
Physiological Entomology (2007) 32, 219–224 DOI: 10.1111/j.1365-3032.2007.00564.x

© 2007 The Authors
Journal compilation © 2007 The Royal Entomological Society 219

        Introduction 

 Outbreaks of the migratory locust,  Locusta migratoria  (L.), 
which is an important agricultural pest in parts of the world, are 
related to climatic events, such as drought ( Ma, 1958 ), El Niño 
( Zhao, 1989; Zhang & Li, 1999 ) and sunspot activities ( Uvarov, 
1966 ).  Ma (1962)  suggested that, according to historical records, 
locust outbreaks occur when wet grassland on large river deltas 
dries up as a result of prolonged drought and the survival of 
locust eggs laid in the soil increases. El Nino also affects locust 
outbreaks by decreasing precipitation and increasing winter 
temperature in northern China ( Zhang & Li, 1999 ). Although, 
climatic variation can influence outbreaks of the migratory 
locust, the mechanisms underlying such effects are unknown. 

 Cold and drought are regarded as two potential evils for 
over-wintering insects ( Block, 1996 ) and play an important 
role in population dynamics ( Bale  et al. , 2002 ). Cold hardi-
ness of insects is influenced by their body water content and 
its activity at low temperatures that affects cells, tissues and 
the function of the whole organism ( Lee & Denlinger, 1991; 
Block, 2003 ). In the majority of insects, total body water con-
tent varies between 40 – 90% of fresh weight ( Hadley, 1994 ). 
Many studies show that increased solute concentration, pH 
changes and physical shrinkage, which occur as water leaves 
cells during freezing, may injure the cells, especially by mem-
brane damage ( Meryman, 1974; Steponkus  et al. , 1993 ). The 
reduction in insect water content helps to enhance supercool-
ing capacity and may prevent additional water from freezing 
onto extracelluar ice once freezing has been initiated ( Ring & 
Danks, 1994; Costanzo  et al. , 1997 ). Comparative data for 15 
species of adult mites from temperate and Antarctic coastal 
habitats demonstrate a general depression of the supercooling 
point (SCP) with a reduction in both total live weight and 
body water content ( Pugh, 1994 ). In the Antarctic springtail, 
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 Cryptopygus antarcticus , there is also a good correspondence 
between body water and supercooling ability, although other 
factors (gut contents and cryoprotectants) may have influ-
enced their cyclicity independently ( Block, 1996 ). 

 In winter, environmental moisture is a crucial factor influ-
encing the survival of insects that over-winter in terrestrial 
habitation ( Danks, 1991 ). Environmental moisture can pro-
mote the formation of internal ice by inoculation and influ-
ence organismal water balance ( Danks, 2000 ). Over-wintering 
larvae of the goldenrod gall fly,  Eurosta solidaginis , freeze 
by inoculation in wet galls, but they supercool in dry galls 
( Layne, 1991 ). Because the vapour pressure of ice is less 
than that of water, insects in soil may lose water to their 
environment at subzero temperatures with the presence of 
ice, leading to desiccation ( Lundheim & Zachariassen, 1993; 
Worland & Block, 2003) . Dehydration apparently takes place 
in this way for the supercooled larvae of the beetle 
 Pterostichus brevicornis , which loses water from approxi-
mately 70 – 30% of fresh weight ( Miller, 1978 ). Otherwise, 
water in the soil moderates the thermal environment of bur-
rowing insects by buffering against rapid changes and 
extremes of air temperature owing to the high specific heat 
of water ( Costanzo  et al. , 1998 ). 

 In northern China, eggs of the migratory locust over-win-
ter in the soil for 6 months from autumn to the next spring. 
The cold hardiness of locust eggs appears to have both geo-
graphical and seasonal variations ( Jing & Kang, 2003b, 
2004 ). Such variations have a complex genetical basis ( Wang 
& Kang, 2005a) . The first-instar nymphs have a rapid cold 
hardening response ( Wang & Kang, 2003 ). Photoperiod, 
thermoperiod and high-temperature interruption can affect 
the cold hardiness of locust eggs ( Jing & Kang, 2003a ;  Jing 
 et al. , 2005; Wang  et al. , 2006 ). Indeed, the minimum winter 
temperature experienced by locust eggs is only  – 10 to  – 18 °C 
( Ma, 1958 ), which is substantially higher than the mean SCP 
value of  – 22 °C reported for locust eggs ( Jing & Kang, 
2003b ). Although the risk of freezing may appear negligible, 
winter mortality is typically high (e.g. 50%;  Ma, 1958 ). 
Apparently, other environmental factors could be involved in 
mortality of locust eggs above their SCP. 

 The role of the hydric microenvironment on the suscepti-
bility to inoculative freezing in insects has received little 
study ( Gehrken  et al. , 1991 ). Climate changes will alter the 
balance of water and thermal capacity of the soil, which 
impact on the over-wintering survival of locust eggs. 
Therefore, in the present study, a series of controlled experi-
ments is designed to investigate the cold hardiness of locust 
eggs in response to different combinations of soil moisture 
and temperature.  

  Materials and methods 

  Insects 

 Egg pods of the migratory locust,  L. migratoria , were col-
lected in April 2003 from Huanghua County (38.25°N; 
117.20°E), Hebei Province, China. The egg pods were incubated 

in wet sand in an environmental chamber at 30 ± 0.5 °C. The 
water content of the sand was maintained at 15% of gross 
mass, which is an optimal condition for the eggs. After hatch-
ing, 50 first-instar nymphs were reared in a two-layer floor 
box (50 × 70 × 80 cm) with corn leaves and wheat bran at 
30 °C (LD 14  :  10 h photoperiod, 80% RH). Wet sand with 
15% water content was used as the medium of oviposition; 
and newly-laid eggs were collected daily.  

  Experimental substrates 

 The experimental substratum was collected from a native 
habitat, at the same location, where nesting soil was a well-
drained and loamy (sand, 48%; silt, 1%; clay; 51%). The soil 
was passed through a 2-mm 2  sieve and oven-dried at 180 °C 
for 12 h. The soil was rehydrated with different water con-
tents shortly before the experiments. The soil water content 
was maintained at 7, 11, 15, 19 or 23% of gross mass. The 
eggs can develop successfully in such a range of water con-
tents ( Guo  et al. , 1989 ).  

  Effects of substrate moisture on water balance and 
supercooling capacity 

 Thirty newly-laid eggs were placed individually into plas-
tic cups (inner diameter 7.5 cm, height 8.5 cm) containing 
200 g of soil of different water contents. The cups were sealed 
with parafilm. The eggs were incubated at 30 °C for about 7 
days. The SCPs of individual eggs were determined after 
fresh body mass was measured. For SCP determination, each 
egg was fixed to a thermocouple with a narrow piece of plas-
tic tape, which was linked to an automatic recorder (uR100, 
Model 4152, Yologawa Electric Co., Korea) via a bridge. The 
thermocouple with the egg protected by a plastic tube was 
lowered into a freezing chamber held at  – 35 °C. Cold expo-
sure started at room temperature, resulting in a nonlinear 
cooling rate of approximately 1 °C min  – 1  from 0 to  – 35 °C. 
The SCP was indicated on the recorder by a sudden rise in the 
egg temperature. Details of the methods used are described in 
 Zhao & Kang (2000)  and  Chen & Kang (2002) . After meas-
urement of the SCP, the dry weight of eggs was determined 
from its gross weight after drying at 65 °C for 12 h in an air 
oven. The water content of the egg was then calculated.  

  Effects of the egg water content on viability 

 Newly-laid eggs were separately reared in the soils of dif-
ferent water contents at 30 °C for approximately 7 days. The 
eggs were allowed to develop until they were in the early 
balstokinesis stage to establish different egg body water con-
tents. This experiment employed a factorial design, consist-
ing of 25 treatments. Forty eggs of each treatment were 
randomly selected and placed in plastic tubes (20 × 50 mm) 
without soil, and were exposed to  – 5 °C for 6, 24, 72, 120 or 
168 h. The tubes were then removed from the low temperature. 
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Next, the eggs were removed to plastic cups with 15% water 
content soil at 30 °C. Hatching eggs at 30 °C were regarded 
as eggs that had survived. In the control, 40 eggs of each 
treatment were incubated at 30 °C in soil with 15% water 
content without low temperature treatment. Each treatment 
had four replicates.  

  Mortality of locust eggs in different soil moistures at 
subzero temperature 

 Newly-laid eggs were reared in soil with 15% of water 
content in plastic cups for approximately 7 days. Next, 40 
eggs from each group were transferred into cups containing 
soils of different water content. The eggs were positioned in 
the cups in such a way that each was isolated from others 
and the cup wall. Each preparation was acclimated in a cham-
ber held at 5 °C for 24 h. Each cup was then chilled at  – 5 °C 
for 6, 24, 72, 120, or 168 h. Then, the eggs were transferred 
to other cups containing soil with optimal water content 
(15% of gross mass) at 30 °C. Egg mortality of each group 
was calculated. In the control, 40 eggs in the cups were accli-
mated at 5 °C for 24 h, and were not chilled at subzero tem-
perature. Each treatment had four replicates.  

  Statistical analysis 

 The survival and corrected mortality of eggs were calcu-
lated as described by  Zhao & Kang (2000) . A general linear 
model (GLM) analysis of variance (analysis of variance; 
SPSS, version 10.0; SPSS Inc., Chicago, IL) was used, 
where appropriate, to test for effects of temperature and 
exposure time on egg mortality. Where a significant differ-
ence was observed, the effect of treatments was determined 
by the Tukey’s honest significant difference test. The amount 
of time necessary to achieve 50% mortality at a specific 
temperature (Lt 50 ) was estimated by Probit analysis (SPSS, 
version 10.0).   

  Results 

  Effects of substrate moisture on water balance and 
supercooling capacity of eggs 

 The water content of locust eggs (from 75 – 80% fresh 
weight) varied significantly when they were maintained in 
soils of different water content for 7 days ( F =  24.44, d.f. = 
72,  P  < 0.001). The mean water content of eggs in soils with 
a high moisture content was higher than that of eggs in soils 
with low moisture content. The mean water content of eggs 
kept in soils with 7, 11 and 15% water contents did not differ 
significantly ( P  > 0.05). There were no significant differ-
ences in the water content of eggs between 19 – 23% soil 
moisture (    Fig.   1a). However, there were significant differ-
ences in egg water content between the three groups (kept at 
7 – 15%) and the two with 19 – 23% soil moisture. 

 The mean SCPs of locust eggs (from  – 19.5 to  – 24 °C) kept 
in different soil water contents were compared. Significant 
differences of mean SCPs of locust eggs appeared among 
various treatments ( F =  9.40, d.f. = 4,78,  P  < 0.001) 
( Fig.   1b ). The correlation between individual SCPs (from  –
 14.8 to  – 26 °C,  n  = 68) of eggs and reduction in their body 
water content was analysed by pooling all data from all treat-
ments together. A strong correlation was found ( P =  
0.00035)(    Fig.   2).  

  Effects of the water content on egg viability 

 Because the soil moisture content influenced the water 
balance of locust eggs, the effects of water balance changes 
induced by substrate moisture on egg viability at subzero 
temperature were investigated. Generally, cold hardiness of 
the locust eggs was inversely related to soil moisture in 
which the locust eggs were incubated for approximately 7 
days at 30 °C (    Fig.   3). Mortality of locust eggs was strongly 
time dependent for various soil moistures at low temperature. 
The times of mortality causing 50% mortality of eggs at 
 – 5 °C in soil with 7, 11, 15, 19 and 23% water contents were 
156, 132, 126, 111 and 70 h, respectively. Notably, the mor-
tality of eggs exposed to  – 5 °C for 168 h in soil with 23% 
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     Fig.   1.     Changes in (a) water content (% ± SE) and (b) mean super-
cooling point (± SE) of migratory locust eggs ( Locusta migratoria  
L.) in soils of different water content. The eggs were all incubated at 
30 °C for 7 days. Data with different letters above their correspond-
ing bars are significantly different (Tukey’s honest significant differ-
ence,  P  < 0.05).   
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water content was approximately two-fold higher than that in 
soil with 7% water content.  

  Effects of soil moisture under cold exposure 
on egg viability 

 The mortality of the eggs maintained at the same soil 
moisture content varied greatly at low temperatures in soils 
with different water contents (    Fig.   4). The egg mortality 
divided into two patterns. When chilled for short-time expo-
sure (6 – 24 h) at  – 5 °C, the mortality of eggs in dry soils 
(7, 11 and 15%) was higher than that in wet soils (19 and 23%). 
By contrast, the mortality of the eggs in dry soils was lower 

than that in wet soils after long-period exposure (72 – 168 h) 
at  – 5 °C. For example, the mortality of eggs chilled at  – 5 °C 
for 6 h decreased when the soil water content increased. 
However, after exposure for 72 h, changes in egg mortality 
were converse with the soil moisture. 

 The times needed for soil with different water contents to 
freeze at  – 10 °C and to reach  – 10 °C were determined. The 
wetter soil needed a longer time to freeze than drier soil 
(    Table   1).   

  Discussion 

 The migratory locust is found in moist and low-lying habitats 
(e.g. lakeshores, river flood plains, coastal areas and inland 
flood plains) ( Uvarov, 1977 ). In these habitats, frequent change 
of water level is a key factor that affects population abundance 
of the migratory locust ( Ma, 1962 ). Soil moisture plays an 
important role in the life cycle of the migratory locust, and 
there are significant geographical and seasonal variations in 
the cold hardiness of locust eggs ( Jing & Kang, 2003b, 2004 ), 
indicating that an ability to withstand cold in the egg stage is 
crucial to the distribution and abundance of the migratory 
locust. Environmental factors, such as photoperiod ( Jing & 
Kang, 2003a ), thermoperiod ( Wang  et al. , 2006 ) and acclima-
tion to low temperature ( Jing & Kang, 2003b; Wang & Kang, 
2005a) , have significant effects on cold hardiness of the eggs. 
In many invertebrates, soil moisture can have a strong influ-
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     Fig.   2.     Correlation between the water content of individual eggs 
(% fresh weight) and supercooling points of eggs. The eggs were 
 incubated in soils of different water content at 30 °C for 7 days.   

      

     Fig.   3.     Mortality (mean percentage ± SE) of migratory locust eggs 
chilled at  – 5 °C for 6 – 168 h without soil. The eggs were incubated in 
the soils of different water content ( P <  0.01) for 7 days at 30 °C 
before cold exposure.   

      

     Fig.   4.     Mortality (mean percentage ± SE) of migratory locust eggs 
chilled at  – 5 °C for 6 – 168 h in soils of different water content. The 
eggs were incubated in soil with 15% water content for 7 days at 
30 °C before different cold treatments.   

     Table   1.     Time needed by soil with different water contents to freeze at 
 – 10 °C, and the time needed to reach  – 10 °C.     

  Soil water content (% gross weight) 7 11 15 19 23    

Time needed to freeze (h) 0.85 1.35 1.6 1.98 2.5  
Time needed to reach  – 10 °C (h) 1.6 2 2.6 2.94 3.5  
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ence on cold hardiness ( Costanzo  et al. , 1997, 2001 ). For over-
wintering eggs of the locust, field studies reveal that soil 
moisture content affects egg survival directly or indirectly; for 
example, anoxic suffocation and infection of parasitic fungus 
in high moisture conditions, or causing the termination of 
development of the embryo in drought conditions ( Ma, 1958 ). 
The present study demonstrates that there are interactions 
between the effects of soil moisture and low temperature on 
over-wintering eggs of the migratory locust even within the 
range of suitable soil moisture (7 – 23%). 

 Soil moisture influences the water content of locust eggs, 
with eggs exposed to wet soil having significantly more water 
than those in dry soil, which is similar to the results obtained 
by  Guo  et al.  (1989) . Liquid water is essential for locust egg 
development ( Qing  et al. , 1958 ), and the optimum soil mois-
ture content for oviposition lies within the range 10 – 20%. 
When soil moisture is lower than 5% or higher than 25%, 
oviposition is greatly reduced ( Yu  et al. , 1958 ). 

 The hydration state of locust eggs influences their super-
cooling capacity. Notably, the mean supercooling point of eggs 
maintained in soil with a low water content is significantly 
lower than that of eggs exposed to soil with high water con-
tent. The reason why the hydration state influences supercool-
ing capacity in insects may relate to changes in solution 
concentration of body fluids  (Worland & Block, 2003) . 
Dehydration can strongly affect the metabolism of many ter-
restrial invertebrates; for example, cryoprotectants increase 
( Hadley, 1994; Block, 1996 ). These cryoprotectants, such as 
glucose and trehalose, may have diverse roles in providing 
energy storage and cryoprotection ( Bayley & Holmstrup, 
1999 ). Thus, some invertebrates exhibit partial dehydration, in 
preparation for winter ( Ring & Danks, 1994 ). In locust eggs, 
cold acclimation significantly increases the concentration of 
cryoprotectants (myo-inositol, trehalose, mannitol, glycerol, 
and sorbitol), indicating that these components play important 
roles in their cold tolerance ( Wang & Kang, 2005b) . However, 
there is no direct evidence that dehydration can influence the 
level of cryoprotectants in locust eggs. 

 The present study suggests that high soil moisture content 
is deleterious to over-wintering eggs. In outbreak areas of 
migratory locust in north China, the range of soil moisture is 
8 – 22%. The mean soil temperature is approximately  – 0.5 °C 
in winter at the depths (3 – 5 cm) at which eggs are laid ( Ma, 
1958 ). According to the results obtained in the present study, 
the mortality of eggs kept in wet soil is higher than that of 
eggs kept in dry soil. Therefore, if precipitation is high in 
autumn, the mortality of over-wintering eggs should increase 
because soil moisture is high. On the other hand, the locust 
eggs may be threatened by lethal desiccation in their natural 
habitats in winter ( Guo  et al. , 1989 ). 

 Hydrated conditions within the microevironment may 
influence strongly the susceptibility of an insect to inocula-
tive freezing ( Costanzo  et al. , 1997 ). The present data sug-
gest that environmental moisture may be an important factor. 
Given a short-time exposure, mortality in wet soil was lower 
than in dry soil. The pattern of egg mortality is reversed after 
long-time exposure. Owing to the high specific heat of water, 
wet soil needs a longer time to freeze than dry soil ( Costanzo 

 et al. , 1997, 1998 ). The water in the soil buffers against the 
ambient subzero temperature, and thus the eggs are protected. 
As the soil moisture increases, this protection would be 
strengthened, whereas eggs may make direct contact with 
external ice and the freezing of the body haemolymph may 
be accelerated by the ice crystal after the hydrated soil 
freezes in longer exposures ( Danks, 1971; Humble & Ring, 
1985 ).  Salt (1963)  provided the first theoretical discussion of 
inoculative freezing in insects but the role of hydric microen-
vironment on the susceptibility to inoculative freezing has 
received little attention ( Gehrken  et al. , 1991 ). 

 Water is regarded as the key ecological factor for outbreaks 
of the migratory locust ( Ma, 1958 ), and it is clear from the 
present study that interaction between soil moisture and low 
temperature can influence the cold hardiness of locust eggs. 
Partial dehydration is apparently beneficial to over-wintering 
eggs of the locust. Therefore, drought in the previous autumn 
and winter may contribute to over-wintering survival of 
locust eggs. Climate change is occurring ( Houghton  et al. , 
2001 ) and, from 1951 – 90, mean global temperatures rose, 
especially during winter: average winter minimum tempera-
ture rose 2.9 °C in the Northern Hemisphere ( Karl  et al. , 
1993 ). Precipitation and extreme events (e.g. flooding, storms 
and drought) are also predicted to increase ( Bale  et al. , 2002 ). 
Climate change will alter the composition of water in the soil 
and its thermal properties, which impacts on the over-winter-
ing survival of locust eggs. Therefore, outbreaks of the migra-
tory locust may become more frequent in the future with 
increasing droughts and warm winters in Northern China.    
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