nymph II Nymph III Nymph IV

10 29	±	4.53a 18.31	±	3.51a 8.62	±	2.67a 9.43	±	2.7a

15 9	±	2.86b 6.59	±	2.46b 3.53	±	1.83b 2.44	±	1.54b

20 3	±	1.70c 5.15	±	2.20b 5.34	±	2.23b 1.15	±	1.05b

25 21	±	4.07d 15.19	±	3.4a 1.5	±	1.2c 1.51	±	1.21b

30 22	±	4.1d 28.20	±	3.46c 57.14	±	2.03d 83.33	±	0.46c

35 100	±	10e – – –

Within	 a	 column,	 means	 followed	 by	 the	 same	 letters	 are	 not	 significantly	 different	 (p	<	0.05),	
Student–Newman–Keuls	test.

TA B L E  4  Mean	mortality	of	
Brevicoryne brassicae	life	stages	at	
different	constant	temperatures	in	the	
laboratory
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The	 polynomial	 model	 showed	 that	 temperatures	 between	 15°C	
and	 25°C	 are	 adequate	 for	 an	 increase	 in	 B. brassicae	 population	
(Figure	5).

4  | DISCUSSION

The	results	of	this	research	provided	reaction	norms	that	depict	the	
effect	 of	 temperature	on	 the	biological	 parameters	 of	Brevicoryne 
brassicae.	This	was	performed	using	a	friendly‐user	software	called	
Insect	Life	Cycle	Modelling	(ICLYM),	in	which	the	aim	is	to	assist	re‐
searchers	in	developing	insect	temperature‐based	models	(Tonnang	
et	al.,	 2013).	 The	 choice	 of	 appropriate	 models	 that	 describe	 the	
biological	 response	 of	 an	 insect	 to	 different	 temperatures	 should	
be	based	on	their	unimodal	shape	that	predicts	the	 lower,	 the	op‐
timal,	and	the	upper	thermal	requirement	of	the	insect	(Mirhossein	
et	al.,	;	Régnière,	Powell,	Bentz,	&	Nealis,	2012).	In	the	present	study,	
all	 the	 models	 selected	 accommodated	 the	 precedent	 curvilinear	
relationship.

Brevicoryne Brassicae	successfully	developed	from	10°C	to	30°C	
with	the	decrease	in	developmental	time.	However,	no	development	
occurred	35°C.	This	could	be	attributed	to	the	effect	of	temperature	
on	 the	metabolic	 activity	 of	B. brassicae.	 Indeed,	 temperature	 is	 a	
crucial	factor	that	influences	the	development	of	insects	(Angilletta,	
Steury,	&	Sears.,	2004;	Brown,	Gillooly,	Allen,	Savage,	&	West,	2004;	
Porter,	Parry,	&	Carter,	1991).	The	 functions	Sharpe	&	DeMichele	
and	Janisch	used	 in	 illustrating	 the	 relationship	between	tempera‐
ture	and	the	developmental	rate	of	B. brassicae	predicted	that	their	
optimal	developmental	temperatures	are	comprised	between	20	and	
30°C.	The	same	models	showed	that	temperatures	below	20°C	and	
above	30°C	retarded	the	development	of	this	aphid.	This	prediction	
is	in	line	with	other	works	in	which	mathematical	functions	were	not	
included.	For	instance,	Fathipour	et	al.	(2005)	and	Satar	et	al.	(2005)	
showed	that	B. brassicae	optimally	developed	at	20°C	and	the	alter‐
nating	 temperature	 of	 25/30°C,	 respectively.	 Additionally,	 Abdel‐
Rahman,	 Awad,	 Omar,	 and	 Mahmoud	 (2011)	 reported	 that	 28°C	

was	 the	optimal	developmental	 time	of	B. brassicae.	The	 functions	
Sharpe	 &	DeMichele	 and	 Janisch	 used	 in	 our	 study	 also	 success‐
fully	 predicted	 temperature	 range	 of	 development	 in	Phenacoccus 
solenopsis	 (Fand	 et	al.,	 2014)	 and	 Liriomyza huidobrensis	 (Mujica,	
Sporleder,	Carhuapoma,	&	Kroschel,	2017),	two	insect	species	with	
a	wide	range	of	thermal	tolerance	and	cosmopolitan	distribution	as	
B. brassicae.

The	linear	equation	used	in	this	study	predicted	1.64	C,	1.59	C,	
1.56	C,	and	1.62°C	were	the	lower	lethal	temperatures	for	nymph	I,	
nymph	II,	nymph	III,	and	nymph	IV,	 respectively.	This	could	explain	
the	presence	of	B. brassicae	in	the	temperate	zones	where	tempera‐
tures	decrease	dramatically	in	winter	(Hines	&	Hutchison,	2013).	Our	
prediction	 corroborates	 the	 result	 of	 Markkula	 (1953)	 who	 found	
that	1.7°C	was	the	lower	lethal	temperature	of	B. brassicae	immature.	
This	 indicates	that	the	linear	equation	used	in	this	study	accurately	
predicted	the	lower	temperature	threshold	of	B. brassicae.	The	linear	
equation	 has	 been	 extensively	 used	 other	works	 to	 determine	 the	
lower	temperature	thresholds	of	different	insect	species	(see:	Azrag,	
Murungi,	Tonnang,	Mwenda,	&	Babin,	2017;	Fand,	Tonnang,	Kumar,	
Kamble,	&	Bal,	2014;	Tanga	et	al.,	2018;	Tazerouni	&	Talebi,	2014).

The	mortality	rate	of	the	different	nymphal	stages	of	Brevicoryne 
brassicae	 was	 highest	 at	 extreme	 temperatures	 (10°C,	 30°C	 and	
35°C)	 and	 low	at	 15°C,	 20°C,	 and	25°C.	 The	polynomial	 2,	Wang	
1,	 and	Wang	 7	 functions	 used	 in	 this	 study	 clearly	 illustrated	 the	
obtained.	Smith	(1999)	explained	that	nymphs	of	B. brassicae,	in	com‐
parison	with	adults,	have	a	small	size	and	a	thin	layer	of	wax	coating	
(Figure	1),	which	play	a	useful	role	in	the	protection	of	aphids	against	
freezing	at	low	temperatures	and	desiccation	at	high	temperatures.	
In	 younger	 stages	 of	 Phenacoccus solenopsis	 which	 also	 possess	 a	
thin	protective	wax	coating,	Fand	et	al.	(2014),	using	polynomial	and	
Wang	functions,	also	predicted	higher	mortality	at	the	temperatures	
below	10°C	and	above	30°C.

The	 longevity	 and	 fecundity	 of	 adults	 of	B. brassicae	 were	 also	
affected	by	temperature.	They	were	maximal	respectively	at	10	and	
25°C.	The	Stinner	function	fitted	well	with	our	 longevity	data.	This	
model	 illustrates	that	adults	of	B. brassicae	have	an	optimal	 lifespan	

TA B L E  5  Estimated	parameters	(mean	±	SE)	of	the	nonlinear	models	fitted	to	mortality	rate	for	immature	life	stages	of	Brevicoryne 
brassicae:	Polynomial	2	(nymphs	I	and	II),	Wang	1(nymph	III),	and	Wang	7	(nymph	IV)

Life stage

Polynomial 2 model

Intercept (a) B C AIC F df p

Nymph	I 2.24	(0.003) −0.46	(0.02) 0.01	(0.00) −11.03 61.78 (2,3) 0.0036

Nymph	II 0.78	(0.001) −0.35	(0.01) 0.01	(0.00) −20.32 306.17 (2,3) 0.0003

Wang 1 model

Topt B H AIC F df p

Nymph	III 18.42	(0.00) 1.42	(0.00) 0.0002	(0.00) −18.93 310.13 (2,3) 0.0003

Wang 7 model

Topt Bl Bh H AIC F df p

Nymph	IV 28.14	(0.26) 126.96	(32.81) 1.09	(0.13) 7.88	(0.23) −28.87 1298.93 (2,3) 0.0004

The	numbers	in	parentheses	are	standard	errors.
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between	10°C	and	25°C.	We	recorded	the	highest	longevity	of	B. bras‐
sicae	at	10°C	(35.07	days),	while	Satar	et	al.	(2005)	found	the	highest	
longevity	at	15°C	(16.3	days).	This	difference	could	be	ascribed	to	the	
dissemblance	in	our	respective	methodology,	or	the	strains	of	B. bras‐
sicae	used.	However,	the	precedent	temperatures	(10	and	15°C)	occur	
within	 the	 optimal	 longevity	 temperature	 range	 predicted	 by	 our	
model,	 illustrating	 therefore,	 the	performance	of	 the	Stinner	model	
in	 predicting	 temperature	 effect	 in	 B. brassicae	 longevity.	 Fletcher,	
Axtell,	and	Stinner	(1990)	used	the	same	function	to	model	the	effect	
of	temperature	on	the	longevity	of	the	house	fly	(Musca domestica).	
The	 polynomial	 function	we	 used	 to	model	 the	 effect	 of	 tempera‐
ture	on	B. brassicae	 fecundity	predicted	that	temperatures	between	
10	and	30°C	are	more	favor	B. brassicae	fecundity.	We	obtained	the	
highest	fecundity	value	at	20°C	(46.36	nymphs).	However,	this	value	

was	low	compared	to	the	value	obtained	by	Akinlosotu	(1977)	at	the	
same	 temperature	 (74.5	nymphs).	Also,	 Satar	 et	al.	 (2005)	 reported	
the	highest	 fecundity	per	day	at	25°C	 (4.2	nymphs).	The	difference	
observed	in	our	respective	results	could	be	attributed	to	the	different	
type	of	 cabbage	 cultivars	 used	 in	 our	 respective	 experimentations.	
Akinlosotu	 (1977)	 used	 the	 Gemmifera	 cultivar,	 while	 Satar	 et	al.	
(2005)	used	the	Capitata	cultivar.	However,	in	our	study,	we	used	the	
Marcanta	cultivar.	Indeed,	the	literature	has	demonstrated	the	effect	
of	cabbage	cultivar	in	B. brassicae	fecundity	(Ellis	&	Farrell,	1995;	Gia	
&	Andrew,	2015;	Maremela,	Tiroesele,	Obopile,	&	Tshegofatso,	2013).	
Despite	that	difference,	20	and	25°C	still	represent	the	temperatures	
that	favour	reproduction	in	B. brassicae,	as	predicted	by	our	selected	
model.	This	further	demonstrates	the	efficacy	of	the	polynomial	func‐
tion	in	modeling	the	effect	of	temperature	on	B. brassicae	fecundity.	

F I G U R E  3  Temperature‐dependent	mortality	rates	of	immature	Brevicoryne brassicae	life	stage.	Nymph	I	(a),	nymph	II	(b),	nymph	III	(c),	
and	nymph	IV	(d).	The	upper	and	lower	95%	confidence	intervals	of	the	model	are	indicated.	Markers	are	observed	means
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The	 polynomial	 function	 has	 been	 highlighted	 as	 one	 of	 the	 best	
models	for	modeling	the	temperature	effect	on	reproduction	of	sev‐
eral	insect	species	including	Phthorimaea operculella	(Sporleder	et	al.,	
2004),	 Chilo partellus	 (Khadioli	 et	al.,	 2014),	 Antestiopsis thunbergii 
(Azrag	et	al.,	2017),	and	Symmetrischema tangolias	(Sporleder,	Schaub,	
Aldana,	&	Kroschel,	2017).

The	 life	 table	 parameters	 of	 B. brassicae	 obtained	 based	 on	
the	 stochastic	 simulation	 significantly	 differed	 among	 the	 treat‐
ment	 temperatures.	The	net	 reproductive	 rate	 (R0)	 and	 the	gross	
reproductive	 rate	 (GRR)	 were	 high	 at	 20°C	 compared	 with	 the	
other	 temperatures.	This	high	value	at	20°C	was	 resultant	of	 the	
low	mortality	of	B. brassicae	nymphal	 stages	at	 that	 temperature.	
The	lowest	generation	time	(T)	occurred	at	25°C	(10.21	days)	and	
30°C	(6.86	days)	due	to	the	rapid	development	of	nymph	occurred	
in	 these	 temperatures.	This	 indicates	 that,	during	 the	maturation	
period	of	cabbage	(between	2.5	and	3.5	months	depending	to	the	
cultivar),	one	plant	can	host	at	least	nine	generations	of	B. brassicae,	
justifying,	therefore,	the	severe	losses	that	occur	B. brassicae	infes‐
tation	(70%–80%).	The	intrinsic	rate	of	increase	(rm)	and	the	finite	
population	rate	(λ)	were	maximal	at	25°C	and	minimal	at	30°C.	The	
highest	 rm	 value	 obtained	25°C	 is	 justified	 by	 the	 rapid	 develop‐
ment	 and	 reproduction	 that	 occurred	 at	 that	 temperature,	while	
the	negative	rm	value	obtained	at	30°C	was	due	to	the	high	mortal‐
ity	of	the	nymphs	and	the	absence	of	fecundity	at	that	temperature.	
Kocourek,	Havelka,	Berankova,	and	Jarosik	(1994)	and	Southwood	

F I G U R E  4  Temperature‐dependent	longevity	curve	(a)	and	total	nymph	produced	per	adult	curve	(b)	of	Brevicoryne brassicae.	The	upper	
and	lower	95%	confidence	intervals	of	the	model	are	indicated.	Markers	are	observed	means;	bars	represent	standard	deviation

TA B L E  6  Mean	longevity	and	fecundity	at	rearing	temperatures

Temperature (°C)
Longevity 
(days ± SE) Fecundity (nymphs/female)

10 35.07	±	1.38a 41.38	±	3.04a

15 25.66	±	1.32b 39.84	±	1.98a

20 25.9	±	1.15b 46.36	±	1.73a

25 23.21	±	0.95b 23.57	±	1.46b

30 3.32	±	0.25c 0

35 No	adults 0

Within	a	column,	means	followed	by	the	same	letters	are	not	significantly	
different	(p	<	0.05),	Student–Newman–Keuls	test.

TA B L E  7  Estimated	parameters	(mean	±	SE)	of	Stinner	4	and	Polynomial	2	models	fitted	to	senescence	and	fecundity	for	adults	of	
Brevicoryne brassicae

Senescence

Stinner 4 model C1 C2 K1 K2 T0 AIC df F p

16.31	(0.15) 14.87	(4.89) 2.61	(0.003) 0.35	(9.85) 16.79	(0.78) −25.44 (4,2) 121.55 0.0082

Fecundity

Polynomial 2 
model A B c AIC df F p

0.61	(1.21) 0.39	(0.15) −0.01	(0.004) 55.40 (2,4) 13.31 0.017

The	numbers	in	parentheses	are	the	standard	error.



     |  11829SOH et al.

and	Henderson	(2000)	previously	explained	that	several	biotic	fac‐
tors	such	as	fertility,	survival,	and	generation	time	affect	the	intrin‐
sic	rate	of	increase,	thus	rendering	this	parameter	more	adequate	in	

describing	the	physiological	qualities	of	insects.	Our	stochastically	
simulated	 rm	 value	 (0.224)	 obtained	 at	 25°C	 is	 largely	 consistent	
with	 earlier	 reports.	 For	 instance,	 Hoseini,	 Fathipour,	 and	 Talebi	

TA B L E  8  Life	table	parameters	(mean	±	SE)	of	Brevicoryne brassicae	at	different	constant	temperatures.	Intrinsic	rate	of	increase	(rm),	net	
reproduction	rate	(Ro),	mean	generation	time	(T),	finite	rate	of	increase	(λ),	doubling	time	(Dt),	gross	reproduction	rate	(GRR)

Temperature(°C)

Parameters

rm Ro T λ Dt GRR

10 0.0836	±	85	×	10−5a 10.23	±	0.21a 27.73	±	0.11a 1.08	±	0.001a 8.32	±	0.1a 27.31	±	0.3a

15 0.080	±	0.003a 22.22	±	1.02b 36.85	±	1.5b 1.12	±	0.043b 8.10	±	0.35b 33.08	±	1.5b

20 0.11	±	0.003b 24.04	±	0.8c 26.89	±	0.8a 1.09	±	0.032b 5.83	±	0,18c 33.42	±	1.05b

25 0.224	±	0.007c 11.06	±	0.3d 10.21	±	0.3c 1.22	±	0.036c 2.92	±	0.08d 18.96	±	0.6c

30 −0.33	±	0.014d 0.15	±	0.01e 6.86	±	0.1d 0.72	±	0.01d −2.2	±	0.1e 3.64	±	0.28d

35 – – – – –

Within	a	column,	means	followed	by	the	same	letters	are	not	significantly	different	(p <	0.05),	Student–Newman–Keuls	test.

F I G U R E  5  Life	table	parameters	of	Brevicoryne brassicae	estimated	through	model	prediction	among	a	tested	temperature:	(a)	Intrinsic	
rate	of	natural	increase	(rm);	(b)	net	reproduction	rate	(Ro);	(c)	gross	reproductive	rate	(GRR);	(d)	mean	generation	time	(T);	(e)	finite	rate	of	
increase	(ƛ);	and	(f)	doubling	time	(Dt)
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(2003),	 Fathipour	 et	al.	 (2005),	 and	 Gupta	 (2014)	 obtained	 an	 rm 
value	of	0.25,	0.22,	and	0.252	at	25°C,	respectively.	The	statement	
of	this	reports	further	validates	the	accuracy	of	the	temperature‐
dependent	models	used	in	predicting	the	response	of	B. brassicae 
to	the	temperature	effects	in	this	current	study.

In	general,	this	study	provides	mathematical	functions	that	de‐
scribe	the	effect	of	temperature	on	several	biological	parameters	of	
the	cabbage	aphid	Brevicoryne brassicae.	Our	models	show	that	the	
population	of	B. brassicae	can	be	easily	found	in	environments	where	
temperatures	fluctuate	between	15	and	30°C.	Subsequent	studies	
in	which	the	biological	parameters	of	B. brassicae	are	recorded	under	
fluctuating	 temperatures	 are	 requested.	 These	would	 help	 to	 val‐
idate	 the	developed	 temperature‐based	models	used	 in	 this	 study	
and	 further	help	 to	map	 the	 likely	 changes	 in	 the	distribution	and	
abundance	 of	B. brassicae	 in	 response	 to	 global	 warming.	 This	 in‐
formation	 will	 be	 useful	 for	 implementing	 management	 programs	
against	B. brassicae	in	cabbage	fields.

ACKNOWLEDG MENTS

This	 study	 was	 supported	 financially	 and	 logistically	 by	 the	
International	Institute	of	Tropical	Agriculture.	We	would	like	to	thank	
all	 the	 colleagues	 including	 Abdelmutalab	 Ahmed,	 Caroline	 Kungu,	
Ritter	Guimapi,	and	Olabimpe	Olaide	who	generously	provided	advice,	
information,	and	suggestions	to	improve	the	quality	of	this	manuscript.

CONFLIC T OF INTERE S T

None	declared.

AUTHOR CONTRIBUTIONS

SBBS	designed	the	study,	collected	and	analyzed	the	data,	and	wrote	
the	manuscript.	NNS	and	DM	assisted	in	data	analysis	and	interpre‐
tation.	KS	and	DM	proofread	the	manuscript.

DATA ACCE SSIBILIT Y

The	authors	confirm	that	all	the	data	supporting	the	results	of	this	
manuscript	will	be	immediately	archived	in	the	Dryad	system	upon	
acceptance.

ORCID

Bernard Steve Baleba Soh  http://orcid.
org/0000‐0001‐8629‐6954 

R E FE R E N C E S

Abdel‐Rahman,	M.	A.	A.,	Awad,	A.	M.	A.,	Omar,	Y.	M.,	&	Mahmoud,	A.	H.	
(2011).	Development	and	life	table	parameters	of	the	cabbage	aphid,	
Brevicoryne brassicae	 (l.)	 (homoptera,	 aphididae)	 in	 relation	 to	 con‐
stant	temperatures.	Assiut University Journal of Zoology,	40(1),	1–12.

Akaike,	H.	 (1973).	 Information	theory	as	an	extension	of	the	maximum	
likelihood	principle.	 In	B.	N.	Petrov,	&	K.	Csaki	 (Eds.),	Second inter‐
national symposium on information theory	 (pp.	 267–281).	 Budapest:	
Akademiai	Kiado.

Akinlosotu,	T.	A.	(1977).	Effect	of	temperature	on	the	biological	activities	
of	the	cabbage	aphid	Brevicoryne Brassicae	 (Homoptera:	Aphididae)	
and	its	primary	parasite	Diaertiella Rapae	Hymenoptera:	Aphidiidae.	
Nigerian journal of plant protection,	1977(3),	111–115.

Angilletta,	 M.	 J.,	 Steury,	 T.	 D.,	 &	 Sears.,	 M.	 W.	 (2004).	 Temperature,	
growth	rate,	and	body	size	in	ectotherms:	Fitting	pieces	of	a	life‐his‐
tory	puzzle.	Integrative and Comparative Biology,	44,	498–509.	https://
doi.org/10.1093/icb/44.6.498

Azrag,	A.	G.	A.,	Murungi,	L.	K.,	Tonnang,	H.	E.	Z.,	Mwenda,	D.,	&	Babin,	
R.	(2017).	Temperature‐dependent	models	of	development	and	sur‐
vival	of	an	insect	pest	of	African	tropical	highlands,	the	coffee	ant‐
estia	bug	Antestiopsis thunbergii	 (Hemiptera:	Pentatomidae).	Journal 
of Thermal Biology,	 70(Part	 B),	 27–36.	 https://doi.org/10.1016/j.
jtherbio.2017.10.009

Baker,	C.	R.	B.	 (1991).	The	validation	and	use	of	a	 life‐cycle	simulation	
Model	 for	 risk	 assessment	of	 insect	 pests.	Bulletin OEPP,	21,	 615–
622.	https://doi.org/10.1111/j.1365‐2338.1991.tb01295.x

Beaumont,	 J.	 L.,	 Hughes,	 L.,	 &	 Poulsen,	 M.	 (2005).	 Predicting	 spe‐
cies	 distributions:	 Use	 of	 climate	 parameters	 in	 BIOCLIM	 and	 its	
impact	 on	 predictions	 of	 species	 current	 and	 future	 distribution.	
Ecological Modelling,	 86,	 250–269.	 https://doi.org/doi:10.1016/j.
ecolmodel.2005.01.030

Blackman,	R.	L.,	&	Eastop,	V.	F.	 (2000).	Aphids on the World's Crops: An 
identification and information guide.	2nd	ed.	(Revised),	Chichester,	UK:	
John	Wiley	and	Sons	Ltd.

Briere,	J.	F.,	Pracros,	P.,	Le	Roux,	A.	Y.,	&	Pierre,	J.	S.	(1999).	A	novel	rate	
model	 of	 temperature‐dependent	 development	 for	 arthropods.	
Environmental Entomology,	 28(1),	 22–29.	 https://doi.org/10.1093/
ee/28.1.22

Brodeur,	 J.,	 Boivin,	 G.,	 Bourgeois,	 G.,	 Cloutier,	 C.,	 Doyon,	 J.,	 Grenier,	
P.,	 &	 Gagnon,	 A.‐È.	 (2013).	 Impact	 des	 changements	 climatiques	
sur	 le	 synchronisme	entre	 les	 ravageurs	et	 leurs	ennemis	naturels:	
conséquences	sur	 la	 lutte	biologique	en	milieu	agricole	au	Québec.	
OURANOS:	Fond	vert	Québec.	17–18.

Brown,	 J.	 H.,	 Gillooly,	 J.	 F.,	 Allen,	 A.	 P.,	 Savage,	 V.	M.,	 &	West,	 G.	 B.	
(2004).	 Toward	 a	metabolic	 theory	 of	 ecology.	 Ecology,	85,	 1771–
1789.	https://doi.org/10.1890/03‐9000

Campbell,	 A.,	 Frazer,	 B.	 D.,	 Gilbert,	 N.,	 Gutierrez,	 A.	 P.,	 &	 Mackauer,	
M.	 (1974).	 Temperature	 requirements	 of	 some	 aphids	 and	 their	
parasites.	 Journal of Applied Ecology,	 11,	 431–438.	 https://doi.
org/10.2307/2402197

Chan,	C.	K.,	Forbes,	A.	R.,	&	Raworth,	D.	A.	 (1991).	Aphid‐transmitted	
viruses	 and	 their	 vectors	 of	 the	 world.	 Agric. Canada Res. Branch 
Technical bulletin,	216,	184–186.

Christelle,	L.	(2007).	Dynamique	d'un	système	hôte‐parasitoïde	en	envi‐
ronnement	spatialement	hétérogène	et	lutte	biologique	Application	
au	puceron	Aphis	gossypii	et	au	parasitoïde	Lysiphlebus	testaceipe	
en	 serre	 de	 melons.	 Thèse	 Doctorat.,	 Agro	 Paris	 Tech,	 Paris,	 pp.	
43–44.

Curry,	G.	L.,	Feldman,	R.	M.,	&	Smith,	K.	C.	(1978).	Stochastic	model	for	
a	temperature‐dependent	population.	Theoretical Population Biology,	
13,	197–213.	https://doi.org/10.2307/2531289

David,	J.	R.,	Gibert,	P.,	Gravot,	E.,	Petavy,	G.,	Morin,	J.‐P.,	Karan,	D.,	&	
Moreteau,	B.	(1997).	Phenotypic	plasticity	and	developmental	tem‐
perature	in	Drosophila:	Analysis	and	significance	of	reaction	norms	
of	morphometrical	traits.	Journal of Thermal Biology,	22(6),	441–451.	
https://doi.org/10.1016/S0306‐4565(97)00063‐6

DeLoach,	 C.	 J.	 (1974).	 Rate	 of	 increase	 of	 populations	 of	 cabbage,	
green	 peach,	 and	 turnip	 aphids	 at	 constant	 temperatures.	 Annals 
of the Entomological Society of America,	 67,	 332–340.	 https://doi.
org/10.1093/aesa/67.3.332

http://orcid.org/0000-0001-8629-6954
http://orcid.org/0000-0001-8629-6954
http://orcid.org/0000-0001-8629-6954
https://doi.org/10.1093/icb/44.6.498
https://doi.org/10.1093/icb/44.6.498
https://doi.org/10.1016/j.jtherbio.2017.10.009
https://doi.org/10.1016/j.jtherbio.2017.10.009
https://doi.org/10.1111/j.1365-2338.1991.tb01295.x
https://doi.org/doi:10.1016/j.ecolmodel.2005.01.030
https://doi.org/doi:10.1016/j.ecolmodel.2005.01.030
https://doi.org/10.1093/ee/28.1.22
https://doi.org/10.1093/ee/28.1.22
https://doi.org/10.1890/03-9000
https://doi.org/10.2307/2402197
https://doi.org/10.2307/2402197
https://doi.org/10.2307/2531289
https://doi.org/10.1016/S0306-4565(97)00063-6
https://doi.org/10.1093/aesa/67.3.332
https://doi.org/10.1093/aesa/67.3.332


     |  11831SOH et al.

de	Mendiburu,	F.	(2017).	Agricolae	tutorial	(Version	1.2‐8).
Eaton,	 A.	 (2009).	 Aphids. Cooperative Extension Entomology Specialist. 

University	of	New	Hampshire	(UNH).
Ellis,	P.	R.,	&	Farrell,	J.	A.	(1995).	Resistance	to	cabbage	aphid	(Brevicoryne 

brassicae)	 in	 six.	 Zealand Journal of Crop and Horticultural Science,	
23(1),	25–29.	https://doi.org/10.1080/01140671.1995.9513864

Fand,	B.	B.,	Tonnang,	H.	E.	Z.,	Kumar,	M.,	Kamble,	A.	L.,	&	Bal,	S.	K.	(2014).	
A	temperature‐	based	phenology	model	for	predicting	development,	
survival	and	population	growth	potential	of	the	mealybug,	Phenacoccus 
solenopsis	Tinsley	(Hemiptera:	Pseudococcidae).	Crop Protection.,	55,	
98–108.	https://doi.org/10.1016/j.cropro.2013.10.020

Fathipour,	Y.,	Hosseini,	A.,	Talebi,	A.	A.,	Moharamipour,	S.,	&	Asgari,	S.	H.	
(2005).	 Effects	of	different	 temperatures	on	biological	 parameters	
of	cabbage	aphid,	brevicoryne brassicae	(horn.,	aphididae).	Agriculture 
and Natural Resources,	9(2),	185–194.

Fathipour,	 Y.,	 Hosseini,	 A.,	 Talebi,	 A.	 A.,	 &	Moharramipour,	 S.	 (2006).	
Functional	 response	 and	 mutual	 interference	 of	Diaeretiella rapae 
(Hymenoptera:	 Aphidiidae)	 on	 Brevicoryne brassicae	 (Homoptera:	
Aphididae).	Entomologica Fennica,	17,	90–97.

Fischer,	K.,	&	Karl,	I.	 (2010).	Exploring	plastic	and	genetic	responses	to	
temperature	variation	using	copper	butterflies.	Climate Research.,	43,	
17–30.	https://doi.org/10.3354/cr00892

Fletcher,	M.	G.,	Axtell,	R.	C.,	&	Stinner,	R.	E.	 (1990).	Longevity	and	fe‐
cundity	of	musca domestica	(diptera:	Muscidae)	as	a	function	of	tem‐
perature.	Journal of Medical Entomology,	27(5),	922–926.	https://doi.
org/10.1093/jmedent/27.5.922

Gabrys,	B.	 J.,	Gadomski,	H.	 J.,	 Klukowski,	 Z.,	 Pickett,	 J.	A.,	 Sobota,	G.	
T.,	Wadhams,	 L.	 J.,	 &	Woodcock,	 C.	M.	 (1997).	 Sex	 pheromone	 of	
cabbage	aphid	Brevicoryne brassicae:	Identification	and	field	trapping	
of	male	aphids	and	parasitoids.	Journal of Chemical Ecology,	23,	1881–
1890.	https://doi.org/10.1023/B:JOEC.0000006457.28372.48

Gia,	M.	H.,	&	Andrew,	N.	R.	 (2015).	Performance	of	the	cabbage	aphid	
Brevicoryne brassicae	 (Hemiptera:	 Aphididae)	 on	 canola	 varieties.	
General and Applied Entomology,	43,	11.

Govindasamy,	B.,	Duffy,	P.	B.,	&	Coquard,	J.	(2003).	High‐resolution	sim‐
ulations	of	 global	 climate,	 part	 2:	 Effects	 of	 increased	 greenhouse	
gases.	 Climate Dynamics,	 21,	 391–404.	 https://doi.org/10.1007/
s00382‐003‐0340‐6

Gupta,	M.	K.	(2014).	Influence	of	temperatures	on	life	table	of	Brevicoryne 
brassicae	 Linneaus,	 1758.	Annals of Plant protection Sciences,	22(2),	
249–252.	https://doi.org/10.1093/jisesa/ieu146

Hijmans,	R.	J.,	Cameron,	S.	E.,	Parra,	J.	L.,	Jones,	P.	G.,	&	Jarvis,	A.	(2005).	
Very	 high	 resolution	 interpolated	 climate	 surfaces	 for	 global	 land	
areas.	 International Journal of Climatology.,	25,	 1965–1978.	 https://
doi.org/10.1002/joc.1276

Hines,	R.	L.,	&	Hutchison,	W.	D.	(2013).	Cabbage aphids. Vegedge, vegetable 
IPM resource for the Midwest.	Minneapolis,	MN:	University	of	Minnesota.

Hoseini,	A.,	Fathipour,	Y.,	&	Talebi,	A.	A.	(2003).	The	comparison	of	stable	
population	 parameters	 of	 cabbage	 aphid	Brevicoryne brassicae	 and	
its	parasitoid	Diaeretiella rapae. Iran journal of Agricultural Research,	
34,	785–790.

IPCC	 (2014).	Approaches	 to	 climate	 change	mitigation.	 In	M.	 L.	 Parry,	
O.	 F.	 Canziani,	 J.	 P.	 Palutik,	 P.	 J.	 van	 der	 Linden,	 &	 C.	 E.	 Hanson	
(Eds.),	Climate Change‐ Impacts, Adaptation and Vulnerability	(p.	976).	
Cambridge,	UK:	Cambridge	University	Press.

Janisch,	 E.	 (1932).	 The	 influence	 of	 temperature	 on	 the	 life	 history	 of	
insects.	Transactions of the Entomological Society of London,	80,	137–
168.	https://doi.org/10.1111/j.1365‐2311.1932.tb03305.x

Jarvis,	C.	H.,	&	Baker,	R.	H.	A.	 (2001).	Risk	 assessment	 for	nonindige‐
nous	pests:	1.	Mapping	the	outputs	of	phenology	models	to	assess	
the	likelihood	of	establishment. Diversity &. Distribution,	7,	237–248.	
https://doi.org/10.1046/j.1366‐9516.2001.00113.x

Kessing,	J.	L.	M.,	&	Mau,	R.	F.	L.	(1991).Cabbage aphid, Brevicoryne brassi‐
cae (Linnaeus),	Honolulu,	Hawaii:	Crop	Knowledge	Master.

Khadioli,	 N.,	 Tonnang,	 H.	 E.	 Z.,	 Ong'amo,	 G.,	 Achia,	 T.,	 Kipchirchir,	 I.,	
&	Kroschel,	 J.	 (2014).	Effect	of	 temperature	on	 the	 life	history	pa‐
rameters	 of	 noctuid	 lepidopteran	 stem	 borers	 Busseola fusca	 and	
Sesamia calamistis. Annals of Applied Biology,	165,	373–386.	https://
doi.org/10.1111/aab.12157

Khattak,	S.	U.,	Hameed,	A.	U.,	Khan,	A.	Z.,	&	Farid.,	A.	(2002).	Pesticidal	
control	of	rapeseed	aphid,	Brevicoryne brassicae	L.	Pakistan journal of 
zoology,	34,	222–228.

Kindlmann,	P.,	&	Dixon,	A.	F.	G.	(1989).	Development	constraints	in	the	
evolution	of	 reproductive	 strategies:	Telescoping	of	generations	 in	
parthenogenetic	aphids.	Functional Ecology,	3,	531–537.	https://doi.
org/10.2307/2389567

Kocourek,	F.,	Havelka,	J.,	Berankova,	J.,	&	Jarosik,	V.	(1994).	Effect	of	tem‐
perature	on	development	rate	and	intrinsic	rate	of	 in‐crease	of	Aphis 
gossypii	reared	on	greenhouse	cucumbers.	Entomologia Experimentalis 
et Applicata,	71(1),	 59–64.	 https://doi.org/10.1111/j.1570‐7458.1994.
tb01769.x

Kroschel,	J.,	Sporleder,	J.,	Tonnang,	H.	E.	Z.,	Juarez,	H.,	Carhuapoma,	J.	
C.,	 &	 Simon,	 R.	 (2013).	 Predicting	 climate‐change‐caused	 changes	
in	 global	 temperature	on	potato	 tuber	moth	Phthorimaea opercule‐
lla	 (Zeller)	 distribution	 and	 abundance	 using	 phenology	 modeling	
and	GIS	mapping.	Agricultural and Forest Meteorology,	170,	228–241.	
https://doi.org/10.1016/j.agrformet.2012.06.017

Legaspi,	J.	C.,	&	Legaspi,	B.	C.	Jr	(2007).	Bioclimatic	model	of	the	spined	
soldier	 bug	 (Heteroptera,	 Pentatomidae)	 using	CLIMEX:	 Testing	
model	predictions	at	 two	spatial	 scales.	Journal of Entomological 
Science,	 42,	 533–547.	 https://doi.org/18474/0749‐8004‐42. 
4.533

Logan,	 J.	 A.,	Wollkind,	D.	 J.,	Hoyt,	 S.	 C.,	 &	 Tanigoshi,	 L.	 K.	 (1976).	 An	
analytic	model	for	description	of	temperature	dependent	rate	phe‐
nomena	 in	arthropods.	Environmental Entomology,	5(6),	1133–1140.	
https://doi.org/10.1093/ee/5.6.1133

Maremela,	 M.,	 Tiroesele,	 B.,	 Obopile,	 M.,	 &	 Tshegofatso,	 A.	 B.	
(2013).	Effects	of	Brassica	cultivar	on	population	growth	and	life	
table	 parameters	 of	 the	 Cabbage	 aphid,	Brevicoryne brassicae	 L	
(Hemiptera:	 Aphididae).	 Journal of the Entomological Research,	
37(2),	95–100.

Markkula,	 M.	 (1953).	 Biologisch	 kologische	 Untersuchungen	 Ÿber	 die	
Kohlblattlaus,	 Brevicoryne brassicae	 (L.)	 (Hem.,	 Aphididae).	 Siiomal. 
elinja kasvit. Seur. van. kasvit. Julk.,	15,	1–113.

Mujica,	N.,	Sporleder,	M.,	Carhuapoma,	P.,	&	Kroschel,	J.	(2017).	A	tem‐
perature‐dependent	 phenology	 model	 for	 Liriomyza huidobrensis 
(Diptera:	Agromyzidae).	Journal of Economic Entomology,	110,	1333–
1344.	https://doi.org/10.1093/jee/tox067

Nietschke,	B.	S.,	Magarey,	R.	D.,	Borchert,	D.	M.,	Calvin,	D.	D.,	&	Jones,	
E.	 (2007).	 A	 developmental	 database	 to	 support	 insect	 phenology	
models.	Crop Protection,	26,	 1444–1448.	 https://doi.org/10.1016/j.
cropro.2006.12.006

Peacock,	L.,	&	Worner,	S.	(2006).	Using	analogous	climates	and	global	in‐
sect	pest	distribution	data	to	identify	potential	sources	of	new	inva‐
sive	insect	pests	in	New	Zealand.	New Zeeland Journal of Entomology 
and Zoology,	33,	141–145.	https://doi.org/10.1080/03014223.2006.
9518438

Pigliucci,	M.,	Murren,	C.	J.,	&	Schlichting,	C.	D.	(2006).	Phenotypic	plas‐
ticity	and	evolution	by	genetic	assimilation.	Journal of Experimental 
Biology,	209,	2362–2367.	https://doi.org/10.1242/jeb.02070

Pontoppidan,	 B.,	 Hopkins,	 R.,	 Rask,	 L.,	 &	Meijer,	 J.	 (2003).	 Infestation	
by	 cabbage	 aphid	 (Brevicoryne brassicae)	 on	 oilseed	 rape	 (Brassica 
napus)	 causes	 a	 long‐lasting	 induction	 of	 the	 myrosinase	 system.	
Entomologia Experimentalis et Applicata,	 109(1),	 55–62.	 https://doi.
org/10.1046/j.1570‐7458.2003.00088.x

Porter,	J.	H.,	Parry,	M.	L.,	&	Carter,	T.	R.	(1991).	The	potential	effects	of	climatic	
change	on	agricultural	insect	pests.	Agricultural and Forest Meteorology,	
57,	221–240.	https://doi.org/10.1016/0168‐1923(91)90088‐8

https://doi.org/10.1080/01140671.1995.9513864
https://doi.org/10.1016/j.cropro.2013.10.020
https://doi.org/10.3354/cr00892
https://doi.org/10.1093/jmedent/27.5.922
https://doi.org/10.1093/jmedent/27.5.922
https://doi.org/10.1023/B:JOEC.0000006457.28372.48
https://doi.org/10.1007/s00382-003-0340-6
https://doi.org/10.1007/s00382-003-0340-6
https://doi.org/10.1093/jisesa/ieu146
https://doi.org/10.1002/joc.1276
https://doi.org/10.1002/joc.1276
https://doi.org/10.1111/j.1365-2311.1932.tb03305.x
https://doi.org/10.1046/j.1366-9516.2001.00113.x
https://doi.org/10.1111/aab.12157
https://doi.org/10.1111/aab.12157
https://doi.org/10.2307/2389567
https://doi.org/10.2307/2389567
https://doi.org/10.1111/j.1570-7458.1994.tb01769.x
https://doi.org/10.1111/j.1570-7458.1994.tb01769.x
https://doi.org/10.1016/j.agrformet.2012.06.017
https://doi.org/18474/0749-8004-42.4.533
https://doi.org/18474/0749-8004-42.4.533
https://doi.org/10.1093/ee/5.6.1133
https://doi.org/10.1093/jee/tox067
https://doi.org/10.1016/j.cropro.2006.12.006
https://doi.org/10.1016/j.cropro.2006.12.006
https://doi.org/10.1080/03014223.2006.9518438
https://doi.org/10.1080/03014223.2006.9518438
https://doi.org/10.1242/jeb.02070
https://doi.org/10.1046/j.1570-7458.2003.00088.x
https://doi.org/10.1046/j.1570-7458.2003.00088.x
https://doi.org/10.1016/0168-1923(91)90088-8


11832  |     SOH et al.

R	Core	Team	(2018).	R: A language and environment for statistical comput‐
ing.	Vienna,	Austria:	R	Foundation	for	Statistical	Computing.	https://
www.R‐project.org

Régnière,	J.,	Powell,	J.,	Bentz,	B.,	&	Nealis,	V.	(2012).	Effects	of	temperature	
on	development,	survival	and	reproduction	of	insects:	Experimental	
design,	data	analysis	and	modeling.	Journal of Insect Physiology,	58,	
634–647.	https://doi.org/10.1016/j.jinsphys.2012.01.010

Roltsch,	 W.	 J.,	 Mayse,	 M.	 A.,	 &	 Clausen,	 K.	 (1990).	 Temperature‐de‐
pendent	 development	 under	 constant	 and	 fluctuating	 tempera‐
tures:	 Comparison	 of	 linear	 versus	 nonlinear	 methods	 for	 model‐
ing	 development	 of	 western	 rape	 leaf	 skeletonizer	 (Lepidoptera:	
Zygaenidae).	 Environmental Entomology,	 19(6),	 1689–1697.	 https://
doi.org/10.1093/ee/19.6.1689

Rustamani,	M.	A.,	Qamikhani,	U.	F.,	Munshi,	G.	H.,	&	Chutto,	A.	B.	(1988).	
Efficacy	of	different	insecticides	against	mustard	aphid,	Brevicoryne 
brassicae	L.	Sarhad Journal of Agriculture,	4,	659–664.

Satar,	S.,	Kerstng,	U.,	&	Ulusoy,	M.	R.	(2005).	Temperature	dependent	life	
history	traits	of	Brevicoryne brassicae	(L.)	(Hom.,	Aphididae)	on	white	
cabbage.	Turkish Journal of Agriculture and Forestry,	29(5),	341–346.

Sharpe,	P.	J.	H.,	Curry,	G.	L.,	DeMichele,	D.	W.,	&	Cole,	C.	L.	(1977).	Distribution	
model	of	organism	development	times.	Journal of Theoretical Biology,	66,	
21–38.	https://doi.org/10.1016/0022‐5193(77)90309‐5

Sharpe,	 P.	 J.,	&	DeMichele,	D.	W.	 (1977).	 Reaction	 kinetics	 of	 poikilo‐
therm	 development.	 Journal of Theoretical Biology,	64(4),	 649–670.	
https://doi.org/10.1016/0022‐5193(77)90265‐X

Smith,	 R.	 G.	 (1999).	 Wax	 glands,	 wax	 production	 and	 the	 functional	
significance	 of	 wax	 use	 in	 three	 aphid	 species	 (Homoptera:	
Aphididae).	 Journal of Natural History,	 33,	 513–530.	 https://doi.
org/10.1080/002229399300227

Southwood,	 T.,	 &	 Henderson,	 A.	 (2000).	 Ecological methods	 (p.	 565).	
Oxford,	UK:	Black‐well	Science	Ltd.

Sporleder,	 M.,	 Kroschel,	 J.,	 Quispe,	 M.	 R.	 G.,	 &	 Lagnaoui,	 A.	 (2004).	
A	 temperature‐based	 simulation	 model	 for	 the	 potato	 tuber	
worm,	 Phthorimaea operculella	 Zeller	 (Lepidoptera;	 Gelechiidae).	
Environmental Entomology,	 33(3),	 477–486.	 https://doi.
org/10.1603/0046‐225X‐33.3.477

Sporleder,	M.,	Schaub,	B.,	Aldana,	G.,	&	Kroschel,	J.	(2017).	Temperature‐
dependent	 phenology	 and	 growth	 potential	 of	 the	Andean	 potato	
tuber	 moth,	 Symmetrischema	 tangolias	 (Gyen)	 (Lep.,	 Gelechiidae).	
Journal of Applied Entomology,	 141(3),	 202–218.	 https://doi.
org/10.1111/jen.12321

Sporleder,	M.,	Simon,	R.,	Juarez,	H.,	&	Kroschel,	J.	(2008).	Regional	and	
seasonal	forecasting	of	the	potato	tuber	moth	using	a	temperature‐
driven	 phenology	 model	 linked	 with	 geographic	 information	 sys‐
tems.	In	J.	Kroschel	&	L.	Lacey	(Eds.),	Integrated Pest management for 
the Potato Tuber Moth, Phthorimaea operculella Zeller±a Potato Pest of 
Global Importance	(pp.	15–30).	Tropical	Agriculture	20,	Advances	in	
Crop	Research	10.	Weikersheim,	Germany:	Margraf	Publishers.

Stinner,	R.	E.,	Gutierrez,	A.	P.,	&	Butler,	G.	D.	(1974).	An	algorithm	for	tem‐
perature‐dependent	growth	rate	simulation.	Canadian Entomologist,	
106,	519–524.	https://doi.org/10.4039/Ent106519‐5

Sutherst,	 R.	 W.,	 &	 Maywald,	 G.	 (2005).	 A	 climate	 model	 of	 the	
red	 imported	 fire	 ant,	 Solenopsis invicta	 Buren	 (Hymenoptera:	
Formicidae):	 Implications	 for	 invasion	 of	 new	 regions,	 particularly	
Oceania.	 Environmental Entomology,	 34(2),	 317–335.	 https://doi.
org/10.1603/0046‐225X‐34.2.317

Tanga,	C.	M.,	Khamis,	F.	M.,	Tonnang,	H.	E.	Z.,	Rwomushana,	I.,	Mosomtai,	
G.,	Mohamed,	S.,	&	Ekesi,	S.	(2018).	Risk	assessment	and	spread	of	
the	potentially	invasive	Ceratitis	rosa	Karsch	and	Ceratitis	quilicii	De	
Meyer,	Mwatawala	&	Virgilio	sp.	Nov.	using	life‐cycle	simulation	mod‐
els:	Implications	for	phytosanitary	measures	and	management.	PLoS 
One,	13,	e0189138.	https://doi.org/10.1371/journal.pone.0189138

Tazerouni,	 Z.,	 &	 Talebi,	 A.	 A.	 (2014).	 Temperature‐dependent	 life	 his‐
tory	 of	 Sipha maydis	 (Hemiptera:	 Aphididae)	 on	 wheat.	 Journal of 
Plant Protection Research,	54(4),	 374–382.	 https://doi.org/10.2478/
jppr‐2014‐0056

Tonnang,	E.	Z.	H.,	Juarez,	H.,	Carhuapoma,	P.,	Gonzales,	J.	C.,	Mendoza,	D.,	
Sporleder,	M.,	…	Kroschel,	J.	 (2013).	 ILCYM‐Insect life cycle modeling. A 
software package for developing temperature‐based insect Phenology 
Modèles with applications for local, regional and global analysis of insect 
population and mapping	(pp.	193).	Lima,	Peru:	International	Potato	Center.

Trnka,	M.,	Muška,	F.,	Semerádová,	D.,	Dubrovský,	M.,	Kocmánková,	E.,	
&	Žalud,	Z.	 (2007).	European	corn	borer	 life	stage	model:	Regional	
estimates	of	pest	development	and	spatial	distribution	under	present	
and	 future	 climate.	Ecological Modelling,	207(2),	 61–84.	 https://doi.
org/10.1016/j.ecolmodel.2007.04.014

Venette,	R.	C.,	Kriticos,	D.	J.,	Magarey,	R.	D.,	Koch,	F.	H.,	Baker,	R.	H.	A.,	
Worner,	S.	P.,	…	Pedlar,	J.	(2010).	Pest	risk	maps	for	invasive	alien	spe‐
cies:	A	roadmap	for	improvement.	BioScience,	60,	349–362.	https://
doi.org/10.1525/bio.2010.60.5.5

Wang,	R.,	Lan,	Z.,	&	Ding,	Y.	(1982).	Studies	on	mathematical	models	of	
the	relationship	between	insect	development	and	temperature.	Acta 
Ecologica Sinica,	2,	47–57.

Whitman,	D.	W.,	&	Agrawal,	A.	A.	(2009).	What	is	phenotypic	plasticity	
and	why	is	it	important?	In	D.	W.	Whitman	&	T.	N.	Ananthakrishnan	
(Eds.),	Phenotypic plasticity of insects	(pp.	1–63).	Science	Publishers.

How to cite this article:	Soh	BSB,	Kekeunou	S,	Nanga	Nanga	S,	
Dongmo	M,	Hannah	R.	Effect	of	temperature	on	the	biological	
parameters	of	the	cabbage	aphid	Brevicoryne brassicae. Ecol 
Evol. 2018;8:11819–11832. https://doi.org/10.1002/ece3.4639

https://www.R-project.org
https://www.R-project.org
https://doi.org/10.1016/j.jinsphys.2012.01.010
https://doi.org/10.1093/ee/19.6.1689
https://doi.org/10.1093/ee/19.6.1689
https://doi.org/10.1016/0022-5193(77)90309-5
https://doi.org/10.1016/0022-5193(77)90265-X
https://doi.org/10.1080/002229399300227
https://doi.org/10.1080/002229399300227
https://doi.org/10.1603/0046-225X-33.3.477
https://doi.org/10.1603/0046-225X-33.3.477
https://doi.org/10.1111/jen.12321
https://doi.org/10.1111/jen.12321
https://doi.org/10.4039/Ent106519-5
https://doi.org/10.1603/0046-225X-34.2.317
https://doi.org/10.1603/0046-225X-34.2.317
https://doi.org/10.1371/journal.pone.0189138
https://doi.org/10.2478/jppr-2014-0056
https://doi.org/10.2478/jppr-2014-0056
https://doi.org/10.1016/j.ecolmodel.2007.04.014
https://doi.org/10.1016/j.ecolmodel.2007.04.014
https://doi.org/10.1525/bio.2010.60.5.5
https://doi.org/10.1525/bio.2010.60.5.5
https://doi.org/10.1002/ece3.4639

