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Figure 1. A diagrammatic representation of nutrients obtained during larval and adult stage
allocated to various life history traits in holometabolous insects (based on Boggs, 2009).
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Table 1. Mean (±SE) larval (developmental) period (days), and percent pupation, emergence
and survival of Ephestia kuehniella reared at five densities. Means in each columns followed by
the same letter are not significantly different at P = 0.05.

Density Larval period Percent pupation Percent emergence Percent survival

50 27.80 ± 0.16 a 89.60 ± 1.65 a 86.67 ± 2.10 a 77.60 ± 2.15 a

100 28.36 ± 0.15 ab 86.90 ± 5.37 a 84.00 ± 4.02 a 72.30 ± 5.06 a

200 28.97 ± 0.33 b 86.40 ± 2.68 ab 83.04 ± 1.46 a 71.71 ± 2.50 a

400 28.89 ± 0.13 b 80.28 ± 2.19 b 86.58 ± 1.80 a 69.47 ± 2.27 a

800 33.69 ± 0.48 c 56.89 ± 1.83 c 83.60 ± 1.36 a 47.59 ± 1.66 b

F P F P

F P F P F P

F P F P

Table 2.Mean pupal mass (mg) of male and female Ephestia kuehniella reared at 50, 100, 200,
400 and 800 population densities. In each column different letters indicate significant
difference among the treatment groups (P < 0.05). Within each treatment group, females were
significantly heavier than males.

Population density Male Female

50 23.55 ± 0.55 a 27.84 ± 0.51 a

100 23.02 ± 0.48 a 25.29 ± 0.62 ab

200 21.59 ± 0.61 ab 24.69 ± 0.54 b

400 19.65 ± 0.44 b 21.69 ± 0.63 c

800 16.79 ± 0.58 c 18.90 ± 0.70 d

F P F P

E. kuehniella
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Figure 1. Mean total number of eggs, black bars and fertile eggs, grey bars laid by Ephestia
kuehniella females developed from five different population densities (50, 100, 200, 400 &
800) under controlled conditions. Bars with the same letters are not significantly different at P
= 0.05.
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Figure 2. Correlation between fecundity and fertility in Ephestia kuehniella females that were
reared at population densities of 50, 100, 200, 400 & 800 (a e).
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Figure 1. Schematic illustration of the changes associated with increased population density on
adult female, focusing on its effects on dispersal and reproduction. In a constant food source,
nutrient availability and population density are inversely proportional (a). Decrease in amount
of available nutrients has a negative effect on body size and in turn abdomen and fecundity as
the later three are positively related (b d). Small females due to lower fecundity are less
preferred by males (e). Changing allocation strategies and shifting wing morphology and flight
in response to food stress can have a detrimental effect on fecundity (Flight oogenesis
syndrome) (f).
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E. kuehniella

Figure 2. External morphological measures made on adult Ephestia kuehniella. FWL, HW and
TW represent forewing length, head and thorax widths, respectively.
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Table 1. Mean (± SE) sizes (mm) of various morphological traits of female Ephestia kuehniella
selected at random after culture at a range of densities. Means followed by the same letters in
each row are not significantly different (P > 0.05).

Morphological trait 100 200 400 800

Adult body mass 21.74 ± 0.44 a 20.49 ± 0.47 b 19.43 ± 0.34 b 16.45 ± 0.39 c

Abdominal depth 1.80 ± 0.03 a 1.78 ± 0.02 a 1.69 ± 0.02 ab 1.62 ± 0.06 b

Fore wing length 8.85 ± 0.07 a 8.53 ± 0.08 ab 8.50 ± 0.08 ab 8.34 ± 0.12 b

Head width 1.25 ± 0.01 a 1.25 ± 0.01 a 1.22 ± 0.01 a 1.19 ± 0.01 b

Thorax width 2.35 ± 0.03 a 2.25 ± 0.03 ab 2.19 ± 0.02 bc 2.12 ± 0.03 c

Ovipositor length 2.45 ± 0.03 a 2.43 ± 0.04 a 2.40 ± 0.04 a 2.30 ± 0.08 a

F P

F

P

F

P F P F P
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Table 2. The relationship between body mass (x, mg) and morphological trait size (y, mm) in
width and length) of Ephestia kuehniella female reared at different population densities.
Regression equations are given as y = a + bx, where y is the dependent variable (morphological
trait size), x is body mass, a is intercept and b is slope. All values were log transformed.
Significant P values are indicated in bold.

Morphological trait Population density Linear regression R2 F P

Fore wing length 100 y = 0.71 + 0.17 x 0.215 1,28=7.69 0.010

200 y = 0.60 + 0.26 x 0.390 1,28=17.93 0.000

400 y = 0.60 + 0.26 x 0.277 1,27=10.35 0.003

800 y = 0.72 + 0.16 x 0.139 1,24=3.87 0.061

Head width 100 y = —0.10 + 0.16 x 0.268 1,28=10.24 0.003

200 y = —0.16 + 0.19 x 0.206 1,28=7.24 0.011

400 y = —0.06 + 0.12 x 0.165 1,27=5.32 0.030

800 y = —0.11 + 0.16 x 0.334 1,24=12.05 0.002

Thorax width 100 y = —0.00 + 0.29 x 0.324 1,28=13.43 0.001

200 y = 0.08 + 0.21 x 0.172 1,28=5.80 0.023

400 y = 0.12 + 0.17 x 0.109 1,27=3.30 0.081

800 y = 0.00 + 0.27 x 0.311 1,24=10.87 0.003

Abdominal depth 100 y = —0.38 + 0.47 x 0.313 1,27=12.31 0.002

200 y = —0.07 + 0.25 x 0.185 1,27=6.12 0.020

400 y = —0.03 + 0.19 x 0.051 1,25=1.35 0.257

800 y = —1.22 + 1.16 x 0.463 1,14=12.09 0.004

Ovipositor length 100 y = 0.06 + 0.25 x 0.237 1,25=7.77 0.010

200 y = 0.25 + 0.10 x 0.022 1,25=0.56 0.463

400 y = 0.53 – 0.12 x 0.017 1,22=0.39 0.539

800 y = 0.12 + 0.20 x 0.048 1,20=1.01 0.327
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Figure 3. The relationship between
body mass and various morphological
traits in Ephestia kuehniella females
reared at different population
densities. Regression lines obtained at
different densities were compared for
slope difference. For abdominal depth
but not for other morphometric traits
slope differed significantly among the
treatments.
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Figure 4. Mean numbers of eggs laid in six oviposition scotophases by female Ephestia
kuehniella reared at different population densities. Multiple comparisons (Tukey’s HSD test)
showed that females emerged from population densities of 100, 200 & 400 except population
density of 800 deposited more number of eggs in the first oviposition scotophase compared to
other scotophases, however, in the same scotophase females emerged from population
densities of 100 and 200 had laid significantly more eggs than those from higher population
densities (400 & 800) (P < 0.05).
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Figure 5. Effect of egg deposition depth on Ephestia kuehniella neonate larval survival (a) and
egg predation (b). Different letters above each bar indicate significant difference (P < 0.05).

Discussion

a a a a

0

25

50

75

100

0 1 2 3
Egg deposition depth (mm)

N
eo

na
te

 la
rv

al
 s

ur
vi

va
l (

%
)

a

a

b

b
b

0

25

50

75

100

0 1 2 3
Egg deposition depth (mm)

E
gg

 p
re

da
tio

n 
(%

)

b



Nutrient limitation: female morphology and reproduction

E. kuehniella

E. kuehniella

E. kuehniella



Chapter 3

E. kuehniella

E. kuehniella



Nutrient limitation: female morphology and reproduction

E. kuehniella



Chapter 3

Ephestia kuehniella

E. kuehniella

Spodoptera exempta

E.

kuehniella

E. kuehniella



Nutrient limitation: female morphology and reproduction





CHAPTER 4

Effects of larval crowding and nutrient limitation on male

phenotype, reproductive investment and strategy in Ephestia

kuehniella (Insecta: Lepidoptera)





Nutrient limitation: male phenotype and reproductive strategy

Abstract

Ephestia

kuehniella



Chapter 4



Nutrient limitation: male phenotype and reproductive strategy

Introduction

Nauphoeta cinerea

Bicyclus anynanaes



Chapter 4

Plodia

interpunctella ad libitum



Nutrient limitation: male phenotype and reproductive strategy

P. interpunctella

Pseudaletia separata

P. interpunctella Cadra cautella



Chapter 4

Materials and methods

Study species

Ephestia kuehniella



Nutrient limitation: male phenotype and reproductive strategy

Figure 1. Morphological measures made on male Ephestia kuehniella. FWL, HW and TW
represent forewing length, head and thorax widths, respectively.
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Table 1. Mean (±SE) body mass (mg) and morphological trait sizes (mm) of Ephestia kuehniella
males reared at four population densities. In each row, means followed by the same letter
were not significantly different at P = 0.05.

Trait 100 200 400 800

Body mass 15.21 ± 0.34 a 15.63 ± 0.34 a 13.89 ± 0.28 b 12.31 ± 0.37 c

Forewing length 8.76 ± 0.08 a 8.64 ± 0.08 a 8.52 ± 0.17 ab 8.30 ± 0.09 b

Head width 1.25 ± 0.01 a 1.25 ± 0.01 a 1.22 ± 0.01 a 1.19 ± 0.01 b

Thorax width 2.19 ± 0.03 a 2.20 ± 0.03 a 2.15 ± 0.03 b 2.13 ± 0.02 b

Valva length 1.34 ± 0.02 a 1.32 ± 0.01 a 1.33 ± 0.03 a 1.29 ± 0.02 a

Aedeagus length 1.55 ± 0.03 a 1.53 ± 0.03 a 1.56 ± 0.03 a 1.53 ± 0.02 a

F P

P

P

F

P F P F P

F P
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Table 2. The relationship between log body mass (x, mg) and log morphological trait size (y,
mm) in width and length) of Ephestia kuehniella males that emerged from different population
densities. Significant terms are indicated in bold. Regression lines were further compared to
determine their slope difference (Figure 2).

Morphological trait Population
density

Linear regression R2 F P

Forewing length 100 y = 0.86 + 0.07 x 0.026 1,24 = 0.69 0.415

200 y = 0.80 + 0.12 x 0.089 1,27 = 2.73 0.110

400 y = 0.47 + 0.40 x 0.189 1,24 = 6.53 0.016

800 y = 0.57 + 0.31 x 0.768 1,25 = 89.53 <0.0001

Head width 100 y = 0.02 + 0.06 x 0.024 1,24 = 0.64 0.432

200 y = —0.04 + 0.11 x 0.019 1,27 = 2.99 0.095

400 y = —0.19 + 0.24 x 0.241 1,24 = 8.88 0.006

800 y = —0.12 + 0.18 x 0.318 1,25 = 12.60 0.001

Thorax width 100 y = 0.14 + 0.17 x 0.073 1,24 = 2.03 0.165

200 y = 0.19 + 0.13 x 0.063 1,27 = 1.87 0.182

400 y = 0.28 + 0.05 x 0.005 1,24 = 0.14 0.708

800 y = —0.07 + 0.20 x 0.234 1,25 = 8.25 0.008

Valva length 100 y = —0.06 + 0.15 x 0.047 1,24 = 1.17 0.289

200 y = 0.00 + 0.10 x 0.051 1,27 = 1.44 0.241

400 y = —0.12 + 0.21 x 0.142 1,23 = 3.79 0.064

800 y = —0.01 + 0.11 x 0.033 1,24 = 0.82 0.374

Aedeagus length 100 y = 0.26 + 0.00 x 0.000 1,24 = 0.00 0.997

200 y = 0.18 + 0.01 x 0.000 1,27 = 0.00 0.971

400 y = 0.01 + 0.15 x 0.070 1,24 = 1.74 0.201

800 y = 0.16 + 0.02 x 0.002 1,25 = 0.06 0.815
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Figure 2. The relationship between
body mass and various morphological
traits in Ephestia kuehniella males
reared at different population
densities. Slopes of regression lines
obtained using Table 2 were
compared using ANCOVA. The slope
for forewing length was steeper at the
higher population densities of 400 &
800 compared to the rest. For all the
remaining traits the slopes were
homogeneous. Adult body mass was
measured in mg and the
morphological traits in mm.
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Figure 3. Effect of population density on Ephestia kuehniella male reproductive success: total
numbers of apyrene (a) and eupyrene (b) sperms produced, mating frequency (d) and adult
longevity (c). Error bars represent standard errors about the mean. For each parameter, bars
with different letters are significantly different (P < 0.05).
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Table 1. Comparison of lifetime reproductive output (fecundity (total eggs laid) and fertility
(total fertile eggs laid)) of mass matched female Ephestia kuehniella, taken from low (200) and
high (800) density.

Density Fecundity Fertility

200 196 ± 16.40 195.6 ± 16.38

800 245 ± 15.78 243.3 ± 15.71
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t P

t P

t P

t P

t P

Table 2. Comparison of male behavioural activities (courtship frequency and courtship
duration recorded during mate choice) and lifetime reproductive success (eupyrene and
apyrene sperm produced and mating frequency) of mass matched male Ephestia kuehniella,
taken from low (200) and high (800) density.

Density Courtship
frequency

Courtship
duration

Mating
frequency

Total eupyrene
sperm

Total apyrene
sperm

200 2.33 ± 0.37 50.44 ± 11.96 2.00 ± 0.58 17152 ± 5407.19 251583 ± 78087.7

800 1.67 ± 0.24 24.56 ± 6.85 2.67 ± 0.49 21504 ± 4166.85 286000 ± 65126.2

Courtship frequency includes successful + unsuccessful courts made by a male. Courtship
duration represents the total time period (seconds) spent in courtship activity.
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Results
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Table 1. Heritability estimates (h2±SE) and correlation coefficient (r) for parent offspring body
mass in Ephestia kuehniella

Son Daughter

h2± SE. r h2 ± SE r

Mother 0.36 ± 0.10 0.40 0.42 ± 0.12 0.39

Father 0.50 ± 0.12 0.43 0.64 ± 0.14 0.44

Mid parent 0.37 ± 0.07 0.54 0.45 ± 0.08 0.55



Chapter 6

Figure 1. Regression of mean daughter (a) and son (b) body mass (mg) on parent body mass
(mg) for Ephestia kuehniella. The heritability estimates of single parent offspring regression
and mid parent offspring regression were significantly high for each offspring sex (Table 1).
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Growth rate

t P

t P

t P t P

Survival rate (%)

z P

z P

Table 2. Estimates obtained using generalized linear mixed model and general linear
model with binomial distribution that explains the maternal and paternal effects on
offspring developmental period, growth rate and survival in Ephestia kuehniella.
Degrees of freedom were 1 for all terms.

Developmental period Growth rate Survival rate

Daughter Son Daughter Son

Intercept 4.02 36.06 10.42 9.79 1.52

Mother body mass 1.07 —0.13 0.07 0.07 —0.0006

Father body mass 1.43 0.13 0.009 0.007 —0.0558

Mother body mass *
Father body mass

—0.05
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e Figure 2. Effect of mother and
father body mass on Ephestia
kuehniella daughters and sons
developmental period (DP) (a b),
growth rate (c d) and survival rate
(e). Predicted relationships were
developed using estimates (Table
2) obtained from generalized linear
mixed models for developmental
period and growth rate and
general linear model with a
binomial distribution for survival
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Does polyandry provide genetic benefits?
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Figure 1. Schematic diagram mating and rearing procedures used to examine effects of
polyandry. On two consecutive days, females were allowed to mate twice with the same
(monandrous (MF)) or different males (polyandrous (PF)). From each female, eggs laid after
second mating were collected and upon hatching neonate larvae were split and assigned to
one of the three rearing densities (5, 20 and 40), thus in the first generation six treatments
(MF 5, MF 20, MF 40, PF 5, PF 20 and PF 40) were established. Adults of the first generation
were allowed to mate once. Solid lines indicate mating within the treatment and dashed lines
indicate mating between MF and PF adults that belong to the same population density and
hence called cross culture (CC). Neonate larvae of these matings were used to develop second
generation.

Offspring larval performance (percent survival, developmental period and

pupal mass)
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Figure 2. Mean developmental period (a) and survival (b) of first generation Ephestia
kuehniella offspring taken from monandrous (MF) and polyandrous (PF) clutches that were
reared at population densities of 5, 20 and 40. Error bars are ± SE. Different letters above each
bar indicate significant difference (P < 0.05).
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Table 2. Mean (±SE) fecundity (total eggs laid), hatching success and hatch rate (%) of first
generation Ephestia kuehniella offspring taken from monandrous (MF), polyandrous (PF) and
cross culture (CC) clutches reared at three different population densities (5, 20 and 40).
Numbers within parentheses are sample sizes. In each column means followed by different
letters are significantly different (P < 0.05).

Fecundity Hatching success Hatch rate

MF 5 236.83 ± 30.57 ab (6) 235.33 ± 30.92 ab (6) 99.22 ± 0.55 a (6)

PF 5 300.67 ± 17.28 a (6) 295.00 ± 18.41 a (6) 97.95 ± 1.04 a (6)

CC 5 287.33 ± 21.69 a (6) 285.33 ± 21.18 a (6) 99.37 ± 0.31 a (6)

MF 20 217.08 ± 18.48 b (12) 203.67 ± 17.18 b (12) 94.44 ± 2.14 a (12)

PF 20 221.00 ± 34.53 b (7) 213.14 ± 34.16 b (7) 96.01 ± 1.31 a (7)

CC 20 214.60 ± 15.66 b (15) 206.80 ± 15.80 b (15) 96.18 ± 0.98 a (15)

MF 40 179.67 ± 14.79 b (9) 176.00 ± 13.50 b (9) 98.30 ± 0.71 a (9)

PF 40 168.00 ± 17.46 b (5) 162.80 ± 17.88 b (5) 96.72 ± 1.10 a (5)

CC 40 175.5 ± 11.65 b (14) 171.79 ± 11.97 b (14) 97.64 ± 0.68 a (14)

Second generation

F P

F P

F P F P
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Figure 3. Mean (±SE) developmental period (a) and survival (b) of second generation Ephestia
kuehniella offspring taken from monandrous (MF), polyandrous (PF) and cross culture (CC)
clutches reared at three different population densities (5, 20 & 40). Bars with different letters
indicate significant difference at P = 0.05.
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