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Grasshopper eggs overwinter in soil for almost half a year. Changes in soil temperature
and moisture have a substantial effect on grasshopper eggs, especially temperature and
moisture extremes. However, the combinatorial effect of temperature and moisture on
the development and survival of grasshopper eggs has not been well studied. Here, we
examined the effects of different soil moistures (2, 5, 8, 11, 14% water content) at 26°C
and combinations of extreme soil moisture and soil temperature on the egg development
and survival of three dominant species of grasshopper (Dasyhippus barbipes, Oedaleus
asiaticus, and Chorthippus fallax) in Inner Mongolian grasslands. Our data indicated
that the egg water content of the three grasshopper species was positively correlated
with soil moisture but negatively correlated with hatching time. The relationship between
hatching rate and soil moisture was unimodal. Averaged across 2 and 11% soil moisture,
a soil temperature of 35°Csignificantly advanced the egg hatching time of D. barbipes,
O. asiaticus, and C. fallax by 5.63, 4.75, and 2.63 days and reduced the egg hatching
rate of D. barbipes by 18%. Averaged across 26 and 35°C, 2% soil moisture significantly
delayed the egg hatching time of D. barbipes, O. asiaticus, and C. fallax by 0.69, 11.01,
and 0.31 days, respectively, and decreased the egg hatching rate of D. barbipes by
10%. The hatching time was prolonged as drought exposure duration increased, and the
egg hatching rate was negatively correlated with drought exposure duration, except for
O. asiaticus. Overall, the combination of high soil temperature and low soil moisture had
a significantly negative effect on egg development, survival, and egg hatching. Generally,
the response of grasshopper eggs to soil temperature and moisture provides important
information on the population dynamics of grasshoppers and their ability to respond to
future climate change.

Keywords: climate change, embryonic development, grasshopper, soil moisture, soil temperature

INTRODUCTION

Experiments and models have indicated that climate change has significant effects on the
population dynamics, phenology and distribution of insects (Walther et al., 2002; Parmesan
and Yohe, 2003; Root et al., 2003; Parmesan, 2006; Poniatowski et al., 2020). For example,
experimental warming and precipitation interactively modulate the mortality rate and timing of
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spring emergence of a gallmaking tephritid fly (Xi et al., 2016).
Warmer and drier weather in the preceding year increase the
winter mortality of honey bees (Switanek et al., 2016). In recent
decades, the frequency of extreme weather events (e.g., drought
and high temperature) has increased (Deutsch et al., 2008), and
these events have affected the development and survival of insects
(Katz and Brown, 1992; Bale et al., 2002; Jentsch et al., 2009;
Allen et al., 2010). Although many studies have focused on the
effects of average variation in climatic factors on the development
and survival of insects (Masters et al., 1998; Frampton et al,
2000; Srygley, 2014; Gherlenda et al., 2016), the responses of
insects to extreme environments remain unclear. An improved
understanding of the effects of extreme environments on insects
may greatly enhance our knowledge of how climate change affects
the distribution, phenology and population dynamics of insects.

Grasshoppers are important primary consumers in temperate
grassland ecosystems. Female grasshoppers lay their eggs in
the soil and endure a severe season (hot and dry summer or
cold and wet winter). Thus, the egg stage is the most crucial
developmental period for grasshoppers, as it determines their
abundance in the following year. The embryonic development,
survival, and hatching time of grasshopper eggs largely depend
on soil temperature and moisture (Mukerji and Gage, 1978;
Wagner et al., 1984; Honek and Kocourek, 1990; Briere
et al., 1999; Hao and Kang, 2004a,b; Walter et al., 2018).
Furthermore, grasshopper life cycles vary with elevation (Dingle
and Mousseau, 1994; Telfer and Hassall, 1999), latitude (Groeters
and Shaw, 1992), topography (Coxwell and Bock, 1995),
and soil type (Poniatowski et al, 2020), all of which are
associated with variation in soil temperature and moisture.
Grasshopper population outbreaks are closely associated with
environmental conditions, such as flooding, drought, or warm
winters experienced during the egg stage (Powell et al., 2007;
Yu et al., 2009; Zhang et al., 2009). Grasshopper species vary in
the strategies they employ to adapt to unpredictable changes in
environmental factors. For example, grasshoppers have evolved
different embryonic diapause traits (facultative, obligate, or
no diapause) (Hao and Kang, 2004a; Guo et al, 2009) to
alter egg hatching time based on environmental conditions.
Thus, studying the responses of grasshopper egg development
and survival to soil temperature and moisture may provide
valuable insights into the ecological mechanisms underlying the
adaptation of grasshoppers to environmental changes.

The Inner Mongolian grasslands are located in arid and
semiarid regions, where organisms often face year-round drought
stress. However, severe drought and high temperature tend to
be more common in late spring and summer. Precipitation is
typically concentrated in the fall. In Inner Mongolian grasslands,
the dominant grasshopper species Dasyhippus barbipes, Oedaleus
asiaticus, and Chorthippus fallax can generally be divided into
early-, mid- and late-season species, respectively, based on their
phenology. These grasshopper species have divergent life history
traits and occupy distinct spatial and temporal ecological niches
(Kang and Chen, 1994a). Our previous studies have shown that
these grasshopper species respond differently to temperature and
moisture treatments in laboratory experiments (Hao and Kang,
2004a,b; Zhao et al., 2005; Kang et al., 2007). The early-season

species D. barbipes has obligate diapause, and warming does not
significantly advance its egg hatching time. In contrast, warming
advances the egg hatching time of the late-season species C. fallax,
which does not have diapause (Guo et al., 2009). These studies
suggest that diapause traits of grasshopper species can buffer
them from the effects of environmental change (Guo et al., 2009;
Wu et al.,, 2012; Kearney et al., 2018) or increase the sensitivity of
embryonic development to environmental change. In addition,
insect hatching in spring may be more strongly affected by
environmental forces compared with the later hatching of other
species (Walter et al., 2018). Therefore, study of the responses of
different grasshopper species to soil temperature and moisture
can improve our ability to predict how their distribution will
change in response to climate change.

In this study, we examined three dominant species of
grasshoppers that vary in their phenology and habitat use.
D. barbipes and O. asiaticus are early- and mid-season species,
respectively, that prefer xeriphilic environments. C. fallax is a
late-season species that prefers humid environments. We carried
out a series of individual and cross over experiments of soil
temperatures and moisture to investigate their combinatorial
effect on the embryonic development and survival of grasshopper
eggs under laboratory conditions. The aim was to test the
hypotheses that the effects of soil temperature and moisture on
grasshopper egg development and survival are species-specific
and that late-season grasshopper species are more sensitive to
lower soil temperature and moisture than early- and mid-season
grasshopper species.

MATERIALS AND METHODS

Egg Collection

We obtained eggs of three grasshopper species, D. barbipes,
O. asiaticus and C. fallax, by collecting adult grasshoppers in the
grasslands of Duo Lun County (42°02'N, 116°17'E, 1324 m a.s.1.)
of Inner Mongolia, China. In this region, the long-term (1953-
2007) mean annual air temperature is 2.1°C, and the monthly
mean temperature ranges from 18.9°C in July to —17.5°C in
January. The mean annual precipitation is 383 mm, with 90%
falling between May and October.

Field-collected adult grasshoppers were reared in cages in
the laboratory to produce egg pods under a 14:10 (light:dark)
photoperiod. 60-W tungsten filament bulbs were used to provide
light from 8:00 a.m. to 10:00 p.m. and 26 °C air temperatures in
daytime for adult rearing cages. We fed the grasshoppers fresh
gramineous plants collected from the field daily. To collect eggs,
we placed a plastic pot filled with moistened sand on the bottom
of the cage so that adult females could lay eggs. The egg pods were
then sieved out from the pot every 2 days. We transferred these
egg pods to a small plastic cup filled with sterile sand containing
5% water content by mass. We kept these cups in a 5°C
refrigerator before using them in the manipulative experiments.

Experimental Substrate and Preparation
The experimental substrate was sand, which was sifted through a
2-mm? sieve, washed with water to clean out the clay, oven-dried
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at 180°C for 12 h for sterilization, and then moistened to 2, 5,
8, 11, and 14% of the water content by gross mass. To ensure
that egg pods had the same water content at the start of the
experiment, we placed all egg pods in soil with 5% moisture
and at 18°C for 3 days prior to starting the experiment. Twenty
egg pods of each grasshopper species were randomly selected
and placed in a plastic cup (inner diameter 7.5 cm and height
8.5 cm, holds about 250 g dry sand) filled with sand with different
moisture levels. Each cup was a replicate of each treatment, which
consisted of two temperatures and 6 levels of moisture. We sealed
the cups with parafilm and replaced sand weekly to maintain
constant soil moisture.

Effect of Soil Moisture on the Egg Water

Content

To measure the effects of soil moisture on the egg water content
of each grasshopper species, we placed the cups with egg pods
and different soil moistures (described above) into an incubator
at 18°C (to slow the embryonic growth rate to minimize the effect
of embryonic development on the egg water content) for 5 days.
We weighed the wet mass of egg pods, oven-dried the egg pods
at 65°C for 72 h, and reweighed the egg pods for dry mass to
calculate the egg water content with a precision of +/— 0.01 mg.
All treatments had 6 replicates.

Main Effects of Soil Moisture on Egg

Hatching Time and Survival

To measure the effect of soil moisture on hatching time and
survival, we incubated the cups with egg pods at moistened with
2,5, 8, 11 and 14% and at 26°C (the favorable temperature for
grasshopper egg development). The egg pods were examined
daily to record the number of hatchlings and the number of dead
grasshopper eggs in each treatment. After 60 days, we considered
any remaining eggs to have entered diapause. We incubated these
eggs in diapause at 4°C for 60 days to break diapause and then
moved them to 26°C. We kept all treatments at 26°C for another
60 days in post-diapause development and recorded the number
of hatchlings daily. At the end of the experiment, all egg pods were
dissected to examine the number of living eggs. All treatments
had 6 replicates.

Interactive Effects of Soil Temperature
and Moisture on Egg Hatching Time and

Survival

We used 2 and 11% as the lowest and highest soil moisture
based effect of soil moisture on egg water content, and 26°C
and 35°C as normal and high soil temperatures based on local
field meteorological data (Wu et al.,, 2012) to form four cross
treatments (11% and 35°C, 11% and 26°C, 2% and 35°C, 2% and
26°C), respectively. First, we incubated plastic cups with twenty
egg pods of each grasshopper species and silver sand of 2 and
11% moisture at 26°C for 60 days to confirm that all eggs had
entered diapause. Second, we incubated all cups at 4°C for 60 days
to terminate egg diapause. Finally, we incubated cups at either
26°C or 35°C, resulting in four cross treatments of temperature
and moisture. We recorded the number of hatched eggs and

deaths from all treatments daily for 60 days. Because C. fallax is
a non-diapause species, we skipped the incubation at 26°C for
prediapause development and 4°C for diapause termination and
directly placed C. fallax eggs into the four cross treatments of
temperature and soil moisture. At the end of the experiment, we
dissected all the egg pods and recorded the number of unhatched
eggs alive or dead. All treatments had 6 replicates.

Effect of Embryonic Stage and Drought
Duration on Egg Hatching Time and

Survival
To determine the embryonic stage during which eggs are most
sensitive to drought and how drought exposure duration affects
the hatching time and hatching rate of the three grasshopper
species, we designed experiments in which the embryonic stage
(eggs with prediapause development for 5 and 15 days before
we initiated drought treatment) and drought exposure duration
varied. We took grasshopper eggs that had developed for 5 and 15
days at 26°C and 8% sand moisture. Eggs were then transferred
to cups filled with anhydrous sand (0% moisture) for 0, 5, 10,
15, or 20 days at 26°C. Afterward, we returned the eggs to 8%
soil moisture conditions for 60 days and continually incubated
unhatched eggs at 4°C for 60 days to terminate diapause. We
finally incubated postdiapause eggs at 26°C and 8% moisture
for another 60 days. We recorded the number of hatchlings and
dead eggs during pre- and postdiapause development daily. We
dissected egg pods and recorded the number of live and dead eggs
at the end of the experiment. All treatments had 6 replicates.
Generally, egg development at 5 and 15 days under normal
conditions is associated with the embryonic stages of prediapause
(stages 10-11 and stages 16-17, respectively). In this experiment,
we defined a standard variation index (VI) to compare the
sensitivity of the response of egg hatching time and hatching rate
to drought exposure duration among the different grasshopper
species. VI = (egg hatching time (or hatching rate) of drought
treatment—egg hatching time (or hatching rate) of control
treatment)/egg hatching time of control treatment. Higher values
indicate greater sensitivity of the hatching time or hatching rate
of grasshopper eggs to drought exposure duration.

Data Analysis

We used three- and two-way ANOVAs to examine the main
and interactive effects of species, soil moisture, soil temperature,
embryonic development stage, and drought duration on egg
hatching time and hatching rate of the three grasshopper species.
We performed one-way ANOVAs to assess variation in egg
water content, egg hatching time and hatching rate among
different soil moisture levels for each grasshopper species. We
used linear regressions and polynomial analyses to measure
the relationships between soil moisture and egg water content
as well as between egg hatching time and hatching rate for
each grasshopper species. The slopes of the regression models
were used to compare the sensitivity of the three grasshopper
species to changes in soil moisture. We followed ANOVAs
with post hoc analyses (Duncan test; alpha = 0.05) to assess
differences among soil moisture levels. In this study, we referred
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to hatching time as the duration required for 50% of eggs
to hatch in each treatment and the hatching rate as the
number of eggs hatched at the end of each trial/the number
of eggs at the beginning of each trial. We conducted all
statistical analyses using SPSS 16.0 software (SPSS Inc., Chicago,
Illinois, United States).

RESULTS

Effect of Soil Moisture on Grasshopper
Egg Water Content, Hatching Time and
Hatching Rate

Before treatments, the egg water content of the mid-season
species, O. asiaticus (39.65%), and late-season species, C. fallax
(38.43%), was much higher compared with the early-season
species, D. barbipes (30.86%). When incubated at 18°C for 5 days,
the egg water content differed among grasshopper species prior to
any manipulative experiments [F(» 0y = 145.26, P < 0.01]. The
egg water content of the three grasshopper species was positively
correlated with soil moisture (Figures 1A-C), but the response
was stronger in the xeriphilic species D. barbipes and O. asiaticus
than in the mesic species C. fallax. ANOVA indicated that soil
moisture levels significantly affected the egg water content of
D. barbipes [F(4,20) = 46.91, P < 0.01; Figure 1A] and O. asiaticus
[F(4,20) = 9.96, P < 0.01; Figure 1B]. Soil moisture only had a
marginally significant effect on the egg water content of C. fallax.
The egg water content was only markedly decreased under 2%
soil moisture compared with eggs at other soil moisture levels
[F(4,20) = 2.83, P = 0.05; Figure 1C].

At the five levels of soil moisture at 26°C, there were significant
differences in egg hatching time [F(2,75) = 713.57, P < 0.01;
Figures 1D-F] among the three grasshopper species. The eggs
of the mid-season species O. asiaticus required a longer period
to reach 50% hatching (24.38 days) compared with the eggs of
the late-season species C. fallax (14.94 days) and early-season
species D. barbipes (12.50 days). The egg hatching time of the
three grasshopper species was significantly negatively correlated
with soil moisture (Figures 1D-F). The egg hatching times
of D. barbipes and O. asiaticus were more sensitive to soil
moisture than those of C. fallax. The egg hatching times of
D. barbipes [F (4 35) = 64.83, P < 0.1; Figure 1D] and O. asiaticus
[F(4,25y = 7.01, P < 0.1; Figure 1E] in the 2% soil moisture
treatment were significantly longer than those in the other soil
moisture treatments. In contrast, there was no difference in egg
hatching time among moisture levels for C. fallax [F(4,25) = 1.39,
P =0.27; Figure 1F].

There were significant differences in egg hatching rate
[F(2,75) = 567.69, P < 0.01; Figures 1G-I] among the three
grasshopper species. The egg hatching rate of C. fallax (79.47%)
was significantly higher than that of D. barbipes (35.80%) and
O. asiaticus (12.50%) Regardless of grasshopper species, the
relationships between egg hatching rate and soil moisture were
unimodal, and the highest egg hatching rates were observed at
8 and 11% soil moisture (Figures 1G-I). The egg hatching rates
of D. barbipes at 5, 8, and 11% soil moisture were significantly

higher than those at the two extreme soil moisture levels (2 and
14%) [F(4,25) = 10.24, P < 0.01; Figure 1G]. The egg hatching
rate of O. asiaticus was higher at 11% soil moisture than at
other soil moisture levels [F(4 25) = 3.17, P = 0.03; Figure 1H].
The egg hatching rate of C. fallax was not significantly affected
by soil moisture [F(45) = 0.51, P = 0.73; Figure 1I]. In
general, 8 and 11% soil water content at 26°C resulted in the
shortest hatching time and the highest hatching rates regardless
of species.

Interactive Effects of Soil Temperature
and Moisture on the Egg Hatching Time

and Rate

Averaged across the two soil moisture treatments, the higher
temperature (35°C) significantly shortened the egg hatching
time and reduced the hatching rate of the three grasshopper
species compared with the treatments at 26°C (all P < 0.01;
Table 1 and Figures 2A-C). Averaged across the two soil
temperatures and three grasshopper species, 2% soil moisture
prolonged the egg hatching time and decreased the hatching
rate compared with 11% soil moisture (all P < 0.01; Table 1
and Figures 2A-C). There were no interactive effects of soil
temperature and moisture on the egg hatching time and hatching
rate of the three grasshopper species. Furthermore, there were
interactive effects between soil temperature and grasshopper
species and between soil moisture and grasshopper species on
the hatching time and hatching rate of the three grasshopper
species (all P < 0.01; Table 1). Thus, grasshopper species
significantly differed in their responses to soil temperature and
moisture combinations.

Soil temperature and moisture have significant effects on the
egg hatching time and hatching rate of each grasshopper species.
Averaged across the two soil moistures, 35°C soil temperature
significantly shortened the hatching time of D. barbipes,
O. asiaticus and C. fallax by 5.63, 4.75, and 2.73 days,
respectively (all P < 0.05). However, the soil temperature at
35°C significantly reduced the egg hatching rate of D. barbipes
by 18%comparedwiththat at 26°C. Averaged across the two soil
temperatures, 2%soil moisture increased the hatching time of
D. barbipes, O. asiaticus and C. fallax by 0.69, 11.01, and 0.31
days, respectively (all P < 0.05). The soil moisture at 2% reduced
the egg hatching rate of D. barbipes by 10% compared with that
under 11% soil moisture (P < 0.01; Figure 2D). No interactive
effects of soil temperature and moisture on the egg hatching time
and hatching rate of the three grasshopper species were detected
(Table 1 and Figures 2E,F).

Effects of Embryonic Developmental
Stage and Drought Duration on Egg
Hatching Time and Hatching Rate

A standard VI was used to compare the response sensitivity
of egg hatching time and hatching rate to drought exposure
duration between different grasshopper species. Averaged over
the three grasshopper species, embryonic stage had no effect
on the response of VI of hatching time to drought exposure
duration. The hatching time was prolonged with increasing

Frontiers in Ecology and Evolution | www.frontiersin.org

September 2021 | Volume 9 | Article 727911


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Wu et al. Grasshopper Egg Soil Moisture Temperature
D. barbipes O. asiaticus C. fallax
0.6
A B Slope=0.99 c \ _
) Slope=0.88 1= 0,63 %k Slope=0.31
O.D r .3_0 71*** B = l":0.29**
E ==0V./ ab ?’I‘
3 b B a a a a
3 0.4 r a [ ¢ P17 bz T
T b v o H ‘I‘/
=03 B -
g
0.2 - L
O.]. T T T T T T T T T T
40
D E Slope=-35.72 F
- Slope=-17.11 = 0.29%*
= 30 F 2= (. 37%* | 4 - L Slope=2.06
= 5 b b b r#=0.02
—
=20 . B L
= bc ¢ b Dbe -
=
S 10 | ! I
<
u
0 T T T T T T T T T T T
1.0
G H I y=-0.0068x240.0472x+0.7284
y=-0.0374x2+0.2513x+ =071
08 r 0.0156 B B _I_‘_,~—~-I— B =2 Bl
L y=-0.0055x2+0.0698x-0.0236
< N =09 B 1°=0.66 L
9{30.6 .
— C
= ab 4
S04 L b+ :
T ¢ a
0.2 - : ¥t
b b ab
0.0 T T T T T T T T T T T

2% 5% 8% 11% 14% 2% 5%

ANOVA. Data are mean + SE (n = 6).

8% 11% 14% 2% 5% 8% 11% 14%
Soil moisture
FIGURE 1 | The water content (A,B,C), hatching time (D,E,F), and hatching rate (G,H,l) of eggs of D. barbipes, O. asiaticus and C. fallax in different soil moisture

treatments. Regression parameters were estimated using linear models with soil moisture as a continuous predictor. Significant regressions are indicated by
*(P < 0.05), **(P < 0.01), and ***(P < 0.001). Lowercase letters above bars indicate within-species differences based on Tukey HSD post hoc analyses following

drought exposure duration (P < 0.01). There was no interactive
effect of embryonic stage with drought exposure duration on the
VI of hatching time of grasshopper eggs (Table 1).

There were significant interactive effects between drought
exposure duration and grasshopper species on the hatching
time of grasshopper eggs [F(6,120) = 44.36, P < 0.01]. Drought

exposure duration significantly increased the VI of hatching
time of D. barbipes [F(3, 40y = 7.58, P < 0.01], O. asiaticus
[F(3’4()) =4.25,P < 0.05] and C.fallax [F(3’4()) =52.76, P < 0.01].
The eggs of the three grasshopper species were sensitive to varied
drought exposure durations. The VI of egg hatching time for
C. fallax (0.87) was much larger than that of D. barbipes (0.03) and
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TABLE 1 | Results (F values) of two-way ANOVAs of the effect of soil temperature (ST) and soil moisture (SM), embryonic development stage, and drought exposure
duration on the variation index (VI) of hatching time and hatching rate of eggs of three grasshopper species.

Source Df D. barbipes 0. asiaticus C. fallax

Hatching time Hatching rate Hatching time Hatching rate Hatching time Hatching rate
ST 1 1378.53° 36.94° 5.682 0.60 344.93° 0.00
SM 1 20.80° 10.48° 30.58¢ 1.68 4.478 0.51
ST x SM 1 2.53 0.32 0.69 0.02 1.46 0.94
Error 20
Stage 1 0.03 3.55 4.832 0.86 0.04 10.33°
Drought 3 7.58° 2.27 4,25P 1.73 52.76° 8.70°
Stage x Drought 3 1.64 1.58 0.57 0.45 1.70 1.16
Error 40

n = 6 (Each treatment was repeated 6 times). Superscript letters denote significant differences between treatments. 2P < 0.05, bp < 0.01,¢P < 0.001.

D. barbipes O. asiaticus C. fallax
~ 40
2 A B ¢
z —e— 260C
= 30+ I | —o—
2 % 350C
fn 20 * % r i
_g: 10 - o— o - r —— o
k=
= 1.0 D E F
0

Hatching rate
~
X K
*
*

2% 11% 2% 11% 2%

Soil moisture

11%

FIGURE 2 | Hatching time (A,B,C) and hatching rate (D,E,F) of eggs of D. barbipes, O. asiaticus and C. fallax in different combined treatments of soil temperature
and moisture. Data are mean + SE (n = 6). *Indicates a significant difference between the two temperature treatments at the same soil moisture level at P < 0.05.

O. asiaticus (0.07) [F(2,120) = 519.86, P < 0.01; Figures 3A-C].
Thus, the egg hatching time of C. fallax was the most sensitive
to prolonged drought duration in the three grasshopper species.
Regression analysis also showed that the VI of egg hatching time
of D. barbipes and C. fallax was positively correlated with drought
exposure duration at the two embryonic stages.

Averaged over the three grasshopper species, the embryonic
stage had no effect on the VI of the hatching rate of grasshopper
eggs. Drought exposure duration had a significant effect on the
VI of the hatching rate of grasshopper eggs [F(3.40) = 4.30,
P < 0.01]. Drought exposure duration significantly reduced the
VI of the hatching rate of C. fallax but had no effect on that
of O. asiaticus and D. barbipes (Table 1 and Figures 3D-F).
There were no interactive effects of embryonic stage and drought
exposure duration on the VI of the hatching rate of grasshopper
eggs (Table 1).

There were interactive effects of embryonic stage and
grasshopper species on the VI of the hatching rate of grasshopper

eggs [F(2,120) = 3.59; P < 0.05]. The VI of the hatching rate
of D. barbipes eggs with prediapause development for 15 days
was marginally significantly [F(; 40y = 3.55; P = 0.07] higher
than that of eggs with prediapause development for 5 days. No
differences existed in the VI of the hatching rate of O. asiaticus
at 5 and 15 days of prediapause development. However, the
VI of the hatching rate of C. fallax at 15 days of prediapause
development was significantly lower than that at 5 days of
prediapause development (Figures 3D-F).

The responses of egg hatching rate to drought exposure
duration in the three grasshopper species varied. The VI of the
egg hatching rate of D. barbipes was negatively correlated with
drought exposure duration at the embryonic stage of prediapause
development for 5 days. The VI of the egg hatching rate of
O. asiaticus varied with drought exposure duration in the form
of a binomial curve. The VI of the egg hatching rate of C. fallax
was negatively correlated with drought exposure at the two
embryonic stages.
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FIGURE 3 | Variation index (V1) of hatching time (A,B,C) and hatching rate (D,E,F) of eggs of D. barbipes, O. asiaticus and C. fallax predeveloping for 5 and 15 days
under different drought durations. VI = (treatment-control)/control. VI > 0 indicate an increase in the treatment compared with the control; VI = 0, means no change
in the treatment compared with the control; and < O, indicates a decrease in the treatment compared with the control. Regression parameters were estimated using
linear models with drought duration as a continuous predictor. Significant linear regressions are indicated by *(P < 0.05), **(P < 0.01), and ***(P < 0.001). Data are
mean + SE (n = 6).

DISCUSSION

In this study, the water content, hatching time and hatching rate
of eggs of three grasshopper species exhibited species-specific
responses to variation in soil moisture and soil temperature. The
embryonic development stages were highly sensitive to drought
exposure duration. The response of the egg hatching rate to
soil moisture clearly differed from that of egg hatching time
and egg water content in the three grasshopper species. The
distinct responses of grasshopper eggs reflect species-specific
ecological traits associated with their phenology and habitat use
(Staufter et al., 2011).

Grasshopper Species Show Distinct

Responses to Soil Moisture Variation

The egg water content of the three grasshopper species was
positively correlated with changes in soil moisture, although
the changes in soil moisture did not greatly affect the water

content of C. fallax. The different responses of the eggs of the
three grasshopper species to soil moisture may contribute to
the different structures of egg pods. Egg pods of D. barbipes
and C. fallax were generally wrapped by a compound of froth
and sand, which can permit eggs to with stand dehydration
or saturation under extreme soil conditions; the crust of the
egg pod of C. fallax was harder and tighter than that of
O. asiaticus and D. barbipes. Therefore, the egg water content
of the egg pods of C. fallax was more stable in extremely dry
or moist environments egg pods. The weak response of the egg
water content of C. fallax to soil moisture also supports this
observation. The linear responses of the egg water content of
O. asiaticus to increasing soil moisture were similar to those
of the migratory locust (Locusta migratoria) (Qi et al., 2007)
because their egg pods both have weakened and spongy crust
structures. Therefore, the higher sensitivity of O. asiaticus to soil
moisture compared with D. barbipes and C. fallax suggested that
the crust of the egg pods had a greater buffer capacity to changes
in soil moisture.
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In addition, soil type, texture and pH, which also affect
the water uptake of grasshopper eggs from soil, are important
for the embryonic development and survival of grasshopper
eggs (Mukerji and Gage, 1978; Monk, 1985; Johnson and
Worobec, 1988; Skinner and Child, 2000). Overall, based on the
relationships between egg water content and soil moisture in
our experiments, nearly 8% soil moisture is optimal for the egg
development and survival of the three grasshopper species.

The different responses of egg hatching time and hatching
rate of the three grasshopper species to soil moisture may be
attributed to their distinct life history strategies. The egg water
content, hatching time and hatching rate of D. barbipes and
O. asiaticus were more sensitive to changes in soil moisture
compared with C. fallax. In fact, D. barbipes and O. asiaticus occur
in relatively dry habitats, whereas C. fallax occupies mesophilous
environment with tall grass with higher soil moisture (Kang
and Chen, 1994a,b). This indicates that grasshopper species
occupying wet habitats are better adapted to higher soil moisture,
whereas grasshopper species occupying dry habitats are better
adapted to lower soil moisture. Although the egg hatching time
and hatching rate of C. fallax were not affected by 5-14% soil
moisture, they were delayed and reduced, respectively, under
increased drought exposure duration. These results indicate that
C. fallax was more sensitive to drought than to increases in soil
moisture. Habitat, including vegetation structure, orientation of
the sun, and the extent of shelter from wind, can greatly affect
the adaptation of insects to environmental moisture (Wingerden
et al., 1991; Stauffer et al., 2011). Thus, difference in the crust
structure of the egg pods, habitat use and diapause traits can
account for the distinct responses of the three grasshopper species
to variation in soil temperature and soil moisture.

Soil Temperature and Soil Moisture Were
Important Factors Affecting the
Development and Survival of
Grasshopper Eggs

Higher soil temperature shortened the hatching time of the
three grasshopper species. Soil temperature in early spring and
late autumn is close to the low threshold for grasshopper
development, and warming in spring or autumn significantly
facilitates the embryonic development of grasshopper eggs (Wu
et al, 2012). Another study indicated that soil moisture and
temperature could account for 99% of the variance in egg
hatching time (Mukerji and Gage, 1978; Powell et al., 2007).
Moreover, higher soil temperature significantly reduced the
egg hatching rate of early-season D. barbipes, indicating that
D. barbipes is better adapted to lower soil temperatures. Soil
temperature is thus an important environmental factor affecting
the hatching and survival of grasshopper eggs, especially for
early-season grasshopper species. Our data suggested that climate
warming may affect the fitness and distribution of grasshoppers
in temperate grasslands by altering their phenology and survival.

The hatching time of the three grasshopper species was
prolonged at 2% soil moisture compared with 11% soil moisture.
In addition, the reduced hatching rate of D. barbipes at 2%
soil moisture indicated that soil moisture was another crucial

environmental factor regulating the hatching time and survival
of grasshopper eggs. Our results are consistent with the fact that
soil moisture could explain 83% of the variance in egg mortality
(Mukerji and Gage, 1978).

Although increased drought duration delayed the egg
hatching time and reduced the egg hatching rate of the three
grasshopper species, 2% soil moisture and 20 days drought
exposure could not prevent egg hatching. Eggs of a tropical
grasshopper species can hatch in soil moisture as low as 1%
(Gehrken and Doumbia, 1996). Therefore, within a specific
temperature and moisture spectrum, soil temperature may have
greater effects than soil moisture on egg hatching time and
hatching rate, especially for early-season grasshopper species.

There were no marked interactive effects of soil temperature
and moisture on the egg hatching time and hatching rate of
the three grasshopper species. This result is inconsistent with
previous studies, in which warm and dry weather in spring have
been shown to potentially favor the completion of embryonic
development and hatching (Pickford, 1966). Warm and dry
conditions in autumn or cool and wet conditions in spring
are not favorable for grasshopper populations because these
conditions reduce embryonic development and the survival of
eggs (Powell et al., 2007). Indeed, some studies have shown that
the mortality of locust eggs increases under long-term exposure
to low temperature and high moisture (Qi et al., 2007). These
studies indicate that the combined effects of temperature and
moisture are seasonal or species-specific.

Species-Specific Responses of Hatching
Time and Hatching Rate at Different
Embryonic Stages to Drought Exposure

Duration

The embryonic stages sensitive to environmental drought
exposure varied among the different grasshopper species.
Previous studies have reported that the inception of diapause
is dependent on the temperature and moisture conditions at
the time when eggs are laid (Wardhaugh, 1980). The diapause
stage of grasshopper eggs is more tolerant of extreme soil
drought conditions than the no-diapause stage (Gehrken and
Doumbia, 1996; Bale et al., 2002). Therefore, diapause can
buffer eggs from the negative effects of drought on embryonic
development in D. barbipes and O. asiaticus, which enter
diapauses early (stages 16-17) after developing for 15 days
at normal temperature. Therefore, the egg hatching rates of
D. barbipes and O. asiaticus after development for 15 days at
normal temperature were not significantly affected by drought
exposure duration. Our results indicated that the egg diapause of
grasshoppers plays an important role in resisting environmental
drought stress. Similarly, summer egg diapause in a matchstick
grasshopper synchronizes the life cycle and buffers thermal
extremes (Kearney et al., 2018).

The unchanged responses of eggs developing for 5 days at
normal temperature of the three grasshopper species may be
attributed to the early embryonic stage, as the physiological
processes of grasshopper eggs may not yet be sensitive to
soil moisture change. Grasshopper eggs require little water to
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develop before the anatrepsis stage (Pickford, 1966; Gehrken
and Doumbia, 1996). The physiological sensitivity and biotic
properties of grasshopper eggs in postdiapause development are
important for estimating their biological response to climate
change (Deutsch et al., 2008; Laws and Belovsky, 2010).

CONCLUSION

Although the development and survival of grasshopper eggs
are regulated by complex environmental factors, our results
suggested that soil temperature was the most important factor
affecting the hatching time and hatching rate of grasshopper eggs
in temperate grassland. The difference in habitat use, the crust
structure of the egg pods, and diapause traits can account for the
distinct responses of the three grasshopper species to variation in
soil temperature and soil moisture. These findings enhance our
ability to predict future changes in grasshopper populations and
aid the sustainable control of temperate grasslands.
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