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Abstract

Background: Global warming is characterized by not only an increase in the daily mean temperature, but also a diel
asymmetric pattern. However, most of the current studies on climate change have only concerned with the mean values of
the warming trend. Although many studies have been conducted concerning the responses of insects to climate change,
studies that address the issue of diel asymmetric warming under field conditions are not found in the literature.

Methodology/Principal Findings: We conducted a field climate manipulative experiment and investigated developmental
and demographic responses to diel asymmetric warming in three grasshopper species (an early-season species Dasyhippus
barbipes, a mid-season species Oedaleus asiaticus, and a late-season species Chorthippus fallax). It was found that warming
generally advanced the development of eggs and nymphs, but had no apparent impacts on the hatching rate of eggs, the
emergence rate of nymphs and the survival and fecundity of adults in all the three species. Nighttime warming was more
effective in advancing egg development than the daytime warming. The emergence time of adults was differentially
advanced by warming in the three species; it was advanced by 5.64 days in C. fallax, 3.55 days in O. asiaticus, and 1.96 days
in D. barbipes. This phenological advancement was associated with increases in the effective GDDs accumulation.

Conclusions/Significance: Results in this study indicate that the responses of the three grasshopper species to warming are
influenced by several factors, including species traits, developmental stage, and the thermal sensitivity of the species.
Moreover, species with diapausing eggs are less responsive to changes in temperature regimes, suggesting that
development of diapausing eggs is a protective mechanism in early-season grasshopper for avoiding the risk of pre-winter
hatching. Our results highlight the need to consider the complex relationships between climate change and specificity

responses of invertebrates.
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Introduction

Global mean temperature has increased by 0.7°C since 1850
and is expected to rise 1.8-4.0°C by the end of this century [1].
Many studies and field experimental observation have indicated
that global warming has significant effects on the structure and
function of terrestrial ecosystems. Global warming is characterized
by not only an increase in the daily mean temperature, but also a
diel asymmetric pattern [2,3], with greater trends of night
warming than day warming [4-6]. The differential effects of
asymmetric day and night warming on terrestrial ecosystem
structure and functioning have been documented. Over the past
decades, many studies concerning the impact of climate change
were focused on vegetation and selected aboveground ecological
processes [5—11]. However, it remains unclear whether asymmet-
rical warming may have different effects on other organism and
belowground biological processes.

Enhancing downward infrared radiation from climate warming
is responsible for increases in air temperature and soil microcli-
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mate [12]. Climate warming has been found to directly affect
growth, metabolic and developmental processes in many plant,
microorganism, and animal species. A diel asymmetric warming
has been found to impose differential effects on plant production,
soil microclimate, and soil COy emissions [2,5,7,10,13]. Recent
studies show that day, night and continuous warming had different
effects on longevity of plant roots and soil microbial composition in
Inner Mongolian grasslands [14,15]. Generally, daytime warming
increases the maximum daily temperatures, thus exacerbates the
daily temperature variation; whereas nighttime warming is
associated with increases in the daily minimum temperatures,
meaning a reduced day/night temperature fluctuation. For insect
development, an increase in temperature near the lower temper-
ature threshold can be more critical than at higher temperatures
[16]. Differing from growing plants, which occur above- and
belowground simultaneously during life cycle, grasshoppers spend
half a year (l.e. from autumn to next spring) as eggs in soils and
occur aboveground as hoppers and adults in growth seasons. As
such, grasshoppers depend more on soil conditions than above-
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ground climate compared with plants. Therefore, an asymmetric
day and night warming could have important implications to
grasshoppers. Our previous study showed that constant warming
significantly advanced embryonic development and hatching time
but exerts little impact on nymphs and adults of grasshoppers [17].
To the best of our knowledge, a few studies have evaluated the
effect of asymmetrically diel warming on eggs belowground and
hoppers and adults aboveground.

In the temperate grasslands of Inner Mongolia, nearly all
grasshopper species are univoltine and overwinter as eggs in soil
[18]. The eggs of grasshoppers stay in soil for about half a year
before hatching [19], and their hatching time is affected by
temperature and water conditions [20,21]. The grasshoppers
occur in different season, form a sequential development, and have
different egg diapauses traits (i.e. obligate, facultative, and non-
diapause), with which grasshoppers determine their overwintering
embryonic stage [18]. Our previous study showed that the late
season grasshopper species was advanced more in phenology than
early season grasshopper species by artificially constant warming
[17]. The diapause trait was explained as the main reason for
contrasting responses of grasshoppers to warming, because the
developmental process was stopped and temperature accumula-
tion was no means for embryonic development during diapause
for early occurring grasshopper species [17]. Moreover, the
responses of grasshopper eggs to warming differ from that of
nymphs and adults due to their different habitat environment.
Considering the habitat and seasonal climate variation, the
different life history strategies of insect, and the differential effects
of daytime and nighttime warming on soil and air temperature [2],
it may be hypothesized that daytime warming and nighttime
warming contribute differentially to developmental stage of the
insects due to time of warming over a day [22,23], and seasonal
contrasting insect species would respond differentially to varying
temperature regimes. Here we conduct a field climate manipula-
tion experiment and investigate developmental and demographic
responses to diel asymmetric warming in three grasshopper species
with different life-history traits (i.e. an early-season species
Dasyhippus barbipes, a mid-season species Oedaleus asiaticus, and a
late-season species Chorthippus fallax) in temperate grassland of
Inner Mongolia, northern China. We aim at determining: (1)
whether the daytime and nighttime warming regimes would
impose differential effects on the development, survival and
reproduction of grasshoppers, (2) if diapause would limit the
degree to which elevated temperature advances development, and
(3) if there are species- and stage-specific responses to diel
asymmetric warming in grasshoppers.

Results

Environmental impacts of warming treatments

The warming treatments effectively increased both soil and air
temperatures during the field experimental period (Fig. 1 & 2).
Daily mean soil temperature was significantly increased by 0.59°C
by the daytime warming and 1.14°C by the nighttime warming
(F=27.02, P=0.001). The maximum soil temperature was
increased by 1.66°C by the daytime warming and 1.08°C by the
nighttime warming (F=18.77, P=0.005). The minimum soil
temperature was increased by 1.29°C by the nighttime warming
(=29.29, P=0.001), but not affected by the daytime warming
(Fig. 2).

Opver the experimental period, warming significantly increased
the daily mean air temperature (F'=23.37, P=0.001). The daily
mean air temperature was increased by 0.23°C by daytime
warming and 0.34°C by nighttime warming, but no significant
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Figure 1. The variation of daily mean, maximum and minimum
temperature of soil at 5 cm belowground and air at 10 cm
aboveground. A (delta values) is calculated by subtracting average
values in WO from DW and NW treatments. Note: WO, control; DW,
daytime warming; NW, nighttime warming;.
doi:10.1371/journal.pone.0041764.g001

difference was detected between the two warming regimes. The
daily maximum air temperature was increased by 0.31°C
(F=5.85, P=0.039) by the daytime warming, but not affected
by the nighttime warming; whereas the minimum air temperature
was significantly increased by 0.68°C (F=6.50, P=0.032,) by the
nighttime warming, but not affected by the daytime warming

(Fig. 1 & 2).

Egg development and hatching rate

Results of repeated measure ANOVA indicate that both
daytime and nighttime warming advanced the embryonic
development in the three grasshopper species, albeit varying
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Figure 2. The variations of mean, maximum and minimum
temperature of soil at 5 cm belowground and air at 10 cm
aboveground in different warming treatments. Data are mean =
SE. Different letters indicate significantly different at P<<0.05. Note: WO,
control; DW, daytime warming; NW, nighttime warming.
doi:10.1371/journal.pone.0041764.g002

patterns of the time course (D. b: F=17.96, P<0.001; O. a
F=2046, P<0.001; C. f F=52.48, P<0.001, Fig. 3). In
comparison with the treatments under ambient conditions, the
average embryonic developmental stages was 2.90% and 2.41%
more advanced under the daytime and nighttime warming,
respectively, in D. barbipes, 8.57% and 10.3% more advanced in
O. asiaticus, and 10.7% and 14.9% more advanced in C. fallax, over
the entire embryonic developmental period. The effect of
nighttime warming was greater than the daytime warming on
the embryonic development in C. fallax; whereas the two warming
regimes did not differ in their effects in D. barbipes and O. asiaticus.
For all the three grasshopper species, warming markedly advanced
the hatching time (D. b: F=8.07, P<0.001; O. @ F=19.87,
P=0.001; C. £ F=33.61, P=0.001, Fig. 4). Daytime warming
advanced the hatching time by 1.38 days in D. barbipes, 2.63 days
in O. asiaticus, and 2.40 days in C. fallax; whilst the nighttime
warming advanced the hatching time by 1.23 days in D. barbipes,
2.42 days in O. aswaticus, and 3.11 days in C. fallax. Statistical
analyses indicate that nighttime warming had a greater effect than
the daytime warming on the hatching time in C. fallax (P=0.031),
but not in D. barbipes and O. asiaticus (Fig. 4).

The egg hatching rate in O. asiaticus (51.43%; F=14.69,
P=0.002, Fig. 4) was significantly increased by 1.48 times by the
daytime warming. No apparent effects of warming on egg
hatching rate were detected in D. barbipes (F=0.69, P=0.55)
and C. fallax (F=1.60, P=0.24) (Fig. 4).
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Figure 3. Embryonic development and accumulated growing
degree days (GDDs) in Dasyhippus barbipes, Oedaleus asiaticus,
and Chorthippus fallax during the experiment. The arrow indicates
the time of egg being embed into the soil. Note: WO, control; DW,
daytime warming; NW, nighttime warming.
doi:10.1371/journal.pone.0041764.g003

Growing degree days of egg development

In all the three species, the accumulated growing degree days
(GDDs) during the period of embryonic development were
increased as a result of warming treatments (D. b: F=36.01,
P<0.001; 0. a: F=26.10, P=0.001; C. 0 F=26.74, P=0.001,
Fig. 3). Nighttime warming had a significantly greater effect on the
total GDDs than the daytime warming in D. barbipes; whilst the
total GDDs were not differentially affected by the daytime and
nighttime warming regimes in O. asiaticus and C. fallax. Daytime
warming increased the total GDDs by 8.7% in D. barbipes, 16.4%
in O. asiaticus, and 20.1% in C. fallax; whereas nighttime warming
increased the total GDDs by 15.2% in D. barbipes, 21.4%in O.
aswaticus, and 16.1% in C. fallax.

We further analyzed the effects of warming on accumulated
GDDs separately as pre-overwintering and post-overwintering.
Daytime and nighttime warming significantly enhanced the GDDs
of both pre-overwintering (D. b: F=47.73, P=0.0002; O. a:
F=30.42, P=0.001; C. f F=21.27, P=0.002, Fig. 3) and post-
overwintering (D. b: '=15.95, P=0.04; 0. a: F=12.60, P=0.007;
C. f F=21.19, P=0.002, Fig. 3) in the three grasshopper species.
The warming effects on GDDs of post-overwintering did not differ
between daytime and nighttime warming in the three species.
Nighttime warming had a greater effect on elevating the pre-
wintering GDDs than daytime warming in both D. barbipes and O.
aswaticus (Fig. 3). In D. barbipes, daytime and nighttime warming
increased the pre-overwintering GDDs by 7.59% and 14.8% and
that of post-overwintering by 23.2% and 20.1%, respectively. In O.
astaticus, daytime and nighttime warming increased the pre-
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Figure 4. Duration for 50% hatching (left) and hatching rate
(right) in Dasyhippus barbipes, Oedaleus asiaticus, and Chorthip-
pus fallax. Data are mean * SE. Different letters indicate significantly
different at P<<0.05. Note: WO, control; DW, daytime warming; NW,
nighttime warming.

doi:10.1371/journal.pone.0041764.g004

overwintering GDDs by 22.3% and 14.1% and the post-
overwintering GDDs by 19.2% and 22.2%, respectively. In C.
fallax, daytime and nighttime warming increased the pre-overwin-
tering GDDs by 22.6% and 15.7% and the post-overwintering
GDDs by 18.4% and 16.5%, respectively (Fig. 3).

Among the three grasshopper species, the embryonic develop-
ment in the early-season D. barbipes had significantly lower
(P<0.001) response (R*>=0.77, slope=0.016) to GDDs than the
mid-scason O. asiaticus (R>=0.86, slope =0.086) and the late-
season C. fallax (R* = 0.94, slope = 0.074); whilst the mid-season O.
aswaticus had stronger (P<<0.05) response to GDDs than the late-
season C. fallax (Fig. 5).

Nymph development and emergence rate

The nymph emergence time was significantly advanced by
warming in C. fallax (F=5.48, P=0.02); it was advanced by 3.22
days by the daytime warming and 2.54 days by the nighttime
warming. There was no significant difference between the two
warming regimes in their effects on the emergence time (Fig. 6).
Warming had no effect on nymph emergence time in D. barbipes
(F=1.60, P=0.24) and O. aswaticus (FF=0.28, P=0.76).

There was no significant effect of warming on the emergence
rate in the three grasshopper species.

Survival and fecundity of adults

The warming treatments did not affect survival and fecundity of
adults in the three grasshopper species except for adult survival
rate in O. asiaticus, which was increased by 55% by daytime
warming (F=3.10, P=0.08) (Fig. 7).
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Figure 5. Relationships between embryonic stage and the total
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eggs development in Dasyhippus barbipes, Oedaleus asiaticus,
and Chorthippus fallax.
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Discussion

Both daytime and nighttime warming treatments were effective
in raising soil and air temperatures in this study. However, a
nighttime warming regime appeared to be more effective in
increasing soil temperature than daytime warming, especially the
minimum soil temperature; whereas a daytime warming regime
was found to be more effective in increasing air temperature than
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Figure 6. Duration for 50% emergence and emergence rate in
Dasyhippus barbipes, Oedaleus asiaticus, and Chorthippus fallax
under different warming treatments. Data are mean =* SE.
Different letters indicate significantly different at P<<0.05. Note: WO,
control; DW, daytime warming; NW, nighttime warming.
doi:10.1371/journal.pone.0041764.g006
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Figure 7. The adult survival rate and fecundity (number of egg
pod per female) in Dasyhippus barbipes, Oedaleus asiaticus, and
Chorthippus fallax under different warming treatments. Data are
mean = SE. Different letters indicate significantly different at P<<0.05.
Note: WO, control; DW, daytime warming; NW, nighttime warming.
doi:10.1371/journal.pone.0041764.g007

nighttime warming. The temperature impacts of daytime vs.
nighttime warming conform to a pattern of asymmetric change in
diel temperature as previously identified through meteorological
data analysis [3,4,24].

We found that warming in general advanced the developmental
rate of eggs and nymphs, but had no apparent impacts on the
hatching rate of eggs, emergence rate of nymph and survival and
fecundity of adults in the three grasshopper species studied.
Nighttime warming was more effective than the daytime warming
in advancing egg development; whereas daytime warming was
more effective than the nighttime warming in affecting nymph
development.

In C. fallax, which is of non-diapause and late-season
occurrence, nighttime warming had greater effect than daytime
warming in advancing embryonic development and the timing of
hatching and emergence. Such differential impacts of daytime vs.
nighttime warming were not observed in the early-season D.
barbipes and mid-season O. asiaticus, which are of obligatory and
facultative diapause, respectively. Among the three species, the
carly-season D. barbipes was least affected by warming; whereas the
effects did not much differ between the mid-season O. asiaticus and
late-season C. fallax (Fig. 4). This may be because that the
accumulated effects of warming were interrupted by diapause,
leading to the advancement of hatching in D. barbipes mainly
attributable to the thermal effects of warming during post-
overwintering development. The post-overwintering GDDs in
the early-season D. barbipes were only increased by 14.5 and 12.5
by the daytime and nighttime warming, respectively. Moreover,
the early-season D. barbipes had a pre-overwintering GDDs of more
than 800, but the eggs in this species entered into diapause at the
embryonic stage 19, at which time the GDDs was about 500,
meaning that approximately 300 GDDs was not effective in
advancing the embryonic development in D. barbipes. These results
suggest that diapause can limit the degree to which elevated
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temperature accelerates the embryonic development and acts as a
protective mechanism of early-season grasshopper for avoiding the
risk of pre-winter hatching, because there will be no sufficient
thermal time permitting the completion of next generation [25].
This appears to be consistent with the differences in thermal
sensitivity among the three grasshopper species in embryonic
development as revealed by the relationship between embryonic
stage and corresponding GDDs (Fig. 5).

Results in this study provide a clear evidence that the responses
of the three grasshopper species to warming are affected by several
factors, including species traits, developing stage, and the thermal
sensitivity, but not simply a thermal effect, contrary to the
suggestion by Nufio et al. (2010) that phenological advancement in
grasshoppers would depend on when a set number of GDDs is
reached during a season [26]. Here with a field climate
manipulation experiment, we found that advancements in the
embryonic development occurred along with markedly increased
GDDs only for non-diapause grasshopper. Apparently, there is a
more complex mechanism to drive embryonic development than
just a thermal effect in grasshoppers. The varied responses to
warming and contrasting warming regimes among different life
stages may attribute to differences in living environments.
Generally, the developmental rate of insects is temperature
dependent within a suitable temperature range [27-29]. Grass-
hopper eggs stay in soil during development, and are stationary
and passive to receive the environmental changes [30], but
nymphs and adults can move around in response to changing
environmental conditions, do not experience wide range of
temperature by thermoregulation. Hence there are greater
responses to variable warming in eggs than during other life
stages. Moreover, as the nighttime and daytime warming regimes
result in significantly distinct microclimate changes in soil and air,
an asymmetric warming would impose differential impacts on the
development of eggs and hoppers.

The seasonal timing of warming could also impose differential
impacts on various organisms, which may explain in part the
contrasting patterns of responses among the three grasshopper
species in this study. It has been found that in the lake plankton
species, the life history strategies and seasonal pattern of warming
together determine the responses to climate change [27,31,32]. By
examining the hourly soil and air temperature variations during
the experimental period, we found that the effectiveness of the
warming treatments varies seasonally. The temperatures in our
study are all below the lower developmental threshold (i.e. =10°C
for the grasshoppers in this study) in winter, and may occasionally
rise above the upper developmental threshold (i.e. 40°C) in
summer (Fig. S1). The Inner Mongolian grasslands are in the
temperate climatic zone and have mostly cool nights, with
nighttime temperatures at around 20°C even in the hottest
summer days (Fig. S2). It is therefore reasonable to expect a great
impact of the nighttime warming on the local grasshoppers than
that of the daytime warming. At the early or late growth season,
both the daytime and the nighttime warming are effective to
facilitate the temperature requirements of grasshoppers; whereas
the impact of daytime warming in summer can be none or
negligible because of the already high temperatures.

Research to date shows varied phenological responses to
warming in insects. While many species display phenological
advancement in response to warming [33-38], there are also
species not much affected by warming or reacting with delayed
phenology [17,26,39-41]. There are findings of either greater
responses in species of spring occurrence than species that occur
later in the season [34,42-45] or an opposite pattern [17,26]. In
this study, we found that the adult occurring time (advance in egg
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hatching+advance in nymph emergence) of the early-season D.
barbipes was not significantly advanced by warming treatment (2.5
days by daytime warming and 1.5 days by nighttime warming),
and that of mid-season O. aswaticus and the late-season C. fallax was
significantly advanced (3.86 days and 5.62 day by daytime
warming, and 3.23 days and 5.65 days by nighttime warming,
respectively). This phenological advancement was associated with
increasing GDDs.

The responses in grasshopper development to warming appear
to differ with that of plants. Warming advanced the flowering time
in early- and mid-blooming plant species, not in the late-blooming
plant species [46]. However, in our study, the mid- and late-season
grasshopper species were more susceptible than the early-season
species to warming. Our results with grasshoppers showed greater
phenological responses to warming than reported for flowering
plants [46]. Such mismatch in the phenological responses to
warming between insects and their host plants can have
detrimental impacts on ecosystem functioning.

In our experiment, the temperature was only increased by less
than 0.5°C in the air (0.23°C by daytime warming and 0.34°C by
nighttime warming) and by 1°C in soils (0.59°C by daytime
warming and 1.14°C by nighttime warming in soils). With such
small increases in temperature, the phenology in the grasshopper
species advanced by more than 2-5 days. If the predicted
temperature increase of 6.4°C at the end of this century occur
[47], the impact on grasshoppers could be much greater. The
species interaction relationship could be disrupted, leading to
changes in the grassland community structure and functioning
[46].

Opverall, findings in this study highlight the importance of life-
history strategies in determining specific responses to warming,
and indicate complex relationships between climate change and
responses in invertebrate. For prediction of ecosystem response to
climate change, it is important to consider the differential impacts
of daytime and nighttime warming on phenology in different life
forms.

Materials and Methods

Ethics Statement

No specific permits were required for the described field studies.
The all field experiments were conducted in Duolun Restoration
Ecology Experimentation and Demonstration Station of the
Institute of Botany, Chinese Academy of Sciences. The location
is not privately-owned or protected in any way, and the field
studies did not involve endangered or protected species.

Study site

The research was conducted at a field site (42°02'N, 116°17'E,
1324 m a.s.]) in Duolun County, Inner Mongolia. The long-term
(1953-2007) mean annual temperature of the study area is 2.1°C
and monthly mean temperature ranges from 18.9°C in July to
—17.5°C in January. The annual mean of daily temperature range
(DTR, defined as a difference between the mean daily maximum
temperature and the mean daily minimum temperature) is 13.7°C,
varying from 12.1°C in December to 15.5°C in April. Mean
annual precipitation is 383 mm, of which 90% occur between
May and October. Soil is of sandy texture and classified as Haplic
Calcisols according to the FAO classification. Mean soil bulk
density is 1.31 g cm™? and pH is 6.84+0.07.

Test grasshoppers
Three grasshopper species of different life-history traits were
used in this study, including an early-season species Dasyhippus
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barbipes (F.-W), a mid-season species Oedaleus asiaticus B.-bienko,
and a late-season species Chorthippus fallax (Zub). Dasyhippus barbipes
is of obligatory diapause, with eggs hatching in early May and
adult population peaking in mid-June; overwinter eggs all enter
diapause at embryonic stage 19 in late autumn. Oedaleus astaticus is
of facultative diapause, with eggs hatching in early June and adult
population peaking in mid-July; only partial overwintering eggs
enter diapause at stage 19, with others continuing their
development to complete blastokinesis if temperature permits.
Chorthippus  fallax is of non-diapause, overwintering at earlier
embryonic stages (stage 3) [48,49].

Experimental setup and warming treatments

The field experiment was set up with a completely randomized
arrangement, with treatments consisting ambient temperature
condition (WO0), daytime warming (DW: 06:00-18:00 h Beijing
Time), and nighttime warming (NW: 18:00-06:00 h), each with
five replicated 3 mx4 m plots. Warming on ecach plot was
achieved with a 165 cmx15 cm MSR-2420 infrared heater
(Kalglo Electronics Inc, Bethlehem, PA, USA) suspended 1.85 m
above the ground. A “dummy heater” with the same shape and
size as the infrared heater was used to control for the shading
effect. The warming treatments were carried out from July 1
through November 11 in 2009 and from March 13 through June 7
in 2010.

Processing of test materials

In 2008, the adults of the three grasshopper species were
collected during their respective peak occurrences, and reared in
cages for producing egg pods under controlled laboratory
conditions. The rearing cages were maintained at 30%£1°C during
the daytime and 25+ 1°C at night, with a day/night regime of 14/
10 h and sand placed on the bottom as oviposition substrate. The
egg pods were collected daily and placed in a refrigerator at 5°C
until being deployed in the field warming experiment.

Prior to the field experiment, we thoroughly mixed all egg pods
collected at different times to eliminate the effect of oviposition
date on hatching in the following year [50], and placed 20 egg
pods in each paper cup filled with moist sand. The egg pods were
embedded underneath a 3-5 cm layer of sand in paper cups; 10
paper cups with egg pods for each species were buried in soils of
every treatment plots with the top leveling with the ground surface.

Soil temperature and moisture

During the field experiment, soil temperature and moisture at a
depth of 5 cm, and air temperature and humidity at 10 cm above
the ground, were automatically monitored within each plot and
data recorded with a data logger (CR1000, Campbell Science
Equipment, Logan, UT, USA). Soil temperature and volumetric
water content (V/V %) were measured respectively using
thermocouples and segmented CS616 (Campbell Science Equip-
ment, Logan, UT, USA). All measurements were made at 10-
minute intervals and data recorded as the maximum and
minimum values as well as the hourly means.

Egg development and hatching

The embryonic development was examined at 20-day intervals
following commencement of the field experiment until eggs
entered into overwintering in 2009 and from April 7, 2010 until
the eggs were about to hatch. At each sampling time, one set of egg
samples (z.e. in one paper cup) were retrieved from each treatment
plot by species and dissected under a microscope for determination
of the embryonic stage. If an egg turned flaccid, brown, or moldy,
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it was considered dead; whereas the cream-colored and turgid eggs
were considered alive [23]. The overall embryonic development
was divided into 27 stages according to the morphological traits of
each stage [51].

When majority of the eggs reached embryonic stage 25-26, all
egg samples were transferred from the field into incubators in
laboratory and cultivated at 26°C for 60 days. The hatchlings were
counted daily until after 60 days when all the egg pods were
shelled off. The living and dead eggs were then classified and
counted. In this study, we refer hatching time as the time required
for observing 50% egg hatching.

Growing degree days (GDDs) for egg development

GDDs are a measure of the physiological time that is required
for an insect to complete a specific developmental stage. They are
defined as accumulated daily heat units in a temperature range
above a lower threshold for commencing essential metabolic
processes but below an upper threshold for cessation of biological
activities in a given organism. We calculated the GDDs for egg
development by subtracting the lower threshold temperature for
each grasshopper species from the hourly mean soil temperature
by treatment plots. The lower threshold temperatures (LDT) were
previously determined as 9.5°C in D. barbipes, 11.5°C in O. asiaticus
and 10.5°C in C. fallax [22,23]. The upper threshold temperature
is estimated at 40°C for these grasshopper species.

Nymph development

Eggs were collected from the adult rearing cages and placed in
outdoor soils for overwintering in 2007. In the following year,
those eggs were transferred into incubators at the beginning of
growth season and maintained at 30°C until natural hatching.
First instars’ nymphs were then collected and transferred into field
cages on each treatment plot within two days. Each cage
contained 100 individual nymphs in D. barbipes and C. fallax and
50 in O. aswaticus. Nymphs in the field cages were fed with fresh
wheat seedlings daily and their developmental stages were
examined at 5-day intervals. The molted adults were counted
and removed daily until all nymphs completed their emergence.
We determined the nymph development time as the time required
for observing 50% adults.

Survival and fecundity of adults

During the emergence period, 70 adults in D. barbipes and C.
Jallax and 40 in O. asiaticus (Q: O =1:1) were transferred into a
separate case on each treatment plot. After one month, the
surviving individuals were counted and removed out of the cages.

References

1. Solomon S, Qin D, Manning M, Marquis M, Averyt K, et al. (2007) Technical
summary. In: Climate change 2007: The physical science basis; Contribution of
Working Group I to the fourth Assessment Report of the Intergovenmental
Panel on Climate Change, Cambridge University Press, Cambridge, UK/New
York, NY, USA.

2. Xia JY, Chen SP, Wan SQ (2010) Impacts of day versus night warming on soil
microclimate: Results from a semiarid temperate steppe. Science of the Total
Environment 408: 2807-2816.

3. Vose RS, Easterling DR, Gleason B (2005) Maximum and minimum
temperature trends for the globe: An update through 2004. Geophysical
Research Letters 32: 1.23822.

4. Easterling DR, Horton B, Jones PD, Peterson TC, Karl TR, et al. (1997)
Maximum and minimum temperature trends for the globe. Science 277: 364
367.

5. Alward RD, Detling JK, Milchunas DG (1999) Grassland vegetation changes
and nocturnal global warming. Science 283: 229-231.

6. Zhou LM, Dickinson RE, Tian YH, Vose RS, Dai YL (2007) Impact of
vegetation removal and soil aridation on diurnal temperature range in a

@ PLoS ONE | www.plosone.org

Responses of Grasshopper to Warming

Egg pods were collected from each cage and examined for
fecundity (the average number of egg pods per female).

Data Analysis

One way analysis of variance (ANOVA) was used to assess the
effects of daytime vs. nighttime warming on the soil temperature
and moisture, the hatching time and rate of the eggs, the total
accumulated GDDs, pre-overwintering GDDs and post-overwin-
tering GDDs during embryonic development period, the devel-
opmental time and emergence rate of nymph, survival rate and
fecundity of the adults. In this study, the timing for the first
observed hatching and emergence was used as the first day in the
analysis of duration for 50% hatching and emergence. The
repeated measures ANOVA was used to examine the effects of
daytime and nighttime warming on the embryonic development.
We compared the thermal sensitivity among the three grasshopper
species and between different warming treatments in embryonic
development by performing linear regression analysis of embry-
onic stage vs. corresponding GDDs. All statistical analyses were
made with SPSS16.0 (SPSS Inc., USA) and the differences
between treatments are considered significant if P<0.05.

Supporting Information

Figure S1 Data of daily mean, maximum and minimum
temperatures at 5 cm belowground and 10 cm above-
ground in control plots during experiment. The dashed
lines indicate the lower, optimum and upper temperature limits for
grasshopper development.

(TIF)

Figure S2 Data of the mean soil temperatures at 5 cm
belowground of daytime and nighttime in control plots
during experiment.

(TIF)

Acknowledgments

This study was conducted as part of a comprehensive research project
(Global Change Multifactor Experiment-Duolun) sponsored by the
Institute of Botany, Chinese Academy of Sciences. We are grateful to
anonymous reviewers for valuable comments and suggestions on earlier
versions of this manuscript.

Author Contributions

Conceived and designed the experiments: TJW SGH LK. Performed the
experiments: TJW SGH. Analyzed the data: TJW SGH LK OSJX. Wrote
the paper: TJW SGH LK OJXS.

semiarid region: Application to the Sahel. Proceedings of the National Academy
of Sciences 104: 17937-17942.

7. Peng SB, Huang JL, Sheehy JE, Laza RC, Visperas RM, et al. (2004) Rice yields
decline with higher night temperature from global warming. Proceedings of the
National Academy of Sciences 101: 9971-9975.

8. Volder A, Gifford R, Evans J (2007) Effects of elevated atmospheric CO2,
cutting frequency, and differential day/night atmospheric warming on root
growth and turnover of Phalaris swards. Global Change Biology 13: 1040-1052.

9. Wan SQ, Xia JY, Liu WX, Niu SL (2009) Photosynthetic overcompensation
under nocturnal warming enhances grassland carbon sequestration. Ecology 90:
2700-2710.

10. Xia JY, Han Y, Zhang Z, Wan SQ (2009) Non-additive effect of day and night
warming on soil respiration in a temperate steppe. Biogeosciences Discussions 6:
4385-4411.

11. Beier C, Emmett B, Gundersen P, Tietema A, Penuelas ], et al. (2004) Novel
approaches to study climate change effects on terrestrial ecosystems in the field:
drought and passive nighttime warming. Ecosystems 7: 583-597.

12. Chapin FS, Matson PA, Mooney HA (2002) Principles of terrestrial ecosystem
ecology, Springer, New York, USA.

July 2012 | Volume 7 | Issue 7 | e41764



22.

23.

24.

26.

27.

28.

29.

30.

31.

Saldamando C, Miyaguchi S, Tatsuta H, Kishino H, Bridle J, et al. (2005)
Inheritance of song and stridulatory peg number divergence between Chorthippus
brunneus and C. jacobsi, two naturally hybridizing grasshopper species (Orthop-
tera: Acrididae). Journal of Evolutionary Biology 18: 703-712.

. Bai WM, Xia JY, Wan SQ, Zhang WH, Li LH (2012) Day and night warming

have different effect on root lifespan. Biogeosciences 9: 375-384.

. Zhang NL, Xia JY, Yu X]J, Ma KP, Wan SQ (2011) Soil microbial community

changes and their linkages with ecosystem carbon exchange under asymmet-
rically diurnal warming. Soil Biology and Biochemistry 43: 2053-2059.

. Whitman DW (1986) Developmental Thermal Requirements for the Grasshop-

per Taeniopoda eques (Orthoptera: Aerididae). Annals of the Entomological Society
of America 79: 711-714.

Guo K, Hao SG, Sun OJX, Kang L (2009) Differential responses to warming
and increased precipitation among three contrasting grasshopper species. Global
Change Biology 15: 2539-2548.

. Kang L, Han XG, Zhang ZB, Sun OJX (2007) Grassland ecosystems in China:

review of current knowledge and research advancement. Philosophical
Transactions Royal Society B 362: 997-1008.

Lockwood DR, Lockwood JA (2008) Grasshopper population ecology:
catastrophe, criticality, and critique. Ecology and Society 13: 34.

. Wingerden W, Musters J, Maaskamp I (1991) The influence of temperature on

the duration of egg development in West European grasshoppers (Orthoptera:
Acrididae). Oecologia 87: 417-423.

. Ayer J (1970) Water Quality Control at Lake Tahoe: Dissertation on

Grasshopper Soup. California Law Review 58: 1273-1331.

Hao SG, Kang L (2004) Effects of temperature on the post-diapause embryonic
development and the hatching time in three grasshopper species (Orth.,
Acrididae). Journal of Applied Entomology 128: 95-101.

Hao SG, Kang L (2004) Postdiapause development and hatching rate of three
grasshopper species (Orthoptera: Acrididae) in Inner Mongolia. Environmental
Entomology 33: 1528-1534.

Karl TR, Jones PD, Knight RW, Kukla G, Plummer N, et al. (1993)
Asymmetric trends of daily maximum and minimum temperature. Bulletin of
the American Meteorological Society 74: 1007-1023.

. Bale JS, Masters GJ, Hodkinson ID, Awmack C, Bezemer TM, et al. (2002)

Herbivory in global climate change research: direct effects of rising temperature
on insect herbivores. Global Change Biology 8: 1-16.

Nufio CR, McGuire CR, Bowers MD, Guralnick RP (2010) Grasshopper
Community Response to Climatic Change: Variation Along an Elevational
Gradient. PLoS ONE 5: ¢12977.

Honek A, Kocourek F (1990) Temperature and development time in insects: a
general relationship between thermal constants. Zoologische Jahrbiicher
Abteilung fiir Systematik, Okologie und Geographie der Tiere 117: 401-439.
Wagner TL, Wu H, Sharpe P, Schoolfield RM, Coulson RN (1984) Modeling
insect development rates: a literature review and application of a biophysical
model. Annals of the Entomological Society of America 77: 208-225.

Briere JF, Pracros P, Le Roux AY, Pierre JS (1999) A novel rate model of
temperature-dependent development for arthropods. Environmental Entomol-
ogy 28: 22-29.

Fielding DJ, Defoliart LS (2010) Embryonic Developmental Rates of Northern
Grasshoppers (Orthoptera: Acrididae): Implications for Climate Change and
Habitat Management. Environmental Entomology 39: 1643-1651.

Brown C, Schoeman D, Sydeman W, Brander K, Buckley L, et al. (2011)
Quantitative approaches in climate change ecology. Global Change Biology 17:
3697-3713.

@ PLoS ONE | www.plosone.org

32.

36.

37.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

51.

Responses of Grasshopper to Warming

Yvon-Durocher G, Montoya JM, Trimmer M, Woodward G (2011) Warming
alters the size spectrum and shifts the distribution of biomass in freshwater
ccosystems. Global Change Biology 17: 1681-1694.

. Roy DB, Sparks TH (2000) Phenology of British butterflies and climate change.

Global Change Biology 6: 407-416.

. Hassall C, Thompson DJ, French GC, Harvey IANF (2007) Historical changes

in the phenology of British Odonata are related to climate. Global Change
Biology 13: 933-941.

. Harrington R, Clark SJ, Welham SJ, Verrier PJ, Denholm CH, et al. (2007)

Environmental change and the phenology of European aphids. Global Change
Biology 13: 1550-1564.

Stefanescu C, Pefiuelas J, Filella T (2003) Effects of climatic change on the
phenology of butterflies in the northwest Mediterranean Basin. Global Change
Biology 9: 1494-1506.

Altermatt I (2010) Climatic warming increases voltinism in European butterflies
and moths. Proceedings of the Royal Society B: Biological Sciences 277: 1281~
1287.

. Dingemanse NJ, Kalkman VJ (2008) Changing temperature regimes have

advanced the phenology of Odonata in the Netherlands. Ecological Entomology
33: 394-402.

Doi H (2008) Delayed phenological timing of dragonfly emergence in Japan over
five decades. Biology Letters 4: 388-391.

Parmesan C (2006) Ecological and evolutionary responses to recent climate
change. Annual Review of Ecology, Evolution, and Systematics 37: 637-669.
Parmesan C (2007) Influences of species, latitudes and methodologies on
estimates of phenological response to global warming. Global Change Biology
13: 1860-1872.

Fitter AH, Fitter RSR (2002) Rapid Changes in Flowering Time in British
Plants. Science 296: 1689-1691.

Post E, Stenseth NC (1999) Climatic variability, plant phenology, and northern
ungulates. Ecology 80: 1322-1339.

Ahas R, Aasa A (2006) The effects of climate change on the phenology of
selected Estonian plant, bird and fish populations. International Journal of
Biometeorology 51: 17-26.

. Adrian R, Wilhelm S, Gerten D (2006) Life-history traits of lake plankton species

may govern their phenological response to climate warming. Global Change
Biology 12: 652-661.

Xia JY, Wan SQ (2012) The Effects of Warming-Shifted Plant Phenology on
Ecosystem Carbon Exchange Are Regulated by Precipitation in a Semi-Arid
Grassland. PLoS ONE 7: ¢32088.

IPCC (2007) Climate change 2007: The physical science basis, Cambridge
University Press, Cambridge, UK.

Kang L, Chen YL (1994) Multidimensional analysis of resource utilization in
assemblages of rangeland grasshoppers. Insect Science 1: 264-282.

Zhao YX, Hao SG, Kang L (2005) Variations in the embryonic stages of
overwintering eggs of eight grasshopper species (Orthoptera: Acrididae) in Inner
Mongolian grasslands. Zoological Studies 44: 536-542.

Cherrill A, Begon M (1991) Oviposition date and pattern of embryogenesis in
the grasshopper Chorthippus brunneus (Orthoptera, Acrididae). Ecography 14: 225
233.

Van Horn SN (1966) Studies on the embryogenesis of Aulocara elliotti
(Thomas)(Orthoptera, Acrididae). I. External morphogenesis. Journal of
Morphology 120: 83-113.

July 2012 | Volume 7 | Issue 7 | e41764



