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Embryonic Development of Grasshopper Populations Along Latitudinal Gradients Reveal Differential Thermoaccumulation for Adaptation to Climate Warming
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Climate warming has a remarkable effect on the distribution, phenology, and development of insects. Although the embryonic development and phenology of non-diapause grasshopper species are more susceptible to warming than those of diapause species, the responses of developmental traits in conspecifically different populations to climate warming remain unknown. Here, we compared the mtDNA sequences and embryonic development of eight populations of grasshopper species (Chorthippus dubius) in field-based manipulated warming and laboratory experiments. The mtDNA sequences showed a significant genetic differentiation of the southernmost population from the other seven populations on the Mongolian Plateau. The embryonic development of the southernmost population was significantly slower than those of the northern populations at the same incubation temperatures. Interestingly, laboratory experiments showed that a significant difference exists in the effective accumulated degree days (EADD) but not in the lower development threshold temperatures (LDTT) among the different populations. The high-latitude populations required less EADD than the low-latitude populations. The warming treatments significantly accelerated the embryonic development in the field and decreased duration from embryos to hatchlings of all eight populations in the incubation. In addition, warming treatments in field significantly increased EADD requirement per stage in the incubation. Linear regression model confirmed that the embryonic development characteristics of eight populations were correlated with the annual mean temperature and total precipitation of embryonic development duration. The results indicated that grasshopper species have evolved a strategy of adjusting their EADD but not their LDTT to adapt to temperature changes. The variations in the EADD among the different populations enabled the grasshopper eggs to buffer the influences of higher temperatures on development and preserve their univoltine nature in temperate regions while encountering warmer climatic conditions. Thus, the findings of this study is valuable for our understanding species variation and evolution, and as such has direct implication for modeling biological response to climate warming.
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INTRODUCTION

The responses of the developmental rates of insects to climate warming are a major issue in ecology, contributing to the understanding and prediction of the distributions, phenological patterns and diversity conservation of insects under conditions of global change (Deutsch et al., 2008; Duffy et al., 2015; Garcia-Robledo et al., 2016). Studying the developmental traits of insects across environmental gradients offers the opportunity to make predictions about the effects of future climate warming on the distribution, persistence and ecosystem stability of insects (Harrington et al., 2001; Hagen et al., 2007; Parmesan, 2007; Rasmann et al., 2014). As ectothermic animals, insects are an important functional group that is highly susceptible to environmental temperature changes in terrestrial ecosystems. Documented temporal responses of insects to climate warming include shifts in their distribution and advance in their biological phenology (Bale et al., 2002; Gardner et al., 2011; Ohlberger and Fox, 2013; Parmesan et al., 2013). For example, as temperatures increased by 1–1.5°C from 1988 to 2002 in the Mediterranean region, the first occurrence times of 5 species advanced 1–7 weeks in 16 investigated butterfly species, and the peak periods of 8 species were significantly advanced for 1–5 weeks in 18 investigated butterfly species (Stefanescu et al., 2003). In the last century, 63% of 35 non-migrating butterfly species in Europe expanded their distributions northward by 35–240 km (Parmesan et al., 1999). These aspects are associated with the developmental rate shift of a given species and environmental temperature variations, especially the developmental rate of the insect species, which is highly correlated with the physiological and ecological traits of the insect. However, the underlying mechanism that only certain groups of insect species expand their distributions or advance their phenologies while others do not is not clear.

Environmental thermal gradients, such as those that exist across latitudes and elevations, are expected to yield a range of development rates for insects (Bale et al., 2002; Blanckenhorn and Demont, 2004; Parmesan, 2006, 2007; Bonebrake and Deutsch, 2012; Nilsson-Ortman et al., 2012, 2013a,b). Therefore, latitudinal or elevational changes in the gradients are expect for investigating the responses and adaptations of insects to climate warming, as well as for developing a better understanding of the potential impacts of changing temperatures on terrestrial organisms (De Frenne et al., 2013). Insect species distributed along latitudinal gradients may form geographic clines resulting from their long-term adaptations to local temperatures and the length of their growing seasons. These clines have the potential to supplement the scarcity of manipulation experiments by investigating the responses of organisms to climate warming.

Individuals living in cold, high-latitude environments maintain higher developmental rates than those living in warm, low-latitudinal environments; this effect is termed latitudinal compensation (Rhymer, 1992; Yamahira and Conover, 2002) and reflects the local adaptation of population to the short growth periods prevalent in high-latitudinal environments (Yamahira et al., 2007). In general, the use of latitudinal gradients is still an underutilized study resource in this aspect (De Frenne et al., 2013). Hence, understanding the life history evolution of organisms along latitudinal gradients can become an increasingly important focus that may help researchers interpret changes in response to climate warming over time and the potential impacts of climate warming on ecosystems (Zera and Harshman, 2001; Millien et al., 2006). To date, although some studies have reported that populations of insects living at lower latitudes have lower developmental rates than conspecifics living at higher latitudes under the same incubation temperatures (Niewiarowski and Angilletta, 2008; Nilsson-Ortman et al., 2013a; Ohlberger and Fox, 2013), there are no field-based manipulated warming experiments in which the developmental responses of widely distributed insect populations from different latitudes are compared in response to climate warming.

Diapause is an important biological trait that can be used to determine the responses of insects to climate warming. Variant grasshopper species with diapause or non-diapause traits can differentially respond to warming treatments. The warming treatments applied in previous studies have resulted in contrasting effects on different grasshopper species depending on their diapause-related traits (Guo et al., 2009). Warming did not significantly advance the hatching phenologies of grasshopper species that undergo diapause, whereas the phenologies of non-diapause species were significantly advanced (Guo et al., 2009). Diel asymmetric warming experiments have revealed that nighttime warming is more effective than daytime warming in advancing the egg development of non-diapause grasshopper species (Wu et al., 2012). Diapause can buffer the effect of warming associated with an advanced insect developmental rate, thus determining the response patterns of insects to climate warming and whether their distributions and phenologies are altered. However, the differential responses of conspecifically different populations of non-diapause insects to climate warming have not been well investigated.

The non-diapause grasshopper species Chorthippus dubius is widely distributed in Eurasian grasslands (Bey-Bienko and Mistshenko, 1951; Yin, 1984; Childebaev and Storozhenko, 2001; Li et al., 2007). Despite its very broad geographic distribution along latitudes, this grasshopper species maintains a strictly univoltine life cycle across its distribution range (Kang and Chen, 1995; Zheng, 1998). Thus, we hypothesize that different populations of C. dubius may respond differently to temperature warming and attempt to determine how these populations remain univoltine in low- and high-latitude locations under climate warming. We conducted comparative experiments on eight conspecific populations along a transect with a latitude gradient of approximately 10 degrees (nearly 1,000 km) on the Mongolian Plateau and adjacent area. First, we analyzed the genetic differentiation and phylogeography of the different populations based on mtDNA sequences. Second, we investigated variation in lower development threshold temperatures (LDTT) and effective accumulated degree days (EADD) of grasshoppers from these populations in the laboratory. Third, a set of field-based warming experiments on eight geographic populations were performed to compare the variations in embryonic development. Our results indicated that to some extent, non-diapause grasshopper species can adjust their developmental duration and EADD to temperature warming.



MATERIALS AND METHODS


Grasshopper Sampling Sites

To collect the grasshoppers, we selected eight sites to form a north-south transect comprising 7 sites on the Mongolian Plateau and 1 adjacent site in Hebei Province (Figure 1). The sampling sites covered approximately 10 degrees of latitude and a distance of more than 1,000 km from north to south. Along this transect, we collected eight populations of C. dubius from Erguna (ER), Dongqi (DQ), Dongwuqi (DW), Xiwuqi (XW), Dingweizhan (DWZ), Lanqi (LQ), Taiqi (TQ), and Wanquan (WQ) (Figure 1) in early September 2010 and 2011. The northernmost population (ER) was located at an elevation of 500 m at 50° 14′ N and 120° 12′ E, while the southernmost population (WQ) was at an elevation of 850 m at 40° 30′ N and 114° 15′ E. The annual mean temperature (AMT) at the eight sites, consisting of a temperature gradient from north to south, varied from -2.0 to 8.3°C. The mean temperature of embryonic development duration (MTEDD) from April to June ranged from 12.9 to 18.6°C. The annual total precipitation (ATP) ranged from 251.0 to 383.4 mm. The total precipitation of embryonic development duration (TPEDD) from April to June ranged from 83.1 to 120.3 mm (Table 1, data are collected by local weather station). Sampling sites were separated from each other by at least 100 km (approximately 1° latitude) with a sampling area of about 2–6 square kilometers for each site. In fact, the latitudinal gradient spanning 1,000 km covered the main distribution range of the grasshopper species from north to south in Eurasian steppe regions, with substantial variations in climate conditions overall (Figure 1 and Table 1).
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FIGURE 1. Locations of the geographic populations from which adult grasshoppers Chorthippus dubius were collected in early September 2010 and 2011. The sampling sites are shown from north (N) to south (S) as black circles: ER (Erguna), DQ (Dongqi), DW (Dongwuqi), XW (Xiwuqi), DWZ (Dingweizhan), LQ (Lanqi), TQ (Taiqi), and WQ (Wanquan) from north to south. F1, Light coniferous forest zone of the cold-temperate type; F2, Deciduous broad-leaf forest zone of the mid-temperate type; FS, Forest steppe zone. TS; Typical steppe zone. DS, Desert steppe zone; SD, Steppe desert subzone of the warm-temperate type; TD, Typical desert subzone of the warm-temperate type; Red line, isoline of the moisture index. The map is adopted from Li et al. (2007).



TABLE 1. Environmental data of sampling sites.
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Collection of Grasshopper Adults and Eggs

The Chorthippus dubius eggs hatched in early July each year, and adults developed in late August. Because the peak adult abundance occurred approximately 10 days later in the southernmost WQ population than in the northernmost ER population by field observation, the collections of adult grasshoppers were completed from the northernmost ER site to the southernmost WQ site over 10-day periods in early September 2010 and 2011. We collected more than 600 adult grasshoppers (female:male = 1:1) from each of the eight sites and brought them to the laboratory at the Research Station of Inner Mongolia for the egg collection.

Adult grasshoppers from each population were separately reared in two wooden cages (60 cm × 60 cm × 60 cm), each with five holes at the bottom where plastic pots (with both diameter and height of 15 cm) full of sterilized sand were placed for egg laying. Approximately 300 adult grasshoppers were randomly placed in each cage at a sex ratio of 1:1. Therefore, the experiment used a total of 16 cages to rear eight geographic populations of grasshoppers. All grasshoppers were fed fresh grasses (Leymus chinensis and Stipa grandis) and bran. Two 40-W incandescent lamps were installed at the top of each rearing cage to increase the interior temperature to 30 ± 1°C during the day and to 20 ± 1°C at night with a photoperiod of 14:10 h (light:dark), which was similar to the temperature and photoperiod in the local field. The temperature and photoperiod of the rearing cages were autoregulated by a temperature and photoperiod controller. We collected egg pods from the rearing cages every 2 days and transferred the eggs to plastic cups (6 cm in diameter × 10 cm in height) filled with sterilized sand (sifted through a 40 mesh filter) with 8% moisture content. These eggs were then stored at 8 ± 1°C to restrict their development and ensure that the embryos were at the beginning of development until sufficient egg pods were collected for use in the field experiments (Hao and Kang, 2004a,b).



Mitochondrial DNA Sequencing and Correlation Analyses

We selected 11–30 female adult individuals from the eight studied populations to sequence and analyze their mtDNA differentiation and phylogeographic structure. The protocol for the mtDNA extraction, amplification, and sequencing was as per Ma et al. (2012). Our preliminary sequencing experiments revealed that the mtDNA segments spanning cob (encoding cytochrome b), trnS (tRNA-Ser), nad1 (NADH dehydrogenase subunit 1), and trnL (tRNA-Leu) and partial rrnL (16S ribosomal RNA) were more variable than other parts of the mtDNA. These segments were amplified using LA-Taq (Takara Co., Dalian, China) with the following cycling settings: 95°C for 1 min; 30 cycles of 98°C for 10 s and 60°C for 10 s; 65°C for 3 min; and 65°C for 5 min. Then, the PCR products were sequenced via primer walking in an ABI 3,730 × 1 DNA Analyzer (Table 2). We assembled the sequencing data into a consecutive sequence using SeqMan software (DNAStar, Inc.). The haplotype and nucleotide diversity were calculated using DnaSP5.10.01 (Librado and Rozas, 2009). To assess the genetic differentiation among population samples, ΦST was calculated using Arlequin 3.5 (Excoffier and Lischer, 2010) with 20,000 permutations (Table 3). The Tamura and Nei model selected by the jModel test (Posada, 2008) was used. To investigate the genealogical relationships among haplotypes, a median-joining network was constructed using PopART (Leigh et al., 2015). To confirm whether sampling involved a single, widely distributed species, we calculated the Isolation By Distance (IBD) among the eight grasshopper populations using Mantel test analyses in software GenAlEx6.51b2. Finally, we calculated the correlations between the pairwise ΦST and latitudinal/temperature difference using Mantel test analyses.


TABLE 2. PCR and sequencing primers.
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TABLE 3. Haplotype number, haplotype diversity, and nucleotide diversity of mitochondrial DNA (mtDNA) of Chorthippus dubius.
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Determination of Egg Lower Development Threshold Temperatures, Effective Accumulated Degree Days, and Relative Sensitivity Index

To accurately measure the lower development threshold temperatures (LDTT) and effective accumulated degree days (EADD) of the eggs obtained from the studied grasshopper populations, we investigated the development of the eggs at constant temperatures in the laboratory. After collecting sufficient egg pods from the rearing cages, we placed 10 egg pods at a depth of 2 cm within plastic cups filled with sterilized sand (sifted through a 40-mesh filter) with 8% moisture content. We placed the cups with eggs in climate-controlled chambers in which constant temperatures of 15, 20, 25, 30, and 35 ± 1°C were maintained for the subsequent hatching of the eggs. We recorded and removed the hatchlings and dead eggs in each cup daily for up to 120 days at 15 and 20°C and up to 60 days for the other temperatures because egg development was rapid at temperatures above 25°C. If the eggs turned flaccid, brown, or moldy, they were determined dead. Otherwise, eggs that were cream colored and turgid were considered alive (Hao and Kang, 2004b). Because there were more than 100 eggs in each cup, we used the live eggs to calculate the embryonic duration at different constant temperatures. The LDTT and EADD were calculated using the linear regression equation EADD = (T – LDTT) × D, where T is the temperature in the chambers and D represents the embryonic duration in days to hatchlings at different constant temperatures. In addition, we defined a relative sensitivity index (RSI) for the development of grasshopper embryos to warming representing the percent change in the developmental duration between the warming and control treatments. RSI = (accumulated degree-days for embryo development in the control treatment – accumulated degree-days for embryo development in the warming treatment)/accumulated degree-days for embryo development in the control treatment.



Embryonic Development in Response to Warming

To investigate the embryonic development duration and the responses of the embryonic stages of each population to climate warming, we set up field-based warming experiments at the Research Station of Inner Mongolia in Duolun County from October 2010 to July 2011. This research station is located in a semiarid steppe region (42°02′N, 116°17′E; 1324 m in elevation), where the annual mean temperature is 1.6°C and the annual total precipitation and potential evaporation average 386 and 1,748 mm, respectively.

We conducted a set of field-based warming experiments with five replicated blocks spaced at 5-m intervals; each block included two plots for warming and control treatments spaced 2 m apart. The warming treatment was achieved by suspending a 165-cm (L) × 15-cm (W) MSR-2420 infrared radiator (Kalglo Electronics, Bethlehem, PA, United States) 1.85 m above each plot. The soil temperature was increased by 1.5–2°C via this treatment (Guo et al., 2009; Wu et al., 2012). For each geographic population, we embedded 10 egg pods; each with a minimum of 100 initially synchronized eggs, into plastic cups at a 3-cm depth and then randomly buried two egg cups from each population at the soil surfaces in all 10 plots on 15 October 2010. On 10 June of the following year, we retrieved the egg cups from the field plots and returned them to the laboratory to determine the embryonic stages and embryonic duration to hatchlings. As two cups of eggs were analyzed for each geographic population in all plots, we used one cup to determine the embryonic stages according to the embryonic morphological traits (Van Horn, 1966) by dissecting the eggs under a microscope. We transferred another cup to an incubator for hatching in the laboratory with a daytime temperature of 30 ± 1°C (20 ± 1°C at night) and a relative humidity of 60 ± 10%. The embryonic development of the grasshoppers was divided into 27 developmental stages according to embryonic morphogenesis (Van Horn, 1966). We recorded and removed hatchlings and dead eggs daily and ended the experiment after 60 days.



Statistical Methods

Analysis of variance (ANOVA) were used to analyze differences in the lower development threshold temperatures (LDTT) and effective accumulated degree days (EADD) among different geographical populations. Embryonic stages and embryonic duration to hatchlings between the warming and control treatments were analyzed by independent samples t-tests. Pearson correlations were calculated between a series of developmental parameters and the annual mean temperature (AMT), mean temperature of embryonic development duration (MTEDD), annual total precipitation (ATP), and mean precipitation of embryonic development duration (MPEDD), respectively. Differences were considered significant at P < 0.05. Values are reported as Mean ± SE. Data were analyzed using IBM SPSS Statistics v.19 software (SPSS Inc.).



RESULTS


Relationship Between Genetic Differentiation and Environmental Factors Among Grasshopper Populations

To test the relationships between genetic differentiation and latitude or temperature, the mtDNA of all eight populations were sequenced. Our study identified mtDNA sequences consisting of four whole gene sequences of cob, trnS, nad1, and trnL and a partial sequence of rrnL; the final data matrix spanned 3,189 bp in length. A total of 79 haplotypes were identified in 207 individuals from eight population samples. Overall, the mtDNA data comprised high haplotype diversity (0.954 ± 0.008) and low nucleotide diversity (0.158 ± 0.007%) in the eight populations. The median-joining haplotype network displayed no split among populations (Figure 2A), although these population samples represent a latitudinal gradient of approximately 10°. To confirm whether sampling involved a single, widely distributed species, we calculated the Isolation By Distance (IBD) among the eight grasshopper populations. The results confirmed that variation due to IBD is rejected as indicated by R2 = 0.0366 and P = 0.170 (Figure 2B). The haplotype diversity was similar among the population samples ranging from 0.892 ± 0.063 to 0.952 ± 0.027, whereas the southernmost WQ population exhibited a higher nucleotide diversity (0.215 ± 0.012%) with lower values in other 7 populations on the Mongolian Plateau (Table 3). The southernmost WQ population yielded significant pairwise ΦST values of 0.0830, 0.1266, 0.1575, 0.0388, and 0.0575 with ER, DW, XW, DWZ, and LQ populations, respectively on the Mongolian Plateau (Table 4). The northernmost ER population on the Mongolian Plateau yielded significant pairwise ΦST values of 0.1984, 0.07928, 0.1490, 0.1169, and 0.0830 with the DW, DWZ, LQ, TQ, and WQ populations, respectively (Table 4). The Mantel correlation between the pairwise ΦST of population samples and the latitudinal or temperature differences of the associated sampling sites was not significant as indicated by R2 = 0.0194, P = 0.350 and R2 = 0.0021, P = 0.420, respectively (Figures 2C,D). Therefore, genetic differentiation among these eight grasshopper populations was independent of latitudinal or temperature changes in wild grasslands.
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FIGURE 2. Genetic differentiation among grasshopper populations. (A) Median-joining haplotype network derived from the concatenated cob, trnS, nad1, and trnL and the partial rrnL mitochondrial DNA segments. The circle sizes are proportional to the haplotype frequencies. The small, empty circles represent hypothetical intermediate haplotypes. The colors indicate the population sample of each haplotype. Each hatch mark between joined haplotypes corresponds to a nucleotide substitution. The median-joining network was constructed using PopART software (Leigh et al., 2015). (B) Mantel correlation between the genetic distance (ΦST) of each compared pair of populations and the geographical distance of the associated sampling sites. (C) Mantel correlation between the genetic distance (ΦST) of each compared pair of populations and the latitudinal differences of the associated sampling sites. (D) Mantel correlation between the genetic distance (ΦST) of each compared pair of populations and the temperature differences of the associated sampling sites. R2, adjusted correlation coefficient. P < 0.05 means significant correlation.



TABLE 4. Pairwise ΦST values among 8 Chorthippus dubius populations.
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Determination of Low Developmental Threshold Temperatures and Effective Accumulated Degree Days

Because the embryonic development of grasshoppers is closely related to the low developmental threshold temperatures (LDTT) and effective accumulated degree days (EADD), we conducted a series of constant temperature experiments to determine the LDTT or EADD of embryos from 8 population samples in the laboratory. LDTT displayed no significant difference among eight geographic populations (Figure 3A). Embryonic duration significantly decreased with increase of incubation temperatures (Figure 3B). At each constant temperature, only the southernmost WQ population showed significantly higher embryonic duration compared to those of the other 7 populations on the Mongolian Plateau (Figure 3B). With the increase of incubation temperatures, the difference in embryonic duration among populations diminished (Figure 3B). The EADD displayed ascending trend beginning from LQ population to WQ population and the WQ population showed a significantly higher EADD than the other 7 populations on the Mongolian Plateau (Figure 3C). With the increase of latitudes, less EADD was required for embryonic development (R2 = 0.537, P = 0.023) (Figure 3D).
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FIGURE 3. The developmental traits of C. dubius at various constant temperatures. (A) The lower developmental threshold temperatures (LDTT) of eggs collected from different geographical populations. (B) The embryonic duration of eggs collected from different geographic populations at various constant temperatures. (C) The effective accumulated degree days (EADD) of eggs collected from different geographical populations. (D) The correlation of EADD with latitude in different geographical populations.




Embryonic Development in Response to Temperature Warming

We collected eggs from 8 geographic populations and performed all field block warming experiments at the Research Station of Inner Mongolia in Duolun County. The warming treatments significantly accelerated the embryonic stages from all geographic populations (Figure 4A), but the magnitude of this effect varied significantly among different populations. The smallest difference in level was observed in the southernmost WQ population (Figure 4B). After warming treatment in the field, the control and warming eggs were transferred into incubator for hatching in the laboratory. Eggs previously exposed to warming treatment had shorter embryonic duration to hatchlings than eggs from the same population samples under control treatment conditions in the incubator (Figure 4C). Similarly, the warming treatment had the smallest effect on embryonic duration in WQ population (Figure 4D). Although experiencing shorter embryonic duration to hatchlings after warming treatment, the required EADD per stage dramatically increased, indicating long-term temperature warming increased embryonic EADD requirement (Figure 4E). Moreover, the warming effect was more conspicuous on 7 geographical populations on the Mongolian Plateau (Figure 4F).
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FIGURE 4. The effects field-warming experiments on embryonic stage, embryonic duration and EADD. (A,B) Mean embryonic stage. (C,D) Embryonic duration. (E,F) EADD per stage. *P < 0.05; **P < 0.01; ***P < 0.001.




Correlation of Embryonic Development Parameters With Environmental Factors

Temperature and precipitation are two main environmental factors that were correlated with egg development. Thus, we performed correlation analyses of EADD or relative sensitivity index (RSI) with annual mean temperature (AMT), mean temperature of embryonic development duration (MTEDD), annual total precipitation (ATP), or total precipitation of embryonic development duration (TPEDD), respectively in geographical populations along latitudes. EADD was significantly correlated with AMT (Figure 5A, R2 = 0.705, P = 0.006) and TPEDD (Figure 5D, R2 = 0.501, P = 0.030), and marginally correlated with MTEDD (Figure 5B, R2 = 0.374, P = 0.063) and ATP (Figure 5C, R2 = 0.289, P = 0.098) in eight populations. However, EADD was not correlated with both AMT and MTEDD (Supplementary Figures 1A,B) and marginally correlated with AMP and MPEDD (Supplementary Figures 1C,D) when southmost WQ population was excluded.
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FIGURE 5. Correlation of embryonic development parameters with environmental factors among 8 geographic populations of C. dubius. (A–D) Correlation between EADD and annual mean temperature (A), mean temperature of embryonic development duration (B), annual total precipitation (C), and total precipitation of embryonic development duration (D). (E–H) Correlation between RSI and annual mean temperature (E), mean temperature of embryonic development duration (F), annual total precipitation (G) and total precipitation of embryonic development duration (H). R2, adjusted correlation coefficient. P < 0.05 means significant correlation.


RSI values of the embryos from different populations were negatively correlated with AMT (Figure 5E, R2 = 0.431, P = 0.046) and marginally correlated with MTEDD (Figure 5F, R2 = 0.333, P = 0.078), and no correlation with ATP and TPEDD (Figures 5G,H). However, RSI values were not correlated with environmental factors when southmost WQ population was excluded (Supplementary Figures 1E–H).



DISCUSSION

Research on the plasticity and adaptation of organisms along latitudinal gradients to climate warming have important ecological and evolutionary significance, especially research on insects, the body temperatures of which are closely associated with their habitats. Studies comparing populations across sites with contrasting temperatures, such as over latitudinal gradients, can provide invaluable information regarding the role of temperature on the plasticity and adaptation of ectotherms to global warming (De Frenne et al., 2013). To our knowledge, this study provides in situ experiments to test, for the first time, the developmental responses of grasshopper eggs from different latitudinal areas to warming. The grasshopper eggs obtained from different geographic latitudes displayed different development traits in response to warming treatment. In particular, the southernmost population sample displayed little change in egg development, while the populations from high latitudes were more sensitive to warming. Accordingly, the same warming treatments resulted in different scenarios for the southernmost population compared with other populations on the Mongolian Plateau.

The results imply that geographic populations of grasshopper species may be used in space-for-time substitution research through field-based warming experiments that seek to determine the developmental rate of insects in response to short-term temperature increases or long-term climate warming. Therefore, insect species may exhibit either short-term responses or long-term adaptation strategies to accommodate climate warming. The variations in grasshopper development observed in the field-based warming experiments suggest that the developmental rates possibly selected by their living habitats. Developmental plasticity is important mechanistic explanation for the geographic variation among different populations observed in response to climate warming. For example, in both fruit flies and damselflies, incubation periods at controlled temperatures were shorter for high-latitude populations than for low-latitude conspecifics (Liefting et al., 2009; Nilsson-Ortman et al., 2013b).

The effects of climate change on terrestrial organisms are often predicted to increase with latitude and to be related to geographical variations, owing to the high degree of climate variation in high-latitude regions and in areas with higher local temperatures that are close to the optimal developmental temperatures of insects in low-latitude regions (Deutsch et al., 2008; Aragon et al., 2010). The greatest differences are generally observed in high-latitude populations between warming and control treatments (Yamahira et al., 2007; Teplitsky et al., 2008; Ohlberger and Fox, 2013; van Asch et al., 2013; Hassall et al., 2014). In our results, although different geographic grasshopper populations showed similarity in their responses to climate warming, the change level of different developmental parameters of the populations differed significantly depending on the location in which the grasshopper populations lived. Thus, we propose an alternative mechanism that implies a particularly complex set of responses to warming treatments by grasshopper species. Climate warming in high temperature regions may result in deleterious consequences because insects in high temperature regions are currently living very close to their optimally physiological temperatures. In contrast, the insect species in low temperature zones possess broad thermal tolerance and expect to expand to some places that are currently cooler than their physiological tolerance; thus, warming may even enhance their fitness (Deutsch et al., 2008). Consequently, various responses of ectotherms to climate warming necessitate further investigation at different hierarchical and spatial scales to understand how organisms are affected by and evolve in response to climate warming (Nilsson-Ortman et al., 2013b; Buckley et al., 2015).

In our study, increasing the EADD but not reducing the LDTT was an adaptive strategy observed in grasshopper eggs responding to warming conditions. The northern populations had lower EADD requirement than the southern populations. However, our results differ from the results of previous studies, in which variations in the developmental rates of eggs of other grasshoppers were found to be related to the LDTT, and populations from warm environments featured high LDTT and short egg developmental periods (Groeters and Shaw, 1992; Dingle and Mousseau, 1994). Two competing hypotheses exist to explain the alternative observations mentioned above. First, large-scale geographic variations represent an adaptation to prevailing temperatures. Thus, populations from low latitudes feature higher optimal temperatures than those from high latitudes. In addition, what matters to the insects is how much time is spent above the threshold and it is extremely interesting that in the northern locations these grasshoppers complete their development much quicker than in the south. Thus, a second hypothesis is that because the length of the growth periods is shorter at higher latitudes, organisms from high latitudes have less available time for development than their low-latitude counterparts do. There must be a trade-off in terms of size, fecundity and/or population density that will be critical in the species response to changing environmental conditions over time. Consequently, we expect that high-latitude populations would exhibit a higher capacity to develop across all temperatures to compensate for their shorter growing periods. Both hypotheses have gained empirical support (Yamahira and Conover, 2002; Laugen et al., 2003). Our results are significantly associated with the second hypothesis owing to the similarities of the LDTT and optimal temperatures among all studied populations. As a widespread grasshopper species, C. dubuis has evolved to adapt to temperature warming by increasing the EADD to delay the completion of development. This adaptive strategy is very different from those observed in diapause grasshopper species (Guo et al., 2009; Wu et al., 2012). We consider that the developmental traits of low-latitude populations of this grasshopper species have undergone long-term adaptations to warmer climates. Increasing the EADD or decreasing the developmental rates in low-latitude populations have become very common strategies in response to climate warming. For non-diapause grasshoppers, the stability of development under climate warming can maintain the species persistence and life cycles of low-latitude populations, which determines the univoltine of the grasshopper within 1 year. In contrast, their high-latitude counterparts are at risk of extinction because climate warming is more variable at high latitudes, and the yearly variation in temperature is large (Deutsch et al., 2008). We infer that the LDTT of an insect species is a relatively stable and genetic biological trait, while the EADD is an ecological trait that is relatively flexible with changing environmental conditions. Non-diapause insects adapt to climate change by redesigning their EADD over long-term evolution. Similarly, many diapause species can employ this principle to face climate warming in prediapause and postdiapause development (Guo et al., 2009; Wu et al., 2012).

In summary, our study demonstrated that warming significantly promoted the development of all studied non-diapause grasshopper populations. Low-latitude populations can buffer the influence of warming by increasing their EADD requirement to delay their development and to conserve their phenological stability. The findings of this study have important ecological implications for the plasticity and evolutionary adaptations of ectotherms to climate warming. Given that almost all previous studies have dealt only with the short-term responses of ectotherms to climate warming, our results reinforce the above-described view of the long-term adaptations of low-latitude populations to climate warming. Thus, we infer that the short-term response reported herein is a passive reaction and not an active response of ectotherms to environmental changes. Because short-term responses and long-term adaptations proceed in different evolutionary directions, further studies on global climate warming must include explanations and forecasts of the evolutionary directions of ectotherms under latitudinal variations linked with long-term adaptations.
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