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Abstract

The golden twin-spot moth or tomato looper, Chrysodeixis chalcites (Esper), is a polyphagous and worldwide pest
that causes important aesthetic damages to banana fruits in the Canary Islands. The life history parameters of
C. chalcites were determined under laboratory conditions in base on the age-stage, two-sex life table at 15, 20, 25,
30, and 35°C, 65% relative humidity (RH), and a photoperiod of 16:8 (L:D) h, when it was reared on a semi-synthetic
diet. The results show that C. chalcites was able to develop and survive from 15 to 30°C, but no development
occurred at 35°C. Developmental threshold temperatures of the egg, larval, pupal, and total preoviposition stages
were 10.42, 11.73, 11.22, and 9.42°C, respectively, and their effective accumulated temperatures were 58.31, 265.96,
118.57, and 562.39 degree-days, respectively. The adult longevity was reduced with increasing temperature, which
ranged between 16.27 and 34.85 d for females and between 14.27 and 35.21 d for males. The highest values of net
reproductive rate (R) and fecundity were observed at 25°C, with 232.70 offspring and 1,224.74 eggs, respectively.
Both the intrinsic rate of increase (r) and finite rate of increase (L) increased significantly and mean generation time
(T) decreased significantly with increasing temperature. These results provide useful information that will allow
predicting the impact of climate change on the distribution and population dynamics of C. chalcites and developing
successful integrated management programs.
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Temperature is considered, among climate-change elements, the
most important abiotic factor directly affecting herbivorous insects
(Bale et al. 2002). Several studies already showed that increased tem-
perature may promote pest population growth, increase outbreak
frequencies, and facilitate the geographic expansion of many pest
species (Bale et al. 2002, Parmesan 2006, Lehmann et al. 2020), re-
sulting in greater economic losses and reductions in food security
(Sharma 2014). In this sense, the study of increased temperature ef-
fects on development and reproduction in agricultural pests is es-
sential to predict population dynamics and develop sustainable and
environment-friendly pest control strategies (Kroschel et al. 2013).
The golden twin-spot moth or tomato looper, Chrysodeixis chal-
cites (Esper) (Lepidoptera: Noctuidae) is a subtropical and extremely
polyphagous species that causes severe damage in a large number of
cultivated plants in many regions of Europe, the Mediterranean, the
Middle East, and Africa (Cayrol 1972, Cabello et al. 1996, Polaszek

et al. 2012, CABI 2019). It has also been described as an invasive
pest in tomato and green bean crops in Ontario, Canada (Murillo
et al. 2013) and represents a new potential pathway of introduction
in the United States (CPHST 2013). Currently, C. chalcites is one
of the most important pests of banana crops in the Canary Islands,
both in mesh-built greenhouses and in open fields (Fuentes et al.
2018), where its populations and damages have increased to a con-
siderable level especially during the last decade (del Pino et al. 2011),
possibly related to the elimination of some authorized insecticides
(Lopez-Cepero 2015), as well as the possible increased migration
of this species linked to global climate change (Sparks et al. 2007).
Chrysodeixis chalcites occurs throughout the banana production
cycle and the larvae mainly attack the cigar leaf (the unfolding leaf)
in young plants and developing fruits in adult plants (Vilardebo and
Guérout 1964, del Pino et al. 2011), producing considerable external
lesions that depreciate their commercial value (Perera and Molina
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2007, del Pino et al. 2011). According to Fuentes et al. (2018), this
pest can cause fruit damages estimated of up to 5.7% in commercial
banana plantations when control measures are not effective.
Different studies have shown that the life cycle of C. chalcites
is influenced strongly by climatic conditions and food composition
(Bernal et al. 2018), being the development period of 28-29 d at
25°C on banana (Vilardebo and Guérout 1964). Chrysodeixis chal-
cites is a polyvoltine and migratory species and is present throughout
the year in certain warm climate regions (Cayrol 1972, Cabello et al.
1996) with up to eight or nine generations per year in North Africa
(Rashid et al. 1971, Harakly and Farag 1975). Immigrant specimens
from North Africa or southern Europe have been regularly found in
central and northern Europe in the late summer or autumn (Waring
and Townsend 2003, Sparks et al. 2007, Collins et al. 2014), pro-
ducing outbreaks both in open fields and protected crops, however,
C. chalcites is unable to overwinter outdoors in these regions (Collins
et al. 2014, CABI 2019). In the Canary Islands, C. chalcites is a resi-
dent species (Waring and Townsend 2003, del Pino 2011), frequently
found throughout the year in coastal areas, where a Mediterranean-
type climate is present (Ferndndez-Palacios and Nicholas 1995),
with monthly average temperatures range from 16 to 24°C, and ba-
nana crops are developed (Galan-Sauco and Cabrera 2006).
Control of C. chalcites involves the repeated application of
a limited number of authorized insecticides during the crop cycle
(Herndndez-Borges et al. 2009, del Pino et al. 2015), which may
benefit the development of resistance (Broza and Sneh 1994,
Horowitz et al. 1998), further reducing their effectiveness and
increasing the production costs (Fuentes et al. 2018, Cakmak
et al. 2019). However, inundative releases of the egg parasitoid
Trichogramma achaeae Nagaraja and Nagarkatti (Hymenoptera:
Trichogrammatidae) (Polaszek et al. 2012; del Pino et al. 2013,
2015), together the additional application of biological insecticides
(Bacillus thuringiensis var. kurstaki and the nucleopolyhedrovirus
of C. chalcites, ChchNPV) (Bernal et al. 2013, Sim6n et al. 2015,
Fuentes et al. 2017) have been an important advance in the control
of the pest in the Canary Islands. Therefore, practical application
of biological control in association with other sustainable control
techniques is the key for the integrated management of this pest (del
Pino et al. 2015). The efficiency of these control methods depends
on the treatment of pest populations at their most susceptible stages.
Prediction of the C. chalcites development cycle would therefore
greatly help in determining an optimal control schedule.
Understanding the survivorship and fecundity of the target pest
under different environmental conditions is essential for the suc-
cessful and effective application of any control strategy (Yang and
Chi 2006). According to Li et al. (2015), life table studies are an
effective tool that provide detailed data on the development time,
survivorship and reproductive abilities of a pest population under
different conditions. This knowledge is also required for predicting
population dynamics (Chi and Su 2006), developing insect mass
rearing systems (Chi and Getz 1988) and understanding how global
warming and climate change can affect demographic processes and
geographical distribution of a pest species (Gutierrez and Ponti
2014). With respect of lepidopteran pests as C. chalcites both males
and females larvae eat and cause economic damages on the banana
crops and, for this reason, it is essential to consider the influence
of both sexes when studying their population dynamics. However,
traditional female age-specific life table developed by different au-
thors (Lewis 1942, Leslie 1945, Carey 1993) is exclusively focused
on the females and pays no attention to the individual development
rates, stage differentiation and males in a pest population. On the
other hand, the age-stage, two-sex life table elaborated by Chi and

Liu (1985) and Chi (1988) include males and differences among in-
dividuals within each stage. In the last years, this class of life table
has been utilized to characterize the population patterns of several
insect pests (Gabre et al. 2005, Yang and Chi 2006, Yin et al. 2009,
Bailey et al. 2010, Yin et al. 2010, Li et al. 2015), mites (Kavousi
et al. 2009), and natural enemies (Chi and Yang 2003, Gabre et al.
2005, Yu et al. 2005, Chi and Su 2006, Huang and Chi 2012, Yu
et al. 2013).

In the case of C. chalcites, the influence of temperature and diet
on its development has been reported for several authors (Gaumont
and Moreau 1961, Vilardebo and Guérout 1964, Rashid et al.
1971, Harakly and Farag 1975, Gasim and Younis 1989, Goodey
1991, Amate et al. 1998, Alami et al. 2014, Nouri-Ganbalani et al.
2015), but the influence of temperature on two-sex life tables have
not been developed yet, as well as the determination of develop-
mental threshold temperature and effective accumulated tempera-
ture values. Although such information is essential to predict its
population dynamics and to develop management strategies under
crop conditions. Therefore, the main objective of this study was to
determine how an increase in rearing temperature may affect the
development and survival of the immature stages of C. chalcites, as
well as its reproductive parameters (e.g., adult survival, longevity,
fecundity, and intrinsic rates of increase). This basic information will
contribute to future studies regarding adequate phenological models
for evaluation of pest management strategies and for population dy-
namics analysis, and it also may help to a better understanding of the
effects of climate change on C. chalcites phenology.

Material and Methods

Insect Rearing

A laboratory colony of C. chalcites was established from natural
populations originally collected on banana groves at Las Galletas
(28° 01" 527 N, 16° 39" 32”7 W), Tenerife, Canary Islands, Spain.
Chrysodeixis chalcites was reared following the methodology de-
vised by Amate et al. (1998). First instar larvae were isolated in
plastic vials (25 ml) and provided with a low-cost semi-synthetic
diet composed by agar 20 g (Panreac Quimica S.L.U., Barcelona,
Spain), powdered corn kernels 50 g (La Molineta, Tenerife, Spain),
wheat germ 50 g (Casa Santiveri, Barcelona, Spain), brewer yeast
50 g (Casa Santiveri), ascorbic acid 4.5 g (Panreac Quimica S.L.U.),
benzoic acid 1.8 g (Panreac Quimica S.L.U.), M-nipagine 1.8 g
(Acofarma Distribucién S.A., Barcelona, Spain), chloramphenicol
0.5 g (Panreac Quimica S.L.U.), vitamin additive 25 ml (S.P.
Veterinaria, S.A., Tarragona, Spain), and distilled water 880 ml. This
semi-synthetic diet has mainly been used to rear C. chalcites and
other polyphagous lepidopteran species (Cabello et al. 1984; Amate
et al. 1998, 2000). The use of this semi-synthetic diet provides the
easiest manage and most consistent food source, and eliminates most
problems involved with the production and maintenance of banana
host plants, reducing the risks of contamination with entomopath-
ogens (Cabello et al. 1984). Diet was replaced every 2 d and larvae
were examined daily until the formation of the pupal chamber.
Pupae were then sexed based on the morphological characteristics
described by Goodey (1991) and kept individually in 25 ml plastic
vials until adult emergence. Adult moths were transferred to cylin-
drical filter paper oviposition cages (14 cm high and 9 ¢m diam-
eter) covered with Petri dishes and fed with a 10% honey solution
supplied in a small cotton wick. The oviposition cages and cotton
wick were replaced daily. Eggs were daily collected and deposited
in plastic Petri dishes (9 cm diameter) until the emergence of the
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neonate larvae. In both cases, breeding was completed in a climatic
chamber at 25 = 1°C, 65 = 5% relative humidity (RH) and a photo-
period of 16:8 (L:D) h.

Development Time

The development of C. chalcites was studied at 15, 20, 25, 30, and
35 = 1°C, with a 65 = 10% RH and 16:8 (L:D) h photoperiod in
climatic chambers. Chrysodeixis chalcites was reared for one gener-
ation at each temperature before to start the trials. Twenty pairs of
moths were randomly chosen from the laboratory colony and con-
fined inside cylindrical oviposition cages at the corresponding tem-
perature. After 24 h, adults were removed and a minimum of 100
eggs (0-24 h old) were placed in plastic Petri dishes. Each isolated
larvae represented a replicate. The eggs were daily examined, and the
incubation period was registered. The neonate larvae hatched from
eggs were individually isolated, using a camel hairbrush, in 25 ml
plastic vials covered on the top with a mesh net for aeration and fed
ad libitum with the semi-synthetic diet described above. The diet was
replaced every 2 d. Larvae were daily examined to determine the sur-
vival and development time (molt) of every larval instar through the
visual observation of the cephalic capsules, as well as the duration
and survivorship of the pupal stage and the sex ratio of emerging
adults.

Oviposition Period, Fecundity, and Longevity

Moths less than 1 d old (<24 h) obtained in the development studies
were paired (one female and one male) and introduced in oviposition
cages, where they were daily monitored recording the preoviposition
and oviposition periods, fecundity (number of eggs deposited per
female) and adult longevity.

Age-Stage, Two-Sex Life Table
The raw data on C. chalcites life history were analyzed based on the
age-stage, two-sex life table theory (Chi and Liu 1985, Chi 1988),
by means of the TWOSEX-MSChart software (Chi 2013). Life table
parameters were calculated, including age-stage specific survival rate
(s,;) (where x is age in days and j is stage), age-stage specific fecundity
(fx/), age-specific survival rates (I ), age-specific fecundity (1 ), as well
as the intrinsic rate of increase (r), finite rate of increase (A), gross
reproductive rate (GRR), net reproductive rate (R ) and mean gen-
eration time (7).

The age-specific survival rate includes both male and female, and

k
is calculated according to Chi and Liu (1985) as [, = sy and

k i=1
T sof j

S , where k is the number of pest stages. The intrinsic
S
=174

rate of increase was calculated by the bisection method from the

mMy =

Eule-Lotka equation as ) ¢ e+ ] . = 1, with the age indexed
x=0

from 0 to o (maximum age) (Goodman 1982). The GRR was deter-

mined as GRR =}~ m,. The finite rate of increase (A) was meas-
w k

ured as er. The R was estimated as Ry = 5" 3 s,,fyj- The mean

x=0 ;=1
generation time (T) is the time required for the pest population to in-

crease to R -fold of its population size at the stable stage distribution
(i.e., &T = Rg or AT = Ry), and was determined as T = (InRg)/r.

Statistical Analysis

Development time, fecundity, and adult longevity data under dif-
ferent temperature regimes were transformed to log10(x+1), while
emergence rate data were transformed to arcsine. All transformed
data were analyzed by ANOVA test using the GLM procedure

and the average values were compared by Tukey’s test (P = 0.05)
by means of the statistical software IBM SPSS Statistics Version 22
(IBM Corp. 2013). The life table parameters were calculated using
the TWOSEX-MSChart software (Chi 2013) and the results were
plotted with SigmaPlot Version 14.0 (Systat Software, Inc.). The
bootstrap technique with 100,000 resamples (Efron and Tibshirani
1993), also included in the TWOSEX-MSChart software, was used
to estimate the means, variances, and standard errors of the popu-
lation parameters. A paired bootstrap test was used for statistical
analysis. Finally, the thermal constant and lower threshold tempera-
ture for development were calculated according to the linear model
described by Tkemoto and Takai (2000), DT = k + tD; where DT is
the product of development time in days (D) and temperature (T)
in degrees Celsius (°C). The intercept, k, is the thermal constant in
degree days (°d), and the slope, #, the lower development threshold
in °C. The parameters ¢ and k were determined by linear regression.

Results

Development Time

Chrysodeixis chalcites successfully developed to adulthood at tem-
peratures from 15°C to 30°C on semi-synthetic diet (Table 1), how-
ever, no development took place at the highest temperature tested
(35°C) and egg hatching failed, indicating that 35°C exceeded the
upper threshold. Statistical analysis manifested a significant influence
of temperature on egg hatchability (F = 21.568, df = 3; P < 0.0001)
and incubation period (F = 24,575.72; df = 3; P < 0.0001) of C. chal-
cites. The lowest temperatures (15 and 20°C) caused a significant
decrease in the egg hatchability when compared with the highest
temperature levels (25 and 30°C), lasting to 12.74 = 0.05 d at 15°C
and decreasing to 3.08 = 0.02 d at 30°C. In addition, the temperature
had a significant effect on the larval (F = 455.26; df = 3; P < 0.0001)
and pupal (F = 516.82; df = 3; P < 0.0001) stages of C. chalcites.
The larval developmental time varied from 51.59 = 1.08 d at 15°C
to 16.80 = 0.51 d at 30°C (Table 1). According to the results, larval
development of C. chalcites was completed in six instars at 25°C,
but an extra larval stage (seventh) was observed in some larvae at
15 and 20°C that tends to prolong the life cycle, while other larvae
no required more than five instars at 30°C. The pupal period varied
from 27.22 = 0.79 d at 15°C to 7.25 = 0.20 d at 30°C. Mean total
time of development significantly decreased with increasing tem-
perature for both females (F = 715.43; df = 3; P < 0.0001) and males
(F=1,165.86; df = 3; P < 0.0001), and for all individuals combined
(F=1,785.64; df = 3; P < 0.0001). Means total time of development
ranged from 27.27 + 0.58 d at 30°C t0 91.81 + 0.77 d at 15°C. There
were no significant differences between male and female total time of
development at all temperatures tested.

Modeling Developmental Rates

Developmental rates of each immature life stage of C. chalcites
fit the linear model suggested by Ikemoto and Takai (2000). The
thermal constant (k) and the lower thermal threshold (¢) values for
the eggs were 58.31 = 0.34 °d and 10.42 = 0.06°C (mean values
= SE) (2 = 0.956; F = 27,825.73; df = 15 P < 0.001), respectively.
The thermal constant for the larvae was 265.96 = 13.09 °d and
the lower thermal threshold 11.73 = 0.44°C (mean values = SE)
(* = 0.861; F = 697.27; df = 1; P < 0.001). The thermal constant
for the pupae was 118.57 = 3.39 °d and the lower thermal threshold
11.22 = 0.25°C (mean values = SE) (> = 0.946; F = 1,974.79; df = 1;
P < 0.001). Finally, the thermal constant and the lower thermal
threshold values for the total preoviposition period (TPOP) were
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Table 1. Duration of the development (days) (mean = SE) of Chrysodeixis chalcites reared at different temperatures

15°C 20°C 25°C 30°C

Developmental stage n Mean = SE n Mean = SE n Mean = SE n Mean = SE
Egg 114 12.74 + 0.05a 140 5.06 = 0.02b 783 4.08 = 0.01c 245 3.08 = 0.02d
First instar 76 7.91=+0.12a 102 5.35£0.15b 78 3.33£0.07¢c 82 2.70 = 0.09d
Second instar 74 5.70 £ 0.17a 85 5.00 = 0.27b 74 2.47 = 0.08c 76 2.42 = 0.10c
Third instar 74 6.24 + 0.28a 78 4.99 = 0.24b 69 2.45 £ 0.07c 75 2.32 = 0.14c
Fourth instar 71 7.79 = 0.31a 68 5.90 = 0.34b 66 2.73 = 0.10c 72 2.49 = 0.11c¢
Fifth instar 65 9.83 +0.47a 63 6.57 = 0.36b 55 2.75 £ 0.12d 64 3.75 £ 0.18¢
Sixth instar 39 11.97 + 0.50a 41 7.07 = 0.45b 39 3.36 £ 0.15¢ 27 5.59 = 0.30c
Seventh instar 4 9.50 = 3.75a 10 9.60 = 1.19b - - - -
Prepupa 27 4.52+0.21a 37 1.70 = 0.11b 36 1.00 = 0.00c 54 1.00 = 0.00c
Larva 27 51.59 = 1.08a 37 36.03 = 1.10b 36 17.42 = 0.30c 54 16.80 = 0.51c
Pupa 27 2722 = 0.79a 31 13.65 = 0.43b 36 7.86 = 0.13¢ 48 7.25 =+ 0.20c
Preadult duration

All 27 91.81 £ 0.77a 31 54.48 £ 0.72b 36 29.28 = 0.67¢ 48 27.27 = 0.58¢

Female 13 90.08 = 1.19a 18 54.28 = 1.01b 19 29.05 = 0.99¢c 22 27.14 = 0.92¢

Male 14 93.43 £0.97a 13 54.77 £ 1.01b 17 29.53 = 0.88¢ 26 27.38 +0.71c
Egg hatchability (%) - 50.74 = 6.93b - 46.67 = 1.45b - 94.05 = 1.55a - 84.34 + 4.24a

Means followed by different letters in the same row are significantly different at P < 0.05 (Tukey test).

Table 2. Adult longevity and reproductive parameters (mean + SE) of Chrysodeixis chalcites reared at different temperatures

15°C 20°C 25°C 30°C

Parameter n Mean = SE n Mean = SE n Mean = SE n Mean = SE
Female longevity (d) 13 34.85 +1.57a 18 27.17 = 0.93b 19 20.37 = 0.31c¢ 22 16.27 = 0.47d
Male longevity (d) 14 35.21 +1.90a 13 20.69 = 1.66b 17 14.71 = 0.48¢ 26 14.27 = 0.38¢
APOP (d) 13 7.15 = 0.56a 18 3.89 = 0.44b 19 3.00 = 0.11b 22 1.64 = 0.22¢
TPOP (d) 13 97.23 + 1.09a 18 58.17 =+ 1.71b 19 32.05 = 0.46¢ 22 28.77 = 0.72¢
Opviposition period (d) 13 21.15 = 1.62a 18 20.00 = 1.28a 19 14.37 = 0.30b 22 13.27 = 0.57b
Fecundity (eggs per female) 13 556.38 = 82.18b 18 464.22 + 66.59b 19 1224.74 = 55.71a 22 550.95 = 48.23b

Means followed by different letters in the same row are significantly different at P < 0.05 (Tukey test).

562.39 +70.21 °d and 9.42 = 1.16°C (mean values = SE) (#* = 0.971;
F=66.10; df = 1; P < 0.001), respectively.

Fertility

The effects of different temperatures on the adult longevity, preo-
viposition, and oviposition periods, and fecundity of C. chalcites
are given in Table 2. The male and female adult longevity was sig-
nificantly different between the temperatures studied. The highest
female longevity was obtained at 15°C (34.85 = 1.57 d) and lowest
at 30°C (16.27 + 0.47 d) (F = 94.346; df = 3; P < 0.0001). The male
longevity was also longest at 15°C (35.21 = 1.90 d) and shortest
at 30°C (14.27 = 0.38 d) (F = 81.020; df = 3; P < 0.0001). The
total fecundity of C. chalcites was influenced by different constant
temperatures (F = 34.821; df = 3; P < 0.0001) and was highest
at 25°C (1,224.74 = 55.71 eggs) and lowest at 20°C (464.22 =
66.59 eggs). The fecundity was greatly reduced at 15, 20, and
30°C. However, fecundity at 20°C was not significantly different
from that at 15 or 30°C (Table 2). The adult preoviposition period
(APOP) and TPOP of C. chalcites were significantly different for
the tested temperatures (F = 42.693; df = 3; P < 0.0001 for APOP
and F = 753.63; df = 3; P < 0.0001 for TPOP). The females devel-
oped at 30°C showed the shortest APOP and TPOP (1.64 = 0.22
and 28.77 = 0.72 d, respectively) in comparison to the other meas-
ured temperatures. The highest APOP and TPOP were detected

at 15°C (7.15 = 0.56 and 97.23 = 1.09 d, respectively). The ovi-
position period of C. chalcites was longer at 15°C (21.15 = 1.62
d) than at 20°C (20.00 = 1.28 d), 25°C (14.37 = 0.30 d), or 30°C
(13.27 = 0.57 d).

Age-Stage, Two-Sex Life Table

The population growth parameters of C. chalcites reared at different
temperatures are shown in Table 3. The net reproductive rate (R )
was significantly different based on the rearing temperature. The
highest value of R was observed at 25°C (232.70 offspring per in-
dividual) and the lowest at 20°C (59.69 offspring per individual).
Furthermore, the GRR of C. chalcites was also significantly higher at
25°C (753.42 offspring per individual) compared with other temper-
atures. Temperature also had a significant influence in the intrinsic
rate of increase (r) and the finite rate of increase (A) values, recording
the lowest at 15°C (0.0413 and 1.0422 d~!, respectively) and the
highest at 25°C (0.1348 and 1.1442 d™', respectively). Finally, the
mean generation time (T) ranged from 35.64 d at 30°C to 108.73
d at 15°C.

Age-Stage Specific Survival Rate

The age-stage specific survival rate (s,) of C. chalcites at the tested
constant temperatures is shown in Fig. 1. It represents the prob-
ability that a newly hatched larva of C. chalcites will survive to
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Table 3. Mean generation time (7), net reproduction rate (R), intrinsic rate of natural increase (r), finite rate of increase (i), and GRR (mean

+ SE) of Chrysodeixis chalcites reared at different temperatures

Temperature
Parameter 15°C 20°C 25°C 30°C
T (d) 108.73 = 1.26a 68.24 = 1.70b 40.43 = 0.40c 35.64 = 0.87d
R, (offspring) 89.29 +25.99b 59.69 = 15.51b 232.70 = 49.07a 110.19 = 23.03b
r(d™ 0.0413 = 0.0029¢ 0.0599 = 0.0042b 0.1348 = 0.0060a 0.1319 = 0.0076a
A (dh 1.0422 = 0.0031c 1.0617 = 0.0044b 1.1442 = 0.0064a 1.1411 = 0.0086a

GRR (offspring) 294.00 = 76.36b

405.66 = 77.67b

753.42 = 107.49a 418.19 = 67.72b

Means in a row followed by different letters are significantly different at P < 0.05 (Paired bootstrap test). SEs were estimated by bootstrapping (100,000 rep-

lications).
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Fig. 1. Age-stage survival rate (ij) of Chrysodeixis chalcites reared at 15, 20, 25, and 30°C, using the age-stage, two-sex life table.

age x and develop to stage j, as well as the stage differentiation and
survivorship of this species. Because of the different rates of develop-
ment between the individuals and between the two sexes, there were
significant overlaps among the different life stages in the survival
curves. The egg survival rate was 1.0 at four temperatures tested.
The probability that a neonate larva of C. chalcites reaches the pupal
stage was 0.33,0.26,0.36,and 0.49 at 15, 20, 25, and 30°C, respect-
ively. Finally, the pupal survival rates were 1.0, 0.84, 1.0, and 0.89 at
15,20, 25, and 30°C, respectively.

Age-Specific Survival Rate, Age-Stage-Specific
Fecundity, and Age-Specific Fecundity

The values for age-specific survival rate (I ), age-stage specific fe-
cundity (f.) and age-specific fecundity (m) of C. chalcites are

xj x

illustrated in Fig. 2. They indicate that tomato looper can success-
tully survive and reproduce on semi-synthetic diet between 15 and
30°C. The age-specific survival rate (I ) indicates the probability that
a newly hatched larva will survive to age x and is determined by
joining all individuals of both sexes. However, the age-stage-spe-
cific fecundity (f,,) is the average number of offspring produced by
C. chalcites individuals of the age x and stage j per day, and due
to only females (the fourth stage) can produce offspring, there is
only the single curve f (i.e., female). According to our results, first
eggs were laid at the age of 92, 48, 30, and 24 d at 15, 20, 25, and
30°C respectively. The maximum daily fecundity (peak of f [i.e., fe-
male]) of C. chalcites over the above temperatures was 56.31, 32.71,
156.58, and 49.00 eggs, respectively, happening at the age of 111,
74, 39, and 34 d, respectively (Fig. 2).

20z 11dy 0} U0 1saNB Aq 290.E£8S/2LLI¥/BY/91PIME/29/W0D dNO"dIWSPESE//:SARY WOI) PAPEOJUMOQ



Environmental Entomology, 2020, Vol. 49, No. 4

782

=

Qo

©

©

2

c

=}

%)
180
150

= 120

QS

o

= 90

©

2

c

=] 60

(7]
30
0

Age (days)

Fecundity (fy, my, Ixmy)

30°C +

T
8
Fecundity (fy, my, Ixmy)

Age (days)

Fig. 2. Age-specific survival rate (/), age-stage specific fecundity (f), age-specific fecundity (m,) and age-specific maternity (I m, ) of Chrysodeixis chalcites

reared at 15, 20, 25, and 30°C, using the age-stage, two-sex life table.

Life Expectancy

Figure 3 shows the age-stage-specific life expectancy (e, ) of C. chal-
cites, which estimates the time that an individual of age x and stage j
is expected to live. According to our results, at 25°C a 27-d-old adult
female will be alive on average another 22.42 d, while a 27-d-old
adult male will be alive on average another 17.24 d. The maximum
life expectancy of newborn C. chalcites was 83.73,38.04,27.71,and
26.26 d at 15, 20, 25, and 30°C, respectively.

Reproductive Value

The curves of reproductive value (v,) of C. chalcites are shown in
Fig. 4. This parameter predicts the contribution of an individual
from age x and stage j to the future population, and the reproductive
value of a newborn (v,,) is exactly the finite rate of increase (Fisher,
1930). Adult females of C. chalcites started to emerge form pupae
at 27 d (Fig. 1) and commenced having offspring at 30 d at 25°C.
The female reproductive value (v,) significantly raised drastically to
365.10 at 98 d at 15°C, t0 256.47 at 67 d at 20°C, to 685.02 at 37 d
at 25°C, and to 271.28 at 31 d at 30°C. The reproductive value was
highest at 25°C but lowest at 20°C, and it occurred earliest at 30°C
but latest at 15°C.

Discussion

According to Régnieére et al. (2012), temperature is the most signifi-
cant factor influencing growth and development of insects. The ef-
fects of temperature on insects are species specific. Development and
reproduction occur within the range of upper and lower temperature

thresholds (Begon et al. 2006). Optimal environmental temperature
allows rapid development and reproduction of insects, while temper-
atures above or below this range can have adverse effects (Bale et al.
2002, Régniere et al. 2012). Butterflies and moths show a sensitive
reaction to the change of abiotic factors and have been considered
as good indicator species in monitoring climate change (Kocsis and
Hufnagel 2011). In this sense, various studies already showed that
climatic warming can affect abundance (Kroschel et al. 2013, Huang
and Hao 2020), geographic distribution (Bale et al. 2002, Hardy
et al. 2014), phenology (Stefanescu et al. 2003, Hodgson et al. 2011)
and migration (Sparks et al. 2005, 2007) of Lepidoptera. In the
present study, we evaluated the influence of five constant temperat-
ures (15, 20, 25, 30, and 35°C) on the developmental duration, sur-
vival rate, female fecundity, and life table parameters of C. chalcites
when it is fed on a semi-synthetic diet under laboratory conditions.
This information is essential to predict its population dynamics and
to develop management strategies under crop conditions. Several
authors (Gaumont and Moreau 1961, Vilardebo and Guérout
1964, Rashid et al. 1971, Harakly and Farag 1975, Goodey 1991,
Alami et al. 2014) have previously shown the strong influence of
different host plants and temperatures on the demographic param-
eters of C. chalcites. However, studies related to its demography on
semi-synthetic diets are very limited (Amate et al. 1998). Our results
exhibited that the developmental time of the four stages (egg, larvae,
pupa, and adult) of C. chalcites was influenced by the temperature,
decreasing the duration of each stage when it was increased from
15 to 30°C. According to our studies, no development occurred at
35°C and egg hatching failed, indicating that this tested temperature
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Fig. 3. Age-stage-specific life expectancy (exi) of Chrysodeixis chalcites reared at 15, 20, 25, and 30°C, using the age-stage, two-sex life table.

exceeded the upper threshold. Similar upper-temperature threshold
value has been previously recorded for other Plusiinae (Noctuidae)
species as Trichoplusia ni Hiibner (Cabello 1988). Several authors
recorded that the egg incubation period of C. chalcites at 25°C was 3
d on different host plants (Vilardebo and Guérout 1964, Rashid et al.
1971, Gasim and Younis 1989, Alami et al. 2014, Nouri-Ganbalani
et al. 2015), which is lower than 4 d registered in Amate et al. (1998)
and in our study, when C. chalcites is reared on semi-synthetic diet.
However, the egg incubation period at 20°C was similar to that re-
ported by Gaumont and Moreau (1961), but lower than published
by others (Vilardebo and Guérout 1964, Goodey 1991). Other stud-
ies conducted under laboratory conditions recorded that the most
frequent egg incubation period at 25°C for other Plussinae species
varied from 3 to 4 d (Cayrol 1972, Cabello 1988, Chi and Tang
1993).

The larval development period varied from 16.80 to 51.59 d in
accordance with the temperature and it was similar than the values
published by Vilardebo and Guérout (1964) at 20 and 25°C on ba-
nana, but lower than published by others authors at 20°C on to-
mato (Gaumont and Moreau 1961, Rashid et al. 1971). Larvae
developed on high temperatures (25 and 30°C) had a smaller dur-
ation of immature stages compared to the larvae reared on low
temperatures (15 and 20°C). According to Cabello (1988), the de-
velopmental time in larval stage can commonly differ depending
on the rearing conditions (temperature, humidity, etc.), host diet,
or host phenology. Although some studies of C. chalcites did not
specify the environmental conditions considered (Gaumont and
Moreau 1961, Vilardebo and Guérout 1964), others were carried

out under comparable temperatures, but the RH varied from 40 to
80% (Rashid et al. 1971, Harakly and Farag 1975). In line with
Amate et al. (1998), our results showed that C. chalcites pass
through six larval instars when reared at 25°C on semi-synthetic
diet. However, five instars are described by Alami et al. (2014) and
Nouri-Ganbalani et al. (2015) when C. chalcites was fed with dif-
ferent cultivars of bean and tomato, respectively. Finally, Vilardebo
and Guérout (1964) described that this species may have six to seven
larvae instars on banana. According to Naseri et al. (2009), this vari-
ation in the number of instars of C. chalcites could be associated
with changes in rearing conditions and the nutritional properties
of the used host plant. In our experiments, five larval instars were
recorded at 30°C and supernumerary larvae stages were achieved
at 15 and 20°C. The presence of supernumerary larval stages for
C. chalcites depending on temperature and diet used have been pre-
viously reported by different authors (Gaumont and Moreau 1961,
Vilardebo and Guérout 1964, Cayrol 1972), which can be a disad-
vantage in colonies reared in the laboratory for experimental pur-
poses (Barrionuevo et al. 2012). Similar behavior has been described
for other noctuid pests such as T. ni (Toba et al. 1973, Cabello 1988)
and Spodoptera exigua Hiibner (Belda 1994).

There are no references about the existence of diapause in
C. chalcites populations. Results obtained here indicate that the
increase of larval developmental time and the presence of super-
numerary larval stages at low temperatures can influence the ability
of this species to survive in the winter months as middle-instar larvae
in the state of facultative diapause (Saulich et al. 2017). The pupal
development time varied from 7.25 to 27.22 d according to the
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tested temperatures, with 7.86 d at 25°C, a substantially lower value
than the 10.34 d recorded by Amate et al. (1998) using the same
semi-synthetic diet that used in our study. Finally, the egg to adult
development of C. chalcites at 25°C was completed in 29.31 d, very
close to those published by other authors on different host plants
(Harakly and Farag 1975, Alami et al. 2014, Nouri-Ganbalani et al.
2015), and the 31.81 d find by Amate et al. (1998) on semi-synthetic
diet at the same temperature. Differences between our results and
those could be ascribed to the different origin of C. chalcites popu-
lations (Vargas and Carey 1989), as well as to the different ex-
perimental conditions (rearing techniques, food, humidity, and
photoperiod) (Jarosik et al. 2002, Lee and Roh 2010). However, the
rearing techniques and semi-artificial diet used in our study have
been successfully used to rear C. chalcites (Amate et al. 1998) and
other polyphagous noctuids like S. exigua and Helicoverpa armigera
Hiibner (Cabello et al. 1984, Belda 1994, Amate et al. 2000) under
laboratory conditions.

In this study, the developmental rates of each immature life stage
of C. chalcites fit the linear model suggested by Ikemoto and Takai
(2000) at the temperature interval of 15-30°C. Our results show
that the developmental threshold temperature (¢) and the effective
accumulated temperature (k) values for eggs to adult preoviposition
of C. chalcites were 9.42°C and 562.39 °d, respectively. This infor-
mation could help to predict the number of generations per year, the
phenology and geographical distribution of this important pest in the
Canary Islands (del Pino et al. 2015, Fuentes et al. 2018). Based on
the k and ¢ values obtained for the TPOP and on the daily tempera-
ture data of 2017, 2018, and 2019 recorded in Las Galletas (Arona,

Tenerife), one of the main banana production regions of the Canary
Islands, the effective accumulated temperatures for C. chalcites were
4317.00, 4015.95, and 4185.55 °d, occurring 7.67, 7.14, and 7.44
generations annually, respectively. Therefore, we predicted C. chal-
cites could occur between seven and eight generations annually, in
line with the number of generations per year previously observed for
natural populations in North Africa (Rashid et al. 1971, Harakly
and Farag 1975) and the Canary Islands (del Pino 2011). Some au-
thors have linked the existence of a long preoviposition period to
the migratory nature of many species of the subfamily Plusiinae
(Holloway et al. 1987, Saulich et al. 2017). However, although the
ecology of C. chalcites is not much studied, considering previous
phenology studies using pheromone traps (del Pino 2011) and the
results obtained in this study, we could conclude that this species is
clearly resident in the Canary Islands (Waring and Townsend 2003).

Our results suggest that environmental temperature has drastic
implications on the adult longevity of C. chalcites. Female longevity
was analogous those recorded by Alami et al. (2014) and Nouri-
Ganbalani et al. (2015) at 25°C under laboratory conditions but
differed from those reported by others (Rashid et al. 1971, Goodey
1991, Amate et al. 1998). However, few data on adult longevity
are published for this moth under field conditions (Vilardebo and
Guérout 1964). Thus, the results also prove that C. chalcites can
reproduce through the studied temperature range of 15-30°C.
According to Amate et al. (1998), the total fecundity was 1,224.74
eggs per female at 25°C. In this sense, the consulted references show
an important variation in the number of eggs oviposited by the fe-
males of C. chalcites according to the diet provided. For example,
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Vilardebo and Guérout (1964) reported females laying from 340 to
769 eggs on banana. On the other hand, fecundity was 640.33 eggs
per female when C. chalcites was developed on tomato (Gasim and
Younis 1989). In contrast, Alami et al. (2014) reported the mean
number of eggs can range from 136.7 to 674.4 eggs per female ac-
cording to the bean cultivar tested. We consider that those differ-
ences with our longevity and fecundity values could be due to the
laboratory conditions (temperature or humidity) where such stud-
ies were carried out. Likewise, it is known that the adult longevity
and reproductive skills may change in accordance with the nutri-
tional value of the diet taken by the larvae during their develop-
ment (Verkerk and Wright 1996) and food in the adult stage (Shorey
1963, Simmons and Lynch 1990).

The life expectancy curves (e) indicated the critical ages of
mortality. In the case of C. chalcites individuals developed on
semi-synthetic diet, we have found that the mortality was higher at
early stages (egg and first instar larvae) but was lower than described
by Alami et al. (2014) at the same stages on different bean culti-
vars. The age-specific survival rate curves () of C. chalcites on all
temperatures studied followed a similar shape than those previously
reported (Alami et al. 2014, Nouri-Ganbalani et al. 2015), with the
highest mortality in egg period, first, second, and third instars larvae,
and then gently decreasing until the last adult died.

Two-sex life tables are a powerful instrument to describe the
probable development of a species (Chi and Liu 1985). Results
obtained in this work indicate that C. chalcites was able to quickly
increase its populations in the temperature range of 15 to 30°C.
Previous studies for other lepidopteran pests have demonstrated that
life table parameters are often influenced by temperature (Chi 1988,
Murda and Virla 2004, Sandhu et al. 2010). In this study, the net re-
productive rate (R ) was lowest at 15°C and highest at 25°C, which
was close to the maximum value reported by Alami et al. (2014)
when C. chalcites is reared on a common bean cultivar. The intrinsic
rate of increase (r) is an effective parameter that includes develop-
ment, survival, and reproduction (Farhadi et al. 2011). Results show
that intrinsic rate of increase (r), finite rate of increase (), and net
reproductive rate (R,) values increased significantly until tempera-
ture reached 25°C, while the mean generation time (T) was lowest
at 30°C (Table 3).

Analyzing the results obtained in this work, we can appreciate the
high biotic potential of C. chalcites as a pest, mainly due to the high
proportion of larvae that reach the adult stage, its high fecundity and
its short population double time at optimal temperature of 25°C.
These biological characteristics would explain the overlapping of the
different stages of C. chalcites in the banana groves of the Canary
Islands, together with its extensive oviposition period, which would
determine the adequate prediction of the seasonal occurrence of life
stages as well as the development of appropriate sampling methods
and control techniques for this pests (del Pino et al. 2015, Fuentes
et al. 2018, Cakmak et al. 2019). The Canary Islands experience a
Mediterranean-type climate characterized by hot and dry summers
and mild, wet winters, which is suitable for C. chalcites (Fernandez-
Palacios and Nicholas 1995). The results obtained in this study and
the age-stage two-sex life-table analysis could also describe why the
C. chalcites populations and associated crop damages of this pest are
more abundant in banana groves during late April and in mid-No-
vember (del Pino 2011), when the average monthly temperature is
about 25°C and the crop is in a susceptible growth stage (Cakmak
etal., 2019).

The observed performance at different temperatures could also
help to understand the current distribution and potential expan-
sion of this pest to other areas globally. For example, an increase

in temperature associated with climatic change would increase
C. chalcites survival due to low winter larval mortality, increased
population built-up, early infestations, and resultant crop damage.
Increased temperatures may also result in faster development and
consequently the increase the number of C. chalcites generations pro-
duced annually, thereby enabling the insect to become multivoltine
in the northern latitudes of Europe and North America where it is
currently reported to be univoltine (Murillo et al. 2013, CABI 2019).
This would imply an increase in the number of reproductive events
per year, leading to an increase in population and increased levels of
infestation (Caffarra et al. 2012). In addition, future global warming
can affect the length of the flight period of C. chalcites adults and the
time elapsed between generations (Roy and Sparks 2000, Stefanescu
et al. 2003, Kocsis and Hufnagel 2011). This will encourage tem-
perate C. chalcites populations colonize new areas with higher alti-
tude and latitude where this pest species can optimally reproduce
(Hickling et al. 2006) and it would not be limited by host availability
because of its high polyphagia (CABI 2019). These infestations will
occur only under specific environmental conditions and only if
the host plant is in a susceptible growth stage (Chakraborty et al.
2000). Finally, further climate warming will change the migration
routes and increase the numbers of migratory C. chalcites popula-
tions reaching northern Europe (Sparks et al. 2007), as it has been
recorded in eastern England during the last decades (Waring and
Townsend 2003).

However, it should be noted that C. chalcites population projec-
tions were determined at constant temperatures under laboratory
conditions using a semi-synthetic diet as food, and many other fac-
tors such as food availability, light, and humidity can also affect pest
population dynamics (Bale et al. 2002). Therefore, the current study
should be supplemented with other studies of environmental effects
on C. chalcites.

In conclusion, the age-stage, two-sex life-table analysis obtained
from this research has provided fundamental information on the ef-
tects of temperature on the developmental time, survivorship, repro-
duction, and longevity of C. chalcites. The current results also give
valuable insights into the optimal environmental conditions which
allow rapid reproduction and spread of C. chalcites in a scenario of
climatic change. These results have implications for predicting popu-
lation dynamics, distribution, and dispersal of this insect pest and for
developing sustainable and integrated strategies for its management.
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