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Abstract 14 

Rice planthoppers (RPH) are important pest that cause severe yield losses of rice 15 

production in China. South and Southwest China are the main infestation areas on the 16 

annual spread of RPH. Identifying the spatial and temporal patterns in migration and 17 

subsequent development can provide insight into underlying mechanisms driving the 18 

spread of RPH and assist governments with prioritizing areas to achieve proactive 19 

management and prevention. Across rice production regions in South and Southwest 20 

China, RPH population were recorded by light traps and field surveys at 195 stations from 21 

March to October in 2000 to 2019. We first measured the spatial patterns in RPH 22 

immigrant populations and field populations with spatial autocorrelation analysis. Then, 23 

spatial hotspot analysis was undertaken to highlight dense RPH zones, and significant hot 24 

spots were further extracted for comparing the spatial and temporal patterns according to 25 

RPH species. The results revealed that RPH population were highly aggregated in space 26 

over large geographical distances up to 700 km approximately. Geographic patterns and 27 

hotspots of populations varied substantially with time and species, and various spatial 28 

patterns might be determined by inherent properties of RPH and rice eco-systematic. 29 

Overall, these results provided essential information to improving and optimizing the 30 

monitoring network for RPH. The findings from this research may provide helpful 31 

information to enhance proactive management against RPH and offer sustainable 32 

management practitioners new opportunities to design, develop, and implement optimal 33 

pest control strategies to protect rice production in China. 34 
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1. Introduction 37 

Rice is one of the major food crops in China, since about 65% of Chinese people 38 

rely on rice production (National Bureau of Statistics of China, 2020; Nie and Peng, 39 

2017). However, several pests continue to have detrimental effects the rice production, 40 

especially Rice PlantHoppers (RPH), which mainly consist of three species in China, 41 

brown planthopper (Nilaparvata lugens Stål) (BPH), white back planthopper (Sogatella 42 

furcifera Horváth) (WBPH) and small brown planthopper (Laodelphax striatellus Fallén) 43 

(SBPH) (Cheng, 2015; Cheng et al., 1979; Savary et al., 2019; Zhai, 2011). Among them, 44 

BPH and WBPH present significant detrimental effects to rice production throughout 45 

China (Kisimoto and Sogawa, 1995). RPH feed by inserting their mouthpart into the 46 

vascular tissue of plant leaf blades and leaf sheaths and ingesting the sap. Heavy 47 

infestations can cause wilting and extreme desiccation of plants known as “hopperburn”, 48 

and the RPH also transmit viruses at the same time (Bottrell and Schoenly, 2012; Cheng, 49 

2015; Hu et al., 2014; Otuka, 2013; Zhou et al., 2010). RPH are ranked as the most 50 

destructive pests of rice in China, where the annual yield losses caused by RPH were 51 

estimated at 119.35 kilotons during 2006 to 2015 (Liu et al., 2016). 52 

The spatial and temporal dispersion of RPH plays a pivotal role in the yield losses 53 

of rice production (Ferguson et al., 2003; Hughes, 1996; Ndjomatchoua et al., 2016). RPH 54 

cannot overwinter in China, only a few individuals can survive in the winter of Southern 55 

China (Cheng, 2015; Wu et al., 2019). The RPH infestation starts with the migration from 56 

the Indochina Peninsula to Southern China around March every year, then further expand 57 

from south to north in the spring and summer to cover the rice-growing regions in China 58 



and migrate to south for overwintering in autumn (Cheng, 2015; Hu et al., 2017; Hu et 59 

al., 2011; National Coordinated Research Group for White Back Planthoppers, 1981; 60 

Otuka, 2013; Wu et al., 2019; Wu et al., 2018a). Therefore, understanding the spatial and 61 

temporal patterns of RPH population have important implications for developing better 62 

strategies and efficient control methods against these migratory pests (Ndjomatchoua et 63 

al., 2016; Vinatier et al., 2011). 64 

Research on RPH have been carried out in China for decades, since the ecology, 65 

surveillance and control of RPH have been extensively studied during a long period of 66 

time (Cheng et al., 1979; Furuno et al., 2005; Hu et al., 2019; Hu et al., 2017; Hu et al., 67 

2015; Wu et al., 2018b; Zhou et al., 2010). However, despite these efforts, large 68 

knowledge gaps still exist concerning the spatial and temporal patterns of RPH population 69 

at regional scales. The available information is usually related to a specific migration 70 

activity (e.g., immigration sources and period, and migration route), and explains the 71 

meteorological or abiotic conditions, such as topography, affecting the migratory process 72 

of RPH (Cheng et al., 1979; Furuno et al., 2005; Hu et al., 2018; Hu et al., 2017; Hu et 73 

al., 2015; Hu et al., 2014; Lu et al., 2017; Ma et al., 2018; Otuka, 2013; Wu et al., 2018a; 74 

Zhou et al., 2010). Moreover, most studies concerned with spatial patterns of RPH 75 

population have been done at field or county scale (Taechul Park et al., 2018; Yan et al., 76 

2014; Yan et al., 2010; Zhou et al., 2003). Nor is it known whether the spatial and 77 

temporal patterns of RPH population vary from year to year, or county to county (i.e., 78 

whether RPH population are different in some counties from others). To better understand 79 

mechanisms of frequent outbreaks of RPH, which can migrate for long distances, analysis 80 

of spatial and temporal patterns of RPH populations at regional scales becomes quite 81 

necessary (Cheng, 2015; Otuka, 2013; Zhai, 2011).  82 



Spatial analysis is a useful tool to look for clues about the population patterns of the 83 

pest. Many methodologies have been applied to describe the spatial and temporal patterns 84 

of pests. Among them, the most commonly used approaches are tracking the evolution of 85 

infestation distribution over time (Bayles et al., 2017; Cinnirella et al., 2020; Lausch et 86 

al., 2013; Ndjomatchoua et al., 2016; Reay-Jones et al., 2010), quantifying spatial 87 

autocorrelation (Blackshaw and Hicks, 2013; Bone et al., 2013; Cinnirella et al., 2020; 88 

Cocu et al., 2005; Smith et al., 2004; Ward et al., 2019), and employing geostatistical 89 

techniques (Pereira et al., 2019; Ribeiro et al., 2020; Rogers et al., 2015; Wright et al., 90 

2002). Although above mentioned methodologies of spatial analysis have been applied to 91 

various types of insect pests and crops (Blackshaw and Hicks, 2013; Bone et al., 2013; 92 

Cinnirella et al., 2020; Cocu et al., 2005; Diaz et al., 2012; Lausch et al., 2013; 93 

Ndjomatchoua et al., 2016; Pereira et al., 2019; Reay-Jones et al., 2010; Ribeiro et al., 94 

2020; Rogers et al., 2015; Smith et al., 2004; Ward et al., 2019; Wright et al., 2002), no 95 

studies have investigated the spatial and temporal patterns of RPH population using wide 96 

range data. 97 

Knowledge of spatial and temporal patterns of RPH infestation over a wide range 98 

constitutes the basic information for future development of pest management and 99 

prevention strategies and can provide insight into the processes that influence the spread 100 

of RPH (Cocu et al., 2005; Vinatier et al., 2011). Thus far, there have been some reports 101 

on the spatial and temporal patterns of RPH in China and other rice production regions 102 

of the world with which were done in a single field or county scale (i.e., covering one to 103 

several counties) (Taechul Park et al., 2018; Yan et al., 2014; Yan et al., 2010; Zhou et 104 

al., 2003). The survey data at a large region was usually sparse, and studies on spatial and 105 

temporal patterns of RPH over wide ranges were still inadequate. 106 



In this study, as far as the knowledge of the authors, the spatial statistical tools were 107 

first employed to quantify the spatial and temporal patterns of RPH population over South 108 

and Southwest China using the data collected by light-trap and field survey during the 109 

past twenty years (2000-2019). The main purpose of this study was to understand the 110 

distribution patterns of RPH population, and their corresponding variations over time. 111 

The intention was to provide insight on possible underlying drivers of observed 112 

macroscale patterns about the spread of RPH from the data. The findings in this study 113 

will assist management agencies in targeting areas where RPH populations are relatively 114 

concentrated for making management and prevention strategies for different RPH species 115 

in different times. This study has offered an opportunity to shift rice pest control from 116 

reactive to proactive.  117 

2. Materials and Methods 118 

2.1. Study area and collection of planthopper data 119 

The study area involved South and Southwest China, it includes six provinces and 120 

one autonomous region and can be classified as four rice cropping regions that includes 121 

South China double rice cropping region, South of the Yangtze River double rice 122 

cropping region, Southwestern plateau single and double rice cropping region, and 123 

Sichuan-Shaanxi Basin single rice cropping region (Fig. 1) (Guo et al., 2018; Mei et al., 124 

1988). 125 

As an effective management strategy, the Chinese government has operated the web-126 

based China Crop Pest Management Information System (CCPMIS) since 2009 for 127 

continuous monitoring and warning of major pests and diseases of crops (Huang et al., 128 

2016). During the period of 2000 to 2019, in South and Southwest China, 195 129 

representative county plant protection stations were selected where field survey (FS) data 130 



and light trap (LT) data of RPH were routinely collected. The collected data were 131 

exported from CCPMIS, which is supported by National Agriculture Technology 132 

Extension and Service Centre (NATESC) (Huang et al., 2016). 133 

134 

Fig. 1. Map of study area and selected 182 county plant protection stations, which was 135 

drawing in ArcGIS 10.2 (ESRI, Redlands, California, USA). The black × and blue ◊ 136 

represent the county plant protection station where field survey data and light trap data 137 

are collected, respectively. Green polygons are the paddy fields (Ministry of Natural 138 

Resources of the People's Republic of China, 2016). Orange lines are the boundaries of 139 

rice cropping regions modified from the regionalization by Mei et al. (1988) and Guo et 140 

al. (2018), red roman numerals are the class of the regionalized rice cropping: I: the South 141 

China double rice cropping region, II is the double rice cropping in South of the Yangtze 142 

River, III is the Southwestern plateau regions of single and double rice cropping, IV is 143 

the Sichuan-Shaanxi Basin of single rice cropping. Capital letters are abbreviations of the 144 

province names: GD (Guangdong), GX (Guangxi), FJ (Fujian), YN (Yunnan), SC 145 

(Sichuan), GZ (Guizhou), CQ (Chongqing). 146 

Daily LT data of RPH at all stations were collected every morning from blacklight 147 

traps. The trap consisted of a black light lamp with a top cover, 1.5m above ground, and 148 



closed to rice paddies. Those traps were switched on at 19:00 h and switch off at 07:00 h 149 

Beijing Time (UTC +8) the following morning (Wu et al., 2019). The catches in the traps 150 

were collected every morning and were counted after species identification by the officer 151 

of the local plant protect station, and the information was recorded at CCPMIS. 152 

FS of RPH populations were conducted regularly by local plant protection stations 153 

every pentad in rice growing season, where each pentad was a five-day group except for 154 

the last pentad in several months (Lu et al., 2017). In this study, 1st pentad used to 155 

represent 1 to 5 January, the 7th pentad to represent 1 to 5 February, and so on. So, there 156 

were 6 pentads in a month and 72 pentads in a year. At each station, three to five paddies 157 

where no pesticides were used to control pests during the rice-growing season were 158 

randomly selected, and surveys of RPH population were carried out using the plant-159 

shaking method based on rules for investigation of the rice planthopper in the Chinese 160 

National Standard GB/T15794-2009 (Hu et al., 2011; GB/T 15794-2009, 2009). At each 161 

paddy, 10 to 25 plots were randomly selected according to the population density. The 162 

number of individuals that fell from two hills of rice plants per plot was counted. The 163 

population of RPH was routinely surveyed at each station and the total number of RPH 164 

individuals per 100 hills was extrapolated. 165 

2.2. Data Pre-processing 166 

The RPH data have a wide range of missing values due to weather conditions, device 167 

failures and loss of historical data before 2009 (Huang et al., 2016). The stations with 168 

over 50% missing rates in a year were excluded. The overall values rates for the 20 years 169 

were 9±23%, 8±22%, and 2±11% for the LT BPH, LT WBPH, and FS, respectively. 170 

Besides, the stations with the number of data objects in a year less than 40 % of the mean 171 

number of data objects of all stations were also excluded.  172 



The date range at all stations varied according to local rice cultivation systems, 173 

device failures, and data calibration errors. The period of RPH data collected were unified 174 

from 1 March to 31 October every year. The date without observation and missing data 175 

were imputed with 0. Then the pentad light trap catches were calculated at every station.  176 

Data collected by LT in 164 stations and collected by FS in 175 stations were retained for 177 

subsequent analysis after processing. The average distances between county plant 178 

protection stations where the LT and FS data collected were 56.07 km and 52.36 km, 179 

respectively. Average annual pentad population abundance of RPH from 2000-2019, and 180 

20-year (2000-2019) pentad average population abundance of RPH in each pentad from 181 

1 March to 31 October were calculated from processed LT and FS data. A log transform 182 

(log10(N+1), where N is the population abundance of RPH) was employed to handle the 183 

population abundance varies over many orders of magnitude. Cluster analysis is then 184 

conducted on the RPH population using the Spatial ‘K’luster Analysis by Tree Edge 185 

Removal (SKATER) (AssunÇão et al., 2006). 186 

2.3. Spatial-temporal patterns of RPH population 187 

The population of RPH with different stations may be correlated, meaning the RPH 188 

population will present a specific pattern in space (i.e., clustered, dispersed, and random) 189 

(Mitchell, 2021). Spatial statistical analysis provides a series of statistical tools to identify 190 

patterns by measuring the degree of similarity or dissimilarity among the spatial 191 

observations and with that measurement, the evolution of patterns over time can export 192 

easily. 193 

 Spatial weight matrix 194 

The first step to perform the spatial statistical analysis is to create the spatial weight 195 



matrix. The method of fix distance with threshold distances of 200, 250, 300, 350, 400, 196 

450, 500, 600, 700, 800, 900, 1000 km were used to generate the binary spatial weight 197 

matrices, which means that ωi,j =1 (ωi,j is the element in the spatial weight matrix 198 

corresponding to location i and j) when the distance between i and j equal or less than 199 

fixed distance threshold, and ωi,j =0 otherwise. The resulting spatial weight matrices were 200 

used to calculate Global Moran’s I for RPH population abundance. 201 

The spatial weight matrix, which made spatial clustering of RPH population was 202 

strongest (Z-score was maximized in Moran’s I analysis), was used to perform hotspot 203 

analysis. If no such spatial weight matrix found, the spatial weight matrix generated with 204 

average distance that would yield k neighbours for each feature, and the k is computed 205 

according to the number of stations (Mitchell, 2021). 206 

 Identifying spatial patterns 207 

Global Moran’s I index was used to measure the spatial autocorrelation in immigrant 208 

and field population during the study period. Specifically, the Moran’s I statistic for each 209 

time were calculated with the spatial weight matrix described in previous section, the 210 

formula used to calculate Moran’s I is expressed as follows (Moran, 1950): 211 
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where xi and xj represent the log transformed population abundance of RPH in survey 215 

station i and j, respectively; x  is the average of log transformed population abundance.216 

,i jω  is the spatial weight between station i and station j. 217 

 The Moran’s I can be interpreted as follows: if the value of Moran’s I is zero, the 218 

populations of RPH at different stations are independent (i.e., random). If the Moran’s I 219 

is positive, which indicates that the feature is surrounded by features with similar values, 220 

either high or low values (i.e., stations closer to each other have similar RPH population 221 

abundance). And the negative Moran’s I indicate that the feature is surrounded by features 222 

with dissimilar values (i.e., stations are closer to each other have opposite population 223 

abundance). 224 

 Hotspots Detection 225 

RPH population abundance at a station and its neighbours were compared with 226 

population abundance across all stations to identify hotspot, where station with 227 

population abundance greater than would be expected due to random chance (Iannone et 228 

al., 2016; Ward et al., 2019). A station with high populations abundance could be 229 

identified as a hotspot if it was surrounded by stations with similarly high value (Mitchell, 230 

2021). To detect hotspots for RPH population in each period (e.g., pentad, or annual), the 231 

Getis-Ord Gi
* statistics was employed. The formula used to calculate Gi

* statistics that are 232 

expressed as follow (Getis and Ord, 1992; Ord and Getis, 1995): 233 
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where the meaning of symbol xi, xj, x  and ,i jω  are same as the symbol in equation (1) to 236 

(3). 237 

Calculating Gi
* results in a Z-score that can be compared with a standard normal 238 

distribution to obtain a p-value (Ward et al., 2019), which can be used to identify 239 

significant hot spots. A high Z-score for a station indicates its neighbours have high 240 

attribute values, and vice versa. Stations with a p-value ≤ 0.05 were identified as hot spots 241 

in subsequent analysis. 242 

 Temporal evolution of hotspots 243 

To quantify the extent of geographic dispersion and directionally dependent spread 244 

of RPH over time, the weighted standard deviational ellipse (SDE) was opted to 245 

summarize the central tendency, dispersion, and evolving trends for hot spots identified 246 

with Gi
* statistic (Bayles et al., 2017; Lefever, 1926). Each SDE represents areas of higher 247 

concentrations of hot spots and provides measures of the extent of distribution of RPH. 248 

In this study, the SDE was weighted by the monthly Z-Score in each month from March 249 

to October. The monthly z-score is the average Z-Score of all pentads with significant hot 250 

spots at each station in a month. The formula used to calculate the parameters of SDE is 251 

expressed as equation (6) to (8), and more detail about calculating the SDE can be found 252 

in Wang et al. (2015). 253 

The length of the SDE’s x and y axis (XStdDist and YStdDist) are given by:  254 
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Where xi (longitude) and yi (latitude) are the coordinates for hot spot i, �̅�𝑥 (CenterX) and 𝑦𝑦� 258 

(CenterY) represent the mean center for all hot spots, and n is the total number of all hot 259 

spots. 260 

The angle of rotation (Rotation) is calculated as: 261 
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The data pre-processing and analysing were done with Python. The calculation of 263 

spatial weight matrix, Moran’s I,  Gi
*, and SDE were implemented with Python package 264 

PySAL. The data were visualized using Python packages seaborn and geoplot. 265 

3. Results 266 

3.1. General spatial and temporal distributions 267 

The annual population abundance of RPH varied greatly from year to year during 268 

the 20 years of this study, however, the distribution of areas where high population 269 

abundance occurred was relatively stable. The average annual pentad population of each 270 

station over 20-year study period (Fig. 2) and results of cluster analysis (Fig. 3) showed 271 

that the larger population area mainly included: (i) two major large immigrant WPHB 272 



population existed in South of Yunnan and the junction area of Guangxi and Guizhou, 273 

and north of Fujian province (Fig. 2C, Fig. 3C); (ii) the immigrant populations of BPH 274 

mainly landed in Southwest Plateau, starting from west and north of Guangxi, and 275 

extended northward to east of Guizhou (Fig. 2A, Fig. 3A); (iii) the higher field population 276 

density of BPH mainly occurred in South China, centred in Guangdong province, 277 

expanded westward to West Guangxi autonomous region and eastward to Southwest 278 

Fujian province (Fig. 2B, Fig. 3B); (iv) there were no obvious aggregation trend of high 279 

WBPH field population abundance (Fig. 2D), and the cluster analysis identified some 280 

high field population abundance counties scattered in South and Southwest China except 281 

Fujian province (Fig. 3D). 282 

 283 

Fig. 2. Geographical distribution of average annual pentad population abundance of RPH 284 

in 2000-2019.  285 



 286 

Fig. 3. Results of cluster analysis on average annual pentad RPH populations in 2000 to 287 

2019. 288 

The 2000-2019 average pentad population of RPH on individual dates showed that, 289 

early in rice growing season, the immigrant population and field population were usually 290 

emerged first in South China and Southwest Plateau (Fig. 4A, C, maps for each season 291 

not shown) and in South of China (Fig. 4B, D, maps for each season not shown), 292 

respectively. For the RPH collected by LT method, the RPH population abundance in 293 

Sichuan-Shaanxi Basin was lower than other regions in most pentads. From the end of 294 

May to early of June (30th to 32nd pentad), WBPH usually concentrated and landed in 295 

Southwest Plateau, South of the Yangtze River, and the junction area of Southwest 296 

Plateau, and South China. From the mid to end of July (38th to 42nd pentad), WBPH were 297 

mainly landing in Southwest Plateau and Sichuan-Shaanxi Basin. WBPH in Southwest 298 

Plateau often reached its first peak in May and had a second peak towards the mid of July. 299 

WBPH in South China, Sichuan-Shaanxi Basin, South of the Yangtze River both had one 300 

peak (Fig. 4C). Meanwhile, compared to WBPH, BPH had various numbers of peak dates 301 

and the population abundance during peaks period were always lower than WBPH. In 302 



South China, BPH population abundance peaked in the mid of June, continued into the 303 

end of July, and decreased from August. In July, BPH populations distributed in South 304 

and Southwest China except Sichuan-Shaanxi Basin, and from the early of August to the 305 

end of September, BPH mainly located in Southwest Plateau and South of the Yangtze 306 

River (Fig. 4A). 307 

  308 

Fig. 4. Temporal evolution of RPH population during the survey period from 1 March to 309 

31 October in major rice cropping regions of South and Southwest China: South China, 310 

South of the Yangtze River, Southwestern plateau, Sichuan-Shaanxi Basin. Each point 311 

was the mean of 75 to 497 RPH populations collected by LT or 158 to 411 RPH 312 

populations data collected by FS at multiple stations in 2000 to 2019, and the vertical bars 313 

represent the standard errors. The x-ticks represent the first pentad in the corresponding 314 

month. 315 

In the case of FS methods, WBPH occurrence earlier than BPH in all rice cropping 316 

regions. BPH and WBPH population both had two peaks in South China and South of 317 

Yangtze River and one peak in Southwest Plateau and Sichuan-Shaanxi Basin (Fig. 4B, 318 

D, maps for individual season not shown). WBPH in Southwest Plateau and South of the 319 



Yangtze River increase more rapidly than South China and peaked in the mid of May to 320 

the end of June. By the end of August, WBPH mainly landed in Southwest Plateau and 321 

Sichuan-Shaanxi Basin (Fig. 4D). However, BPH population in South China and South 322 

of the Yangtze River often reached first peak by the mid of June to the mid of July and 323 

had a second peak toward the early of September. In Southwest Plateau and Sichuan-324 

Shaanxi Basin, BPH populations are concentrated from the mid of July to the end of 325 

August. Overall, RPH population migrate to Sichuan-Shaanxi Basin was much lower than 326 

in other regions and BPH seldom occurred in Sichuan-Shaanxi Basin. WBPH population 327 

abundance in field was lower in South China than in other regions. 328 

3.2. Spatial patterns of RPH populations 329 

Results of global spatial autocorrelation analysis (Moran’s I) for 20-year average 330 

annual pentad population abundance showed that BPH and WBPH population collected 331 

by LT and FS methods both exhibited significant clustered pattern in space over a wide 332 

range distance and the Moran’s I index decrease along with distance increasing (Fig. 5). 333 

The Z-score of Moran’s I revealed that a strongest agglomeration of RPH population 334 

collected by LT and FS methods when the threshold distances were approaching 400km 335 

and 500km, respectively, and BPH populations were significantly more aggregated than 336 

WBPH populations in space (Table 1).  337 

Table 1. The Z-scores of Moran’s I for 20-year average of pentad population abundance 338 

over different distance 339 

Population 
Distance (km) 

200 250 300 350 400 450 500 600 700 800 900 1000 

FS-BPH 14.02 15.62 15.89 18.19 19.64 19.58 21.38 20.58 18.66 16.39 13.22 10.46 
FS-WBPH 5.32 6.33 6.07 6.6 7.03 7.26 7.58 7.25 5.47 4.82 3.51 0.95 
LT-BPH 10.79 12.63 12.71 13.53 14.45 12.34 11.65 8.05 4.88 1.43 0.13 0.17 

LT-WBPH 6.81 8.08 7.64 8.34 9.56 7.97 7.19 6.35 4.91 3.37 1.59 1.16 

 340 



 341 

Fig. 5. The global correlograms: the Moran’s I calculated for each distance. p<0.05 is 342 

indicated by the symbol ∘ and p>0.05 by the symbol ◊ 343 

The temporal evolution of the Moran’s I index for the pentad average population 344 

abundance of RPH population in 2000 to 2019 was depicted in Fig. 6. The RPH 345 

population were strongly spatial correlated for threshold distances between 200km to 346 

700km, which distance was change with pentad, and RPH population collected by FS 347 

method were significantly more aggregated than RPH population collected by LT method 348 

in space (Fig. 6). The Moran’s I for field WBPH populations peaked in the end of April 349 

to the early of May, the end of July, and the mid of September, and peaked in two period 350 

for others RPH population. The immigrant populations were randomly distributed in 351 

space during 6 August to 31 August (44th to 48th pentad). 352 

 353 

Fig. 6. The global Moran’s I use fixed distance method with distances from 200 to 1000 354 

km for pentad average population abundance of RPH in 2000 to 2019 from 1 March to 355 



31 October (from 13th to 60th panted), significant level under 0.05. The x ticks represent 356 

the first pentad in the corresponding month. 357 

3.3. Hotspots for RPH population 358 

 Hotspots for average annual pentad population abundance 359 

The results of hotspot analysis on 20-years average annual pentad RPH population 360 

abundances showed that the hot spots for BPH and WBPH population collected by LT 361 

and FS methods covering 33.87%, 19.92%, 57.18%, and 40.88% of county stations, 362 

respectively (Fig. 7). The hot spots were concentrated in a few areas in South and 363 

Southwest China: (i) the immigrant BPH populations that collected by LT method mainly 364 

concentrated in Guangxi autonomous region and Southeast of Guizhou province where 365 

close to the north of Guangxi autonomous region and North of Fujian province (Fig. 7A); 366 

(ii) the immigrant populations of WBPH mainly clustered in South of Yunnan and the 367 

conjunction areas of Yunnan, Guangxi, and Guizhou(Fig. 7C); (iii) the field populations 368 

of BPH mainly occurred in Guangdong, Guangxi and Fujian province (Fig. 7B); (iv) the 369 

field populations of WBPH mainly collected in south of Yunnan province and Guangxi 370 

autonomous region, and west of Guangdong province (Fig. 7D). The stations in Sichuan-371 

Shaanxi Basin were identified as cold spots for all RPH population, besides, the cold spots 372 

for WBPH population were also distributed in east of Guangdong province and Fujian 373 

province for data collected via LT and FS methods, respectively. All stations in other 374 

areas were classified as neutral spots where RPH population were not significantly 375 

smaller nor significantly larger than those at their neighbouring stations. 376 



 377 

Fig. 7. Result of hotspot analysis based on average annual pentad population abundance 378 

of RPH in 2000 to 2019, the threshold distance used to generate spatial weight matrices 379 

for LT and FS data were 350 km and 600 km, respectively. CS: Cold Spot, HS: Hot Spot, 380 

NS: Not statistically significant at α=0.1, *, **, and *** correspond to significance levels 381 

0.10, 0.05, and 0.01, respectively. 382 

 Spatial distribution and temporal evolution of hotspots for pentad population 383 

abundance 384 

The distribution of hot spots exhibited considerable geographic variation with times. 385 

The hot spots for WBPH population had higher latitude of expanding northern range and 386 

faster northward spread rate than BPH (Fig. 8, maps for each pentad not shown). Before 387 

the mid of July, high population abundance of WBPH were recorded in Sichuan-Shaanxi 388 

Basin region, and the most northern county station is Chengkou (108.73°E, 31.89°N) 389 

County, Chongqing City, whereas the most northern county station where high population 390 

abundance of BPH collected is Xiushan County (109.01°E, 28.49°N), Chongqing City 391 

before the mid of August. Hot spots for immigrant populations of BPH and WBPH were 392 

first observed in South China in the early of March and expanded to the west of 105°E 393 



areas (south of Yunnan province) in the mid of March for WBPH (Fig. 8C1), and the 394 

early of April for BPH (Fig. 8A1, A2), respectively. The most of hot spots for immigrant 395 

BPH populations were in the area around the 110°E, expanded westward to the areas 396 

around 100°E during the early of April to the mid of June and eastward to the areas around 397 

120°E during the mid of August to the end of September (Fig. 8A6, 8A7). Most of   hot 398 

spots for immigrant populations of WBPH were distributed in the west of 110°E areas 399 

before August and in the east of 110°E areas after August, additionally, there were no 400 

county station identified as significant hotspots for immigrant WBPH population during 401 

6 August to 31 August (44th to 48th pentad) (Fig. 8C1 to 8C6). Distribution and variation 402 

of hotspots for field populations of BPH and WBPH were similar to immigrant 403 

populations with some different (Fig. 8B, D). Hot spots for field population of BPH were 404 

distributed in the east of 105°E areas where are Guangxi, Guangdong, and Fujian (Fig. 405 

8B). Hot spots for field population of WBPH were detected in Southwest China (Sichuan-406 

Shaanxi Basin and the Southwest Plateau) in the early of August, and in Guangdong and 407 

Fujian province in the end of August (Fig. 8D6). 408 

The one standard deviation was used as adjustment factor to generate ellipses 409 

containing 68% of the data points. These SDEs which were derived from monthly Z-score 410 

in each month showed various elliptical geometry values, the sizes, and directions of 411 

SDEs vary with time (Table 2, Fig.8). The directional distribution of hotspots was obvious 412 

because of the large differences between the long axes and short axes (Table 2). The 413 

azimuth of the SDE reflected the main trend direction in hotspots distribution, besides the 414 

WBPH population in July and August, the rotation angles of SDE in the different month 415 

were mainly between 52° to 102° (Table 2, Fig. 8). 416 



 417 

Fig. 8. Temporal evolution of monthly Z-score. The polygon represents the monthly Z-418 

score at each county, and the blue ellipse are the weighted SDEs based monthly Z-Score. 419 

The naming convention for title of subplot is AA-BBBB-MM, where AA represent the 420 

data collection methods (LT and FS), BBBB represent the species of RPH (BPH and 421 

WBPH), and MM represent the month (from March (3) to October (10)).  422 



Table 2. The result of characteristics of standard deviational ellipses by each month 423 
Population Parameter Month 

Mar. Apr. May Jun. Jul. Aug. Sep. Oct. 

LT-BPH CenterX (°) 109.8 108.45 108.08 108.74 109.31 112.29 113.93 111.02 

CenterY (°) 23.08 23.38 23.62 23.84 24.09 25.79 24.57 23.46 

XStdDist (km) 262.57 472.88 471.69 300.39 257.81 701.5 555.99 328.53 

YStdDist (km) 159.31 167.92 173.37 200.51 208.63 175.42 200.15 178.61 

Rotation (°) 96.03 92.49 90.94 88.83 124.9 80.27 71.98 85.05 

LT-WBPH CenterX (°) 107.12 106.97 107.38 108.78 105.63 106.23 113.76 111.33 

CenterY (°) 22.98 23.49 23.89 25.42 27.24 29.28 24.19 23.42 

XStdDist (km) 656.3 548.44 509.7 899.67 238.77 211.05 509.88 341.87 

YStdDist (km) 139.4 162.24 194.15 187.17 472.67 149.22 179.03 176.25 

Rotation (°) 94.27 92.37 85.85 77.7 305.34 52.04 69.6 84.13 

FS-BPH CenterX (°) 
 

110.39 110.99 110.75 110.63 112.38 114.39 111.28 

CenterY (°) 
 

22.91 23.35 23.49 23.83 24.61 24.35 23.47 

XStdDist (km) 
 

249.6 330.91 339.21 346.59 556.22 505.79 334.6 

YStdDist (km) 
 

150.45 177.3 180.83 216.43 253.1 162.89 175.85 

Rotation (°) 
 

89.43 84.13 87.88 99.38 80.46 65.33 80.88 

FS-WBPH CenterX (°) 108.71 110.75 109.3 108.27 106.29 111.09 113.47 111.29 

CenterY (°) 21.87 23.35 23.47 23.99 28.29 25.87 24.11 23.44 

XStdDist (km) 235.06 296.28 534.22 500.57 207.36 654.06 515.26 329.35 

YStdDist (km) 90.49 174.47 169.83 236.23 403.94 385.8 175.89 174.43 

Rotation (°) 102.83 85.3 90.63 93.31 300.77 115.83 68.95 80.93 

4. Discussion 424 

The coupling of spatial statistical technologies with detailed pest survey data 425 

provided a platform to map and quantify the spatial and temporal patterns of RPH 426 

population, which can provide information about the spatial and temporal (annual and 427 

pentad) patterns of RPH populations at regional scale across the rice production areas in 428 

South and Southwest of China. The results have important implications as to where RPH 429 

should be surveyed in rice paddies during the growing season, when to take RPH pest 430 

management and prevention strategies, such as the use of RPH-resistant breeding lines 431 

and cultivars, applied insecticides, and change cultivation systems.  432 

The results of spatial cluster analysis and statistical analysis for RPH population 433 

showed that despite the pentad and annual population abundance for both BPH and 434 



WBPH varied considerably over time, the areas where large populations emerged were 435 

relatively stable. Hotspot analysis also provided similar results, with minor differences. 436 

Furthermore, the result revealed that the spatial and temporal patterns between different 437 

species within growing seasons in South and Southwest China are different. The different 438 

patterns between WBPH and BPH, such as the starting time of immigration, the 439 

magnitude, the temporal and geographic distribution, might have resulted from different 440 

inherent characteristics of RPH, as well as spatial and temporal variations of environment 441 

conditions (Tscharntke et al., 2002; Vinatier et al., 2011). When the habitats cannot 442 

provide favourable physical and biological conditions for RPH, such as low or high 443 

temperature, food shortage, and emerging predators, RPH have the ability to migrate to 444 

other regions where can provide favourable conditions to develop their populations 445 

(Dingle, 1972; Hu et al., 2017; Perfect and Cook, 1994; Yao and Zhang, 1999). 446 

The results of this study indicated that WBPH migrated to China and established its 447 

population earlier than BPH. One possible explanation may be that WBPH preferred to 448 

select young rice plants as the host, and WBPH had stronger migratory tendencies and 449 

capabilities than BPH (Chen et al., 2012). The source areas for the initial population in 450 

China in March were mainly in central Indochina Peninsula, where rice plants were at 451 

booting stage to mature and harvest stage (Hu et al., 2017; Zhai, 2011). Host deterioration 452 

may therefore drive the WBPH emigration earlier than BPH (Chen et al., 2012; Cheng et 453 

al., 1979; Matsumura, 1996; National Coordinated Research Group for White Back 454 

Planthoppers, 1981). Whilst most WBPH adults were long-winged and more active (Zhu, 455 

1985), and can fly for longer distances compared with BPH as demonstrated in previous 456 

studies (Feng et al., 2001; Wang and Zhai, 2004). Similar patterns had exhibited in 457 

continuous northward expand of RPH to cover the rice cropping areas in China. It 458 

appeared that the characteristics of WBPH provided it with the opportunity to establish 459 



its population in new habitats before the arrival of BPH. Hu et al. (2017) suggested that 460 

WBPH pre-emptively migrated to new habitats before BPH is to compensate for later 461 

interspecific competition. 462 

Additionally, the result indicted that latitudinal distribution of hotspots was 463 

dominant in the study area and the geographic distribution had considerable differences 464 

between population of WBPH and BPH. Pentad hot spots and large population clusters 465 

demonstrated that the higher population abundance of WBPH were more geographically 466 

widespread than BPH, which indicated that it was hard for BPH to massively landing and 467 

establishing their populations in Sichuan-Shanxi Basin. In general, the migrant progeny 468 

of RPH further expanded and established their population followed the warm and humid 469 

south-easterly or south-westerly airflow to cover rice crop areas in China from March to 470 

August and migrate back to south rice crop regions with north-easterly airflow during 471 

September to October (Cheng, 2015; Cheng et al., 1979; National Coordinated Research 472 

Group for White Back Planthoppers, 1981). The migration process of RPH, take off, 473 

horizontal displacement, and landing, are all affected by the atmospheric conditions at the 474 

time of the flight and topography (Kisimoto and Sogawa, 1995; Wu et al., 2018a). BPH 475 

populations migrated to the area where latitude around 34°N before the early of August 476 

(Cheng et al., 1979), and WBPH populations can mass migrate to Sichuan-Shaanxi Basin 477 

from June to August (National Coordinated Research Group for White Back 478 

Planthoppers, 1981). Thus, during June to August, RPH can migrate to further northern 479 

areas in China and multiply to damage-causing densities, and the atmospheric conditions 480 

could have enabled the mass migrating of RPH to northern China. Therefore, atmospheric 481 

conditions may not have been the dominant factor to limit BPH to migrate to Sichuan-482 

Shaanxi Basin crop region.  483 



It was noted that the airflows which can carry RPH to fly are often strongly affected 484 

by topography to force the migration RPH landing (Pedgley et al., 1990; Pedgley et al., 485 

1982; Wu et al., 2018a). Compare with East China, Southwest China (including Yunnan-486 

Guizhou Plateau and Sichuan Basin) had more complex topography. The Yunnan-487 

Guizhou Plateau contiguous the Sichuan Basin in the north and average rises roughly 488 

2000 m above sea level, the western part was a series high northwest-southeast ridge (the 489 

peaks as high as 3700 m), the Hengduan Mountains, with the deep river-carved gorges at 490 

400m and decreases to lower than 500 m to the eastern part (Li and Yu, 2014). In 491 

mountainous areas, the temperature decreases with altitude, and in most of areas, the 492 

orographic rainfall increases with altitude. During the northward migration period, the 493 

southerly warm and moist airflow was ascended by the lifting effect of the mountain 494 

range, the lower temperature and/or orographic rainfall cloud force RPH to land (Wu et 495 

al., 2018a). Previous airplane collections have indicated that the migration populations of 496 

BPH and WBPH are typically flying in the 1000-1500 m and 1500-2000 m above the 497 

ground in spring and summer, respectively (Deng, 1981; Scientific Research Coordinated 498 

Group for planthoppers of Sichuan, Yunnan and Guizhou provinces, 1982). Therefore, 499 

when the southernly (south-westerly or south-easterly) airflow carried migration 500 

populations to crossing over Yunnan-Guizhou Plateau, a series northeast-southwest 501 

ranges, such as Dalou Mountains, Wulin Mountains, and Miao Range, may have more 502 

altitudinal friction on BPH populations migratory activity due to its relative lower flight 503 

height. 504 

To the best of our knowledge, this was the first work that systematically analysed 505 

the spatial and temporal patterns of RPH population at regional scales. In the past, most 506 

spatial analyses of RPH populations were done in a single field or within a local area 507 

covering a few counties (Taechul Park et al., 2018; Yan et al., 2014; Yan et al., 2010; 508 



Zhou et al., 2003). One of the interesting findings of this study was that the RPH 509 

populations exhibited a strong spatial dependence at regional scales. The immigrant 510 

population and field population of RPH both presented a clear spatially clustered pattern, 511 

which revealed that county stations were correlated over distances up to approximately 512 

700 km. These results could help us to understand the level of similarity and dependence 513 

among counties of RPH population collected. Counties with larger RPH population 514 

tended to be neighboured by other counties with larger RPH population, while counties 515 

with smaller RPH population tended to be neighboured by other counties with smaller 516 

RPH population. The implication is that county stations in regions or times that were less 517 

distributed can still provide information about RPH that is representative of large 518 

geographical areas. Therefore, the surveyed data can be used to estimate RPH populations 519 

at unsampled areas.  520 

The shape of correlograms which was monotonically decreasing and nearly all 521 

spatial correlation values in the correlograms significant indicated that a linear gradient 522 

was present in the data (Legendre and Legendre, 2012). This observation in agreement 523 

with the conclusions of Cheng et al. (1979) that the light trap catches were significantly 524 

negatively correlated with the Euclidean distance between landing area and source area 525 

(r=-0.9535, p<0.01). The far with source areas, the small landing populations. This 526 

phenomenon meant that the immigration populations of RPH from a specific area might 527 

land in a main area but also land in a wider area and develop their populations. 528 

The possible broad-scale phenomena behind the evolution of spatial patterns over 529 

large distance lags of RPH populations generally include variations of autocorrelation in 530 

habitat, dispersal, or some combination of these two factors with the dynamic processes 531 

such as the evolution of meteorological factors (Legendre and Legendre, 2012). 532 

Moreover, another important driving force for the spatial patterns of RPH populations 533 



might be the terrain. High topographic variability areas tend to have climates with high 534 

spatial variability, and landscape characteristics might change rapidly over relatively 535 

short distances. As discussed above, hills, and large variations in altitude may create a 536 

microclimate characterized with low temperature, frequent rainfall, and orographic 537 

winds, all of which are conducive to RPH land and build their population in fields (Wu 538 

et al., 2018a). In rice cropping areas, the similar topographic are aggregated in space, 539 

therefore resulting in aggregation of RPH population.  540 

The spatial and temporal patterns of immigration populations and field populations 541 

suggest that the immigration populations are not the only determinant for local population 542 

development patterns, for example, the BPH populations in south Yunnan province 543 

during late April to late June and the WBPH populations in north Fujian province in June 544 

the large immigrant populations are not develop into large field populations. This is 545 

consistent with previous reports on other rice cropping regions, which suggest that the 546 

relationship between field populations abundance and initial population abundance varies 547 

with space and time (Cheng et al., 1991; Cook and Perfect, 1985). Evidence from multiple 548 

research reports suggests that the development of RPH populations could be mediated by 549 

rice ecosystem components, such as host plants, predators, the use of chemical pesticides 550 

and weather patterns at the same time. The biotic components in rice ecosystem regulate 551 

the development of RPH population directly through the spatial and temporal distribution 552 

of host plants which is related to host plant variety, growth stage, and nutrition of the host 553 

plant, those characteristics affect the survival and reproduction of RPH in local rice 554 

ecosystems, besides, natural enemies can suppress population development of RPH 555 

(Cheng, 2015). The abiotic components affect the development, fecundity, and mortality 556 

of RPH population. However, the role of factors in development of different RPH 557 

population are still unclear, it would be worthwhile to make further efforts to clarify the 558 



role of different factors in development of different RPH species at different times and in 559 

different rice cropping areas. 560 

The clustering of RPH population has important implications for pest management. 561 

First, due to the aggregated patterns of RPH at regional scales, the pest monitoring should 562 

be arranged in a way to reflect the variation in rice cropping systems and weather 563 

conditions, and to deploy fewer stations in regions with uniform patterns. Second, the 564 

aggregated patterns at regional scales and relatively stable larger population of RPH area 565 

will allow to concentrate resources (e.g., labour, equipment, and chemicals) within a 566 

relatively small area in a specific period and, therefore make better use of resources in 567 

the pest management. Besides, the different spatial and temporal patterns between BPH 568 

and WBPH allow us to make different prevention strategies. The larger population of 569 

RPH often located at the junction of several countries, provinces, and counties, therefore, 570 

the governments should promote a professional pest control system for large-scale region 571 

pest prevention and promote regional and international collaboration.  572 

5. Conclusions 573 

The current study attempted to understand the spatial and temporal patterns of RPH 574 

population at regional scales by evaluating historical data. This investigation provides the 575 

aggregation area with high RPH population in South and Southwest of China and its 576 

temporal evolution patterns. This research could help illustrating the evidence of different 577 

spatial patterns of different RPH population within a large-scale region over time. These 578 

patterns meant that the spatial-temporal distribution of different RPH species could be 579 

well-tracked. Finally, the potential driving forces which behind the spatial and temporal 580 

patterns were discussed. These findings lead to conclude that the known ecological 581 

processes of RPH spread in the literature occurred under the form of explicit spatial and 582 



temporal patterns.  583 

Future analyses encompassing more data, including those of data collected from 584 

Indochina Peninsula, the Yangtze River Delta, and/or other rice cropping regions, may 585 

exhibit different patterns or provide the clues to complete the invasion pathway of RPH. 586 

Patterns described here may not reflect the patterns of RPH in China or Asia, as the data 587 

limited to South and Southwest of China having some detectable impacts. Further 588 

analyses are also needed to reveal the roles of factors related to different RPH species at 589 

different time periods in different rice cropping regions. Investigations of how rice eco-590 

system affect RPH migration and establishment might pave the way for a deeper 591 

understanding of spread of RPH and stimulate research on shortly forecasting of RPH. 592 

Nonetheless, the findings in this study can assist in making strategies for proactive control 593 

efforts or optimizing the existing biological controls to reduce RPH damage beforehand. 594 
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