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 29 
Abstract   Rice planthoppers and associated virus diseases have become the most 30 
important pests threatening food security in China and other Asian countries, incurring costs 31 
of hundreds of millions of US dollars annually in rice losses, and in expensive, 32 
environmentally-harmful, and often futile control efforts. The most economically-damaging 33 
species, the brown planthopper, Nilaparvata lugens (Hemiptera: Delphacidae), cannot 34 
overwinter in temperate East Asia and infestations there are initiated by several waves of 35 
windborne spring or summer migrants originating from tropical areas in Indochina. The 36 
interaction of these waves of migrants and synoptic weather patterns, driven by the semi-37 
permanent Western Pacific Subtropical High-Pressure (WPSH) system, is of critical 38 
importance in forecasting the timing and intensity of immigration events and determining the 39 
seriousness of subsequent planthopper build-up in the rice crop.  We analysed a 26-year 40 
dataset from a standardized light-trap network in Southern China, showing that planthopper 41 
aerial transport and concentration processes are associated with the characteristics 42 
(strength and position) of the WPSH in the year concerned. Then, using N. lugens 43 
abundance in source areas and indices of WPSH intensity or related sea surface 44 
temperature anomalies, we developed a model to predict planthopper numbers immigrating 45 
into the key rice-growing area of the Lower Yangtze Valley. We also demonstrate that these 46 
WPSH-related climatic indices combined with early-season planthopper catches can be 47 
used to forecast, several months in advance, the severity of that season’s N. lugens 48 
infestations (the correlation between model predictions and outcomes was 0.59), thus 49 
allowing time for effective control measures to be implemented. (249 words) 50 

 51 
Keywords  Nilaparvata lugens, windborne insect migration, atmospheric circulation, rice 52 
pests, planthopper risk prediction, Western Pacific Subtropical High-Pressure system 53 
 54 

Key message 55 

• East Asia has experienced a resurgence of serious rice planthopper outbreaks in 56 
recent years. In one of the worst-affected areas, the Lower Yangtze Valley of China, 57 
the number and timing of brown planthopper immigrants from further south has a 58 
major influence on the risk of local outbreaks.  59 

• Here we show how seasonal outbreak risk can be predicted from indices of the 60 
intensity of the western Pacific subtropical high-pressure system, a major 61 
atmospheric circulation system that drives the synoptic weather patterns affecting 62 
planthopper immigration. 63 
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• Better prediction allows time for plant protection agencies and other stakeholders to 64 
make essential preparations in high-risk seasons.   65 

  66 
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Introduction 67 

The brown planthopper (BPH), Nilaparvata lugens (Stål), is the pre-eminent insect pest of rice 68 

in Asia, due to devastating feeding damage to the crop (‘hopperburn’) and through the 69 

transmission of virus diseases of rice (Bottrell & Schoenly 2012; Cheng 2009, 2015; Otuka 70 

2013; Heong et al. 2015). During heavy outbreaks, BPH can cause almost total crop failure, 71 

damaging up to 20 million ha of rice crops annually in China alone (Hu et al. 2011, 2014; Lu 72 

et al., 2017). Besides the crop damage itself there are serious issues associated with 73 

insecticide use on planthoppers in China (e.g., high levels of resistance to many insecticidal 74 

compounds (Zhang et al. 2014; Wu et al. 2018), disruption of natural enemy control (Cheng 75 

2015), and public health (Huang et al. 2015)). BPH cannot overwinter in temperate regions of 76 

China, Korea and Japan; outbreaks in these regions each summer are initiated by a series of 77 

five long-range windborne migrations originating in winter-breeding areas in the Indochina 78 

Peninsula (Cheng et al. 1979; Kisimoto & Sogawa 1995; Otuka 2013), particularly Central 79 

Vietnam (14–19° N; Hu et al 2017). After the initial invasion of an area, planthopper 80 

populations build up in the rice crop and then contribute to the next wave of seasonal 81 

northwards expansion. In China the fourth and fifth waves, in which the breeding area expands 82 

from south China into the Lower Yangtze River Valley (LYRV, Fig. 1) (see Box 1 for summary 83 

of abbreviations), have the most economic impact as the LYRV is one of the most important 84 

rice-producing areas in China. The incidence of outbreaks in the LYRV are more severe and 85 

more frequent than in other regions of China (Hu et al. 2011, 2014), but their seriousness 86 

varies considerably from year to year. Clearly then, any prediction system relating early-87 

season BPH populations in southern China to the intensity of later outbreaks in the LYRV, 88 

would be very valuable in providing recommendations to local plant protection workers and to 89 

farmers. Ideally, these recommendations could prevent unnecessary insecticide use in 90 

seasons of low risk, and allow time for plant protection agencies and agricultural advisors to 91 

make essential preparations in high-risk seasons. 92 
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 The immigrant density of the planthoppers in a seasonally-invaded area (i.e. the LYRV) is 93 

dependent on densities in the source areas and on weather conditions which assist or hinder 94 

the long-distance nocturnal migrations. Favourably-directed, fast-moving winds are the most 95 

influential meteorological factor in determining take-off and transport (Chapman et al. 2010, 96 

2015), particularly for small, weak-flying species (Chapman et al. 2011; Hu et al. 2016) such 97 

as planthoppers; while rainfall is the most important factor for terminating migrations (Drake & 98 

Reynolds 2012). Using a light-trap dataset from selected plant protection stations over a 26-99 

year period (1978-2003; when a long-established standard ‘black-light’ was used in the traps) 100 

we explored the effect of two key meteorological factors on the intensity and timing of arrival 101 

of the aforementioned fourth and fifth planthopper immigrations. These factors were the 102 

development of nocturnal low-level jet (LLJ) south-westerly winds which provide long-distance 103 

northward transport for the planthoppers, and zonal rainfall which promotes their aerial 104 

concentration and deposition (Watanabe & Seino 1991; Crummay & Atkinson 1997; Feng et 105 

al. 2002; Hu et al. 2007; Qi et al. 2010). The position and strength of the Western Pacific 106 

Subtropical High-Pressure (WPSH) system, a persistent and large-scale atmospheric 107 

circulation pattern (Fig. 1), is known to govern the location of the summer monsoon rains in 108 

East Asia (Ding & Chan 2005; Tao & Wei 2006; Ding et al. 2007; Wang et al. 2013). 109 

Preliminary studies indicated that outbreaks of BPH in the LYRV are associated with strong 110 

WPSH conditions, which promote large immigrations into this region due to the high frequency 111 

of suitable LLJs and the location of the rain belt which terminates migration (Lu et al. 2017). 112 

In the current study, we further investigated the relationships between latitudinal movements 113 

of the WPSH and the spatiotemporal distribution of south-westerly LLJs and rainfall belts 114 

which, in turn, will influence BPH migration. 115 

Given the likely impact of the WPSH intensity on planthopper infestations in the LYRV, we 116 

then considered indices which may provide earlier indications of WPSH intensity in a given 117 

year. The best predictor proved to be the sea surface temperature anomaly (SSTA) index: 118 

SSTA(IO-WNP) i.e., the April–May mean dipolar SSTA difference between the Indian Ocean 119 

(IO) and the Western North Pacific (WNP). Our models provide a significant improvement to 120 
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the accuracy of planthopper population forecasting in a region where recent outbreaks have 121 

been particularly frequent and severe. The provision of early-season forecasts of the risk of 122 

outbreaks of BPH can be used to limit the use of chemical insecticides, thus reducing the risk 123 

of resistance developing in the pest while simultaneously helping to conserve natural enemy 124 

populations.  125 

 126 

Methods 127 

Light-trap data 128 

Daily planthopper catch data from standardized 20-W ‘black light’ (UV) traps located at the 129 

plant protection stations of 222 counties in China were obtained from the National Agro-Tech 130 

Extension and Service Centre (NATESC), which has been continuously collecting data since 131 

1977. In this study, data from 8 stations (Fig. S1), which have complete data cover from 1978 132 

to 2003, were used in the correlation analyses. From 2004 onwards, a new light trap design 133 

was gradually introduced throughout China (over a period of several years) to replace the 134 

‘traditional’ black light traps. The efficiency of the new traps for catching planthoppers was 135 

greatly affected, and during exploratory analyses it proved difficult to take account of changes 136 

in the light-trap type in the regression models (G. Hu, unpublished analyses). Therefore, we 137 

have restricted our analyses to the standardized dataset (1978–2003) for the models 138 

developed to forecast BPH abundance from WPSH intensity and SSTA indices (see below), 139 

and have refrained from including later light-trap data in our analyses due to its questionable 140 

reliability.  141 

 142 

BPH immigration levels and concentration zones 143 

To represent BPH migration activity, light-trap catch data from the 222 stations (Fig. S1) from 144 

1 April – 10 August of each year from 1977–2003 were extracted, and the summed catch for 145 

each five-day period (Table S1) for each station was calculated. In order to assign any given 146 

station as a “concentration and landing zone” (i.e. a station which received a major immigration 147 

of BPH), we calculated the 90th percentile value of catches (termed “BPH90th”) in each of the 148 
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26 five-day periods from 1 April – 10 August. We then produced a time series of 702 of these 149 

BPH90th values (the 26 5-day periods × 27 years, Table S1) which we termed “TS.BPH”.  150 

As formulated in the classic paper by Cheng et al. (1979), BPH was expected to expand its 151 

range each year from overwintering areas in Indochina by up to five cycles of northwards 152 

migration. To examine these migration cycles further, the seasonal variation during the years 153 

1977-2003 was decomposed from our time-series (TS.BPH) by using linear models. The form 154 

of this linear model was: 155 

 156 

Log10 (TS.BPH +1) = β1 VP1 + β2 VP2 + β3 VP3 + …   + β26 VP26       [1] 157 

 158 

where VP1, VP2, VP3, …,VP26 are the 26 periods of five-day BPH catches between 1 April and 159 

10 August (Table S1), and β1, β2, β3, …, β26 are the estimates of the model parameters.  Each 160 

spell of rapid population growth in this seasonal variation of planthopper numbers was defined 161 

as a migration cycle.  162 

To explore the seasonal variation in the position of BPH concentration and landing zones, 163 

the latitude-time cross-section of the relative 2-D binned kernel density of stations in a 164 

concentration zone was estimated. A heat map showing intensity of BPH outbreaks by latitude 165 

and seasonal time period (see Fig. 2b) was generated from raw count data for 5-day periods 166 

from all 222 recording sites, using a 2-dimensional kernel smoother to produce density 167 

estimates on a regular grid from the irregularly spaced raw data. An outbreak was flagged if a 168 

count exceeded the 90th percentile value for the seasonal time period and year in question. 169 

The densities shown on the heat map are the probability of an outbreak at the specified time 170 

and latitude, minus the probability of any relevant data being available, to allow for uneven 171 

data collection. Only outbreak densities which are greater than data availability densities are 172 

shown, in order to filter out sporadic density peaks.  173 

 174 

Meteorological data and WPSH indices 175 
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The Climate Prediction Center Merged Analysis of Precipitation (CMAP) data, including the 176 

monthly and five-day global-gridded precipitation means since 1979, were obtained from 177 

National Oceanic and Atmospheric Administration’s (NOAA) Earth System Research 178 

Laboratory (http://www.esrl.noaa.gov/ ). Their monthly and daily global-gridded data, including 179 

the geopotential height and u- and v-winds, were derived from National Centers for 180 

Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) 181 

reanalysis data from 1948 to 2011. The CMAP and NCEP/NCAR data have a spatial resolution 182 

of 2.5°.  183 

Monthly global mean sea surface temperature (SST) since 1854 was obtained from the 184 

NOAA Extended Reconstructed SST (version 3b), which has a spatial resolution of 2.0°. 185 

Monthly mean North Atlantic Oscillation (NAO) index since January 1950 was obtained from 186 

NOAA’s Climate Prediction Center. The sea surface temperature anomaly [SSTA(IO-WNP)] 187 

index represents the April–May mean dipolar SSTA difference between the Indian Ocean (IO, 188 

10°S–10°N, 50°E–110°E) and the West North Pacific (WNP, 0°–15°N, 120°E–160°E). The El 189 

Niño-Southern Oscillation development index (ENSOdevelop) denotes the May-minus-March 190 

SSTA in the central Pacific (15°S–5°N, 170°W–130°W). 191 

The monthly indexes of WPSH (110° E to 180° E) from 1951 to 2010 were obtained from 192 

the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/). WPSH is 193 

described using five indices: (VA7, VI7, VR7, VN7 and VW7 to represent the area, intensity, mean 194 

ridge, northern edge and westward extension of the WPSH respectively).  195 

The five-day mean ridge of the WPSH was calculated using daily NCEP/NCAR reanalysis 196 

data. The region of 5860 gpm (geopotential meters) at 500 hPa was used to describe the 197 

WPSH. The boundary between the east wind and west wind was defined as the dynamic 198 

parameter used to describe the location of the WPSH ridge (Song et al. 2001), and was 199 

calculated by the following equation: 200 

           ,     [2] 201 

 202 

http://www.esrl.noaa.gov/
http://cdc.cma.gov.cn/
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where u is the speed of zonal wind and coordinate (x, y) is its location in the 2-D dimension of 203 

u-wind grid data. The location of the five-day mean ridge was calculated by the Grid Analysis 204 

and Display System (version 2.0.2, http://grads.iges.org/grads/).  205 

 206 

Regression models of BPH immigration levels in the Lower Yangtze River Valley 207 

As most BPH migrated into the LYRV in July (see Results and Fig. 2b & 4a), light-trap catches 208 

of BPH during 1978-2003 from five stations in the LYRV, namely Dongzhi, Huizhou, Gaochun, 209 

Nantong and Fengxian (Fig. S1), in July were used to assess immigration into this area (i.e. 210 

the response variable VJul). The five monthly indices of the WPSH circulation system (i.e. VA7, 211 

VI7, VR7, VN7 and VW7; Table S2) were the potential explanatory variables used to build a 212 

regression model for exploring the quantitative relationship between WPSH and BPH 213 

migration. (See Box 2 for list of variables)  214 

Previous studies have established that the WPSH variation is primarily controlled by central 215 

Pacific cooling/warming and that there is a positive atmosphere-ocean feedback between the 216 

WPSH and the Indo-Pacific warm pool ocean. The WPSH intensity index in summer (June-217 

August) can be predicted based on SSTA(IO-WNP), NAO index and ENSO development 218 

index (i.e. VSSTA(IO-WNP), VNAO and VENSO in Table S2) (Wang et al. 2013). These three indices 219 

were the potential explanatory variables used to build a forecast model, several months in 220 

advance, for planthopper immigration levels in July. 221 

The densities in the source areas have great impact on the immigrant density of the 222 

planthoppers in a seasonally-invaded area (i.e. the LYRV). Most migrants arriving in the LYRV 223 

in July came from northern South China, i.e. northern Guangxi, northern Guangdong, southern 224 

Hunan, southern Jiangxi and south-eastern Guizhou (Cheng et al. 1979; Hu et al. 2011). The 225 

emigratory adults were the third generation after the initial colonization of northern South 226 

China two months earlier, due to their population cycle of macropterous-brachypterous-227 

macropterous forms (Cheng et al. 1979). Light-trap data from three stations, i.e. Tianzhu, 228 

Quanzhou and Qujiang (see Fig. S1), were used to represent the abundance of emigrants 229 

from this source region in May. The log-transformed sum of light trap catches in these three 230 
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stations formed another potential explanatory variable (VMaylg) (Table S2) in both regression 231 

models.  232 

Data exploration was applied following the protocol described by Zuur et al. (2010). The 233 

presence of outliers, auto-correlation in the response variables and collinearity were examined, 234 

and the type of relationship was also investigated. Because there was much collinearity in 235 

these variables (Fig. S3), each potential parameter was tried in turn, and was chosen if it had 236 

the best Akaike Information Criterion (Table S3). Negative binomial Generalized Linear Model 237 

(GLM) was applied after the initial Poisson GLMs indicated over-dispersion. Auto-correlation 238 

and over-dispersion in the Pearson residuals of the fitted model were checked, justifying the 239 

use of a negative binomial GLM. 240 

 241 

Results  242 

As mentioned above, the seasonal expansion of BPH from its overwintering areas in Indochina 243 

can be schematized by five cycles of northwards migration interspersed by rapid population 244 

growth (Fig. 2a, Table S1). We are concerned here with the factors influencing the last two 245 

migration ‘steps’ in China, extending from mid-June to early-July (fourth ‘step’), and from mid-246 

July to late-July (fifth ‘step’) (Fig. 2a). In the fourth step, the concentration and landing zones 247 

were located in northern South China (north of the Tropic of Cancer in Guangxi and 248 

Guangdong Provinces, ~25°N) and the LYRV (Fig. 2b, Fig. S2d-h). The number of migrants 249 

decreased as the migration distance increased, and so BPH catches in the LYRV were much 250 

smaller than those in northern South China (Fig. S2d-h). The fifth migration step comprises 251 

the main movement into the LYRV (Fig. 2b, Fig. S2j-k) 252 

 253 

Influence of rainfall and low-level jets on the northward migration 254 

Major zonal rainfall belts with their associated downdrafts, rain and cold temperatures form a 255 

barrier to BPH flight, and promote concentration and landing (e.g. Crummay & Atkinson 1997; 256 

Hu et al. 2007). Just before the fourth migration step, the concentration zone was still in South 257 
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China (Fig. 2b). In mid-June, during the ‘Meiyu season’, the rainfall belt moves to the LYRV 258 

(Fig. 2c) causing the concentration zone to shift towards the north in what constitutes the 259 

fourth migration step (Fig. 2b, Fig. S2d-h). After the Meiyu season is over (around 10 July: 260 

Ding & Chan 2005), the rain belt is situated further north again, over the Jiang-Huai Valley 261 

(30° N to 34° N, i.e. the region between Yangtze and Huai rivers) for 10 days or more (Ding & 262 

Chan 2005) (Fig. 2c). The concentration zone consequently shifts to the LYRV – a movement 263 

representing the fifth N. lugens migration step (Fig. 2b, Fig. S2j-k). Thus the seasonal 264 

movement of the East Asian rain belt determines the temporal and spatial distribution of 265 

immigrants by alternately allowing and impeding migration (Fig. 2b & c). 266 

A spatial map of correlation coefficients between the immigration levels in the LYRV and 267 

the July precipitation during 1979-2003, revealed a significant correlation between catches 268 

and rainfall in the region immediately to the north (see green-filled region in Fig. 3). The LYRV 269 

is located at the southern fringe of the rain belt, which thus forms a natural barrier to migration 270 

at this time (Figs. 2c, 3).  271 

The northward migration process itself is facilitated by the development of strong south-272 

westerly winds, particularly the development of nocturnal LLJs which provide rapid aerial 273 

transport (Watanabe & Seino 1991; Feng et al. 2002; Qi et al. 2010). Before the fourth 274 

migration step, strong south-westerlies were confined to South China but after mid-June the 275 

zone of south-westerlies expanded to the north, and the winds strengthened (Fig 2d) 276 

promoting migration to the LYRV. Consistent with this scenario, we found that the number of 277 

LLJ days (i.e. those with wind speed ≥ 12 m/s at 850 hPa) in southeast China was significantly 278 

correlated with the immigration level in the LYRV in July during 1979-2003 (see red-filled 279 

region in Fig. 3).  280 

 281 

Association of the WPSH system with the northward migration 282 

Previous studies have shown that the rain belt distribution in eastern Asia is regulated by the 283 

WPSH (e.g. Ding & Chan 2005; Tao & Wei 2006; Ding et al. 2007). Based on results from 284 

these studies, we hypothesized that movements of the WPSH would influence the 285 
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development of south-westerly airstreams and the location of rain belts, and through them 286 

BPH movement and concentration (see previous section). The WPSH moves northwards in a 287 

stepwise fashion each year, and during summer it exhibits two independent and abrupt 288 

movements; the first of these occurs in mid-June when its ridge jumps northward abruptly from 289 

South China to the Yangtze River basin, heralding the Meiyu season in the latter region (and 290 

much further afield in Korea and southern Japan). The second jump usually occurs in late 291 

July, when the WPSH shifts to its most northern position (>30° N), marking the end of the 292 

Meiyu season in the Yangtze River valley and the start of the rains in north China. The 293 

association of these movements of the WPSH and the position of the rain-belt and the 294 

development of the south-westerly airstream can be seen in Fig. 2a-d.  295 

The northward shift of the BPH concentration zone coincided with the advance of the 296 

WPSH (Fig. 2a). The concentration zone was located north of the WPSH ridge close to the 297 

5860 gpm contour at 500 hPa altitude, whereas the WPSH ridge itself was located south of 298 

30° N (Fig. S2a-l). As the WPSH moved northward in June and July, the BPH concentration 299 

zone showed a corresponding northward shift (Fig. S2). 300 

We investigated the relationships between the position and intensity of the WPSH and the 301 

trap catches arising from the fourth and fifth migration steps. At the time of peak catches of 302 

BPH across the 50 stations from the LYRV (Fig. 4a), the average position of the WPSH ridge 303 

was 26.53° ±0.48°N (95% confidence interval, n = 326) (Fig. 4b). The distribution of latitudes 304 

where ridges were located during these peak catches was considerably tighter (i.e. more 305 

concentrated) than that in the period from June to early August as a whole (mean 25.23° 306 

±0.52°N, (95% CI, n = 378)) (compare the green and red bars in Fig. 4b), and these two 307 

latitude distributions were significantly different (Fligner-Killeen test: χ2 = 18.01, df =1, p < 308 

0.001). Therefore, the location of the WPSH and, in particular, its two abrupt jumps (see 309 

above) were critical for immigration levels in the LYRV. 310 

To analyse this association further, we distinguished years in which the WPSH intensity in 311 

July was classified as ‘strong’ (intensity was ≥ the 3rd quartile value of all WPSH intensities in 312 

July 1977–2003), and years when the WPSH intensity in July was classified as ‘weak’ 313 
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(intensity was ≤ the 1st quartile value) (Table S2). The latitudinal distribution of ridges in strong 314 

years (27.20° ±1.22°N, (95% CI, n = 42)) was similar to the spatial distribution of ridges during 315 

the period of BPH peak catches in the LYRV (Fligner-Killeen test: χ2 = 0.004, df =1, p = 0.95) 316 

(compare the green bars in Figs. 4b and 4c). By contrast, the latitudinal distribution of ridges 317 

in weak years (27.19° ±1.79°N, (95% CI, n = 42), was significantly different to that during peak 318 

catches of BPH (Fligner-Killeen test: χ2 = 9.062, df =1, p = 0.003) (compare the green bars in 319 

Fig. 4b with the red bars in Fig. 4c). Latitudinal distributions of ridges in weak and strong years 320 

were also significantly different (Fligner-Killeen test: χ2 = 6.434, df =1, p = 0.011; Fig. 4c). 321 

These analyses indicated that WPSH intensity also has significant influence on immigration. 322 

 323 

Prediction models based on WPSH-related climatic indices 324 

Having demonstrated the influence of the WPSH and associated weather factors on 325 

immigration into the LYRV, we then developed GLMs to provide forecasts of immigration levels 326 

in July – specifically to predict the cumulative light catches in July (VJul). The optimal model 327 

proved to be:  328 

 329 

Log (VJul) = 7.056 + 0.023 VI7 + 0.224 VMaylg  [3] 330 

 331 

where VI7 is a WPSH intensity index, and VMaylg represents light catches in source areas in 332 

South China in May. The “generalized R2” for this model = 0.34, and the Pearson's correlation 333 

coefficient (r) of July BPH catches and model predictions was 0.60 (df=24, p=0.001). The 334 

model suggests that an enhanced WPSH indicates an increase in immigration into the LYRV 335 

in July, and that a model incorporating a measure of WPSH intensity and an estimate of 336 

numbers of emigrants in source areas can effectively predict the immigration levels (Fig. 5). 337 

We then sought to discover whether a WPSH-related climatic index, such as the ENSO or 338 

NAO indices, could provide a longer-range forecast. The most efficient index proved to be the 339 

SSTA(IO-WNP) (Fig. 6a). The optimal model was:  340 

 341 
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Log (VJul) = 7.796 + 1.904 VSSTA(IO-WNP) + 0.232 VMaylg [4] 342 

 343 

The ‘generalized R2’ for this model = 0.41, and the Pearson's correlation coefficient (r) of 344 

July BPH catches and model predictions was 0.59 (df=24, p=0.002). There was no advantage 345 

in including the other indices in the model as the NAO and ENSO indices had very low 346 

correlations with the July catch (Fig. S4). Thus the magnitude of immigration into the LYRV 347 

could be predicted with a reasonable degree of accuracy several months ahead of the arrival 348 

date by using the SSTA index and spring catches of BPH from the source area.  349 

Finally, immigration levels in the LYRV in July were significantly correlated with the level of 350 

BPH infestation in the late season, i.e. after mid-August (r = 0.63, p < 0.001) (Fig. 6b). This is 351 

interesting because previous studies showed that BPH catches in this region in the late season 352 

(late August and early September) are a mixture of locally produced insects and immigrants 353 

from further afield (Hu et al. 2014). Nonetheless, the high correlation indicates that high 354 

reproduction within this extended area is the main reason for the size of the late infestations 355 

and migrations can be considered as internal movement within one population region (see 356 

also Hu et al. 2014). 357 

 358 

Discussion 359 

Our previous work has demonstrated that BPH populations in the LYRV originate initially with 360 

spring migrations from central Vietnam to South China (Hu et al. 2017), followed by further 361 

waves of migration during the summer from South China to the LYRV (Lu et al. 2017). The 362 

intensity of the summer migration is related to the strength and position of the WPSH ridge, 363 

and its associated wind and rainfall patterns (Lu et al. 2017). The results of our current study 364 

build upon and validate these preliminary results. Furthermore, they establish that the level of 365 

summer immigration into the LYRV is positively correlated with two meteorological factors 366 

associated with the strength and position of the WPSH. The first factor is the frequency of 367 

suitable nocturnal low-level jets blowing from South China (Fig. 3, red region), which assist 368 
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windborne transport of BPH from the source region into the study region. The second factor 369 

is the intensity of precipitation in the region immediately to the north of the LYRV (Fig. 3, green 370 

region), which promotes landing and concentration of migrant BPH just behind the rainfall 371 

zone. 372 

We then show that the size of the spring population in South China can be combined with 373 

an index of WPSH intensity in July (Fig. 5), to accurately predict the size of the July BPH 374 

immigration to the LYRV (Equation 3 and Fig. 5). This model explicitly demonstrates the link 375 

between the WPSH and the immigration level of BPH, but it is of little practical value as it uses 376 

meteorological data which is contemporaneous with the arrival of the first wave of migrants, 377 

allowing little or no time to make suitable management decisions. What is required is a model 378 

which can predict BPH arrival some months ahead of the actual event. 379 

The final stage of our new approach to predicting BPH outbreak intensity during the 380 

summer, was to determine which (if any) of the teleconnection systems which affect the 381 

position and intensity of the WPSH (Wang et al. 2013) could provide long-range forecasts. We 382 

investigated relationships between NAO, ENSO and SSTA(IO-WNP) indices from the spring, 383 

and BPH immigration levels in the following summer. Our analyses indicated that the 384 

SSTA(IO-WNP) April-May index was the most strongly correlated with the size of the July BPH 385 

population (Fig. 6a). When this index is combined with the size of the source population in our 386 

final model (Equation 4), it can be used to reliably forecast the size of the BPH arrival in July 387 

(Fig. 6a). As the density of the following generation in August (the time of year when the most 388 

severe outbreaks occur) is highly correlated with the abundance of the July immigrants (Fig. 389 

6b), our new model therefore provides a forecast of the risk of a severe BPH outbreak 2-3 390 

months in advance. Our forecasting system can thus provide the information required, within 391 

a suitable timeframe, which would enable management decisions to be made and 392 

disseminated. 393 

Our model using data from 1978–2003 indicates that in order to accurately predict summer 394 

immigration of BPH, information on the size of the source population in South China during 395 

the spring, and the meteorological conditions during the summer (predicted in advance via the 396 
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SSTA index) are both required. Anecdotal evidence from the period after our analyses (2004 397 

onwards) provides additional support for the importance of both variables. For example, during 398 

this more recent period there have been severe BPH outbreaks in the LYRV in 2005, 2006 399 

and 2007, and in these three years there were large source populations in South China and 400 

an unusually strong WPSH intensity during July (Lu et al. 2017). However, in 2012 there were 401 

also large source populations in South China but the expected serious pest problem in the 402 

Yangtze region did not materialise as the summer migrations were impeded by unfavourable 403 

winds and heavy rain due to the passage of typhoons (Shi et al. 2014). This was a year with 404 

a weak WPSH intensity during July (Lu et al. 2017), and so our model would have correctly 405 

predicted no outbreak in 2012. We believe our model could play an important role in the 406 

management of rice pests, but in order for this to be possible, it would either be necessary to 407 

resume collection of data on BPH population size with the standardised black light trapping 408 

network employed in 1977–2003, or develop new models based on the present monitoring 409 

system once it has been employed for a period sufficient to standardise the data. 410 

Other climatic indices (ENSO) have been previously used to predict the variations in the 411 

occurrence of BPH (Xian et al. 2007). However, the SSTA index we used is directly related to 412 

the WPSH and thus has a more obvious and direct connection with the weather influencing 413 

BPH migration and population increase than ENSO, which originates from the tropical Pacific 414 

Ocean. We believe that our models are therefore less likely to suffer from non-causal 415 

associations than some of the earlier work on teleconnection effects (e.g. Xian et al. 2007), 416 

because we have shown explicit connections between large-scale atmospheric / sea surface 417 

temperature features, seasonal weather, and seasonal incursions of BPH into the LYRV. 418 

Early warning of the risk of BPH outbreaks could be extremely beneficial for the 419 

management of pests in rice crops. The forecast risk of an outbreak occurring could be 420 

disseminated by NATESC via the provincial plant protection stations of each of the 13 rice-421 

growing provinces of southern China, and then on to the county-level plant protection stations 422 

and ultimately the growers (e.g. Tang et al. 1994). When the risk is low, this could prevent 423 

unnecessary prophylactic spraying of insecticides. For example, in low-risk years farmers 424 
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following the short-term forecasts from the county plant protection stations can avoid spraying 425 

in mid-July and in late July, and just apply insecticide in late August, thus a reduction in 426 

insecticide use of the order of 60% seems achievable. Conversely when the risk is high, 427 

chemical control could be targeted at the initial July immigration to prevent serious outbreaks 428 

in the following generation. BPH has already developed moderate to high levels of resistance 429 

to many of the neonicotinoids used against it due to an overreliance on chemical control 430 

methods (Wang et al. 2008; Heong et al. 2015; Zhang et al. 2014; Wu et al. 2018), while the 431 

indiscriminate use of insecticides also decimates the populations of the natural enemies of 432 

BPH. Thus a pest management system which incorporates a forecast of outbreak risk, advises 433 

the judicious use of chemical insecticides only when required, and conserves natural enemy 434 

populations, will facilitate control of the pest while simultaneously reducing the risk of 435 

resistance developing. Despite years of research on rice pest control, the threat from BPH 436 

outbreaks shows no sign of abating (Heong et al. 2015; Hu et al. 2017; Lu et al. 2017). We 437 

therefore recommend that a more flexible approach to pest control, based on forecasting of 438 

risk and involving significantly reduced quantities of chemical insecticides, is the way forward. 439 
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Box 1 – List of Abbreviations in text (in alphabetical order) 
---------------------------------------------------------------------------------------------- 

BPH: brown planthopper (Nilaparvata lugens) 

CMAP: Climate Prediction Center Merged Analysis of Precipitation 

ENSO: El Niño-Southern Oscillation 

GLM: Generalized Linear Model 

gpm:  geopotential meters (geopotential height in meters above mean sea level) 

LLJ: Low-level jet 

LYRV: Lower Yangtze River Valley 

NAO: North Atlantic Oscillation 

NATESC: National Agro-Tech Extension and Service Centre 

NCAR: National Center for Atmospheric Research 

NCEP: National Centers for Environmental Prediction 

NOAA: National Oceanic and Atmospheric Administration 

SSTA: Sea Surface Temperature Anomaly 

SSTA(IO-WNP): April-May mean dipolar SSTA difference between the Indian Ocean and the 

Western North Pacific 

WPSH: Western Pacific Subtropical High-pressure 
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 569 

  570 

Box 2 – List of variables used in the regression models 
---------------------------------------------------------------------------------------------------------------- 

TS.BPH:  The 90th percentile value of catches in each of the 26 five-day periods from 1 April – 10 August 

was calculated and termed as BPH90th. A time series of 702 of these BPH90th values (the 26 5-day 

periods × 27 years) in 1977-2003 was termed as TS.BPH. 

VP1, VP2, VP3, …, VP26:  Twenty-six periods of five-day BPH catches between 1 April and 10 August. 

VJul:  Light-trap catches of BPH during 1978 - 2003 from five stations in the Lower Yangtze River Valley, 

namely Dongzhi, Huizhou, Gaochun, Nantong and Fengxian, in July were used to assess immigration 

into this area. 

VMaylg: Light-trap data from three stations, i.e. Tianzhu, Quanzhou and Qujiang, were used to represent the 

abundance of emigrants from the northern South China in May. The sum of light trap catches in 

these three stations was log-transformed.  

VA7, VI7, VR7, VN7 and VW7:  Represent the area, intensity, mean ridge, northern edge and westward 

extension of the WPSH respectively. WPSH was principally measured by the location of the 588 

geopotential decameter (gpdm) contour lines at the 500-hPa geopotential height field, that is, the 

region where geopotential height is ≥588 gpdm. The area and the mean geopotential height of this 

region are defined as the area and intensity indices of WPSH. Mean latitudinal position of the WPSH 

ridge, the longitude of the western-most point, and the latitude of the northern-most point were 

defined as the mean ridge, westward extension, and north edge indices of WPSH, respectively. 

VSSTA(IO-WNP):  SSTA(IO-WNP), this sea surface temperature anomaly index represents the April–May mean 

dipolar SSTA difference between the Indian Ocean (IO, 10°S–10°N, 50°E–110°E) and the West North 

Pacific (WNP, 0°–15°N, 120°E–160°E).  

 VNAO:  NAO index, based on the surface sea-level pressure difference between the Subtropical (Azores) 

High and the Subpolar Low.  

VENSO:  ENSO development index, denotes the May-minus-March SSTA in the central Pacific (15°S–5°N, 

170°W–130°W). 
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 571 

FIGURES 572 

 573 

 574 

 575 

Fig. 1.  A schematic showing the close relationship between the West Pacific Subtropical High 576 

pressure (WPSH) and the weather in China. The WPSH has regular annual movements, 577 

including a northward advance in spring and summer, and a southward retreat in autumn and 578 

winter. The subsiding air under the WPSH results in sunny, hot and calm weather, while heavy 579 

rainfall occurs just to the north of the WPSH, where the warm-wet airstream and the cold-dry 580 

airstream collide.  581 

 582 

 583 
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Fig. 2. (a) The upper panel shows the mean latitude of the ridge of the WPSH between 110° 585 

E and 120° E, and the mean seasonal variation in 5-day BPH catches in eastern China (Table 586 

S1). The lower panel shows the changes between neighbouring periods; for example for time 587 

period i+1, the value plotted is equal to the value at period i+1 minus the value at period i. The 588 

five migration ‘steps’ during the planthoppers’ migrations were interspersed by periods of rapid 589 

population growth. The ‘two abrupt jumps’ of the WPSH are meteorologically defined (e.g. 590 

Ding & Chan 2005; Tao & Wei 2006; Ding et al. 2007), and denote the beginning and end of 591 

the Meiyu season in the Yangtze River Valley. (b) Latitude-date cross-section of the relative 592 

2-D binned kernel density of the trapping stations (relative density of traps per unit of latitude 593 

for each 5-day period) in a BPH concentration zone, based on the data from 222 county plant 594 

protection stations between 1977 and 2003.  Any given BPH trapping station in any 5-day 595 

period was defined as a planthopper “concentration and landing zone” if the number of BPH 596 

in the 5-day catches was greater than or equal to the BPH90th (i.e. the 90th percentile value 597 

in that period of that year. (c) Latitude-date cross-section of 5-day mean precipitation between 598 

110° E and 120° E. (d) Latitude-date cross-section of 5-day mean winds at 850 hPa height, 599 

between 110° E and 120° E. 600 
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 602 

 603 

 604 

Fig. 3. Simultaneous correlation map between BPH immigration levels in the Lower Yangtze 605 

River Valley and precipitation (green), and low-level jet (LLJ) days (red) in July. The BPH 606 

immigration level is defined as the cumulative sum of light-trap catches from five plant 607 

protection stations (blue triangles) during 1978-2003. LLJ days are days when the 850 hPa 608 

southwesterly wind speed was greater than 12 m/s. The light and dark green/red areas 609 

indicate significance at 1% and 5% levels, respectively. 610 

 611 
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 612 

 613 

Figure 4: (a) Histogram of 5-day catch peaks of BPH recorded at the 50 stations in the Lower 614 

Yangtze Valley before mid-August during 1977–2003. (b) Histogram of the latitude of WPSH 615 

ridges when 5-day catch peaks were recorded at these stations (solid green bars), and during 616 

the whole period from June to early August (hollow red bars). (c) Histogram of the latitude of 617 

WPSH ridges in years with a strong WPSH (solid green bars) and a weak WPSH (hollow red 618 

bars).  619 
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 621 

 622 

Fig. 5. Interannual variations in the immigration levels of BPH in the Lower Yangtze 623 

Valley in July (solid black line) in comparison to the catches in South China in May 624 

(solid green line) and the WPSH intensity index in July (solid blue line). Also shown is 625 

the predicted BPH immigration level in July (red dotted line) based on the WPSH 626 

intensity in July and catches in South China in May; uncertainty in the predicted values 627 

(the forecast standard error) is shown by grey shading. The Pearson's correlation 628 

coefficient (r) of July BPH catches and model predictions was 0.60 (df=24, p=0.001). 629 

 630 
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 633 

 634 

 635 

Fig. 6. (a) Interannual variations in the immigration levels of BPH in July (solid black 636 

line) in comparison with the SSTA(IO-WNP) index for April–May (solid blue line). Also 637 

shown is the predicted immigration level in July (red dotted line) based on values of 638 

the SSTA(IO-WNP) index for April-May and catches in South China in May (see the 639 

solid green line in Fig. 5). The Pearson's correlation coefficient (r) of July BPH catches 640 

and model predictions was 0.59 (df=24, p=0.002). (b) Interannual variations in the 641 

BPH immigration levels in the Lower Yangtze Valley in July (solid black line) were 642 

significantly correlated to catches late in the season (solid red line) (r =0.63, df=24, 643 

p<0.001). 644 

 645 
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Long-term seasonal forecasting of a major migrant insect pest: the 4 

brown planthopper in the Lower Yangtze River Valley 5 
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 14 

Figure S1. Locations of 222 county plant protection stations used to explore the seasonal 15 

variation in the position of the planthopper concentration and landing zones. Key stations 16 

whose light trap catches were selected to assess emigration from northern South China in 17 

May are indicated by three blue circles, while stations used to assess immigration into the 18 

Lower Yangtze Region in July are indicated by five blue triangles. 19 

 20 
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 21 

Figure S2.  Changes in the spatial distribution of N. lugens immigration (yellow-brown colored 22 

areas) based on mean catches from 1977 to 2003, and the mean West Pacific Subtropical 23 

High (WPSH) range, for five day periods in June and July. The N. lugens catches from 222 24 

county plant protection stations were interpolated using the ‘natural neighbor’ method in 25 

ArcGIS (version 10.2, http://www.esri.com/). The range of the WPSH was presented using a 26 

500 hPa geopotential height contour. The red solid lines denote the contour at 5880 gpm, the 27 

blue solid lines denote the contour at 5860 gpm, and the cyan dashed lines denote the WPSH 28 

ridges.   29 
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 30 

 31 

Fig. S3: Multi-panel scatterplot of all the potential explanatory variables, including the light 32 

trap catches in the northern South China (VMaylg), five monthly indices of the WPSH circulation 33 

system (i.e. VA7, VI7, VR7, VN7 and VW7) and three WPSH-related climatic indices (i.e. VSSTA(IO-34 

WNP), VNAO and VENSO). The lower / left panels show pairwise scatterplots between each 35 

variable, and the upper / right panels contain Pearson correlation coefficients. The font size of 36 

the correlation coefficient is proportional to its value.  37 
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 39 

Fig. S4: Multi-panel scatterplot of the response variable (VJullg, i.e. the light trap catches in the 40 

Lower Yangtze River) and the potential explanatory variables, including the light trap catches 41 

in the northern South China (VMaylg) and three WPSH-related climatic indices (i.e. VSSTA(IO-WNP), 42 

VNAO and VENSO). The lower / left panels show pairwise scatterplots between each variable, 43 

and the upper / right panels contain Pearson correlation coefficients. The font size of the 44 

correlation coefficient is proportional to its value. 45 
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Table S1: The seasonal variation in the five-day N. lugens catch time series (1977 to 2003) 47 

decomposed using linear models. The model was tested by analysis of variance (R2=0.971, 48 

F26,668=890, P<0.0001). 49 

 50 

Month Day Estimate Std. Error t value P (>|t|) 

April 1-5 1.1678 0.0840 13.91 <0.0001 

 6-10 1.2479 0.0805 15.49 <0.0001 

 11-15 1.2492 0.0790 15.82 <0.0001 

 16-20 1.4955 0.0775 19.30 <0.0001 

 21-25 1.6748 0.0790 21.21 <0.0001 

 26-30 1.8177 0.0775 23.45 <0.0001 

May 1-5 1.9604 0.0775 25.30 <0.0001 

 6-10 1.9675 0.0775 25.39 <0.0001 

 11-15 2.1061 0.0775 27.18 <0.0001 

 16-20 2.1573 0.0775 27.84 <0.0001 

 21-25 2.1760 0.0775 28.08 <0.0001 

 26-31 2.2881 0.0775 29.52 <0.0001 

June 1-5 2.3814 0.0775 30.73 <0.0001 

 6-10 2.3602 0.0775 30.46 <0.0001 

 11-15 2.3716 0.0775 30.60 <0.0001 

 16-20 2.4697 0.0775 31.87 <0.0001 

 21-25 2.5482 0.0775 32.88 <0.0001 

 26-30 2.6595 0.0775 34.32 <0.0001 

July 1-5 2.7490 0.0775 35.47 <0.0001 

 6-10 2.7765 0.0775 35.83 <0.0001 

 11-15 2.7727 0.0775 35.78 <0.0001 

 16-20 2.8829 0.0775 37.20 <0.0001 
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 21-25 2.9887 0.0775 38.57 <0.0001 

 26-31 2.9561 0.0775 38.15 <0.0001 

August 1-5 2.7699 0.0775 35.74 <0.0001 

 6-10 2.5891 0.0775 33.41 <0.0001 

 51 
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Table S2:  Light trap catches of N. lugens and meteorological data (1978 to 2003) used in regression models 

Year Light trap catches Indices of WPSH in July WPSH-related climatic indices 

Lower Yangtze River Valley* Northern South China‡ Area Intensity Ridge North  

edge 

Westward  

extension 

SSTA(IO-WP) ENSO NAO 

    July    Late season  May log(May) July   July July July July April-May May-minus-March April–May 

     VJul  -     - VMaylg VA7   VI7 VR7 VN7 VW7 VSSTA(IO-WNP) VENSO VNAO 

1978 1948 26495 21 3.0445 6 6 22 27 160 0.1117 -0.2041 -0.045 

1979 8140 5861 477 6.1675 32 67 24 32 105 0.2670 -0.1618 -1.370 

1980 106896 117270 185 5.2204 26 60 24 32 115 0.4533 -0.2056 -0.105 

1981 36227 27709 10671 9.2753 25 44 28 34 120 -0.1120 0.0111 0.280 

1982 19085 54988 566 6.3386 18 34 24 29 135 0.1540 0.4309 -0.215 

1983 26010 81647 122 4.8040 32 72 23 32 105 0.7892 -0.5057 -0.460 

1984 1959 1680 321 5.7714 1 1 22 27 160 -0.3297 -0.1142 0.130 

1985 8025 49258 453 6.1159 18 20 26 31 123 -0.0533 -0.0081 -0.085 

1986 9780 6734 87 4.4659 20 40 26 32 123 -0.1625 0.0043 0.130 

1987 48235 29040 12414 9.4266 29 73 25 30 115 0.4799 -0.3014 1.490 

1988 7473 26087 944 6.8501 30 70 24 29 110 0.1874 -0.5135 -0.270 
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1989 2850 9364 128 4.8520 25 45 24 28 115 -0.2679 0.3860 0.830 

1990 10555 19632 361 5.8889 18 23 23 27 119 0.1550 0.0778 0.235 

1991 70217 12451 69753 11.1527 30 72 26 31 115 0.5454 0.3050 0.185 

1992 2350 2509 77 4.3438 31 69 24 31 115 0.5182 -0.2107 2.245 

1993 3363 9777 905 6.8079 32 68 22 29 115 0.5582 0.2189 0.095 

1994 5140 18766 86 4.4543 37 73 30 34 120 -0.2124 0.0528 0.285 

1995  14210 12138 311 5.7398 36 83 27 30 105 0.2144 -0.2941 -1.170 

1996 3644 11490 77 4.3438 27 44 27 31 115 -0.0823 0.2369 -0.615 

1997 9828 31352 45 3.8067 29 36 25 29 115 0.1708 0.6171 -0.650 

1998 3119 17415 343 5.8377 41 70 22 29 100 0.8211 -0.5312 -1.000 

1999 5382 7103 297 5.6937 10 16 29 34 140 -0.2751 -0.0307 -0.015 

2000 690 1759 77 4.3438 5 7 28 31 145 -0.3396 0.2540 0.775 

2001 871 960 272 5.6058 13 23 28 33 120 -0.1848 0.2311 -0.010 

2002 12394 1451 34 3.5264 27 43 21 24 120 -0.0385 0.2270 0.480 

2003 4473 30271 20 2.9957 36 81 24 31 95 0.2920 -0.7289 -0.085 

 

* The total catches of five stations, i.e.  Huizhou, Dongzhi, Gaochun, Fengxian and Nantong. 

‡ The total catches of three stations, i.e. Quanzhou, Qujiang and Tianzhu. 
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Table S3:  Results of the GLM models based on a negative binomial distribution.  

Model I to test the influence of the West Pacific Subtropical High on the immigration 

levels in the Lower Yangtze area (VJul). Model II to predict VJul from the WPSH-related 

climatic indices. The Wald test was used to test the statistical significance of regression 

coefficients; P(z) are indicated for significant estimates (***P < 0.001; **P < 0.01; *P < 

0.05). The standard errors of each slope are given in brackets.  

Models Intercept 
(β0) 

First 
variable 

(β1) 

Second 
variable 

(β2) 

Third 
variable 

(β3) 

Akaike 
Information 

Criterion 
(AIC) 

Model I      

Log (VJul) = β0 + β1VMaylg + 
β2VA7 

6.756*** 

(0.721) 

0.261* 

(0.103) 

0.051** 

(0.019) 

 552 

Log (VJul) = β0 + β1VMaylg + 
β2VI7 

7.056*** 

(0.634) 

0.224* 

(0.102) 

0.023** 

(0.008) 

 550 

Log (VJul) = β0 + β1VMaylg + 
β2VR7  

11.202*** 

(2.096) 

0.324** 

(0.106) 

-0.142 

(0.084) 

 554 

Log (VJul) = β0 + β1VMaylg + 
β2VN7  

5.652* 

(2.525) 

0.247* 

(0.108) 

0.081 

(0.085) 

 553 

Log (VJul) = β0 + β1VMaylg + 

β2VW7  
11.779*** 

(1.649) 

0.265** 

(0.102) 

-0.032** 

(0.012) 

 552 

Log (VJul) = β0 + β1VMaylg + 
β2VI7 + β3VN7 

6.312** 

(2.371) 

0.213* 

(0.103) 

0.022** 

(0.008) 

0.028 

(0.080) 

552 

Model II      

Log (VJul) = β0 + β1VMaylg + 
β2VSSTA(IO-WNP)  

7.797*** 

(0.563) 

0.232* 

(0.097) 

1.904*** 

(0.546) 

 547 

Log (VJul) = β0 + β1VMaylg + 

β2VENSO 

7.900*** 

(0.630) 

0.281** 

(0.106) 

-0.648 

(0.613) 

 553 

Log (VJul) = β0 + β1VMaylg + 

β2VNAO   

7.830*** 

(0.633) 

0.300** 

(0.106) 

-0.268 

(0.270) 

 554 

Log (VJul) = β0 + β1VMaylg + 

β2VSSTA(IO-WNP) + β3VNAO   

7.768*** 

(0.564) 

0.238* 

(0.097) 

1.867*** 

(0.551) 

-0.091 

(0.241) 

549 
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