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Wet climate and transportation routes accelerate spread of human
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1. Locations and times of human plague occurrencesin China during the third
pandemic

Plaguedata were collected from multiple sourcesof historical recordsof plague
incidence, investigaton and identification of plague patients and graves and
surveillanceS". Thepolitical centresof the counties(Fig. 1A, Supporting Information,
Fig. S1)wereplottedusingthe Krasovskyl940Albersprojectionin ArcGIS 9.2 (ESRI)
(Fig. 1A andSupportinginformation,Fig. S1).

Figure S1 Locationsandtimesof humanplagueoccurrence Chinaduringthethird pandemic.
Map of humanplagueoccurrences Chinaduringthethird pandemicColors of the pointsindicate
the first year of recordedhumanplagte in different counties.Namesand locationsof infected

provincesarealsoshown Note:only regionswith confirmedplaguecasesareshown.
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2. Methods of estimating spreadvelocity of human plague

Trend SurfaceAnalysis (TSA)

Trend surfaceanalysisof spatiectemporaldynamicsof humanplaguespreadcan be
divided into two stepS? Firstly, we fit a polynomialmodelto build a trend surface.
Here, the coordinats of the centresof the plagueinfected counties(latitude: x and
longitude:y) were usedto fit the time of plaguefirstly appearingin a county,in a

polynomialmodelof ordern basedn leastsquaresegression.

The polynomial order, n, was chosenby increasingn one stepat a time (from 1 to
maximally 6) until failing to improve modelfit significantly. A polynomialmodelof

order6 wasselectedasit performedsignificantly betterthan modelsof order1 to 5

(TableS1).Maximum 6 degree of polynomial regression was set as the highest degree

by the software weised in this studyjspatiab package in RThetrendsurfaceof the
polynomialmodelof order6 is shownin FigureS2.R-square of the polynomial model

is 0.70.

Table S1.ANOVA resultsof polynomialmodelswith degreefrom 1 to 6

N Resdf ResSumSq df SumSqg 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  <0.0QL** 0.70

Secondly,partial differential equations( @y e aa n dpy e averd dgrivedfrom
thefitted model,which allowedcalculatingthe spreadvelocity alongthelongitude(vy)

andlatitude(v) directions

P S

pear ¥ pear

The vector sum of the two directions velocities was the calculatedplague spread
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The package fspatiadb (version 7.33) under R statistical program

X

(http://www.rproject.org/)environmentwas usedto fit the TSA models(R version
2.13.1%3
Figure S2.3-D plot of trendsurfaceof plaguespreadn China.X-axis:Longitude,Y-axis:Latitude,

Z-axis:theyearof plaguefirstly appearingreversedy multiplying with -1 for easieiew).
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We also conductedirend Surface Analysiwith the degree ofthe polynomial
regressiorabove §(Fig. S3). These results indicate that degree higher than 6 does not
improvemodel performance very muchklodel performance was only little improved
when the polynomial degree was higher than 6 (Fig. S3). Thiyg)gooial degree of

6 was selected in this study.

Figure S3 Trend Surface Analysiwith increaseof degreein polynomial model above @oth
AIC and Rsquaredareonly moderatelymproved withincrease othe polynomial degreabove 6

(dastedline in thefigure).

Q
S |
(=]
T9]
o 8 |
< Z
Q
S -
<+
| | [ [
5 10 15 20
Polynomial degree
~
o
3
— =]
g oS-
o
P w |
¥ o
< |
o

- T T T
5 10 15 20

Polynomial degree



89

90

91

92

93

94

95

96

97

98

99

100

101

102
103

Nearest Neighbour Approach(NNA)

NNA works byfollowing theprincipleofiear | i er i n ti meWethen

assumed thatlaguein a given county (sink countyyas transmittedrom the nearest
county (source countyith first plagueinvaded time (year) earlighan that of the
sink county That is, br a given sink county, walentified the source countgs the
county that waglosest to the sink county in spaa@ong the counties havirggrlier

first plagueinvaded time (year) thahe sink county.

FigureS4 lllustration of NNA in estimating the spread velocity of plague Considerthree
countieg(C1, C2, C3havning first plagueinvaded yeaof t1, t2 andt3 respetively. C1 and C2 are
potential source counties to the sink countyb@8ause they have earlier plagneaded time than
C3. Inpanel A for sink county C3, the source countyidentified asC2, not C1 because C2 is
closest to C3. Ipanel B for the sink county C3, the source countydentified asC1, not C2

because Cis closest to C3.

tl 12

Cl >@

t3

c |
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The R codeto draw the transmission routes and to estimate the spread speexd

attached below:

d < function(x1,y1,x2,y2X
vV < (I(x1:x2)"2 + I(yly2)"2)"0.5
v}

for (i in 1:.dim(data)[1])}{
data.i < datali,]
year.i < data.i$year
if (data.i$year=min(data$yeay {data$Speed.n[i] <NA} ## Set the speed in the beginging of
pandemics
if (data.ifyears-min(data$yea)) {
data.p < data[data$year<year.i,]
data.p$dis <d(data.p$X,data.p$Y,rep(daidX,dim(data.p)[1]),rep(data.i$Y,dim(data.p)[1]))
data.t < data.p[order(data.p$dis),][1,]
data$X.s[i] <data.t$X data$Y.s[i] <data.t$Y##output the coordinate of source county
data$year.s[i] <data.tyear
data$Speed.n[i] <data.t$dis/I(data.ibyeadata.t$year)## calculated the spread speed
data$dis|i] < data.t$dis## output spread speed
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Sensitivity analysis of NNA to missing data

Figure. S5. To test the sensitivity of NNA tthe missing data, we present ttransmission routes
estimatedoy excludng 10% to 50% of the original plagumvaded counties randomly (Fi§5).
We foundthat theNNA appears to baighly robustto missing datan our study systemyhich
may be related to the finding thedich site hasnly very few connecting sites (Fi§8). The basic

transmission patterrestimatedio notshowmuch changén spite of missing data
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We used the Tukey multiple comparisdosidentify significant differences aheans of sped

velocity with artificial missing data from 280% with that of the original data with no missing

data. These results indicatehat mean of spread velocity (lgansformed) of the original data

with no missing data shows no significant difference wilt bf data with missing data ®0% P

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

it showssignificant difference with data with 50% missing d@a 0.01 n =266).

Pearson correlation was conducttd test significant relationshipetweenthe original plague

spread velocitylog-transformed)and that with 10%0 50% plague infected countiesmoved.

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

10% ( = 0.96,P < 0.01,d.f. = 483), 20%1(= 0.93,P < 0.01,d.f. = 425), 30%1(= 0.89,P < 0.01,

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

Fig.S6). These results also indicate that NNA is highly sitia missing data.

Figure.S& Scatterplot othe original plague spread veloc{tpg-transformedjnd that with 10%

to 50% plague infected countiemmoved Black lines indicated the line y = x.

Velocity calculated after removed 10% counties

Velocity calculated after removed 40% counties

cor = 0.96, p < 0.01, df = 483
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3. Spatial autocorrelations of spreadvelocity of human plague estimatedby NNA and TSA

Figure S7. Estimatedspreadvelocity of humanplaguefrom TrendSurfaceAnalysis(TSA) (A) andNearestNeighbourApproach(NNA) (B). Eachsquareshowsthe

locationof a countywith recordechumanplague.Colors of thesquars indicatethe estimatedspreadvelocity. Pleasenotethatthe velocity datawerelog-transformed.

The TSA estimates of velocity are much more spatially autocorrelated than NNA estimates. Note: only regions with coafjumegts are showrhe spread

velocity
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4. Estimation of the spreadvelocity of human plague

Herewe presenthe quantiles medianandmeansof estimatedlaguespreadvelocity

by usingboth TSA andNNA. We usea oneway ANOVA on log-transformedrelocity
valuesfor TSAandNNA separatelyto analysehedifferencein the estimatedselocity
betweenNorth and South China. We found that plaguespreadsignificantly fasterin
North China(n = 257)than in South Chinén = 283) according tdoth TSA F1,533=
206.9, p < 0.01) and NNA §1,538=23.18,p< 001).

Table S2. The spreadvelocity of humanplaguein whole China, North Chinaand SouthChina
estimatedby NNA andTSA. Also seeFig. S8. Note that the velocity values were highly skewed

before logtransformationso that the mean at this scale is heavily influenced by a few extreme

values.
Plaguespreadvelocity Plaguespreadvelocity
Methods Region
(In (km/year)) (km/yea)
TSA 1stQu. Median Mean 3rdQu. 1stQu. Median Mean 3rdQu.

WholeChina 2.85 3.69 3.96 4.87 17.34 40.10 47240 129.80
SouthChina 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 4585 11250 899.10 226.00

NNA WholeChina 1.32 2.47 2.42 3.64 3.72 11.76 28.41 38.12
SouthChina 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

12



169 Figure S8. Comparisons of thestimaté spread velocities between using NNA and
170 using TSA. he bold horizontal ling indicatethe median. The bottom and top of the
171  box indicate the 1st quantileand 3rdquantile The daskd lines indicate the 95%
172  confidence interal. Pointsoutsideof theseintervals aredefined as outliergp{otted as

173 smallcircles).
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176  Accounting for difference in county areabetween North and South China

177 We catulatedthe average distandeetween the center of adjacent counte®ach
178 plague infectedounties. We add this average distaimcéhe ANOVA test to remove
179 the potentibeffectof county aredaveragearea of countys largerin the north than in
180 the south(Fig. S1).

181 The equatiorior theANOVA testwas

182  Velocity of plague spread = binary variabl&icating South China + average

183 distance between neighbouring counties

184 Results still showedsignificantly fasterplaguespreadin North China thanin South
185 Ching according tdoth TSA (F1517= 223.7, p<0.01) andNNA (F1517= 29.89,p <
186 0.01).
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187  Figure S9. Frequencyhistogramof the estimatedspreadvelocitiesby usingNNA and
188 TSA.

189  A: Histogramof the estimatedspreadvelocities(log-transformedsamebelow) from whole China
190 madeby usingthe TSA method Vertical brokenlines showthe meanvalue(samebelow).B: From
191  North Chinaby using TSA. C: From SouthChinaby using TSA. D: Fromwhole Chinaby using

192  NNA. E: FromNorth Chinaby usingNNA. F: From SouthChinaby usingNNA.

193
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Figure S10 Frequency of transmission nodes (number of sink counties) per smucty. This

figure shows thathe majority of source countiggas onlyone or two sink counties.
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Figure S11. Time serieof theestimatedspreadrelocity of humanplaguein thewhole Chinamodel

by usingTSA (top figure) andNNA (bottomfigure) methodsWe usedboxplotsto showthe

distributionof the estimatedspreadvelocity within eachyear.
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5. Effects of Dryness/wetness&nd transportation systemincluding the ancient

Silk Road and the TeaRoad (ChamaGudag on spread of plague in China

5.1 Dryness/wetnessndex

In the enormousamounts ofChinese historical recosdthere are abundant climatic
descriptions,which are of great value for studying climate fluctuattnghe
dryneséwetness index wasonstructedfrom these materialsincluding more than
2200 local annals and many other histakriwritings from the last 500 years®
Statistical properties of thisiryness/wetness indgfor example consistency and
persistency, haveeen carefully examined and establistiedn evaluation of the
station networks and statistical technique$ dryness/wetness was mate
Dryness/wetnessvariations in north Chinaand the middle Yangtze River are

confirmed by series of data local precipitation and rundff.

17



219 5.2Comparison of the effects ofdrynesswetnesscalculated for sourceand sink

220 locationson spread velocity

221 We usedhe following model tdook at climatic effects (as measureddsynessvetnesy

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

223 Vi =a+ b Yea +c( Roajop +d Ri\@r ©(Coast ) *k D in) e

224  Thedefinitions of smooth functions follothe METHODS sectionin the maintext Based on

225 the results from the three models cangiSouth, North and Whole Chinag foundthat

226  dryness/wetness at the source locations shawegignificanteffecton spread velocity

227  Table S3.Comparisons ofdryness/wetnesgD/W) effect betweensink and source locations

; - Effect of D/W atsink Effect of D/W at
Region Statistics . .
locations sourcelocations
South China
k(D/ )
P-value of (D/W. 1,1) effects P <0.01 P> 0.05
F Fi.067.73= 13.02 Fie511.6= 2.52
GCV 17.21 26.82
North China
k(D/ )
P-value of (D/W.15) effects P<0.00 P>0.05
F F167.36= 22.165 Fi49887= 0.4
GCV 29.54 37.12
Whole China
k(D/ )
P-value of (D7W. 1'1) effects P<0.01 P>0.06
F F183024= 32.0 F10911.7= 0.03
GCV 26.36 35.59
228
229
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5.3 Comparisonsof the effects of road and climate on spread velocity of plague
using eitherthe 1910 road mapor the 1946 road mapof China.

Becausédhe transportation systehaschangediuring the study perigdve expbred to which
degree results change if we use a different road map than that used in the main analysis (i.e.,
for year 1910) Thus, we digitalized another available road f@pl946 andestedif roads
still show significant effects on spread velocitypddgue in Chinal57 counties out of the
540 original counties (29.1%¥howed changes of road locaticinem 1910 to 1946 Our
modeling analysisndicates thatroads, based on thd946 map, show significant effect on
plague spreadEstimated increase in (welocity [km/year] + standard error 0.3L + 0.09,
tgas3= 442, P < 0.01,n = 386) but the modeperformancgGCV = 15.79) isslightly worse
than theoriginal modelin the main textGCV = 153).

Using the 1946 road dafawe found that the effects ofimate on spread velocity are similar
to those using the 1910 road data in the main tégt £12).

Figure. S12. Effects of dryness/wetnessn spread velocity of plague using 1910 road data
South China (Pané\. Fig 31.95= 6.64 p<0.01), North China (PaneB. Fig; 67.35= 3.68,p <
0.05 and Whole China (Pan€l. Fy g, 56= 17.41, p<0.01); and usingl946road data irSouth
China (PaneD. Figg3339= 10.82 p< 0.01), North China (Pan€k. F;77 ¢7.03= 3.38 p<0.05

and Whole China @helF. Fy g353=17.14 p< 0.01).
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249  Figure S13. A. The roaddata extracted from thmap published in 1948 Red lines indicate the
250 major road that weredigitalizedin this studyB. Plague infected counties with road (Red) and
251  withoutroad (Blue) pasing throughin the 1910road mapC: Plague infected counties with road

252  (Red) andvithoutroad (Blue) passing through the 1946road map

A Chinese Transportation system in 1946

Road in 19465
e oad appearance in /z\"/?\\"x
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5.3 Map of ancient Tea Road (ChamaGudag and Silk Road
TheancientTeaRoad(ChamaGudaoin Chinesepluearrowsin Fig. S14) is oneof the
oldestcaravarroutesystemsn Asia. In history,the TeaRoadwasa traderoutefrom
Yunnan,oneof theteaproducingregions,to otherprovincesin Chinaincluding Tibet,
SichuanQinghaiandGansu.The TeaRoadwasalsolinkedto othercountriessuchas
India and Nepal The Tea Road had severalbranchesThe red point marks Heqing
countyin Yunnan thefirst countyin which plaguewasfoundduringthethird pandemic.
The greenpoint is locatedin Tongrencounty of Qinghai, wherethe earliestcaseof
plaguewasrecordedn North China.The TeaRoadmayhaveplayedakeyrolein the
long-distancespreadof plaguefrom Yunnanto North China(seeFig. 2 in the main
text).

The Silk Road(red arrowsin Fig. S14) refersto a networkof interlinking traderoutes
acrosghe Afro-EurasianiandmasshatconnectedoutherngasternandwesternAsia
with the Mediterranearand partsof northernand easternAfrica, aswell as Europe.
Theseroutesmay have played a key role in the long-distance spreadof plagueto
Xinjiang in westernChina(SeeFig. 2 in themaintext).

Figure S14. Map of theancientTeaRoad(ChamaGudaq bluearrows)andSilk Road(redarrows).
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