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Abstract The cotton bollworm Helicoverpa armigera is a
destructive pest that affects a variety of crop plants.
Because of its polyphagous feeding habit, mobility as
adults, and high fecundity, the expanding infestations of H.
armigera in different crops have caused economic losses
and difficulties for pest population management. In Brazil,
a sequence of different crop systems in the same area and
crop rotation during the year can create a spatio-temporal
mosaic of crops where H. armigera can persist. However,
the consequences of the simultaneous and/or alternating
presence of host plants for H. armigera populations
through generations are unknown. In this study, we simu-
lated, in the laboratory, hypothetical situations for the
availability of soybean and cotton crops in the landscape.
We evaluated the effects of: (1) the number of generations
during which a population feeds on a host-plant species; (2)
the succession of host-plant species on which populations
have fed for two generations; and (3) the parental host plant
on the fitness of H. armigera populations. Only the current
host plant on which larvae fed affected the performance of
the H. armigera populations. Decrease of mortality rates
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during the immature period was slowed when the larvae
fed on soybean. The lowest value of reproductive potential
(Rp) was found for individuals originating from mating
between females and males reared in cotton. Our results
indicated that pest-management and biological-control
plans for H. armigera should be developed on a regional
scale rather than for just a specific crop area.

Keywords Offspring fitness - Parental diet effects - Life
table - Polyphagy

Key message

e At heterogeneous agricultural landscapes, the pool of
migrant adults of Helicoverpa armigera, a polyphagous
pest, consists of individuals with different degrees of
fitness, resulting from their development on different
host plants.

e The consequences of soybean and cotton available
simultaneous or alternately over two generations were
analyzed at laboratory conditions, aiming to evaluate
the consequences of host-plant succession on popula-
tions’ fitness.

e The fitness was lowest for populations reared succes-
sively for two generations in cotton.

Introduction

The cotton bollworm Helicoverpa armigera (Hiibner)
(Lepidoptera: Noctuidae), one of the most serious insect
pests in Europe, Africa, Asia, and Australasia (Fitt 1989;
Zalucki et al. 1994), was recently reported to damage

@ Springer
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several crops in South America (Czepak et al. 2013; Murta
et al. 2014; Tay et al. 2013; Kriticos et al. 2015). Because of
its polyphagous feeding habit, mobility as adults, and high
fecundity, the expansion of infestations of H. armigera in a
variety of agricultural crops has caused economic losses and
difficulties for pest population management (Fitt 1989;
Zalucki et al. 1994; Tay et al. 2013; Kriticos et al. 2015).

In Brazil, since an outbreak of H. armigera in
2013-2014, studies have examined the possible causes for
its rapid spread and damage caused to a variety of crop
systems in the country (Mastrangelo et al. 2014; Reigada
et al. 2016; Sosa-Gomez et al. 2014). The agricultural
landscape in Brazil is characterized mainly by annual
cropping systems. The sequence of crop varieties in the
same region creates a spatio-temporal mosaic of crops
where H. armigera can survive and persist, exploiting
different host plants during the year, in a metapopulation
dynamic at a landscape scale (Hanski 1999). Populations of
H. armigera on neighboring crops can colonize recently
planted areas, enabling H. armigera to persist year-round
by using different host plants grown in different periods
(Kennedy and Storer 2000; Feng et al. 2010).

The host-plant species and the period when they are
available for pest populations are important factors in
triggering population increases and outbreaks (Lu and Xu
1998). Host plants have direct impacts on H. armigera
development, survivorship and reproduction (Liu et al.
2004; Reigada et al. 2016; Naseri et al. 2014). The relative
fitness of H. armigera populations on different host plants
can lead to different local population dynamics, since the
longevity, fecundity and survival rates can differ according
to the host plant on which the larvae feed (Liu et al. 2004;
Reigada et al. 2016).

Studies based on life tables of H. armigera on different
host plants have demonstrated the relative contribution of
host plants to individual fitness and to population bio-de-
mographic parameters (Liu et al. 2004; Naseri et al. 2014).
However, in these studies, interpretations of the effects of
host plants were based on the responses of a group of indi-
viduals reared on the same host-plant species, and the eval-
uations were made for only one generation. Because adults of
H. armigera can move hundreds of kilometers between dif-
ferent areas and crop host plants, and the moths may invade
from distant or nearby fields (Fitt 1989), it is more realistic to
consider the effects of different host plants on a single pop-
ulation. The pool of migrant adults in the landscape and the
risk of outbreaks are consequences of the moth population
composed of individuals with different degrees of fitness,
resulting from their development on different host plants.
The effects of simultaneous temporal presence or successive
availability (i.e. crop rotation) of host plants on the fitness of
H. armigera populations and the consequences over gener-
ations have been neglected in earlier studies.

@ Springer

Soybeans and cotton are economically important crops
in Brazilian agribusiness, comprising, respectively, 31,504
and 1075 million ha of cultivated area in the country
(MAPA 2016). The simultaneous presence or succession of
these two host plants in a common area is frequent in
Brazilian agricultural landscapes. It is expected that pop-
ulations of H. armigera feeding on both host plants con-
tribute to the pool of migrant adults, with important
consequences for survivorship, fecundity and dispersal
potential of the insect pest.

Aiming to understand the consequences of simultaneous
temporal presence or temporal succession of two host
plants in a crop rotation practice for H. armigera popula-
tions, we evaluated the effects of soybean and cotton on H.
armigera populations over two generations. Based on the
hypothetical situations for soybean and cotton availability
in the landscape shown in Fig. 1, we evaluated the effects
of: (1) the number of generations in which a population had
fed on a host-plant species; (2) the succession of host-plant
species on which populations had fed during two genera-
tions; and (3) the host plant of the parental generation.

Materials and methods
Insect colony and plant sources

The host plants cotton (Gossypium hirsutum, ‘FM993) and
soybean (Glycine max, ‘99R01’) were grown under field
conditions at the University of Sdo Paulo—USP/ESALQ,
without pesticides.

A laboratory colony of H. armigera was established
with pupae collected from cowpea crop farms in western
Bahia State (12°5'58”S, 045°47'54"W) from January
through December 2015. The adult moths were reared in
cages made of PVC tubes (14 x 20 cm) closed at the top
with a fine-mesh net, and were allowed to mate. The adult
moths were provided with a 10% honey solution. The eggs
were collected from the net every 48 h. After hatching, the
larvae were reared on an artificial diet (Greene et al. 1976)
at 25 °C with a photoperiod of 14 L:10 D. The insects to be
tested on the different host plants were reared for at least
five generations on the artificial diet, to prevent any
influence of the host used for the source colony (i.e., pre-
imaginal conditioning).

Populations studied

The populations were defined by groups composed of
offspring from different combinations of matings between
individuals reared on soybean and/or cotton. Thus, the
groups of larvae obtained from the laboratory colony
reared on soybean and cotton were the parental (F)
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Fig. 1 Hypothetical crop arrangements simulated in laboratory
experiments to evaluate the cross-crop effects of soybean (S)-cotton
(C) on bio-demographic factors of Helicoverpa armigera populations.
a Only one host plant contributes to the pool of migrant moths in the
first generation. b The pool of migrant moths (first generation) is

populations S and C, respectively. These larvae were
reared on the respective host plants, and after adult emer-
gence the moths were mated in different combinations to
obtain the F; populations.

The first (F,) generation was composed of “pure”
populations, i.e. those derived from mating between
females and males reared on the same host plant, and of
“mixed” populations, i.e. those derived from mating
between females and males reared on different host plants.
The experimental design is shown in Fig. 2. The charac-
teristics of each population were as follows.

Parental populations—S and C (F)

Initially, 2000 neonate larvae from the laboratory colony
were divided into two groups (Fig. 2-I): (1) population S:
1000 larvae reared on soybean, and (2) population C: 1000
larvae reared on cotton. Neonate larvae were reared in
groups of 50 in Petri dishes (15 x 2 cm) until the third
instar, when they were placed individually in smaller Petri
dishes (6 x 2 cm) to prevent cannibalism. Leaves and
pods were offered for larvae reared on soybean; and for
those reared on cotton, leaves and cotton bolls were
offered. The leaves and plant structures were changed each
day until pupation. After 24 h, the pupae were weighed and
separated by sex (Butt and Cantu 1962). Individual insects
were checked daily, and the survival, pupal weight, dura-
tion of the immature stages, and pupal period were
recorded.

First generation 1 Second generation |
| | |

composed of individuals that were reared on two host-plant species
available simultaneously in the landscape. In (a, b) the moths have the
same or a different (crop rotation) host plant available to develop their
offspring (second generation)

After the adults emerged, S and C males and females
were mating according to experimental design described in
Fig. 2-1I. The moths were placed in plastic containers
supplied with a 10% honey solution (one pair per con-
tainer). For each mating combinations, there were 25 moth
couples. Eggs were collected from each cage daily, until
the females died. For each mating combination (i.e. SS,
SC, CC, CS), the hatched larvae obtained from the second
laying of eggs were placed in groups in a common Petri
dish. The larvae were reared in groups of 50 in Petri dishes
(15 x 2 cm) until the third instar, when they were sepa-
rated in individual small Petri dishes (6 x 2 cm) to prevent
cannibalism. The group of newly hatched larvae from
second laying of eggs of each mate population was used to
initiate F; studied populations, as described in the next two
sections. The mortality, longevity, and fecundity of each
mating pair were determined. To ensure that the female
moths had mated, after they died, they were dissected and
examined for the presence of spermatophores in the bursa
copulatrix (Liu et al. 2004). The eggs were maintained in
plastic containers at 25 °C for 5 days to evaluate the
hatching rates. Egg viability was estimated from the pro-
portion of hatched larvae out of the total number of eggs
laid during the female’s lifespan.

Pure populations-SSS, SSC, CCC, CCS (F,)
Newly hatched larvae (F) resulting from mating between

females and males from the parental population (F) reared

@ Springer



J Pest Sci

F, Populations

(I) [ [ame—— o
Larvae
S C
3 o),
" Qe e e e
Adult mating SxS SxC CxC CxS
F, Populations
(1) 17OP
LAIVAE e e
s o e o o e e crmme come
5SS SSC sCs scc ccs e css  CsC
= soybean = cotton food @ = soybean @ = cotton @ = mixed
food source source population population population

Fig. 2 Experimental diagram showing how the different populations
of Helicoverpa armigera were obtained in this study: (/) S and C
populations represented larvae (F,) obtained from the laboratory
colony and reared on soybean or cotton, respectively; (II) After adult
emergence, female and male moths (F;) were paired in different
mating combinations. Pure populations were established from

on soybean (S) were separated into two groups (Fig. 2-I1I):
(1) SSS (n = 303), in which the larvae continued to feed
on soybean; and (2) SSC (n = 402), in which the larvae fed
on cotton. Similarly, newly hatched larvae (F;) resulting
from matings between females and males from the parental
population (Fy) reared on cotton (C) were separated into
two groups: (1) CCC (n = 348), in which the larvae con-
tinued to feed on cotton; and (2) CCS (n = 300), in which
the larvae fed on soybean. Individual insects were observed
daily, and the survival, pupal weight, and durations of the
immature stages and the pupal period were recorded.

Mixed populations-SCS, SCC, CSC, CSS (F,)

Newly hatched larvae (F;) resulting from matings between
females and males of both parental populations S and C
(F) comprised the mixed populations (F;). Two groups of
mixed populations, one composed by mating S females
with C males, and another group composed by mating C
females with S males (Fig. 2-11I).

Two subgroups of the F; mixed populations that
received females from S populations (S female x C male

@ Springer

matings between males and females that were reared on the same
host plant (S x S or C x C). Mixed populations were established
from matings between males and females that were reared on
different host plants (S x Cor C x S). (/II) Neonate larvae (F) were
reared on soybean (pure: SSS, CCS and mixed: SCS, CSS) or cotton
(pure: SSC, CCC and mixed: SCC, CSC)

parental population—F() were defined: (1) SCS (n = 302),
in which the larvae continued to feed on soybean; and (2)
SCC (n = 445), in which the larvae fed on cotton. Anal-
ogously, two subgroups of the F| mixed populations that
received females from C populations (C female x S male
parental populations—F) were also defined: (1) CSC
(n = 449), in which the larvae continued to feed on cotton;
and (2) CSS (n = 300), in which the larvae fed on soybean.

Data analyses

Survivorship of immatures and development time
of H. armigera over two generations reared
on successive/alternate host plants

The development times of the larval and pupal phases were
analyzed using survival curves, where the means and the
standard errors were estimated from the Kaplan—Meier
estimators (Mantel 1966) of the corresponding functions
for survival and duration for each populations: SSS, SSC,
CCC, CCS, SCS, SCC, CSC and CSS. The means were
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then compared using log-rank tests, with the respective
p values corrected using the Bonferroni method (R soft-
ware, package: survival).

The survivorship curves (proportion of individuals that
were alive) were analyzed by fitting generalized linear
models with binomial error distribution corrected for
overdispersion, including the effects of larval stage (con-
tinuous) and population (8-level factor: SSS, CCC, SSC,
CCS, SCS, CSC, SCC, CSS). Goodness-of-fit was assessed
using half-normal plots with simulation envelopes (Moral
et al. 2016). Reduced models were also fitted to the data in
order to compare model coefficients among populations.
F tests were used to test full versus reduced models. The
pupal weight was analyzed by fitting a linear model con-
sidering the effects of populations (8-level factor: SSS,
CCC, SSC, CCS, SCS, CSC, SCC, CSS) and sex (2-level
factor: male, female) and an analysis of variance table was
produced.

Emergence time, adult longevity, and reproductive
potential of H. armigera adults in parental
populations (Fy)

The effects of the host plant of parental populations (4-
level factor: SS, CC, SC, CS) and sex (2-level factor: male
and female) on the adult longevity were compared using
log-rank tests, with the respective p values corrected using
the Bonferroni method. The number of eggs and egg via-
bility (proportion of viable eggs) data were analyzed by
fitting a generalized linear model with Poisson and bino-
mial error distributions corrected for overdispersion,
respectively, including the effects of the host plant of
parental populations (4-level factor: SS, SC, CC, CS) in the
linear predictor. The significance of the host plant of par-
ental populations effect was assessed through analysis of
deviance tables. Multiple comparisons were performed by
obtaining the 95% confidence intervals for the linear pre-
dictors. The proportion of mated females for the mating
combinations of parental populations was analyzed by fit-
ting a Bernoulli model with the effect of host plant of
parental populations (4-level factor: SS, CC, SC, CS) in the
linear predictor, with its significance assessed through an
analysis of deviance table.

Considering each day as a categorized ordinal variable,
proportional-odds logistic regression models were fitted to
the emergence data, including the effects of sex (2-level
factor: males and females) and host plant (2-level factor:
soybean and cotton) in linear predictor, as well as the
interaction between the factors. The number of days ranged
from 28 to 42, consisting of 15 categories. The significance
of this effect was assessed through likelihood-ratio tests
between the model that included this effect and the null
model, which included only a common intercept. All

statistical analyses were performed in R version 3.3.1 (R
Core Team 2015).

Effects of host plants on fertility life table of
H. armigera parental populations (F)

We evaluated host-plant effects on the reproductive
potential of H. armigera populations considering the pop-
ulations originated from the mating combinations: SS, SC,
CC and CS (Fig. 1-II). The reproductive capacity of these
populations was evaluated using fertility life-tables (Liu
et al. 2004). For each studied population, there were 25
moth couples, as described previously. Eggs were collected
from each cage daily, until the females died. The net
reproductive rate (R,) was calculated as the product of the
survivorship of the immature stages, the proportion of
adults that were female, and the number of eggs laid per
female in each population.

Results

Survivalship of immatures and development time
of H. armigera over two generations reared
on successive/alternate host plants

The mortality rates of immature stages were high in all
populations (ranged from 100% in SSS, CCS and SCC to
71.6% in S populations). Because of the incremental
mortality rates during development, few adults of all
populations were produced (Fig. 3; Table 4 in Appendix).
The survivorship of the parental populations (F) was
higher than that of the F; populations (3> = 76.97, df = 1,
p < 0.001). For F; populations, the decrease of survivor-
ship of individuals fed on soybean was slower during the
immature developmental period (Fig. 3). After performed
statistical analysis to compared the survival curve of pop-
ulations, we looked at the confidence intervals for the
model coefficients and then compared the populations by
fitting a reduced model, merging populations whose coef-
ficients were similar, and testing the full and reduced
model. In this case, we grouped the CCC and SSC popu-
lations, SSS and CSS populations, and CSC and SCC
populations, which yielded F = 1.60 on 6 and 32 df,
p = 0.1801, which means that the full model does not
provide a significantly better model fit to the data and
hence we can group the populations as such. By this form,
the analysis showed that decrease in curves of immature
survivorship was slower in SSS and CSS, followed by CCS
and SCS. Faster decrease of survivorship long to immature
stage was observed in CSC and SCC followed by CCC and
SSC population (F73, = 9.33, p < 0.01).
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Fig. 3 Decrease in curves of immature survivorship of Helicoverpa
armigera populations reared on different host plants. Populations
resulting from mating between males and females that were reared on
the same host plant (pure populations) are represented by circles, and
populations resulting from mating between males and females reared
on different host plants (mixed populations) are represented by
triangles. The parental populations (F,) are represented by squares
(black for soybean and gray for cotton). Filled symbols represent pure
populations (SSS, CCC, SCS and CSC), and open symbols represent
populations reared on different host plants (SSC, CCS, SCC and CSS)
over two generations

The larval and pupal development times varied from 20
to 26.8 and from 13 to 15.3 days, respectively. The mean
total development time of immature stages varied from
33.9 to 42 days (Table 1). Populations reared for only one
generation on soybean (parental populations- S, Fy)
developed faster (y* = 55.1, df = 1, p < 0.001) than those
fed on cotton for one generation (parental population C, Fy)

and host plants over two generations (F; populations)
(Table 1). For the individuals that fed on host plants over
two generations no statistical difference in development
time was found (Table 1).

The pupal weight was influenced by the sex of indi-
viduals (Fjo488 = 9.49, p < 0.001). Overall, male pupae
were heavier than female pupae (Table 1). For the F,
populations fed on cotton, the pupae from pure populations
were heavier than the pupae from mixed populations
(Table 1). Because of the absence of data for F; pure
populations and the overall high mortality of immature
stages, the comparison between pure and mixed population
should be considered with caution.

Emergence time, adult longevity, and reproductive
potential of H. armigera adults in parental
populations (F)

The host plant affected the emergence times of both male
and female moths (interaction between sex and host plant
effect: Xz =218, df =1, p = 0.1397; sex main effect:
> =7291, df = 1, p < 0.0001; host plant main effect:
¥* = 80.85, df = 1, p < 0.0001). Moths reared on soybean
emerged faster than those reared on cotton (3> = 63.04,
df =1, p < 0.0001) (Fig. 4). On each host plant, however,
the emergence times differed between females and males:
females emerged faster than males [34 and 38 days for
soybean (12 =65.21, df =1, p <0.0001), and 39 and
42 days for cotton (> = 11.98, df = 1, p < 0.0001)].

Table 1 Mean development time of immatures, adult longevity, and sex ratio (standard errors) of Helicoverpa armigera populations reared on

different host plants

Development time (d)

Pupae weight (mg)

“Host plant  Generation Larvae Pupae Larvae—adult Male Female Sex ratio

Parental populations

S Soybean Fo 20.1 (£0.123) a  13.8 (£0.06) a 339 (£0.13) a  300.0 (£3.2) a  300.0 (£3.5)a  0.47

C Cotton Fo 225 (£0.19)b 134 (£0.09)b 359 (£0.22) b  280.0(+4.4) ab 270.04(£4.4)b  0.42

SSS  Soybean Fy - - - - - -
Pure populations

CCC  Cotton F, 26.8(£0.82) ¢ 152 (£0.37) ac 42 (£0.96) c 300.0 (£9.1) a  240.0 (£12.1) ¢ 0.53

SSC  Cotton F, 253 (£0.48) bc 153 (£0.26) ¢ 40.6 (£0.53) cd  330.0 (£8.1) ¢ 280.0 (0)* 0.85

CCS  Soybean F - - - - - -

SCS  Soybean F, 234 (£0.29) b 14.2 (£0.24) ac  37.6 (£0.40) bd 260.0 (£9.8) b  240.0 (£8.3)c  0.59
Mixed populations

CSC  Cotton F, 237 (£1.91) bc 14 (£0.47) ac 37.7(£1.8) be 250.0 (£0)* 270.0(£7.5) b 0.33

SCC  Cotton F - - - - - -

CSS  Soybean F, 24.6 (£1.28) bc 13 (£0.71) b 39.0 (£0) be - 190 (£4.5) d -

*Values based on one individual

? Host plant on which the current generation was reared. Means within columns followed by different lowercase letters are significantly different
at 5% significance level. Populations differed in the number of generations and succession of host-plant species on which the populations were

reared
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Host plants and sex had effects on adult longevities
(* = 15.00, df = 7, p = 0.036). Male (3> = 5.94, df = 3,
p=0.12) and female (x> =4.75, df =3, p =0.191)
adults had similar longevities in all F, populations (four
mating groups: SS, SC, CC, CS) (Table 2).

The host plant on which males and females fed as larvae
did not affect (F334 = 1.76, p = 0.169) the number of
eggs produced by females (Table 2). However, the egg
viability was affected by parental host plants (F3 s¢ = 3.73,
p = 0.0177), that was highest for S x S couples. The
C x C and C x S couples showed intermediate egg via-
bility, and the S x C couples showed the lowest egg via-
bility (Table 3). The proportion of mated females was not
different among populations (Deviance = 0.35, df = 3,
p = 0.95) (Table 3). The pre-oviposition period was
around 4 days for all populations (Table 2).

Effects of host plants on fertility life table of
H. armigera parental populations (F)

Life tables were constructed from the survival and fecun-
dity data for H.armigera populations that fed on soybean
and cotton over one generation (parental populations: Fy in
Table 2 and Appendix Table 4). The net reproductive rate
(Ro) of populations originating from mating between males
and females reared on soybean (SS) was highest, but was
not significantly different from populations originated from
the mating between females and males originating from
different host plants SC and CS. The lowest value for R,
found for the population originating from females and

Fig. 4 Cumulative probability
of emergence of female and
male adults of Helicoverpa
armigera reared on soybean and

males from cotton was significantly different form SS
population (Table 3).

The intrinsic rate of increase (r,,) and the finite rate of
increase (1) obtained for all populations indicated that both
host species, soybean and cotton, can increase the H.
armigera population sizes (r, >0 and A > 1; Table 3).
The results indicated that individuals originating from
parental population in which mating occurred between
males and females reared on soybean (S x S) can double
the most rapidly (T and D;; Table 3).

Discussion

The populations were subject to the same founder effects,
since the parental individuals (S and C) were obtained from
the progeny of moths from the laboratory colony, reared
exclusively on an artificial diet for over 5 generations.
Therefore, we can consider that the observed differences in
the bio-demographics of the immature stages were mainly
due to the effects of feeding on different host plants,
reflecting the plasticity in the responses of a polyphagous
insect to its potential host plants. Because we evaluated the
fitness of H. armigera over only two generations, the
probability that these insects adapted to feed on these host
plants was minimal, although genetic variability effects
that were not evaluated in this study may also have influ-
enced our results.

The host plant significantly affected the immature life
stages of the parental (F) and F; populations. However,

% cotton o
soybean —--—-- A
Jdcotton  ------ +
& soybean -—--—- X

cotton. The cumulative
probabilities are obtained from
the cumulative sums of the

IR EPR] . _ gll
probabilities: 7; = W
where ¢;, j = 1,2, k is the
estimate of the linear predictor
for each of the k categories
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Table 2 Mean fecundity and egg viability (standard errors) of Helicoverpa armigera parental populations (F)

Eggs/female

Longevity (days)

Parental origin

Pre-oviposition

period

Egg viability

(%)

Total eggs (mean)

Proportion of mated

females
(%)

Female

Male

(Female x male)

3(£0.96)
4(£1.95)

AH(£1.41)
3.92(£1.32)

74.28(+£5.91) a

1431(£108.22) a
1122.2(+126.68) a

16.0 (£8.62) a 37.5 (£7.75) a

18.93 (£7.9) a

Soybean x Soybean (SS)

Cotton x Cotton (CC)
Soybean x Cotton (SC)
Cotton x Soybean (CS)

Parental populations

60.83(+6.68) b

12.06(£3.49) a 359 (£7.78) a

14.33 (£7.43) a

32.69(£8.75) ¢

921.0(£162.15) a
1180.07(£155.42) a

15.4(£5.85) a 31.25 (£11.97) a

19.8 (£5.76) a
14.28 (£6.25) a

56.74(£6.17) b

28.57 (£18.44) a

13.07(£4.25) a

Means within columns followed by different lowercase letters are significantly different (p = 0.05)

the host plant did not influence the number of produced
eggs and longevity of individuals that reached the adult
stage in F,, populations. Although the adult life-table pa-
rameters of F; populations could not be estimated due to
the high mortality of immatures, the results for the parental
populations SS, SC, CC and CS showed that the host plants
mainly affected the immature stages, with direct conse-
quences for the adult stage by limiting the number of adult
moths and their emergence time.

Mortality in the larval phases of H. armigera was high
for all populations. The population mortality rates varied
over the larval stages, influenced by the host plants on
which the larvae fed. Previous studies have found high
mortality in early larval stages of H. armigera populations
(Zalucki et al. 2002; Liu et al. 2004; Reigada et al. 2016).
In our study, however, all populations (pure and mixed)
that fed on soybean showed a delay in the reduction of the
number of individuals in the larval period. In agreement
with the study by Reigada et al. (2016), soybean was a
more favorable host plant for H. armigera than cotton.

The morphological and physiological attributes of host
plants, such as the integument, surface waxes, hardness of
the cuticle, and nutritional value, are important factors
affecting the survivorship of larvae (Zalucki et al. 2002).
First- and second-instar larvae commonly feed on leaves of
cotton and soybean, avoiding wear and tear on their
mandibles from feeding on the fruits (Zalucki et al. 2002;
Liu et al. 2004). The leaves of the two host plants differed
in the hardness of the cuticles, and mainly in the presence
of chemicals. Our results suggest that first and second
larval instars of H. armigera digest soybean more effi-
ciently than cotton, resulting in lower mortality during the
early larval stages.

Since Helicoverpa armigera was reported in Brazil, it
has damaged a variety of crop systems in the country,
resulting in much research that has tried to understand the
causes for its rapid spread in many crops. Life-table studies
have been carried out in many host plants and rearing
methods have been developed to study the biology of the
species. However, many researchers in Brazil have repor-
ted the higher mortality of immature stages (in the field and
the laboratory) compared with he results found in places
which the species is native or has already had a long period
of adaptation. These facts suggest that the species can be
incompletely adapted to the new conditions of the country,
exhibiting strains with different performances for different
regions of country in which the species has been reported.
The presence of strains of H. armigera with poor fitness in
he field and their usage in laboratory colonies can be a
possible explanation for he high mortality rates in labora-
tory conditions reported by researchers.

Many life-table studies have evaluated the fitness of
Helicoverpa armigera for one generation and have called
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Table 3 Fertility life-table statistics for populations of Helicoverpa armigera (Fy adults) reared on different parental host plants (soybean and

cotton): bootstrap estimates and associated 95% CI

Host plant—origin Net Intrinsic rate of Finite rate of Mean Doubling
of population reproductive increase (ry) increase (A) generation time (D,)
(female x male) rate (Ro) (female/female/day) (female/female/day) time (7) (days) (generations)
Soybean x Soybean True calculation 215.06 0.13 1.15 39.48 5.09
Bootstrap calculation [137.12; 293] [0.12; 0.14] [1.14; 1.16] [38.49; 40.47]  [4.55; 5.63]
Cotton x Cotton True calculation 101 0.11 1.12 41.67 6.26
Bootstrap calculation  [65.79;136] [0.1; 0.12] [1.11; 1.13] [40.62; 42.72] [5.5; 7.02]
Cotton x Soybean®  True calculation 110.15 0.11 1.12 41.08 6.05
Bootstrap calculation [78.85; 141.45] [0.1; 12] [1.11; 1.13] [39.94; 42.22]  [5.49; 6.81]
Soybean x Cotton®  True calculation 138.62 0.11 1.12 43.38 6.1
Bootstrap calculation  [84.41; 192.83] [0.1; 12] [1.11; 1.13] [42.31; 44.45] [5.12; 7.08]

4 Represents the host plants on which females were reared (males were reared on another host-plant species)

attention to the high potential of polyphagia exhibited by
the species (Zalucki et al. 2002; Liu et al. 2004; Reigada
et al. 2016). In this study, however, we showed that, after
two generations, the fitness of individuals reared on dif-
ferent host plants could be dramatically reduced. Evalua-
tions considering fitness data for more than one generation
and different availability of host plant species (i.e. suc-
cessional or simultaneously) can improve the estimation of
the infestation potential of pests and pest management in
different types of crop mosaics.

The host plant on which previous generations (parent
moths) fed did not affect the performance of the F; gen-
eration immatures. However, this result can be affected by
the high mortality rates of F; immature stages. The low
survival rates of F; immatures did not allowed the evalu-
ation of the effects of parental feeding on the fecundity and
longevity of F; adults to be assessed. Further studies
should be considered to infer the effects of parental host
plants in the performance of H. armigera immatures.

We found that the net reproductive rate (Ry) and other
life-table parameters of offspring from S x S mating were
highest, followed bythe S x C, C x S and C x C mating
combinations. However, the potential for the increase of
populations originating from S x S and S x C should be
evaluated with caution, since the analyses of their progeny
(Fig. 3; Appendix Table 4) revealed that the survival rates
were affected by the host plant on which they fed, with
important consequences for population sizes. The evalua-
tion of the contributions of groups of individuals reared on
different host plants for overall populations present in an
area should consider the effects of host plants on the
immature phase of the adults (F) present, as well as on
their progeny (F;). The findings suggest that the effects of
parental diet can have some influence on offspring per-
formance, despite the high mortality rates which did not

allow the correct evaluation of this effect. This indicates
that the effect of host plants on a polyphagous pest such as
H. armigera cannot be expressed in a linear manner as
some previous studies (Liu et al. 2004; Naseri et al. 2014;
Reigada et al. 2016) have reported.

Although F; population survival rates were very low,
our results suggest that the parental diet can indirectly
affect the offspring in the larval stage. Other studies have
found evidence that the maternal diet affects the size and
survivorship of insects (Fox et al. 1995, 1997a, b; Tariq
et al. 2010; Newcombe et al. 2015). Furthermore, non-
genetic influences of the parental host plants can increase
the fitness of generalist species in spatio-temporally vari-
able environments (Tariq et al. 2010; Newcombe et al.
2015; Spitzer 2004). For instance, the mother can allocate
nutrients to the eggs, altering the egg composition and
increasing the success of immatures when the environment
is poor or variable (Leather and Burnand 1987; Rossiter
1991; Fox et al. 1997a, b).

The time-limited presence of host plants and the
sequence of crops available to individuals have important
consequences for the population density, range expansion,
and spatial distribution pattern in the agricultural landscape
(Wardhaugh et al. 1980). The moths originating from
larvae reared on soybean emerged earlier than those reared
on cotton. In the growing season, the availability of dif-
ferent host plants for H. armigera can lengthen the period
of adult moth encounters and consequently increase the
chances of mating. Together with the high dispersal
potential of the adult moths, the asynchronous emergence
(see Fig. 4) of adults on neighboring crops can increase the
number of mated females and consequently increase the
population growth rates in a particular area. This suggests
that, for a polyphagous insect such as H. armigera, pest-
management and biological-control plans should be
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developed on a regional scale rather than for only a specific
crop area.

Although our results are based on laboratory observa-
tions, this study provides insights into the dynamics of a
polyphagous pest in an agricultural mosaic of annual crops.
Our findings showed that the simultaneous presence of
different host plants can increase the number of mating
encounters. The reason is that the reduction of mating
probability between the members of the same population,
caused by the asynchrony between male and female
emergence, can be offset by the longer period when the
moths are present in the landscape, due to the variations in
the frequency of moth emergence on different host crops.
Consequently, more matings involving moths from soy-
bean can contribute to increase the offspring fitness, even
when the larvae then feed on other host plants (i.e., benefit
from the parental diet).

Based on this information, we believe that establishing
an appropriate and effective control program to manage H.
armigera, mainly in areas occupied by soybean, can help
to reduce pest infestations at the landscape scale. Further
studies should analyze the performance and genetic vari-
ability of H. armigera populations in the field, testing the
relationship between the diversity of host plants in the
landscape and the infestation potential of this polyphagous
pest.
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Table 4 Within-stage survivorship (%) of immatures of Helicoverpa armigera on different host plants over two generations

Overall

Pupa

Stage

Generations

“Host

immature

2nd instar 3rd instar 4th instar 5th instar

1st instar

plant

Parental populations

96.29% (728) 87.3% (701) 90.52% (612) 82.85% (554) 61.87% (459) 28.4% (284)
79.02% (348) 87.43% (183)

72.8% (1000)
39.4% (1000)

Fo
Fy

Soybean
Cotton

16% (160)

80.26% (228)

82.9% (275)

88.32% (394)

Pure populations

0%
5.46% (19)
1.74% (7)

0% (4)
76% (25)
100% (7)

25.39% (63) 31.25% (16) 80% (5)
89.18% (37) 83.33% (30)

76.82% (82)

27.06% (303)

Soybean
Cotton

SSS

90.9% (33)
92.30% (26)
54.41% (68)

100% (37)
92.85% (28)

F, 10.63% (348)

CCC
SSC

28% (24)

100% (26)
48.57% (140)

6.96% (402)
52.67% (300)

F

Cotton

0%

0% (0)

0% (37)

88.6% (158)

Soybean

CCS
Mixed populations

71.97% (182) 75.57% (131) 81.82% (99) 54.32% (81) 14.57% (44)
83.34% (6)

90.55% (201)

66.55% (302)

Soybean
Cotton

SCS

100% (6) 100% (5) 60% (5) 0.65% (3)
16.67% (6)

100% (6)
66.67% (12)
83.83% (99)

1.3% (459)
2.63% (445)

F

CSC
SCC
CSS

0%
0.67% (2)

75% (8) 0% (1)
66.67% (3)

18.18% (33)

100% (8)
39.75% (83)

F,

Cotton

50% (6)

33% (300)

Soybean

The survivorship was evaluated for populations of H. armigera that differed in the number of generations in which the larvae were reared on a host-plant species and the succession of host-plant

species on which the larvae fed

* Host plant on which the current generation was reared
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