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Population density is an essential factor affecting the life history traits of insects
and their trade-off relationships, as increasing density intensifies intraspecific
competition. It decreases the average resources available to individuals within
a population, affecting their morphology, physiology, behavior, and fitness.
The fall webworm, Hyphantria cunea (Drury) (Lepidoptera: Arctiidae), has been
an invasive pest of forest trees, ornamental plants, and fruit trees in China for
many years. The larvae have a typical aggregation habit before the fourth instar
and keep spitting silk to gather the damaged leaves into silk webs. However, the
fitness of H. cunea in response to population density remains unclear. In this study,
the critical biological parameters, food utilization, and population parameters
of H. cunea in response to different rearing densities were investigated. The
results showed that under high population density, H. cunea larvae showed
better performance, with faster development, higher survival rates, and shorter
generation time, but pupal weight and female fecundity decreased as population
density increased. In contrast, for larvae raised in low density, the developmental
period was prolonged, and mortality was increased, while higher food utilization,
greater body size, and female fecundity were observed. Both males and females
had similar development strategies in response to the density, but females may
be more resistant to crowding than males. In conclusion, H. cunea could adopt
different ecological strategies against the stress of density. High population
densities result in shorter generation cycles and higher survival rates. Conversely,
the low-density generation period becomes longer but with greater fecundity.
The results may help determine the possible outbreak mechanism and develop
effective population monitoring and forecasting measures for H. cunea.

Hyphantria cunea, development, rearing density, density-dependent effects, ecological
strategies

1. Introduction

Population density impacts several eco-evolutionary processes, including as inter- and intra-
specific competition, fitness, and population dynamics (Pepi et al., 2017). In holometabolous
insects, the larval stage is especially vulnerable to density-dependent effects, as it is the stage that
acquires resources (Dey and Joshi, 2018). Larval density-dependent effects can influence the
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expression of life-history features not only in the larval and adult
stages but also downstream for population dynamics and evolution,
altering evolutionary trajectories, species distribution ranges, and
extinction risks (Ayali, 2019; Baleba et al., 2019). During the larval
stage, population density influences resource availability, which can
have positive and negative consequences on development and fitness
(Ower and Juliano, 2019). Particularly in non-social holometabolous
insects, it is recognized that competition for resources during the
larval stage drives changes in larval development and adult
morphology and fitness (Fantinou et al., 2008; Diamantidis et al.,
2020). Because adults do not undergo molting, there is little
opportunity for them to compensate for poor early growth, especially
in traits like body size. As a result, the larval stage is crucial for
acquiring resources, with impacts that depend on density being
particularly noticeable. Interestingly, population density during the
larval stage can contribute to faster adaptation to novel resources via
increased intraspecific competition, a feature that can boost
populations’ ability to adjust to shifting habitats and population range
changes (Horgan et al, 2020; Than et al., 2020). Thus, density-
dependent impacts during development have
far-reaching ramifications.

Larval density has a well-reported effect on insect morphology
and behavior, inducing the development of dispersal morphs
(large, functional wings and flight muscles relative to body size)
(Takeuchi and Hori, 2007; Tanaka et al., 2016; Baleba et al., 2019).
In addition, larval density affects multiple sexually selected
behaviors and morphological structures and further impacts insect
ecological strategies (Applebaum and Heifetz, 1999). The general
patterns of larval density that influence individuals’ size or weight
are either directly reflected in the size or weight of resultant
individuals or a lag between differences in population density and
changes in size or weight (Peters and Barbosa, 1977). Competition
for resources in the larval stage is crucial in regulating larval
growth and development rates, adult lifespan traits, and fecundity
(Fox and Messina, 2018). Lepidoptera is a typical holometabolan
with limited ability to replenish nutrients in the adult stage. The
energy required for adult reproduction depends on the energy
reserves of the larval stage. In contrast, the food shortage in the
larval stage will restrict the larvae’s foraging rate, food utilization,
and food assignment (Altermatt and Pearse, 2011; Shin et al,,
2012). Another way that larval density might benefit insects is by
improving immunological function, which promotes resistance to
insecticides as well as bacterial and viral infections (Grossman
etal, 2018; Than et al., 2020). Several species have been reported
to utilize early population density to estimate the risk of pathogen
attack and to allocate resources appropriately to develop pathogen
resistance, and the density-dependent effects on resistance might
affect pest control in the field (Wilson et al., 2002; Martinez et al.,
2018; Vanden Broecke et al., 2019). Moreover, density-dependent
effects on population dynamics of pest can have a large impact on
durability of pesticides (Martinez et al., 2018). Studies of the effect
of negative density dependence in vital rates suggest variously that
it can shorten or extend the durability of pesticides (Onstad and
Flexner, 2023).

The fall webworm, Hyphantria cunea Drury (Lepidoptera:
Arctiidae), is a polyphagous and severe pest of the forest, urban, and
agricultural ecosystems around the world (Schowalter and Ring, 2017;
Ge et al, 2019). In China, the H. cunea was first introduced in
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Dandong City, Liaoning Province, in 1979 and spread to Shandong,
Shaanxi, Hebei, Tianjin, and Shanghai, causing significant damage to
the agroforestry ecosystem (Yang et al., 2008; Tang et al., 2016). It
forages on more than 400 plant species, covering nearly all deciduous
trees, especially walnut, pecan, willow, mulberry, oak, sweetgum, and
poplar (Edosa et al., 2019). As the name denotes, the fall webworm
also is a remarkable web-maker. Larvae have an aggregation habit,
1 ~4 instars mainly gathered in the back of the host leaf by creating
silk webs on tree branches to feed on the leaves, leaving the leaf veins
and upper epidermis (Chen et al., 2020). They keep spitting silk to
gather the damaged leaves into silk webs, and the increasing diameter
of the silk webs expands with larval growth. After fourth instar, they
break the net and disperse to feed and damage (Zalucki et al., 2002;
Rezari et al., 2006; Wu et al., 2019). However, few reports have
investigated density-mediated ecological adaptations of H. cunea. The
biology of H. cunea in response to different rearing densities is also
unknown. In this study, five populations with varying gradients of
rearing density of H. cunea were established. The effects of population
density on the growth, development, reproduction, and population
parameters of the fall webworm were investigated to clarify the
ecological response strategy of H. cunea to density factors.

2. Materials and methods
2.1. Insects

A total of 2,000-3,000 H. cunea eggs were collected from Prunus
serrulata var. lannesiana (Carri.) Makino at Huaian county of
Jiangsu Province (33.62°N, 119.02°E) in May, 2021. We obtained the
newly hatched larvae reared on artificial diets [consisting of wheat
germ (12%), casein (4.5%), Wesson’s salt (1.0%), ascorbic acid
(0.5%), sugar (2%), agar (1.5%), choline chloride (0.05%), sorbic
acid (0.4%), methyl p-hydroxybenzoate (0.25%), cholesterol (0.1%),
Vanderzants vitamin mix (0.003%) and inositol (0.035%)] (Cao
etal, 2014) on a fixed density (50 larvae/box (30 x20x 10cm)) in a
light incubator at 25+ 1°C with a 16h light/8h dark cycle and
60+ 5% humidity and fresh diets were supplied every 2 days until
pupation. Pupae were sexed based on the morphology of a few
terminal abdominal segments and maintained under the same
conditions as larval rearing. Sixty newly emerged adults were placed
at a ratio of 1:2 (female: male) in screen cages (32x22x15cm)
supplied with 10% honey water and corrugated paper at room
temperature for mating and oviposition. The H. cunea colonies
rearing at fixed density on artificial diets for one generation and the
next generation was used for the experiments.

2.2. Larvae reared on different density

Since the neonate will die in large numbers in the following
generation when they leave group rearing, post-molt second instar
larvae were utilized in different density rearing trials. The newly
hatched larvae are provided with sufficient diets and reared in groups
at a fixed density, and after molting to the second instar, the larvae
were reared at a gradient increasing density of 3, 6,9, 12, and 15 larvae
per 100 ml dish (4.5cmx5.7cmx 7 cm). For each density treatment,
at least 10 replicates were conducted per treatment. New artificial diets
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were supplemented every day. Rearing boxes were placed under the
same conditions described above in a growth chamber. Growth and
development parameters of the H. cunea were recorded every 24 h.
The larvae were weighed at 2-day intervals until pupation, and the
pupal was weighed 4-5 days after pupation by an electronic balance
(ME204T, Switzerland, d=0.0001g). The gender of pupae was
determined by the morphology of a few terminal abdominal segments
(Loewy et al,, 2013; Williams et al., 2015). Once the gender of the
pupae was determined, the developmental duration of the male and
female larvae was converted from the developmental time of each
neonate to the male and female pupae. Newly emerged females and
males from the same density treatment were paired and transferred
into 450ml (upper diameter 11.5cm, bottom diameter 8cm, and
depth 6.3 cm) transparent plastic cups with a honey-water solution
and corrugated paper for mating and oviposition. Honey water was
replaced daily, and the oviposition period, lifetime fecundity, and
adult longevity from the different density treatments were recorded.
The number of eggs laid by each female on corrugated paper was
counted under a binocular microscope (Leica EZ4, Germany) at the
end of the oviposition.

Population parameters of the H. cunea reared on different larval
densities were calculated according to age-stage, two-sex life table
principle, and method (Chi, 2015; Chi et al., 2020).

Age-stage-specific survival rates (S,;) were calculated according to
Chi (Chi et al., 2020) with slight modifications:

nxj

Sxj =
no1

where x=age in days and j=stage; 1, =number of second instar
larvae, n,;=number of individuals at age x and stage j.

Age-specific fecundity (m,): the number of eggs per individual
at age x:

Zj-?:lsxjfv
z;";sxj

my =

Where m is the number of stages and f; is the number of hatched
eggs produced by female adults at age x.

Age-specific survival rate (I,) was calculated according to Chi (Chi
etal,, 2020) with slight modifications:

m
lx = Z ij
j=0

The intrinsic rate of increase (r) is estimated by using the iterative
bisection method from the Euler-Lotka equation with age indexed
from zero (Goodman, 1982):

1= Z e—r(x+l)lxmx

n=0

Finite rate of increase (1):
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A=eé

Net reproductive rate (R,):

o0
Ry = z Lemy
x=0

Mean generation time (T):

InRy

r

T=

2.3. Feeding experiments

Since significant differences in body size appeared between 14 and
17 days of larval development at different rearing densities, the fourth
instar larvae were selected for feeding tests. We randomly selected 15
healthy larvae from each density treatment group. Then larvae were
transferred to new Petri dishes (diameter 6cm, depth 1.8cm) with
sufficient clearance between the lid and the bottom to ensure air
circulation in the microenvironment. Before the feeding experiment
started, the larvae were starved for 12h to allow them to excrete excess
feces. Subsequently, the larvae were weighed and supplied with a
pre-weighed (approximately 1g) diet for each larva. After 48h,
we weighed the remaining diet and feces. Five fresh diets were weighed
and dried in an oven (at 60°C for 48h), then re-weighed to determine the
dry mass of the artificial diet. The dry mass of the artificial diets was
calculated by the wet-dry regression formula for the linear regression was
calculated (n=5, dry mass=0.00481 +0.22539*wet mass, r*=0.996). The
dry mass of larvae was regressed against the wet mass of larvae before
feeding, and the wet-dry regression formula for the linear regression was
calculated (n=8, dry mass=—0.008+0.30416*wet mass, r*=0.993).
We used the relative growth rate (RGR), relative consumption rate (RCR),
the efficiency of converting ingested food into body matter (ECI), and the
efficiency of conversion of digested food into body matter (ECD) to
analyze the consumption and feeding efficiency. The formulas used to
calculate these nutritional indices are as follows (Waldbauer, 1968):

Relative growth rate (RGR) (mg:mg *-d ') = (B - A)/ [((A +
B)/2) x TJ;

Relative consumption rate (RCR) (mg-mg '-d ') = (D - C)/ [((A
+B)/2) x TJ;

Efficiency of conversion of ingested food (ECI) % = (B - A)/F;

Efficiency of conversion of digested food (ECD)% = (B - A)/
[(D-C)-F)xTJ;

A is the dry mass of the larva before feeding; B is the dry mass of
the larva after feeding; C is the dry mass of food before larvae feeding;
D is the dry mass of food after larvae feeding; F is the dry mass of
feces, and T is the duration of the feeding period.

2.4. Statistical analysis

One-way ANOVA was used for the comparative analysis of
developmental periods of different stages, larval weight, pupal weight,
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TABLE 1 The durations of larvae, pupae, and adults of H. cunea under different rearing densities.

Duration, Gender df

days Density_3

Density_6

Rearing density

Density_9

10.3389/fevo.2023.1177029

Density_12

Density_15

Larvae Male 4,191 21.65 24.24+0.17a 23.65 + 0.23ab 23.11 +0.12bc 22.85+0.11cd 22.63 +0.09d
Female 4,145 18.6 25.00 +0.16a 24.62 +0.18a 23.73 +0.09b 23.62 +0.09b 23.96 +0.11b

Pupae Male 4,135 2.13 11.07 £0.25 11.53+0.23 11.48 £0.15 11.05 £ 0.10 11.13+£0.13
Female 4,105 5.33 11.53 £0.19a 11.42 £ 0.26a 10.85 + 0.26ab 10.86 + 0.26ab 10.36 £ 0.13b

Adults Male 4,135 0.82 5.80 £ 0.46 5.76 +0.40 6.13 +£0.31 6.43 +0.24 6.23 +£0.19
Female 4,105 0.83 5.24+0.35 5.26 £ 0.30 4.85+0.31 4.86 +0.33 4.68 +£0.21

The data in the table are mean values + SE. Lowercase letters represent significant differences among larvae reared on different densities by the Turkey test, p<0.05.

and female fecundity of H. cunea under different rearing densities,
followed by the Tukey’s test with «=0.05 (Data are normally
distributed). Kruskal-Wallis ANOVA test (p=0.05) was used to
compare the food consumption (RGR, RCR, ECI, and ECD) of larvae
reared at different densities (Data does not conform to normal
distribution). The sex ratios were compared using Chi-square tests.
Yates’ correction was used when the expected frequency was below 5.
Kaplan—Meier survival curves analyzed the survival of the larvae and
pupae in each group, and the curves were compared using a log-rank
test. The data above were analyzed using the statistical software
package SPSS 22.0 (IBM Inc., New York, United States) and plotted
using R 4.2.0 (R Core Team, 2022) within Rstudio (RStudio
Team, 2022).

TWOSEX-MSChart 2022 software' was used to calculate
population parameters of H. cunea under different rearing densities,
and the standard errors were determined by bootstrapping with
100,000 repetitions (Johnson, 2001; Tuan et al., 2014). TWOSEX-
MSChart software was used to evaluate the statistical significance of
the observed differences. Group differences were evaluated by paired
bootstrapping, with p <0.05 considered statistically significant.

3. Results

3.1. Development time of each stage of
Hyphantria cunea

On different rearing densities, H. cunea could complete its whole
life cycle. Varying larvae densities had a substantial effect on the
developmental duration of the H. cunea larval and pupal stages (Male
larvae: F, 4, =21.7, p <0.01; female larvae: F, ;5= 18.5, p <0.01; female
pupae: F, ;5=5.3, p<0.01), but not on adult lifespan (Male adults:
F,135=0.82, p=0.51; female adults: F,,ps=0.82, p=0.51). Whether
female or male larvae, the developmental period gradually shortened
with increasing rearing density (Table 1). Crowding shortened the
developmental period of larvae. Larvae develop more quickly in high-
density rearing than in low-density rearing (Table 1). Larval periods
reared at 15 larvae/dish compared to 3 larvae/dish, reducing by
1.6days in males and by 0.9 days in females. Similarly, the female
pupation period of rearing at 15 larvae/dish was also significantly

1 http://140.120.197.173/Ecology/prod02.html
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shorter than that of 3 larvae/dish (Table 1). However, the difference in
developmental duration was only in the preadult stage (larval and
pupal stages, Table 1). Larval rearing density did not significantly
affect adult longevity (Table 15 p>0.05).

3.2. Survival rate

Larval survival rate was significantly affected by rearing density,
and the survival rate of H. cunea larvae reared in high-density was
significantly higher than rearing in low-density (log-rank test,
x*=24.93, p<0.01). The increase in larval population density
resulted in an increase in larval survival rate (Figure 1;
Supplementary Table S1), and larval survival was greatest at a
rearing density of 15 larvae/dish, which was much higher than the
other rearing density (p<0.01). Larval survival was lowest at 3
larvae/dish, which was not statistically different from 6 larvae/dish
(r*=0.5, p=0.47) but considerably lower than the other treatment
groups (Figure 1; Supplementary Table S1). There were no
significant changes in pupal survival rates between different rearing
densities (Supplementary Table S2; y*=4.89, p=0.29).

3.3. Larval body size and food utilization

Larval body size, as well as food utilization, were significantly
influenced by rearing density. The larvae under high-density rearing
showed more rapid early development and larger size (Figure 2A). The
larvae in the 3 larvae/dish rearing were consistently relatively more
minor in size until 17 days of development (Figure 2A), and after
17 days of development, larvae in high-density rearing slowed down
their body size development. Larvae reared at 15 larvae/dish were
significantly smaller than those reared at 3 larvae/dish and 6 larvae/
dish (Figure 2A; p<0.05). Subsequently, in the feeding assay, it was
found that there was no significant difference in the relative
consumption rate (RCR) of 4-5 instar larvae at different density
conditions (Figure 2B; Kruskal-Wallis test, p>0.05). However, the
efficiency of conversion of digested food (ECD) and the efficiency of
conversion of ingested food (ECI) decreased significantly with
increasing rearing density (Figure 2B; p <0.05). The highest ECD and
ECI were found for larvae reared at 3 and 6 larvae/dish (Figure 2B;
p<0.05). Furthermore, the relative growth rate (RGR) of larvae was
consistent with the trend of the ECI, and the RGR reared at low
density was comparatively higher.
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FIGURE 1
Survival rate of H. cunea under different rearing densities. S,;: the probability that a newly laid egg will survive to age x and stage .

3.4. Pupal weight, sex ratio, and fertility

There was a significant effect of larval rearing density on the
biological parameters of the post-pupae developmental stages of
H. cunea larvae. In the statistics of the male-to-female sex ratio,
we found that the male-to-female ratio under low-density rearing
conditions was more significant than or close to 1:1. In contrast, as
the rearing density increased, the proportion of females in the
population was lower than that of males, and males were in the
majority (Figure 3C; Chi-square test, y*=11.91, p=0.018). Pupal
weights of both sexes were significantly affected by larval density
and showed a similar trend, with an increase in rearing density
leading to a decrease in pupal weight. Three and six larvae/dish
densities resulted in the highest pupal weights for both sexes
(Figures 3A,B). Moreover, with a similar tendency to pupae weight,
female adults under 3 and 6 larvae/dish rearing exhibit higher
fecundity for per female (Figure 3D).

Frontiers in Ecology and Evolution

3.5. Population parameters

The r and A values of H. cunea populations were>0 and> 1,
respectively, for all rearing density situations (Table 2), indicating
that H. cunea could complete their life cycles under diverse
population density circumstances. Nevertheless, no substantial
differences in R, 7, and 4 were identified across population densities.
On the other hand, the mean generation time (T) of H. cunea
populations raised in low density is longer than that of populations
raised in high density.

4. Discussion

Intraspecific food resource competition is critical for organism
growth and adult traits(Thiery et al., 2014). When population density
grows, intraspecific competition intensifies, lowering the average
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FIGURE 2
larval body weight (A) and food utilization (B) of H. cunea reared under different larval densities. Lowercase letters indicate significant differences in the
body weight of H. cunea larvae reared at different densities, p<0.05, Turkey test. The asterisks represent significant differences among larvae reared at
different densities by the Kruskal-Wallis test. *p<0.05, **p<0.001, ***p<0.0001, NS, not significant.

resources individuals gain within the community (Horgan et al,
2020). At first glance, size, developmental rate, and fecundity seem
intimately linked as reciprocal representations of rearing pressures’
impact on insects (Peters and Barbosa, 1977). Nevertheless, substantial
evidence shows that these factors vary in their sensitivity to density
but may be completely independent (Klepsatel et al., 2018).

For species with complicated life cycles, such as Lepidoptera,
variations in larval density and food availability are always crucial in
influencing adult fitness. The H. cunea is a polyphagous pest species
in forest and agricultural ecosystems. Before the fourth instar, its
larvae congregate by building silk webs on tree branches. This social
behavior keeps them temperate and protects them from predators
(Chen et al,, 2020). In the forest, the growth and development of the
H. cunea are hardly constrained by the population density due to
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sufficient space and food resources. In this study, the H. cunea
exhibits population density-dependent effects on life-history traits
with a gradient of rearing density in constant space. Crowding
reduced larval development time substantially, and larvae developed
faster in group raising than in low-density rearing in both females
and males. Intraspecific competition caused by higher population
density could evoke early pupation of larvae as a kind of biotic stress
(Valiméki et al., 2013). On the other hand, a high larval density may
signal to the larva that the resource is likely to become entirely
exhausted in a shorter span of time due to intra- and inter-specific
competition, which would accelerate the growth of the larva
(Bauverfeind and Fischer, 2005; Yang et al., 2015). In Bicyclus anynana,
a high larval rearing density had contrary to common wisdom,
minimal impact on body size but reduced larval development time
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TABLE 2 Population parameters of H. cunea reared at different densities.

Population parameters

Density_3

Density_6

Rearing density

Density_9 Density_12 Density_15

Net reproductive rate (R,) 57.01 £27.22 50.81 +24.40 35.26 + 16.91 33.46 +15.99 3593 +15.61
The intrinsic rate of increase (r/day) 0.087 £ 0.01 0.087 £ 0.01 0.082 £ 0.01 0.081 £ 0.01 0.081 +0.01
Finite rate of increase (4/day) 1.09 £ 0.01 1.09 £ 0.01 1.08 £ 0.01 1.08 +0.01 1.08 +0.01
Mean generation time (T/day) 46.19 + 1.01a 44.93 + 1.01ab 43.75 + 0.25ab 42.89+0.57b 43.62 + 0.88b

The data in the table are mean values + SE. Lowercase letters represent significant differences among larvae reared on different densities, p < 0.05, paired bootstrap test.

through increased growth rates (Bauerfeind and Fischer, 2005).
Similar findings have been reported in the Lymantria dispar. The
larval development time shortened with increasing population
density and the same response in the European population and two
Asian population colonies within a specific rearing density range
(Wang et al., 2021).

We discovered that, in addition to developing time, H. cunea survival
was highly impacted by population density and increased with rising
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rearing density. The primary reason for mortality during insect raising is
the
microenvironment. Pathogen-infected insects are common in the

infection by pathogenic microorganisms in growing
microenvironment (Anderson and May, 1981; Kong et al, 2018).
Pathogen transmission is generally density-dependent; hence, the
probability of insects getting infected with pathogens increases as
population density increases. Yet, it has been shown that numerous

insects use early population density to predict the potential of pathogen
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infection and allocate resources to develop pathogen resistance (Wilson
and Reeson, 1998). Individuals raised in high-density conditions are
expected to be more resistant to infections (or parasites) than those
raised in low-density conditions. This phenomenon, termed “density-
dependent prophylaxis” (DDP), has been observed in some phase-
polyphenic insect species (Wilson et al., 2002; Wilson and Graham,
2015). The high population density could alter insect prophylactic
immunity, and the immune system plays a vital role in insect prophylactic
resistance to various microorganisms (Wilson et al, 2001; Wang et al.,
2013). Therefore, the higher the rearing density, the greater the survival
rate of larvae within a certain limited density. Similar findings were
reported in Plutella xylostella. Larvae reared in groups showed a
significantly higher survival rate than lower-density populations (Kong
etal, 2020). In other Lepidoptera species, such as Spodoptera littoralis,
Mythimna separata, the survival rate of larvae challenged by
entomopathogenic fungi and viruses was significantly increased in larvae
reared at higher densities (Wilson et al., 2001; Kong et al., 2018).

Furthermore, several ecologists and evolutionary biologists have
proposed the slow growth-high mortality hypothesis for the evolution
of sublethal effects to mitigate herbivory in response to low nutritional
quality (Williams, 1999). The hypothesis states that herbivores with
slower growth suffer more significant mortality by natural enemies
due to an extended period of vulnerability (Chen and Chen, 2018). In
this study, larval crowding shortens the developmental period, and
greater survival rates are shown in populations with higher densities,
supporting this hypothesis.

The performance and body composition of insect larvae depend
on the quality and quantity of their diet and biotic factors such as
larval density. The strong response of the larvae to overcrowding has
been observed in immature stages of other insect species and, in many
cases, has been attributed to competition for limited nutrients (Averill
and Prokopy, 1987; Agnew et al., 2000; Reiskind et al., 2004). A
restricted diet can directly impact mass gain. It may also influence the
timing and pattern of gene expression, resulting in a lack of nutrient
acquisition and reduced body size. The food consumption rate and
utilization efficiency changes underlie fitness modifications (Kause
et al,, 1999). In this study, the larvae under high-density rearing
showed more rapid in early development and larger size. As larvae
mature, larvae raised in high densities possess slower growth rates; the
food utilization parameters of H. cunea were significantly and
negatively impacted by increasing larval densities, which negatively
affected larval and pupal mass. Larvae rearing at lower density
facilitated a higher relative growth rate, the efficiency of ingested food
conversion, and the efficiency of digested food conversion. In Tenebrio
molitor, larval weight gain, food consumption, ECI, ECD, and
LWGpFC were negatively impacted by larval density (Morales-Ramos
and Rojas, 2015). The Loxostege sticticalis larvae reared at 1 larva, 10
larvae, and 50 larvae per jar; the body weight and the efficiency of
conversation of ingested food declined as larval density rose (Kong
etal, 2012). The larval weight, approximate digestibility, and relative
growth rate decreased with increasing larval density were observed in
the Mythimna separata, indicating population density was a major
factor affecting larval feeding behavior (Lizhi et al., 1995).

Larvae rearing in a crowded situation might develop more quickly,
but rapid development was at the expense of larval and pupal size
(Miller et al., 2016). The general patterns of population density
influence on size or weight are either an immediate effect in which
changes in population density are quickly reflected in the size or weight
of consequent individuals or a lag between population density variations
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and modifications in size or weight (Peters and Barbosa, 1977;
Applebaum and Heifetz, 1999). In this study, rearing density
substantially affected the pupal weight of H. cunea, both male and
female, with a significant decrease in pupal weight as rearing density
increased, and the greater pupal weight usually implies higher fertility
(Teimouri et al., 2015). In Lepidoptera, since the adult stage no longer
molts, the adult stage has a very restricted capacity to compensate for
life history characteristics, particularly those with decreased body size.
Hence, competition for resources during larval influences adult
morphological characteristics and fitness (Dmitriew and Rowe, 2011;
Barbosa et al., 2016; Fox and Messina, 2018). Fecundity reduction with
increasing larval density was observed in C. medinalis females even if
the food supply was enough for larval growth (Yang et al., 2015). In
Spodoptera exigua, pupal weight was significantly different and
negatively correlated to larval rearing densities, and female fecundity
was positively correlated with pupal weight (Wang et al., 2008). In
Diabrotica virgifera LeConte, different density rearing conditions
resulted in different fly-specified durations for adults, and female
fecundity was significantly affected (Yu et al., 2019). In this study, higher
fecundity was also observed in lower-density populations.

Furthermore, both sexes had similar development strategies, but
females seemed more resistant to variable rearing density. We found that
larvae have a higher proportion of females at lower rearing densities but
also have a more extended larval developmental period and higher
mortality. In lower-density populations, H. cunea takes more time to
develop to obtain more nutrients. Meanwhile, the extended
developmental period means more opportunities to be harmed by
environmental microorganisms (Chen and Chen, 2018). The male is
less resistant, resulting in a population reared at lower densities with
more females. There are more female individuals in the population,
which means that different rearing densities affect the sex ratio of the
population by affecting the survival rate of the male individuals. Sex bias
caused by abiotic factors is common in Lepidoptera. In Danaus
chrysippus, sex ratio distortion is caused by the intracellular bacterium
Spiroplasma which induces male killing (Jiggins et al., 2000b). In Acraea
encedon, sex ratio bias was associated with a maternally inherited
bacterium that kills males and could be cured by antibiotic treatment
(Jiggins et al,, 1998, 2000a). Sex ratio and sex-biased mortality were
investigated in Eucheira socialis, and larval mortality was consistently
disproportionately male, varying from 83 to 100% male, and pupal
mortality tended to be female-biased (Underwood and Shapiro, 1999).

Larval density-dependent effects can modulate a species’ interactions
with itself (e.g., intraspecific competition), other species (e.g., predators,
preys), or both (May et al., 1981; Arditi et al., 2001). This will define both
the ecological relevance of the species within the environment (density-
dependent ecological impacts) and the evolutionary trajectory of the
species across generations (Cappuccino, 1992; Than et al., 2020). In this
study, the r and A values of H. cunea populations were>0 and>1,
respectively, for different rearing densities, suggesting that H. cunea can
complete their life cycle in different population densities. However, the
differences between r and 4 were nonsignificant on different rearing
densities, indicating no difference in the population growth rate of
H. cunea under different population density conditions. However, the
average generation period of H. cunea was shorter under high-density
rearing than under low-density rearing.

In conclusion, this experiment investigated the variation of
biological parameters and population parameters of H. cunea under
different density conditions by assigning a gradient variation of
rearing density. The results show that H. cunea could adopt a flexible
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ecological strategy in response to population density stress. Under
high population density conditions, H. cunea would sacrifice body size
and egg production to complete development faster and achieve
higher survival rates. Under low population density conditions,
H. cunea will possess a larger body size and more offspring at the
expense of slower growth and higher mortality.
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