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Abstract

The brown planthopper Nilaparvata lugens (Stål) is the most serious pest of rice across the world, especially in tropical
climates. N. lugens nymphs and adults were exposed to high temperatures to determine their critical thermal maximum
(CTmax), heat coma temperature (HCT) and upper lethal temperature (ULT). Thermal tolerance values differed between
developmental stages: nymphs were consistently less heat tolerant than adults. The mean (6 SE) CTmax of nymphs and
adult females and males were 34.960.3, 37.060.2 and 37.460.2uC respectively, and for the HCT were 37.760.3, 43.560.4
and 42.060.4uC. The ULT50 values (6 SE) for nymphs and adults were 41.860.1 and 42.560.1uC respectively. The results
indicate that nymphs of N. lugens are currently living at temperatures close to their upper thermal limits. Climate warming in
tropical regions and occasional extreme high temperature events are likely to become important limiting factors affecting
the survival and distribution of N. lugens.
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Introduction

Temperature has a direct influence on many life history

parameters of insects ([1], [2], [3], [4], [5]). A large number of

studies have been conducted over the past 20–30 years to

investigate the effects of predicted scenarios of climate warming on

insects ([6], [7], [8]). Much of this research has focused on the

effects of increases in summer temperatures of 1–2uC on rate-

based processes of experimental populations, and mainly in polar

and temperate climates ([5], [9], [10], [11], [12], [13]), or by the

monitoring of shifts in distributions that have been correlated with

natural climate warming [14]. Also, whilst cold tolerance has been

an area of research interest since the pioneering studies of Salt

([15], [16]), there has been less focus on the high temperature

tolerance of insects, especially those living in tropical areas, or on

the proximity of their upper thermal limits to current and future

temperature regimes. This may be explained by the assumption

that insects already living in high temperature environments may

be less affected by increases in temperature than species inhabiting

cooler climates, or that they have the ability to cope with such

changes [17]. However, this assumption cannot be tested without

accurate information on the thermal limits of tropical insects

which can then be compared with data on current and predicted

maximum temperatures. It is known that relatively small increases

in temperature may become lethal or sub-lethal for such species

([18], [19], [20]). When an insect is progressively warmed to

higher temperature, a sequence of distinct observable or measure-

able events occurs ([21], [22], [23]). Firstly, the specimen moves in

an increasingly uncoordinated way and becomes immobile; this is

the critical thermal temperature (CTmax). As the temperature is

further increased, all small-scale movement of appendages (legs,

antennae) ceases as the organisms enters a state of ‘heat coma’

(HCT), after which, at a higher temperature, the insect dies at its

upper lethal temperature (ULT) (see Hazell et al. [23] for a

description of these physiological states). The interrelationships

between these three indices are of interest because they provide a

physiological insight to events of ecological importance. For

example, on a local scale, at the CTmax insects are unable to move

and hence to locate new food resources or escape from predators

[4], and on a wider scale, such responses will affect distributions

and potential range expansion ([24], [25], [26]); and these indices

vary between different life cycle stages within a species [27]. Also,

although the CTmax and heat coma occur at lower temperatures

than the ULT, it is known that for some species heat coma is

irreversible and therefore the insect is effectively dead at this

temperature ([28], [29]). Previous studies on the high temperature

tolerance of tropical insects have investigated CTmax and heat

coma temperature ([30], [31], [32], [33]), ULT ([34], [35], [36])

and heat shock proteins ([37], [38], [39], [40]). These studies

have investigated species of African, South American or

European origin with less known about species from Asia. In

this study, we focus on the brown planthopper Nilaparvata lugens

(Stål). Nilaparvata lugens is a major pest of rice throughout Asia

causing serious yield losses in many countries [41]. Nilaparvata

lugens has a high migratory ability by wind-assisted flight and high

reproductive capacity [42]. Seo et al. [43] report that during the

rice growing season N. lugens migrates every year on south-

westerly airflows from the south-east of China to Korea.

Fluctuation of N. lugens population abundance in rice fields is

highly correlated with temperature [44]. However, as with many

tropical species, there is a lack of information about the high

temperature tolerance of N. lugens and therefore the likely effects
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of climate warming on this important species. Thus, the aim of

this study was to characterize the high temperature tolerance of

nymphs and adults of N. lugens via CTmax, HCT and ULT, and

then compare these data with information on maximum

environmental temperatures across the distribution of N. lugens

in current and future predicted climates.

Results

CTmax and HCT
The mean CTmax (6 SE) were 34.960.3, 37.060.2 and

37.460.2uC for nymphs and adult females and males respectively

(Figure 1A) with temperature ranges of 30–36u, 34–38u, and 35–

Figure 1. Thermal activity thresholds of different life cycle stages and sexes of N. lugens. Mean (6 SE) CTmax (A) and HCT (B). Mean values
with the same letter are not significantly different (p#0.05); n = 20 for first instar nymphs, adult females and males.
doi:10.1371/journal.pone.0029409.g001

Figure 2. Temperature range of thermal activity thresholds of different life cycle stages and sexes of N. lugens. Changes in the CTmax

(A) and HCT (B) for first instar nymphs (white bars), adult females (cross-hatch bars), and adult males (black bars); n = 20 for each life cycle stage.
doi:10.1371/journal.pone.0029409.g002
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38uC for the three life cycle stages (Figure 2A). The CTmax was

significantly lower in first instar nymphs than adults (ANOVA; F2,

27 = 33.550, p,0.001), but not between the sexes.

The mean HCT (6 SE) of nymphs, females and males were

37.760.3, 43.560.4 and 42.060.4uC respectively (Figure 1B),

with temperature ranges of 35–39u, 39–46u, and 39–44uC
(Figure 2B). The HCT of nymphs was significantly lower than

the adult morphs (ANOVA; F2, 27 = 68.214, p,0.001), and also

between the sexes (p = 0.013), with females having the higher

HCT. Insects that entered heat coma were unresponsive to stimuli

and found to be dead when cooled to a lower temperature.

ULT
The mean (6 SE) ULT50 of the first instar nymphs (41.860.1uC)

was significantly lower than for adults (42.560.1uC), (ANOVA; F1,

8 = 17.521, p = 0.003, Figure 3). The ULT was higher than the

HCT of nymphs (37.7uC) but similar for adults (HCT of 43.5u and

42uC for females and males respectively).

Discussion

Climate, particularly temperature, is known to exert a strong

influence on the distribution and abundance of species, often

through effects on mortality ([2], [7], [33], [45], [46], [47], [48],

[49]). It is also known that the sequence of thermal events from

immobility to death occurs over a narrower range at high than at

low temperatures ([23], [50]). Whilst some studies have shown that

insects can recover from exposure at their heat coma temperature,

for other species the heat coma state is irreversible and usually

leads to death [23]. This was the case with N. lugens in this study

where there was no recovery from heat coma after transfer to a

lower temperature. Furthermore, heat tolerance is usually

increased by much less than cold tolerance when insects are

reared in an acclimation regime [51]. Measurements of the

CTmax, heat coma and ULT of tropical insects therefore provide a

basis for assessing the likelihood of thermal stress under current

climate conditions and the risk posed by higher temperature under

different scenarios of climate warming.

The results from this study suggest that differences in body size

and volume affect heat tolerance; thus the CTmax, heat coma

temperature and ULT50 of nymphs was consistently and

significantly lower than that of adults, and for one of these indices

(heat coma), adult males were less heat tolerant than females. Such

differences between juvenile and adult insects has been previously

reported [52]. The ratio of surface area to volume is greater for

nymphs than adults [53] and as the gain and loss of heat from and

to the external environment by processes including mixed

convection and radiation ([53], [54], [55]) are proportional to

surface area [56], heat transfer occurs more rapidly in nymphs

with resultant lower thermal indices. Whilst these data indicate

that adults are generally more heat tolerant than nymphs, in terms

of population viability over successive generations, success will be

largely dependent on the limits imposed by the least thermally

tolerant life cycle stage i.e. the higher heat tolerance of adults is

ecologically irrelevant if the nymphal stages are dead or destined

to die.

The critical information derived from this study indicates that

some first instar nymphs become immobilized by heat stress at

around 30uC and among the more heat tolerant adult stage, no

insects were capable of coordinated movement at 38uC. There was

no recovery after entry into heat coma, at temperatures around

38uC for nymphs and 42–43uC for adults. In similar studies the

cicada Magicicada cassini was unable to maintain coordinated

movement above 43uC but could recover from exposure at this

temperature [30]. This recovery ability contrasts with N. lugens and

other species [23], but may be related to the inability in earlier

studies to distinguish accurately between the CTmax and heat

coma temperatures. Renault et al. [32] reported differences in the

CTmax of first instar larvae of three species of Coleoptera ranging

from 45.6u in Osmoderma eremite to 48.5u in Gnorimus nobilis and

51.4uC in Cetonischema aeruginosa, all of which are higher than that

of N. lugens. CTmax values are ecologically important because they

Figure 3. Mean (± SE) ULT50 of first instar nymphs and adults of N. lugens. Mean values with the same letter are not significantly different
(p#0.05); n = 50 at each exposure temperature.
doi:10.1371/journal.pone.0029409.g003
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represent the effective limit to coordinated movement behaviour

within the thermal tolerance range of a species and life cycle stage

[57]. Within this range, an insect’s physiological responses increase

with temperature to an optimum and then rapidly decrease

through the effects of heat stress ([58], [59]). Insects use various

behavioural mechanisms to avoid the extremes of heat stress ([60],

[61]) including movement to more shaded locations such as the

underside of leaves [62], burrowing into the soil, which is common

in desert species [25], or restricting activity to cooler periods within

the diurnal cycle [63]. However, all of these responses need to be

anticipatory, because progression past the optimum temperature

to the CTmax and HCT will limit the ability of insects to move to

more favourable thermal sites, and as a result, to locate resources

such as food, mates and oviposition sites, and escape from natural

enemies ([4], [26]).

At 41.8u and 42.5uC respectively, approximately 50% of

nymphs and adults of N. lugens are killed in exposures of only 2

and 6 min. The ULT50 of the tsetse fly, Glossina pallidipes was

37.9u, 36.2u and 35.6uC respectively in exposures of 1, 2 and 3 h

[33] and Chidawanyika and Terblanche [36] found that ULT50 of

adult codling moth Cydia pomonella was 44uC in a 2 h exposure.

These data indicate a broad similarity in ULT50 values between

species (more so than in low temperature tolerance), but also

highlight the fact that relative small increases in exposure time can

impact on mortality.

Information from this study on the heat tolerance of N. lugens

provides a basis for comparison with temperatures likely to be

encountered across different areas of its distribution, but an

important question that arises is the extent to which laboratory-

derived indices of thermal tolerance can accurately predict survival

or mortality under field conditions. The average ‘hot season’

temperatures in tropical lowlands where outbreaks of N. lugens

occur range from: 20–31u in India, 25–35u in Thailand, 26–36u in

Burma, 25–27u in Indonesia, 22–32u in Bangladesh, 35–32u in the

Philippines, 20–33u in Vietnam, 22–27u in China, 21–24u in

Korea and 29.9–34.7uC in Malaysia [64]. Whilst these temper-

atures are generally lower than the CTmax, HCT and ULT of N.

lugens, a number of factors will affect survival at high temperature

in these climatic areas. Firstly, there will be occasional ‘peak’

temperatures that will pose a greater threat to such tropical insects

e.g. 47.2uC in Burma (a record ‘high’ for South-east Asia as a

whole) and 49uC in Pakistan [65]. Secondly, the CTmax, HCT and

ULT values were estimated from very brief exposures of a few

minutes, whereas in nature, high temperatures would be

experienced for much longer periods of time, almost certainly

lowering critical tolerance limits below the laboratory-measured

values. Also, through climate warming, tropical insects are likely to

experience higher temperatures in the future. For example, the

mean annual temperature is increasing by 0.23u–1uC per decade

in East Asia (China, Japan and Korea), 0.025u–0.68uC in South-

east Asia [66] and 0.26uC in tropical rain forests [67]. Collectively

these data suggest that N. lugens is already living close to its upper

thermal limit across parts of its distribution. Apart from lethal

effects, the impact of high temperature on mobility, which would

affect annual migratory behaviour, is a further limiting factor; and

all of these effects are likely to become more detrimental to N.

lugens and other tropical insects in a warmer climate. There are

though further considerations, including intraspecific variation in

thermal tolerance related to geographic origin and acclimation

ability. The sample population of N. lugens used in this study was

collected at Pulau Pinang in Malaysia where the annual mean

temperature is approximately 27.5uC and minimum and maxi-

mum temperatures in the area varied from 23.3–24.5u and 31.3–

32.8uC respectively over a 15 year period (data from Butterworth

Station, Department of Meteorology, Malaysia for 1995 to

2009). Whilst the culture of N. lugens was maintained at

2360.5uC, 16:8 L:D, close to the annual mean temperature

for the collection site (see Methods for further details) it is known

that acclimation can modify thermal tolerance and critical limits

([17], [58], [68], [69], [70], [71], [72]); rearing N. lugens at higher

temperatures may therefore raise the CTmax, HCT and ULT

values reported here.

In summary, with knowledge of the current mean and

occasional peak high temperatures in different parts of the

distribution on N. lugens and the thermal limits of different life

cycles stages, these data in combination provide a basis by which

to identify regions within the Asian rice growing area where the

insect is likely to become more or less important through future

changes in climate; though temperatures may become locally too

stressful in some areas, affecting development, reproduction and

survival, higher temperatures in other parts of the distribution

may allow year-round residency where this is currently

impossible. Overall, the pest status of N. lugens may not be

reduced, but its impact on regional rice production may change

over time.

Materials and Methods

Insect cultures
Adults of N. lugens were provided by the MARDI Research

Station at Pulau Pinang, Malaysia and maintained in a quarantine

room at 2360.5uC, 16:8 L:D cycle on rice seedlings (Oryza sativa L.

cv. TN 1) within individually sealed containers (transparent plastic

cylinder, 21 cm high and 6 cm diameter with 1.22 mm ventilation

mesh). This rice cultivar does not contain any major resistance

genes to brown plant hopper and is often used as a susceptible

control in studies on plant resistance [41]. The seedlings were used

42–49 days after germination and replaced every 4–5 days or

when there were any signs of deterioration. All experiments were

carried out with first instar nymphs (24–48 h old) and unmated

adults (30–35 days old). In experiments carried out on adults,

newly hatched first-instar nymphs were reared together until the

late fifth instar nymphs after which males and females were

selected and reared separately to obtain unmated adults.

Determination of CTmax and HCT
The CTmax and HTC were determined using a method

modified from Hazell et al. [50]. Insects were monitored within

an arena in an aluminium block attached to an alcohol bath. The

initial temperature within the arena was set at 20uC. A sample of

10 first-instar nymphs, adult females or males was allowed to settle

for 15 min after which the temperature was increased at 0.5uC
min21 up to 35uC. Thereafter, the temperature within the arena

was increased from 35 to 55uC at 0.1uC min21 so as to minimise

the chance of any ‘heat hardening’ response during the warming

[23]. Movement behaviour of N. lugens was viewed using a digital

video camera (Infinity 1-1; Lumenera Scientific, Canada) with a

macro lens (Computar MLH-10X, CBC Corp., New York, NY)

positioned over the arena and linked to a desktop computer. Data

on insect movement and temperature within the arena were

recorded simultaneously by video recording software (Studio

Capture DT; Studio 86 Designs, UK). The CTmax was defined as

the temperature at which the insect ceased coordinated movement

and became immobile; the HTC was the temperature at which the

last movement of an appendage (antenna, leg) occurred. Each

experiment was repeat with a further sample of 10 individuals of

each life cycle stage (n = 20).
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Determination of ULT
The upper lethal temperature is usually determined by exposing

insects to increasingly higher temperatures and recording the

mortality at each temperature. The crucial factor is that the ULT

is expressed as the temperature at which mortality occurs after a

brief exposure (seconds or a few minutes), though death may occur

post-exposure, hence estimates of mortality are usually made some

days later [23]. Other experimental formats examine the effect of

the duration of exposure on the ULT or the ability to rapidly heat

harden ([16], [59]). A key requirement in ULT experiments is that

the insects should actually experience the desired exposure

temperatures allowing for the time lag in heat transfer from the

exposure environment to the sample, which will be longer in larger

species (Piyaphongkul, unpublished). A failure to take into account

the time required for insects to reach thermal equilibrium with

their exposure environment can lead to errors in the assessment of

the ULT [73].

For all ULT experiments, 10 first-instar nymphs or adults were

placed in a 0.9 ml Eppendorf tube (with five replicates at each

exposure temperature), and then placed at the bottom of a glass

test tube suspended in a programmable alcohol bath (Haake

Phoenix 11 P2; Thermo Electron Corp., Germany with

temperature accuracy of 60.5uC). The samples were held at

20uC for 30 min to reduce stress associated with handling and

then heated to a range of temperatures at 0.5uC min21. When the

temperature in the alcohol bath reached the target temperature,

the insects were held at this temperature for a period of time to

ensure that all of the sample experienced the required tempera-

ture; preliminary experiments indicated this was 2 and 6 min for

nymphs and adults respectively. Thereafter, all samples were

‘cooled’ to the rearing temperature at 0.5uC min21 and then

transferred to recovery trays (transparent plastic boxes,

1668.5628 cm3 with 1.22 mm ventilation mesh) containing rice

plants and kept at 23uC, 16:8 L:D. Mortality was assessed 72 h

after exposure. The data were analyzed by Probit in Minitab 15

(Minitab Inc., 2007) to estimate the temperature at which 50% of

the sample of was killed, the ULT50. The handling controls

revealed no between treatment bias with 99% survival.

An analysis of variance (ANOVA) was used to compare data

between life cycle stages with 95% confidence limits. Data were

mean (6 SE). Where significant differences occurred, the data

were further analysed by Tukey’s honest significance difference

post-hoc test to separate statistically heterogenous groups.
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predator population development in the Mekong delta, Vietnam. Crop
Protection 16: 707–715.

42. Kisimoto R (1979) Brown planthopper migration. In: Heong KL, Hardy B, eds.
Brown planthopper: threat to rice production in Asia. Los Baños: International

Rice Research Institute. pp 113–124.
43. Seo BY, Jung JK, Choi BR, Park HM, Lee BH (2009) Resistance-breaking

ability and feeding behavior of the brown planthopper, Nilaparvata lugens, recently

collected in Korea. In: Heong KL, Hardy B, eds. Planthoppers: new threats to
the sustainability of intensive rice production systems in Asia. Los Baños:

International Rice Research Institute. pp 303–314.
44. Win SS, Muhamad R, Ahmad ZAM, Adam NA (2011) Population fluctuations

of brown planthopper Nilaparvata lugens Stal. and white backed planthopper

Sogatella furcifera Horvath on rice. Trends Applied Sci Res 8: 183–190.
45. Parmesan C (1996) Climate and species range. Nature 382: 765–766.

46. Davis AJ, Lawton JH, Shorrocks B, Jenkinson LS (1998) Individualistic species
responses invalidate simple physiological models of community dynamics under

global environmental change. Journal of Animal Ecology 67: 600–612.
47. Hodkinson ID (1999) Species response to global environmental change or why

ecophysiological models are important: a reply to Davis et al. Journal of Animal

Ecology 68: 1259–1262.
48. Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, et al. (2004)

Extinction risk from climate change. Nature 427: 145–148.
49. Kerr JT, Kharouba HM, Currie DJ (2007) The macroecological contribution to

global change solutions. Science 316: 1581–1584.

50. Hazell SP, Pedersen BP, Worland RW, Blackburn TM, Bale JS (2008) A method
for the rapid measurement of thermal tolerance traits in studies of small insects.

Physiological Entomology 33: 389–394.
51. Hazell SP, Groutides C, Neve BP, Blackburn TM, Bale JS (2010) A comparison

of low temperature tolerance traits between closely related aphids from the
tropics, temperate zone, and Arctic. Journal of Insect Physiology 56: 115–122.

52. Chapman RF (1998) The insects: structure and function 4th ed. Cambridge:

Cambridge University Press. 770 p.
53. Casey TM (1992) Biophysical ecology and heat exchange in insects. American

Zoologist 32: 225–237.
54. Hilyard NC, Biggin HC (1977) Physics for applied biologists. London: Edward

Arnold Limited. 223 p.

55. Recktenwald GW (2006) Heat transfer from a single, heated block. Thermal

management measurements. Portland: Department of Mechanical Engineering.
pp 1–17.

56. Stevenson RD (1985) Body size and limits to the daily range of body temperature

in terrestrial ectotherms. The American Naturalist 125: 102–117.

57. Bursell E (1964) Environmental aspects: temperature. In: Rockstein M, ed. The
physiology of insecta. New York: Academic Press Inc. pp 283–321.

58. Huey RB, Bennett AF (1990) Physiological adjustments to fluctuating thermal

environments: an ecological and evolutionary perspective. In: Morimoto RI,

Tissieres A, Georgopoulas C, eds. Stress Proteins in Biology and Medicine. New

York: Clod Spring Harbor Laboratory Press. pp 37–59.

59. Terblanche JS, Deere JA, Clusella-Trullas S, Janion C, Chown SL (2007)

Critical thermal limits depend on methodological context. Proceedings of the

Royal Society B: Biological Sciences 274: 2935–2943.

60. Purves WK, Sadava D, Orians GH, Heller HC (2001) Physiology, homeostasis,
and temperature regulation. Life: the science of biology 6 ed. Massachusetts:

Sinauer Associates Inc. pp 693–711.

61. Wharton DA (2002) Introduction: extreme life. Life at the limits: organisms in

extreme environments. Cambridge: Cambridge University Press. pp 1–26.

62. Turnock WJ (1999) Temperature sensitivity in insects and application in

integrated pest management. In: GJ Hallman, DL Denlinger, editors.

Entomologia Experimentalis et Applicata 91: 373–374.

63. Yang J, Sun YY, AN H, Ji X (2008) Northern grass lizards (Takydromus

septentrionalis) from different populations do not differ in thermal preference and

thermal tolerance when acclimated under identical thermal conditions. Journal
of Comparative Physiology B: Biochemical, Systemic, and Environmental

Physiology 178: 343–349.64.60.

64. Mazur L (2011) Asia and the pacific. The encyclopedia of the nations. Advameg,

Inc. Available: http://www.nationsencyclopedia.com/index.html. Accessed

2011 May 15.

65. Giese A (2011) Global temperature peaks in 2010. People and the planet. Earth

Policy Institute. Available: http://www.peopleandplanet.net. Accessed 2011

March 20.

66. Albritton DL, Barker T, Bashmakov IA, Canziani O, Christ R, et al. (2002)
Climate change 2001 synthesis report. In: Watson RT, ed. Cambridge:

University Press Cambridge. 397 p.

67. Malhi Y, Wright J (2004) Spatial patterns and recent trends in the climate of

tropical rainforest regions. Philos Trans R Soc Lond B Biol Sci 359: 311–329.

68. Fry FEJ (1958) Temperature compensation. Annual Review of Physiology 20:

207–224.

69. Buffington JD (1969) Temperature acclimation of respiration in Culex pipiens

pipiens (Diptera: Culicidae) and the influence of seasonal selection. Comparative

Biochemistry and Physiology 30: 865–878.

70. Sinclair BJ, Roberts SP (2005) Acclimation, shock and hardening in the cold.

Journal of Thermal Biology 30: 557–562.

71. Terblanche JS, Chown SL (2006) The relative contributions of developmental

plasticity and adult acclimation to physiological variation in the tsetse fly, Glossina

pallidipes (Diptera, Glossinidae). Journal of Experimental Biology 209:

1064–1073.
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