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Abstract. Prior to ~1880AD locust swarms periodically 1 Introduction

raged across both the North American Plains (NAP) and East

Asian Plains (EAP). After this date, locust outbreaks almost

never recurred on the NAP but have continued to cause probTO North Americans, the locust outbreaks that occurred dur-
lems on the EAP. The large quantities of pesticides used idng the late 19th century are now of historical interest only.
the major agriculture regions of the NAP in the late 1870s The Rocky Mountain locustMelanoplus spretysreferred
have been suggested as a possible reason for the disappetf-as Caloptenus spretus the reports of that time, was
ance of locust outbreaks in this area. Extensive application@ Swarming species that periodically reached severe pro-
of modern, i.e. more effective, chemical pesticides were alsd?ortions in the North American Plains (NAP) from around
used in the granary regions of the EAP in the 1950s in anl800AD (Riley et al., 1880; Riegert, 1977). For example,
effort to reduce pest outbreaks. However, locust swarms rebetween 1873 AD and 1877 AD vast infestations from the
turned again in many areas of China in the 1960s. ThereforéCanadian Prairies to Missouri devastated crops and grazing
locust extinction on the NAP still remains a puzzle. Frequentland, the later resulting in cattle starving, ruined state bud-
locust outbreaks on the EAP over the past 130yr may offeld€ts and drove homesteaders from the land (Hudson Bay
clues to the key factors that control the disappearance of lo€0mpany Archives, 1891; Criddle, 1920). However, locust
cust outbreaks on the NAP. swarms were not only a problem on the NAP but also on

This study analysed the climate extremes and monthlythe East Asian Plains (EAP) (Chen, 1935; Ma, 1958). The
temperature—precipitation combinations for the NAP andWorst locust outbreaks were concentrated in the period 1874—
EAP, and found that differences in the frequencies of thesel878 AD, with historical records describing the events: “lo-
climate combinations resulted in the contrasting locust fateust swarms darkened the sky and consuming grain seedling
in the two regions: restricting locust outbreaks in the NAP in the drought summer” in 1876 AD in lower reaches of
but inducing such events in the EAP. Validation shows thatYangtze River, and “locusts caused shadowed sunshine; peo-
severe EAP locust outbreak years were coincidental with exPle starving to death with the bodies lying in the roads” in
treme climate-combination years. Therefore, we suggest that875 and 1877 AD in the lower reaches of Yellow River
changes in frequency, extremes and trends in climate can exZhang, 2004).
plain why the fate of locust outbreaks in the EAP was dif- It is fascinating that locust plagues gradually disappeared
ferent from that in the NAP. The results also suggest that@nd almost never recurred in the NAP (Lockwood and De-
with present global warming trends, precautionary measure8rey, 1990; Lockwood, 2004; Chapco and Litzenberger,

should be taken to make sure other similar pest infestation€004), while on the EAP locust swarms have occurred con-
do not occur in either region. tinuously up until present (Chen, 2000; Wu et al., 2006).

The locust outbreaks on the western and eastern plains of
the Pacific have exhibited very different outcomes (Fig. 1a).
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Since the chemical industry in North America developed rel-can kill overwintering eggs; low temperature during growing
atively early, large quantities of pesticides were used in theseasons suppresses breeding and reproduction, while higher
major agriculture regions of NAP in the late 1870s, which rainfall and wet conditions in the spring—summer restrict dis-
has been suggested as a possible major cause of the declipersal and migration (Chen, 1935; Ma, 1958, 1965; Wu et
of locust outbreaks (Lockwood, 2004). Comparatively, theal., 1990, 2006). The combined effects of climate conditions
chemical industry developed much later in Asia than in Northand their extremes may induce or restrict locust outbreaks.
America, and extensive applications of pesticides were apAlthough it is generally believed that changes in pesticide
plied at higher rates in the granary regions of China in theuse and land-cover change triggered the demise of the Rocky
1950s (Chen, 2000). The pesticides used in the China wer®ountain locust in North America (Lockwood, 2004), it is
mainly organochlorines, such as hexachlorocyclohexane spdmportant to view such hypotheses against the background
ricide, which were more effective chemical pesticides (Xue of climate variability and climate trends because of the pos-
and Qin, 2000). However, locust swarms came back agairsibility of their interactions influencing locust outbreaks in
in the 1960s in many areas of China (Ma, 1965; Wu et al.,both the EAP and NAP. Indeed, climate has changed signifi-
1990), although the use of hexachlorocyclohexane pesticidesantly on both sides of the Pacific over the past 130 yr, with
ceased in China in the late 1970s (production was completelyxtended cooling and warming periods (varying by regions)
prohibited in 1983 and replaced by the less toxic but longer-and an increase in the frequency of extreme weather and cli-
acting pesticides, which have been used until present daynate conditions (IPCC, 2007).
(Xue and Qin, 2000). There are different locust species in In this study, two regions within each of the NAP and EAP
NAP and EAP, and species from different subfamilies may(see below) were analysed using a standard methodology to
have different responses to the pesticides applied. Howevegddress the possible role climate change played in determin-
the responses of locust in both regions to the pesticides aring the contrasting nature of locust outbreaks over the last
similar. Therefore, it is unlikely that the uneven treatment of 130 yr on the two continents. The following approaches were
the NAP grassland regions with the arsenic baits available atised: (1) the general climate conditions that are hypothe-
the time would have driven the Rocky Mountain locust to ex- sized, based on locust biology and previous studies, to in-
tinction, although population densities and reproduction mayduce (warm—dry) or restrict (cold—wet and warm—wet) locust
have been reduced. Frequent locust outbreaks on the EABwarming were identified; these data were then summarized
over the past 130yr offer an important means to critically and examined for matches with historical locust outbreak
analyse the key elements controlling the disappearance of loyears; (2) the identification of combinations of unfavourable
custs on the NAP. climate conditions that probably negatively impacted locust
The main species that resulted in the locust swarmsoutbreaks during the past 130 yr and that were hypothesized
on NAP was Melanoplus spretugAcrididae, subfamily  as contributing to locust population decline; and (3) the his-
Melanoplinae) (Criddle, 1920; Lockwood, 2004), although tories and trends of locust swarms in North America and East
non-swarming species of grasshoppers also exhibited exAsia were compared with regard to the timing of locust de-
treme fluctuations in abundance and caused widespread daraline and extinction in North America and continued periodic
age to vegetation. Historically, the important locust speciedocust population eruptions in China.
in East Asia has beelnocusta migratoria manilensigAcri-
didae, subfamily Oedipodinae) (Ma, 1958; Zhang and Li,
1999; Zhang and Kang, 2005). Although locusts in the two2 Data and methods
regions are from different subfamilies and may differ in en-
docrinological characteristics related to their development,The present study focused on two regions of the North
both species are herbivorous insects with high rates of reAmerican Plains (NAP: 35-35\ and 95-110W) and the
production, exhibit swarming behaviour, have a tendency toEastern Asian Plains (EAP: 3558 and 110-125E)
migrate long distances and cause severe cereal devastatioffig. 1). The NAP study area includes the provinces of Al-
Entomologists estimated that there were at least 12.5 trilliorberta, Saskatchewan and Manitoba in Canada, and the states
insects with a total weight of 27.5 million tons in 1874 AD of North Dakota, South Dakota, Wyoming, Nebraska, and
(Garcia, 2000), covering an area of 250million acresKansas in the USA. These locations have good long-term
(~1.01 million kn?) in the central US (Bomar, 2008), which meteorological data coverage, and had major locust out-
is similar to a locust outbreak in the EAP with a density of breaks during the 19th century. The EAP study area in-
> 2000 locustm? and covered an area of 1.07 millionkm cludes the Northeast China Plain, Northern China Plain, and
in the summer of 2001 AD (Huang and Zhu, 2001; Renthe plains of the middle—low reaches of the Yangtze River,
and Tang, 2003). These facts enable us to compare both thehere locust outbreaks have been documented in historical
swarm density and their environmental impact. records and monitored by modern observations. Time se-
In terms of locust ecology and the environmental precon-ries of monthly temperature/precipitation changes were con-
ditions required for an outbreak, climate strongly influencesstructed using regional means from 30 meteorological sta-
the onset and persistence of locust plagues: severe wintet®ns in the NAP (Environment Canada Canadian, 2005; Vose
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Fig. 1. Maps of study areas with location of meteorological stations, information of locust outhf@aldimate changes in the North
American Plains (NAPJc), and the Eastern Asian Plains (EA®). All abbreviations of climate variables are the same as used in the text.

et al., 2008) and 26 stations in the EAP (National Climateture and natural ecosystems. The journalist Henri Julien, ac-
Center of China, 2012) during 1880-2009 AD (Fig. 1). In companying the Northwest Mounted Police (NWMP) in the
this paper, we abbreviated the 12 months as 1, 2,...12 and th&estern territories, documented infestations on 16 July 1874
4 seasons as djf (winter), mam (spring), jja (summer) and sorand noted the following in his diary: “Seeing them at work,

(autumn). as | did, with the modes of attack and the clean sweep of
devastation which they carry on, | can form some idea of the
2.1 Compilation of NAP locust data locust plagues of ancient Egypt” (Julien, 2012). Private Fred

Bagley, accompanying Major James Macleod of the NWMP,
A locust index has been compiled based on historical reportsecorded seeing at dawn on 12 July 1874 AD that grasshop-
and summaries of the locust hazards of the time (Riley efpers (i.e. Rocky Mountain locusts) covered the landscape,
al., 1880; Riegert, 1977; Hudson Bay Company Archives,and he also saw the shape of a sleeping sentry, entirely cov-
1891, Criddle, 1920; Conte, 1877; Dawson, 1876; Packardered with grasshoppers and holding a carbine that was a thick
1878; Pillsbury et al., 1876; Riley, 1877), and subsequent remat of the insects (Cruise and Griffiths, 1997). His diary for
views and commentaries on the locust in the NAP (Criddlethat day notes “Grasshoppers so numerous that they darken
et al.,, 1920; Dempsey, 1973; Riegert, 1980). Severe infesthe sun. Every step we take through the grass disturbs thou-
tations were noted in Canada from at least 1800 AD, whersands of them”. Vitalin Grandin, the Oblate Bishop of St.
explorer Alexander Henry reported “grasshoppers piled onAlbert, travelling with the NWMP to visit missions in south-
the shore of Lake Winnipeg” (Riegert, 1980). In 1818 AD, ern Prairie Canada wrote that in 1876 the “soil looked rich
migrant grasshoppers (primarily the Rocky Mountain locust,and fertile, but the grasshoppers destroy everything growing
M. spretu$ attacked Lord Selkirk’s colony: “On the 18 July on the soil. Beginning at the Red Deer River, down to this
1818 AD, clouds of grasshoppers settled down on the colonyplace and even as far as Benton, there reigns real devasta-
and ate up every green thing”, and in 1819 AD the colonytion” (Dempsey, 1973). The swarms often also extended into
was “threatened with starvation” as indicated by other re-the eastern portion of the Canadian Prairies, not only swarm-
ports. Some reports also referred to the damage caused ligig, but also breeding.
non-swarming species of grasshoppers, maWglanoplus Therefore, based on these historical reports and summaries
sanguinipesandCamnula pellucidawhich are still common  of the locust hazards of the time, the NAP locust outbreak
pests in the region today (Johnson, 1989). Wide-spread danindex was rated on a 0-3 scale, with 0 indicating no re-
age by Rocky Mountain locust swarms was confirmed and reports of major infestations, and 3 being the most severe with
ported in Western Canada in 1800, 1818-1819, 1848, 1857widespread devastation (Fig. 1a).
1858, 1864—-1865, 1867, 1869-1870 and 1872 AD, and espe-
cially in 1874-1877 AD (Dawson, 1876); similar events were 2.2 Compilation of EAP yearly locust series
also noted in the USA from Missouri to the Canadian bor-
der during the same period (Dawson, 1876; Packard, 1878\nnual records of EAP locust outbreaks (Fig. 1a) were de-
Pillsbury et al., 1878). The swarms devastated both agricul+ived from two data sources. For the period 1850-1958 AD,
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an annual locust index was used; this was sourced from Chi- Finally, in order to check if extreme climate combinations
nese historical documents compiled by Ma (1958) and editedncreased their occurrences on the EAP more than those on
by Yu et al. (2009). This annual locust index was scaled inthe NAP, an extreme probability analysis was undertaken.
relative severity from 0 (no locust outbreak) to 10 (most se-Gumbel probability represents well extreme values and esti-
vere). Locust data were derived from contemporary observamates the probability distribution in a population (Gumbel,
tions of areas with locust outbreaks in China after 1958 AD.1954; Nadarajah, 2006). To estimate the locatigh &nd

The 1949-1999 data were compiled by Wu et al. (2006),scale &) parameters in a GumbeX( u, o) distribution, the
while the data for years after 1999 were compiled as partobservations of time series of monthly temperature and pre-
of the present study using details of locust-impacted areasipitation (X = AT; or AP; , wherei is month from January
recorded in theStatistics Annals of Agriculture in China to December) for the NAP and EAP for the period 1880-
(China Ministry of Agriculture, 2009). The original annual 2009 AD were calculated using maximum likelihood estima-
locust-impacted area data were inkuomits. To be consistent tion methods (Ritzema, 1994). To reduce sampling uncer-
with Ma’s (1958) 10-class locust index, the 1949-2009 AD tainty, variateAT andA P were generated by 10 000-random
series were placed into 10 classes by using each 10 pesampling, following the Gumbel distribution. The patterns
centile with a cut-off at the 5th, 15th,...95th of the area valuesof the temperature and precipitation extremes were checked
(Fig. 2a). Cross validation for the time period with overlap- using 2-D scatter diagrams. The data processing and matrix
ping data from both sources (i.e. 1949-1958 AD) shows thamanipulation were undertaken using FORTRAN programs.
the two series are significantly correlated (Fig. 2b).

2.3 Comparative analysis of the two regions 3 Results

2.3.1 Analysis for frequency differences 3.1 Difference of frequencies

Extremes of temperature and precipitation were combineq: . . .
. requency analysis detected the most significant differ-
into four models and referred to here as warm-wet, warm—

. ences of temperature/precipitation between NAP and EAP:
dry, cold-wet and cold—dry combinations. A CUt-off of " oy \ et extremes at combinations &f" <30th and
> 50th, 60th,...90th percentiles was applied to temperatur

L : 1% P > 80th percentiles were-4.5-6.5 times higher in the
or precipitation to derive the extremes of warm or wet cli- NAP than in the EAP. focused on colder sprina—summer
mates, and a cut-ofk 10th, 20th,...50th percentiles in tem- ' pring

o . months with wetter spring—summer months (Fig. 3a). This

perature or precipitation to derive the extremes of cold or dry . ) .
; . . observation suggests that, during the climate-controlled
climate. Frequency analysis of the climate extremes was car-

ried out by establishing two-directional models of “climate- years for locust outbreaks, lower winter temperatures with
4 . . R higher summer or higher annual precipitations were more
controlled” vs. “climate-induced” locust outbreaks. Accord-

ing to the ecology and biology underlying locust outbreaks"keIy to oceur in the NAP than in the EAP. In fact, among
(e.g. reviews in Ma, 1965; Wu et al., 1990, 2006 Chen,the severe pest outbreak years (defined assthelass on

2000; and a compilation in Yu et al., 2009), the control modelthe 0-10 scale) since 1850 AD in the EAP, of a total of 26 yr

seeks to identify combinations of cold—wet extremes andcold—wet combinations, there were only 3 yr with locust out-

the induced mode focuses on warm—dry combinations, al_breaks; i.e. there were 23 yr with no locust outbreaks (brown

I I 0, -
though two other models of cold—dry and warm-wet Com_dots in Fig. 3b). The 88.5% chance suggests that such ex

s . 4 . : treme climate combination years did restrict most of the lo-
binations were also examined. Significant differences in the
) ; cust swarms.
frequencies between NAP and EAP were considered, by run- S .
In contrast, the most significant differences of tempera-

inleng(lt;i g; ?(d(61|§ :OE:) ebacgf(fj;[:]zt;w\?a:iz%; 23(1722 anSO:tr;SeS’ture/precipitation between the NAP and EAP occurred in the
- y " dry—warm extremes aAT > 70th andA P < 30th combi-

4seasons and 1annual) and 5 percentile setégi or nations:~ 1.8-3.1 times higher in the EAP than in NAP,

<50th percentiles with a 10 percentile interval), both for . ) . k
changes of temperatura ') and precipitation & P). er_nphaS|s on warm wmter_ and warm spring—summers with
drier growing seasons (Fig. 3c). Actually, of the total 37
2.3.2 Analysis of the trend and probability warm—dry extreme years in the EAP, the locust outbreaks oc-
curred in 26 yr (red dots in Fig. 3d), indicating positive im-
To examine the different climate trends in the NAP and EAP,pacts with 70 % chance. This result suggests that locust out-
Mann—Kendall trend tests (Kendall, 1975; Hirsch and Slack,breaks caused by higher winter and spring-summer tempera-
1984; Gilbert, 1987), the two regional climate series of NAP tures, together with drier than normal spring—summers, were
and EAP, were undertaken. Initially, the climate trends of themore likely to occur in the EAP than in NAP. The frequency

two regions were compared, and then the EAP climate trendgnd matches of warm and wet conditions in both areas
were checked with EAP locust years. were also calculated, using the combinatiorT'of 30th and

P > 80th percentiles. This combination was hypothesized
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Fig. 3. Frequency comparisons of extreme climatic combinations between the NAP an(hE&Rnd validation with EAP locust outbreak
years(b, d), including the climate-controlled model withT < 30th andA P > 70th percentilega), climate-induced model with 7 > 70th
andA P < 30th percentile¢c), year comparisons of locust outbreak with warm—dry extremds£ 70th andA P > 30th)(d), and cold—wet
extremes AT < 30th andA P > 80th)(b). All climate variable abbreviations are the same as in the text.

to be conducive to natural control by pathogens, althoughcompared to the EAP, by plotting 2-D scatter diagrams of
other mechanisms, such as slowed development and feedir@umbel-distributed temperature/precipitation extremes for
rates, may also operate under wet conditions. The ratio of thd880-2009 AD series (Fig. 4).

warm-wet years with locusts (i.e. matching years) to warm— In diagrams of extreme patterns of higher winter tem-
wet years without locusts (hon-matching years) in the EAPperature change\(I"djf > 70th percentiles) with lower an-
was 6 : 50 during a total of 56 yr with severe locust outbreaks.nual precipitation change&(Pann< 30th percentiles), pos-
This suggests that although there was a higher frequency dfive extreme values oA T djf and negative extreme values
warm and wet years in the EAP than in the NAP, the warm—of A Pann in the NAP (Fig. 4a) were observed to be much

wet years did not favour locust outbreaks in the EAP. lower than those in the EAP (Fig. 4bp « 0.01). The crit-
ical values of ATdjf > 90th percentiles in NAP and EAP
3.2 Probability analysis were +4°C and +6°C respectively, andATmam=> 6°C in

o _ ' the two regions are 13.0 % and 35.9 %, respectively (Fig. 4al,
Examination of extremes of climate series was performedh1). The critical values ofA Pjja < 10th percentiles in the

by Gumbel probability analysis, which showed significant NAP and EAP were-17 mm and—303 mm, respectively,
differences in the patterns of extreme values of the NAP

www.biogeosciences.net/10/1441/2013/ Biogeosciences, 10, 144B-2013
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and A Pjja < —20 mm in the two regions were 7.20% and occurred with a probability of- 3.5-4 times higher in the
19.15 %, respectively (Fig. 4a2, b2). This observation sug-EAP than that in NAP.

gests that years with warm winter and annual dry extremes,

a climate which favours overwintering locust eggs, occurreds 3 Trend analysis

with a probability of~ 2—3 times higher in the EAP than that

in NAP. -
The extreme patterns in different seasons wer The Mann—Kendall trend analyses indicated that, for the pe-

also checked: higher spring temperature changec{ iod 18.80_2009.AD’ the temperatures in J.af‘“"’?ry‘.F ebruery,
(ATmam> 70th) with lower summer precipitation changes :]uly, wmter_, spring anc_i summer, and preC|p|t_at|on N Spring
(A Pjja < 30th) (Fig. 4c and d). This showed that positive in NAP all mereased significantlyp( < 0'0.5) (Fig. 1b). For
extreme values oA7 mam and negative extreme values of the same pen_od, the E.AP temperatures in January—!:et_)ruary,
A Pijja in NAP (Fig. 4c) were much lower in the NAP than April-May, winter, spring and summer, and precipitations

those in EAP (Fig. 4d) £ < 0.01). The critical values of in May and spring in EAP also have increased signifi-
ATmam> 90th percentiles in' NAP and EAP were 3@ cantly (p < 0.05), with general trends of increased winter

and +6°C, respectively, andATmam= 6°C in the two and spring temperature and decreased summer precipitation

regions are 7.3% and 24.9 %, respectively (Fig. 4c1, dl)_smce 1950 (Fig. .10)'

The critical values ofA Pjja < 10th percentiles in NAP . CI|ma_te data since 1840 AD from the Beijing meteorolog-

and EAP were—43mm and—103mm, respectively, and ical station, one of the Iongest climate records in the EAP,

APjja < —50 mm in the two regions were 7.0% and 27.5 % were used to determine if the locust outbreaks responded
' positively to climate change trends. The Mann—Kendall trend

respectively (Fig. 4c2, d2). This analysis indicated that : !
results of extreme climate change differentiated the EA test for the time series showed that the trend change was

from the NAP: years with spring and warm summer dry significant (p < 0.05) for temperatures of January—February,

extremes that favour locust multiplying and swarm dispersaIApr'I’ wmter_ and_ spring, end p_r_eC|p|tat|ons of July and sum-
mer. The climatic trend in Beijing was almost the same as

Biogeosciences, 10, 1441449 2013 www.biogeosciences.net/10/1441/2013/
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that of the EAP, generally showing increasing temperature in Beijing (39.8N, 116.3E)

spring but precipitation decreasing in summer (Fig. 5). Cor- 4

relation analyses showed significantly positive correlations Locust index

of the EAP locust index with the temperature changes in Jan- - T~ AT2 cocsie] 10

uary, February, April, winter and sprin@¢0.37, 0.42,0.46, @ ——AP7 ».

0.44 and 0.36 respectively, < 0.05), and negative corre- & | —°~AT4 St

lations with the precipitation changes in July and summer G zé,,";:.n y

(R —0.38 and—0.3, p < 0.05). The results confirmed that “6 8 g e WS - K]

both localized and regional trends of climate change favoured.2 O T:j}*:'ﬁ‘,’:{‘.\"»‘ S 1 1 1 1 =

locust plagues in the 20th century on the EAP. E e s s 152
z \..? r”o,."" te ilé)

4 DiSCUSSiOﬂ §I ‘\\“"\. s 'l\'\m&"'\@f'\’fwﬂ(w,,,,m( e

As discussed above, there have been a number of alternativ

explanations proposed for the disappearance of the Rocky 4 0

Mountain locust in North America, including large-scale pes-
ticide application and conversion of natural grassland to in- 1850 1880 1830 1274 2010
dustrialized agro-systems, often including a change from Time (AD)

grass to alfalfa (see the summary by Lookwood, 2004). How-

ever, climatic trends and variability were significantly differ- Fig. 5. Comparisons of locust outbreaks with trends of climate
ent in the NAP and EAP during the past hundred years an¢hanges in Beijing by using Mann—Kendall trend tgst<{0.05).
could be a critical Component of the different factors Caus_P7, T2 and T4 rep_resent JU'y precipitation, February and Aprll tem-
ing the loss of this species. In this study the frequency of thePeratures respectively.

combination of lower temperatures in January and February
(the overwintering season for locust eggs) and higher precip-
itation in summer and January—December in the NAP was
found to be~4.5-5.0 times higher than that in the EAP.
Also, the frequency of the combination of lower temperatures
in March—August (the locust growing season) and higher pre-,
cipitation in summer and January—December in the NAP wa
~5.5-6.0 times higher than that of EAP. In contrast, the
frequency of climate combinations of higher temperature in
January—February and lower precipitation in April-June and.
January—December in the EAP wa.3-3.1 times higher

Recent studies indicate that winter temperatures in both
North America and East Asia have increased over the past
century (Zhao, 2005; IPCC, 2007). However, the tempera-
ture increase in Eastern China was particularly significant
“and reached +0.4%/10 yr (Ren et al., 2005). Studies also
show that the frequency of storms has increased, while no or
light rainfall days have decreased; i.e. heavy rainfall days are
increasing significantly in North America and many regions

: S . f the world (Thom I, 1 wski l., 2007
than that in the NAP. The combination of cold winters and © the world (Thomas et al., 1998; Gutowski et al, 2007).

In contrast, in China the frequency of no or light rainfall
low temperatures during the growing season and higher pre-,

days has increased,; i.e. total precipitation has decreased sig-
cipitation in spring and summer in the NAP greatly restricted

locust outbreaks and may have contributed to their declin ?ézzzlitnttk;ts I(;]r((:)i t?}f ftr):g::;:gg r?;;h;sio|tr?cf§:;zcrjy (Vl\\/III;hetthzl
and extinction after 1900 AD. Since there are few if any g q Y

records of locust swarms in the NAP in the 20th century, it 1996 Liu and Ding, 2010). The characteristics of large-scale

is hard to do statistical analyses of the climate pattern * Warmchanges in regional temperature and precipitation coincide

S . . » with the results regarding climate extremes and their char-
in winter and dry in spring and summer” vs. abundant lo-
acteristic assemblages and could help to explain the differ-
cust swarms. In contrast, robust statistical relationships dur-
ent fates of the locust outbreaks in the two regions. Differ-
ing the 20th century are observed for the EAP, which shows
ences between the EAP and NAP in terms of precipitation
that warm—dry conditions (warm in winter and dry in spring
. " -2 and temperature in the current century could be related to
and summer) have contributed positively to locust swarming

(Fig. 3b). As noted by Lockwood (2004), habitat modifica- the adjustment and reorganization of atmospheric circulation
over the two continents (Allan and Soden, 2008). Precipita-
tion and agricultural changes in vegetation may have been

the final blow to locusts on the NAP: it seems likely, how- "ion and temperature changes in Northern China were impli-

cated as an explanation for recent outbreaks of the oriental
ever, that a series of years of unfavourable climate conditions

mlgratory locust in the Huanghe River and Huaihe River re-
put them under considerable ecological stress, precondition-

gions, which have occurred mostly 1 to 2yr after ERbi
ing the populations for extinction, contrasting with events on
the EAP. events (Zhang and Li, 1999), while changes in combinations

of temperature and precipitation have affected locust swarm-
ing for athousand years in China (Stige et al., 2007; Yu et al.,

www.biogeosciences.net/10/1441/2013/ Biogeosciences, 10, 144B-2013
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2009). Although the locust in North America is now extinct,  edu/cs/collection/detail.asp?case442 &id=442 and http:/

the threat of related grasshopper species to range- and crop- sciencecases.lib.buffalo.edu/cs/files/locursttes.pdf2008.

land still exists (Lockwood and Schell, 1995). Even though Chapco, W. and Litzenberger, G.: A DNA investigation into the
many grasshopper species are not presently agricultural pests mysterious disappearance of the Rocky Mountain grasshopper,

(Johnson, 2008), current and future climate warming trends rznoeogf-pest of the 1800s, Mol. Phylogenet. Evol., 30, 810-814,
are expected to increase the frequency, severity and duratioBhen J.. X.: Historical locust records in China, Annuals of Insect

of outbredaks of some ofr:holsdebspeclles remanlw(lng in thﬁ NAF]P Bureau of Zhejiang Province, 1935 (in Chinese).
area, and precautions shou e taken to make sure that t F(%en, Y. L.: Chinese major achievements of research and insecti-

do not reach plague proportions. cide on locust, Entomol. Knowl., 37, 50-57, 2000 (in Chinese).
As well as climate aspects influencing locust populationchina Ministry of Agriculture: Series 2000-2009, The Statistics

dynamics, human activities in 1880s in the NAP, for exam-  Annals of Agriculture in China, China Agriculture Press, 2009

ple cattle grazing and cultivation on the insects’ permanent (in Chinese).

breeding grounds, during a locust population recession mayonte, L.: On Rocky Mountain locusts, Acad. Nat. Sci., 29, 121

have irreversibly disrupted their reproductive ability. Other 131, 1877.

studies have shown that the eggs fail to hatch if the soil, theycriddle, N.: Locust control in the prairie provinces: with an account

are deposited in is disturbed by ploughing or other means of the outbr_eaks of locusts in Western Canada in 1919,_Depart—

(Lockwood, 2004). Human activity since the end of 19th ment of Agriculture, Ottawa, Canada, Entomol. Branch Circ., 13,

' . Lo 1-20, 1920.
century could also explain the distinct pattern of local lo-

. . . Cruise, D. and Griffiths, A.: The great adventure, how the Mounties
cust population trends in the NAP. In contrast, in the EAP conquered, West Penguin Book, 1997.

locusts hatch, multiply and grow mostly on river floodplains, pawson, G. M.: Notes on the locust in the north-west in 1876, Can.
lake overbanks, swamps, and coastal lowlands, i.e. areas that Nat., 8, 119-134, 1876.

are naturally dry during low water levels and/or seasons withDempsey, H.: A letter from Bishop Grandin, Alberta Hist. Rev., 21,
below average rainfall but are submerged during high water 8-11, 1973.

level and periods of heavy rainfall, whereas locust impactsEnvironment Canada Canadian: Daily Climate Data on CD-ROM —
on cultivated land were due primarily to migration of the lo- ~ Part of Western Canada, 2005.

cust swarms, not in situ reproduction and growth (Wu et al.,Garcia, M.: Melanoplus  spretus, Animal  Diversity Web
1990). Thus, although farmlands in the EAP have been cul- ©f University of Michigan Museum of Zoology, avail-
tivated for a thousand years, and locusts outbreaks have oc- able at: http://animaldiversity.ummz.umich.edu/accounts/

. . . Melanoplusspretus/2000.
curred over the same period (Ma, 1958) they were prlr‘n"’meGilbert, R. O.: Statistical methods for environmental pollution mon-

influenceq by change; in floodipg or drying of their. natu- itoring, Van Nostrand Reinhold Co, 320 pp., 1987.
ral breeding grounds, i.e. uncultivated land; population cy-gumpel, E. J.: Statistical theory of extreme values and some prac-
cles therefore have been closely linked with natural climate tical applications, Applied Mathematics Series, 33, US Depart-
changes for a thousand years (Stige et al., 2008; Yu et al., ment of Commerce, National Bureau of Standards, 1954.
2009). Gutowski, W. J., Kozak, K. A., and Arritt, R. W.: A possible con-
straint on regional precipitation intensity changes under global
warming, J. Hydrometeorol., 8, 1382-1396, 2007.
AcknowledgementsFinancial support for this research was Hirsch, R. M. and Slack, J. R.: A nonparametric trend test for sea-
provided by Key Programs of Ministry of Science and Technology  sonal data with serial dependence, Water Resour. Res., 20, 727—
of China (2012CB956103-5, 2013CB956501) and International 732, 1984.
Partnership Program and External Cooperation Program ofHuang, H. and Zhu, E. L.: Brief report on elimination of locust in
Chinese Academy of Sciences (KZZD-EW-TZ-08, GJHZ1214). 2001 summer, Plant Protection Technology and Extension, 21,
Many thanks to Dan Johnson (Lethbridge University, Canada) 46, 2001 (in Chinese).
for providing help on the data collection and to John AndersonHudson Bay Company Archives: Provincial Archives of Manitoba,
(Loughborough University, UK) for improving the English lan- B.22/e/1 fo. 8, Brandon House, 1891.

guage. IPCC: Summary for policymakers of climate change 2007: the
physical science basis, Cambridge University Press, 2007.
Edited by: F. X. Meixner Johnson, D. L.: Spatial autocorrelation, spatial modeling, and im-

provements in grasshopper survey methodology, Can. Entomol.,
121, 579-588, 1989.
References Johnson, D. L.: Grasshopper identification, and control meth-
ods to protect crops and the environment, published by the
Allan, R. P. and Soden, B. J.: Atmospheric warming and the am- Saskatchewan Pulse Growers, and Agriculture and Agri-Food
plification of precipitation extremes, Science, 321, 1481-1484, Canada, Pesticide Risk Reduction Program, Pest Management
2008. Centre, Ottawa, 42 pp., 2008.
Bomar, C. R.: The Rocky Mountain Locust: Extinction and Julien, H.: The diary of Henri Julien, 1874, availablerdtp://www.
the American Experience, National Center for Case Study ourheritage.net/juliepages/Julienl.htmp012.
Teaching in Science, available &ttp://sciencecases.lib.buffalo.

Biogeosciences, 10, 1441449 2013 www.biogeosciences.net/10/1441/2013/


http://sciencecases.lib.buffalo.edu/cs/collection/detail.asp?case_id=442&id=442
http://sciencecases.lib.buffalo.edu/cs/collection/detail.asp?case_id=442&id=442
http://sciencecases.lib.buffalo.edu/cs/files/locusts_notes.pdf
http://sciencecases.lib.buffalo.edu/cs/files/locusts_notes.pdf
http://animaldiversity.ummz.umich.edu/accounts/Melanoplus_spretus/
http://animaldiversity.ummz.umich.edu/accounts/Melanoplus_spretus/
http://www.ourheritage.net/julien_pages/Julien1.html
http://www.ourheritage.net/julien_pages/Julien1.html

G. Yu et al.: An analysis of the contrasting fates of locust swarms 1449

Kendall, M. G.: Rank Correlation Methods, Griffin, London, 1975. Riley, C. V.: The locust plague in the United States: being more

Liu, H. W. and Ding, Y. H.: Analysis of daily precipitation changes  particularly a treatise on the Rocky Mountain Locust or so-called
of flood season in North China, Atmos. Sci., 34, 12-22, 2010 (in  grasshopper, as it occurs east of the Rocky Mountains, with prac-
Chinese). tical recommendations for its destruction, Rand McNally, 1877.

Lockwood, J. A.: Locust: the Devastating Rise and Mysterious Dis- Riley, C. V., Packard Jr., A. S., and Thomas, C.: Second report of the
appearance of the Insect that Shaped the American Frontier, Ba- United States Entomological Commission, Government Printing

sic Books, 2004. Office of Washington DC, 1880.

Lockwood, J. and DeBrey, L. D.: A solution for the sudden and un- Ritzema, H. P.: Frequency and Regression Analysis, Publication 16,
explained extinction of the Rocky Mountain locuktelanoplus International Institute for Land Reclamation and Improvement,
spretus Walsh, Environ. Entomol., 19, 1194-1205, 1990. ILRI, Wageningen, 175224, 1994.

Lockwood, J. A. and Schell, S. P.: Outbreak dynamics of range-Stige, L. C., Chan, K.-S., Zhang, Z., Frank, D., and Stenseth, N. C.:
land grasshoppers, Orthoptera: Acrididae in the Western Plains Thousand-year-long Chinese time series reveals climatic forc-
ecoregion: eruptive, gradient, both, or neither?, J. Orthopt. Res., ing of decadal locust dynamics, P. Natl. Acad. Sci. USA, 104,

4,35-48, 1995. 16188-16193¢10i:10.1073/pnas.070681311D0O7.

Ma, S.-C.: The population dynamics of the Oriental migratory lo- Thomas, R., Knight, K., and Knight, R. W.: Secular trends of pre-
cust, Locusta migratoria manilensign China, Acta Entomol. cipitation amount, frequency, and intensity in the United States,
Sinica, 8, 1-40, 1958 (in Chinese). B. Am. Meteorol. Soc., 79, 231-241, 1998.

Ma, S.-C.: Study on stricken areas of the Oriental migratory locust,Vose, R. S., Schmoyer R. L., Steurer, P. M., Peterson, T. C., Heim,
Science Press of China, Beijing, 335 pp., 1965 (in Chinese). R., Karl, T. R., and Eischeid, J. K.: The Global Historical Cli-

Ma, K. Y., Chen, X., and Zhang, Y. C.: Climate diagnoses, Meteo- matology Network, GHCN: Long-Term Monthly Temperature,
rology Press of China, 154-157, 1996 (in Chinese). Precipitation, Sea Level Pressure, and Station Pressure Data,

Nadarajah, S.: The exponentiated Gumbel distribution with climate doi:10.3334/CDIAC/cli.ndp04Version 2 http://ncdc.noaa.gov/
application, Environmetrics, 17, 13-23, 2006. ghcn 2008.

National Climate Center of China: China Climate Data Sets, 1950-Wu, F. Z., Ma, S. J., and Zhu, H. F.: Oriental migratory locust,
2009, National Climate Center of China, availablelrdatp://ncc. in: Encyclopedia of Agriculture in China, Hexapod Book, China
cma.gov.cn/cn2012. Agriculture Press, Editorial Board of the Encyclopedia of Agri-

Packard, A. S.: Report on the Rocky Mountain Locust and other culture in China, Beijing, 73—78, 1990 (in Chinese).
insects injuring or likely to injure field and garden crops in Wu, R.-F., Huo, Z. G., and Lu, Zi. G.: Climatology cause and long-
the western states and territories, Naturalists’ Society, Peabody term prediction of occurrence of East Asia migratory locusts in
Academy of Science, Report of the US Geological Survey for China, J. Nat. Disast., 15, 71-78, 2006 (in Chinese).
1875, 1877, 585-815, 1878. Xue, Z. X. and Qin, Y. S.: Reviews of Chinese Pesticide Industry
Pillsbury, J., Riley, C. V., and Pusey, P.: The Rocky Mountain Lo- Development, Jiangsu Chemical Industry, 28, 5-7, 2000 (in Chi-
cust, or grasshopper, being the report of proceedings of a con- nese).
ference of the governors of several western states and territories{u, G., Shen, H., and Liu, J.: Impacts of climate change on his-
together with several other gentlemen, held at Omaha, Nebraska, torical locust outbreaks in China, J. Geophys. Res.-Atmos., 114,
on the 25th and 26th days of October, 1876, to consider the Lo- D18104,d0i:10.1029/2009JD011833009.
cust problem; also a summary of the best means now known foizhang, D. E.: Integrations of China meteorological records of the
counteracting the evil., R.P. Studley, 59 pp., 1876. past 3000 years, Fenghuang Press and Jiangsu Education Press,
Ren, C. G. and Tang, T. C.: Analysis of population dynamics and Nanjing, 2004 (in Chinese).
trends of future outbreaks of the Oriental migratory locust in Zhang, M. and Kang, L.: Genetic divergence among geographical
Hebei Province, Entomol. Knowl., 40, 80-82, 2003 (in Chinese).  populations of the migratory locust in China, Sci. China Ser. C,
Ren, G., Guo, J., and Xu, M.: Climate changes of Mainland China 48, 551-564, 2005 (in Chinese).
over the past half century, Acta Meteorol. Sinica, 63, 942—956,Zhang, Z. and Li, D.: A possible relationship between outbreaks

2005 (in Chinese). of the oriental migratory locust,ocusta migratoriua manilensis
Riegert, P. W.: A century of locusts and mortgages, Prairie Forum, Meyen in China and El Nio episodes, Ecol. Res., 14, 267-270,
2,121-126, 1977. 1999 (in Chinese).
Riegert, P. W.: From Arsenic to DDT: a History of Entomology in Zhao, Z.: Attribution of the 20th century climate warming in China,
Western Canada, University of Toronto Press, 1980. Clim. Environ. Res., 10, 808-817, 2005 (in Chinese).

www.biogeosciences.net/10/1441/2013/ Biogeosciences, 10, 144B-2013


http://ncc.cma.gov.cn/cn
http://ncc.cma.gov.cn/cn
http://dx.doi.org/10.1073/pnas.0706813104
http://dx.doi.org/10.3334/CDIAC/cli.ndp041
http://ncdc.noaa.gov/ghcn
http://ncdc.noaa.gov/ghcn
http://dx.doi.org/10.1029/2009JD011833

