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1. Locations and times of human plague occurrences in China during the third  31 

pandemic 32 

Plague data were collected from multiple sources of historical records of plague 33 

incidence, investigation and identification of plague patients and graves and 34 

surveillances
S1

. The political centres of the counties (Fig. 1A, Supporting Information, 35 

Fig. S1) were plotted using the Krasovsky 1940 Albers projection in ArcGIS 9.2 (ESRI) 36 

(Fig. 1A and Supporting Information, Fig. S1). 37 

  38 

Figure S1. Locations and times of human plague occurrences in China during the third pandemic. 39 

Map of human plague occurrences in China during the third pandemic. Colors of the points indicate 40 

the first year of recorded human plague in different counties. Names and locations of infected 41 

provinces are also shown. Note: only regions with confirmed plague cases are shown. 42 

43 

 44 

45 
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2. Methods of estimating spread velocity of human plague 46 

Trend Surface Analysis (TSA) 47 

Trend surface analysis of spatio-temporal dynamics of human plague spread can be 48 

divided into two steps
S2

. Firstly, we fit  a polynomial model to build a trend surface. 49 

Here, the coordinates of the centres of the plague infected counties (latitude: x and 50 

longitude: y) were used to fit  the time of plague firstly appearing in a county, in a 51 

polynomial model of order n based on least-squares regression. 52 
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The polynomial order, n, was chosen by increasing n one step at a time (from 1 to 54 

maximally 6) until failing to improve model fit  significantly. A polynomial model of 55 

order 6 was selected, as it performed significantly better than models of order 1 to 5 56 

(Table S1). Maximum 6 degree of polynomial regression was set as the highest degree 57 

by the software we used in this study, ñspatialò package in R. The trend surface of the 58 

polynomial model of order 6 is shown in Figure S2. R-square of the polynomial model 59 

is 0.70. 60 

 61 

Table S1. ANOVA results of polynomial models with degree from 1 to 6 62 

N Res df Res Sum Sq df Sum Sq F -value Pr(>F) R-Squared 

1 538 453695     0.19 
2 535 356114 3 97580 48.87 <0.001** 0.36 
3 531 334109 4 22005 8.74 <0.001** 0.39 
4 526 280738 5 53371 20.00 <0.001** 0.48 
5 520 219271 6 61467 24.30 <0.001** 0.59 
6 513 158139 7 61132 28.33 <0.001**  0.70 

 63 

Secondly, partial differential equations (ȹyear/ȹX andȹyear/ȹY) were derived from 64 

the fitted model, which allowed calculating the spread velocity along the longitude (vx) 65 

and latitude (vy) directions: 66 
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The vector sum of the two directionôs velocities was the calculated plague spread 68 
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velocity
S2

: 69 
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  70 

The package ñspatialò (version 7.3-3) under R statistical program 71 

(http://www.r-project.org/) environment was used to fit  the TSA models (R version 72 

2.13.1)
S3

. 73 

Figure S2. 3-D plot of trend surface of plague spread in China. X-axis: Longitude, Y-axis: Latitude, 74 

Z-axis: the year of plague firstly appearing (reversed by multiplying with -1 for easier view). 75 

 76 

 77 

78 
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We also conducted Trend Surface Analysis with the degree of the polynomial 79 

regression above 6 (Fig. S3). These results indicate that degree higher than 6 does not 80 

improve model performance very much. Model performance was only little improved 81 

when the polynomial degree was higher than 6 (Fig. S3). Thus, polynomial degree of 82 

6 was selected in this study. 83 

 84 

Figure S3. Trend Surface Analysis with increase of degree in polynomial model above 6. Both 85 

AIC and R-squared are only moderately improved with increase of the polynomial degree above 6 86 

(dashed line in the figure). 87 

 88 
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Nearest Neighbour Approach (NNA) 89 

NNA works by following the principle of ñearlier in time, then closest in spaceò. We 90 

assumed that plague in a given county (sink county) was transmitted from the nearest 91 

county (source county) with first plague-invaded time (year) earlier than that of the 92 

sink county. That is, for a given sink county, we identified the source county as the 93 

county that was closest to the sink county in space among the counties having earlier 94 

first plague-invaded time (year) than the sink county.  95 

Figure.S4. Illustration of NNA in estimating the spread velocity of plague. Consider three 96 

counties (C1, C2, C3) having first plague-invaded year of t1, t2 and t3 respectively. C1 and C2 are 97 

potential source counties to the sink county C3 because they have earlier plague-invaded time than 98 

C3. In panel A, for sink county C3, the source county is identified as C2, not C1, because C2 is 99 

closest to C3. In panel B, for the sink county C3, the source county is identified as C1, not C2 100 

because C1 is closest to C3. 101 

 102 

103 
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The R code to draw the transmission routes and to estimate the spread speed is 104 

attached below: 105 

d <- function(x1,y1,x2,y2){ 106 

  v <- (I(x1-x2)^2 + I(y1-y2)^2)^0.5 107 

  v} 108 

 109 

for (i in 1:dim(data)[1]){ 110 

  data.i <- data[i,] 111 

  year.i <- data.i$year 112 

  if (data.i$year==min(data$year) {data$Speed.n[i] <- NA} ## Set the speed in the beginging of 113 

pandemics 114 

  if (data.i$year> min(data$year)) { 115 

    data.p <- data[data$year<year.i,] 116 

    data.p$dis <- d(data.p$X,data.p$Y,rep(data.i$X,dim(data.p)[1]),rep(data.i$Y,dim(data.p)[1])) 117 

      data.t <- data.p[order(data.p$dis),][1,] 118 

      data$X.s[i] <- data.t$X; data$Y.s[i] <- data.t$Y ## output the coordinate of source county 119 

      data$year.s[i] <- data.t$year  120 

      data$Speed.n[i] <- data.t$dis/I(data.i$year-data.t$year) ## calculated the spread speed 121 

      data$dis[i] <- data.t$dis ## output spread speed 122 

  } 123 

}  124 
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Sensitivity analysis of NNA to missing data. 125 

Figure. S5. To test the sensitivity of NNA to the missing data, we present the transmission routes 126 

estimated by excluding 10% to 50% of the original plague-invaded counties randomly (Fig. S5). 127 

We found that the NNA appears to be highly robust to missing data in our study system, which 128 

may be related to the finding that each site has only very few connecting sites (Fig. S8). The basic 129 

transmission patterns estimated do not show much change in spite of missing data. 130 
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We used the Tukey multiple comparisons to identify significant differences of means of spread 132 

velocity with artificial missing data from 10-50% with that of the original data with no missing 133 

data. These results indicate that mean of spread velocity (log-transformed) of the original data 134 

with no missing data shows no significant difference with that of data with missing data of 10% (P 135 

= 1, n = 485), 20% (P = 0.99, n = 427), 30% (P = 0.96, n = 377) and 40% (P = 0.68, n = 319), but 136 

it shows significant difference with data with 50% missing data (P < 0.01, n =266).  137 

Pearson correlation was conducted to test significant relationship between the original plague 138 

spread velocity (log-transformed) and that with 10% to 50% plague infected counties removed. 139 

Results indicated that original velocity is highly correlated with the velocity with missing data of 140 

10% (r = 0.96, P < 0.01, d.f. = 483), 20% (r = 0.93, P < 0.01, d.f. = 425), 30% (r = 0.89, P < 0.01, 141 

d.f. = 375), 40% (r = 0.85, P < 0.01, d.f. = 317) and 50% (r = 0.71, P < 0.01, d.f. = 264) (see 142 

Fig.S6). These results also indicate that NNA is highly robust to missing data. 143 

Figure.S6. Scatterplot of the original plague spread velocity (log-transformed) and that with 10% 144 

to 50% plague infected counties removed. Black lines indicated the line y = x. 145 

 146 
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3. Spatial autocorrelations of spread velocity of human plague estimated by NNA and TSA 147 

Figure S7. Estimated spread velocity of human plague from Trend-Surface Analysis (TSA) (A) and Nearest Neighbour Approach (NNA) (B). Each square shows the 148 

location of a county with recorded human plague. Colors of the squares indicate the estimated spread velocity. Please note that the velocity data were log-transformed. 149 

The TSA estimates of velocity are much more spatially autocorrelated than NNA estimates. Note: only regions with confirmed plague cases are shown. The spread 150 

velocity estimates from ñsourceò to ñsinkò counties in (B) are plotted at the geographic coordinates of the sink counties. 151 

152 

153 

154 

155 
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4. Estimation of the spread velocity of human plague 156 

Here we present the quantiles, median and means of estimated plague spread velocity 157 

by using both TSA and NNA. We use a one-way ANOVA on log-transformed velocity 158 

values for TSA and NNA separately, to analyse the difference in the estimated velocity 159 

between North and South China. We found that plague spread significantly faster in 160 

North China (n = 257) than in South China (n = 283), according to both TSA (F1,538 = 161 

206.9, p < 0.01) and NNA (F1,538 = 23.18, p < 0.01). 162 

Table S2. The spread velocity of human plague in whole China, North China and South China 163 

estimated by NNA and TSA. Also see Fig. S8. Note that the velocity values were highly skewed 164 

before log-transformation, so that the mean at this scale is heavily influenced by a few extreme 165 

values. 166 

Methods Region 

Plague spread velocity 

(ln (km/year)) 

Plague spread velocity 

(km/year) 

TSA  1st Qu. Median Mean 3rd Qu. 1st Qu. Median Mean 3rd Qu. 

 Whole China 2.85 3.69 3.96 4.87 17.34 40.10 472.40 129.80 

 South China 2.59 2.96 3.22 3.48 13.37 19.26 84.82 32.52 

 North China 3.83 4.72 4.77 5.42 45.85 112.50 899.10 226.00 

NNA Whole China 1.32 2.47 2.42 3.64 3.72 11.76 28.41 38.12 

 South China 1.02 2.24 2.13 3.28 2.77 9.42 21.19 26.69 

 North China 1.68 2.74 2.74 3.91 5.35 15.50 36.35 50.11 

 167 

168 
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Figure S8. Comparisons of the estimated spread velocities between using NNA and 169 

using TSA. The bold horizontal lines indicate the median. The bottom and top of the 170 

box indicate the 1st quantile and 3rd quantile. The dashed lines indicate the 95% 171 

confidence interval. Points outside of these intervals are defined as outliers (plotted as 172 

small circles). 173 

 174 

 175 

Accounting for difference in county area between North and South China 176 

We calculated the average distance between the center of adjacent counties to each 177 

plague infected counties. We add this average distance in the ANOVA test to remove 178 

the potential effect of county area (average area of county is larger in the north than in 179 

the south) (Fig. S1). 180 

The equation for the ANOVA test was: 181 

Velocity of plague spread = binary variable indicating South China + average 182 

distance between neighbouring counties 183 

Results still showed significantly faster plague spread in North China than in South 184 

China, according to both TSA (F1,517 = 223.7, p < 0.01) and NNA (F1,517 = 29.89, p < 185 

0.01). 186 
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Figure S9. Frequency histogram of the estimated spread velocities by using NNA and 187 

TSA. 188 

A: Histogram of the estimated spread velocities (log-transformed, same below) from whole China 189 

made by using the TSA method. Vertical broken lines show the mean value (same below). B: From 190 

North China by using TSA. C: From South China by using TSA. D: From whole China by using 191 

NNA. E: From North China by using NNA. F: From South China by using NNA. 192 

 193 

194 
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Figure S10 Frequency of transmission nodes (number of sink counties) per source county. This 195 

figure shows that the majority of source counties has only one or two sink counties.  196 

 197 

 198 
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Figure S11. Time series of the estimated spread velocity of human plague in the whole China model 199 

by using TSA (top figure) and NNA (bottom figure) methods. We used boxplots to show the 200 

distribution of the estimated spread velocity within each year. 201 

 202 

 203 

204 
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5. Effects of Dryness/wetness and transportation system including the ancient 205 

Silk Road and the Tea Road (Chama Gudao) on spread of plague in China 206 

 207 

5.1 Dryness/wetness index 208 

In the enormous amounts of Chinese historical records there are abundant climatic 209 

descriptions, which are of great value for studying climate fluctuations
S4

. The 210 

dryness/wetness index was constructed from these materials, including more than 211 

2200 local annals and many other historical writings from the last 500 years
S4

. 212 

Statistical properties of this dryness/wetness index, for example consistency and 213 

persistency, have been carefully examined and established
S5

. An evaluation of the 214 

station networks and statistical techniques of dryness/wetness was made
S6

. 215 

Dryness/wetness variations in north China and the middle Yangtze River are 216 

confirmed by series of data on local precipitation and runoff
 S7

. 217 

218 
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5.2 Comparison of the effects of dryness/wetness calculated for source and sink 219 

locations on spread velocity 220 

We used the following model to look at climatic effects (as measured by dryness/wetness), 221 

with the dryness/wetness index referring to either sink or source locations. 222 

, ,1,( e( )( ) ( ) ( )) /i j i j j j i ji jc CoastV a b Year Road d River k D W e-+ ++ + + +=  223 

The definitions of smooth functions follow the METHODS section in the main text. Based on 224 

the results from the three models covering South, North and Whole China, we found that 225 

dryness/wetness at the source locations showed no significant effect on spread velocity. 226 

Table S3. Comparisons of dryness/wetness (D/W) effect between sink and source locations 227 

Region Statistics 
Effect of D/W at sink 

locations 

Effect of D/W at 

source locations 

South China    

 
P-value of 1,( / )i jk D W-  effects 

P < 0.01 P > 0.05 

 F F1.06, 7.73 = 13.02 F1.65, 11.9= 2.52 

 GCV 17.21 26.82 

North China    

 
P-value of 1,( / )i jk D W-  effects 

P < 0.01 P > 0.05 

 F F1, 67.36 = 22.165 F1.49, 8.87 = 0.4 

 GCV 29.54 37.12 

Whole China    

 
P-value of 1,( / )i jk D W-  effects 

P < 0.01 P > 0.05 

 F F1.83, 9.24 = 32.0 F1.09, 11.7 = 0.03 

 GCV 26.36 35.59 

 228 

229 
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5.3 Comparisons of the effects of road and climate on spread velocity of plague, 230 

using either the 1910 road map or the 1946 road map of China. 231 

Because the transportation system has changed during the study period, we explored to which 232 

degree results change if we use a different road map than that used in the main analysis (i.e., 233 

for year 1910). Thus, we digitalized another available road map for 1946 and tested if roads 234 

still show significant effects on spread velocity of plague in China. 157 counties out of the 235 

540 original counties (29.1%) showed changes of road locations from 1910 to 1946. Our 236 

modeling analysis indicates that roads, based on the 1946 map, show significant effect on 237 

plague spread (Estimated increase in ln(velocity [km/year] ± standard error = 0.31 ± 0.09, 238 

t83.53 = 4.42, P < 0.01, n = 386), but the model performance (GCV = 15.79) is slightly worse 239 

than the original model in the main text (GCV = 15.3). 240 

Using the 1946 road data
S8

, we found that the effects of climate on spread velocity are similar 241 

to those using the 1910 road data in the main text (Fig. S12). 242 

Figure. S12. Effects of dryness/wetness on spread velocity of plague using 1910 road data in 243 

South China (Panel A. F1.6, 31.95 = 6.64, p < 0.01), North China (Panel B. F1.82, 67.36 = 3.68, p < 244 

0.05) and Whole China (Panel C. F1, 82.56 = 17.41, p < 0.01); and using 1946 road data in South 245 

China (Panel D. F1.86, 33.39 = 10.82, p < 0.01), North China (Panel E. F1.77, 67.93 = 3.38, p < 0.05) 246 

and Whole China (Panel F. F1, 83.53 = 17.14, p < 0.01). 247 

 248 
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Figure S13. A. The road data extracted from the map published in 1946
S8

. Red lines indicate the 249 

major roads that were digitalized in this study. B. Plague infected counties with road (Red) and 250 

without road (Blue) passing through in the 1910 road map. C: Plague infected counties with road 251 

(Red) and without road (Blue) passing through in the 1946 road map. 252 

 253 

 254 
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5.3 Map of ancient Tea Road (Chama Gudao) and Silk Road 255 

The ancient Tea Road (Chama Gudao in Chinese, blue arrows in Fig. S14) is one of the 256 

oldest caravan route systems in Asia. In history, the Tea Road was a trade route from 257 

Yunnan, one of the tea-producing regions, to other provinces in China including Tibet, 258 

Sichuan, Qinghai and Gansu. The Tea Road was also linked to other countries, such as 259 

India and Nepal. The Tea Road had several branches. The red point marks Heqing 260 

county in Yunnan, the first county in which plague was found during the third pandemic. 261 

The green point is located in Tongren county of Qinghai, where the earliest case of 262 

plague was recorded in North China. The Tea Road may have played a key role in the 263 

long-distance spread of plague from Yunnan to North China (see Fig. 2 in the main 264 

text). 265 

The Silk Road (red arrows in Fig. S14) refers to a network of interlinking trade routes 266 

across the Afro-Eurasian landmass that connected southern, eastern, and western Asia 267 

with the Mediterranean and parts of northern and eastern Africa, as well as Europe. 268 

These routes may have played a key role in the long-distance spread of plague to 269 

Xinjiang in western China (See Fig. 2 in the main text). 270 

Figure S14. Map of the ancient Tea Road (Chama Gudao, blue arrows) and Silk Road (red arrows).  271 

 272 


