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Text 28 

1. Average human plague intensity and human population data in China 29 

The first appearance of plague differed among regions [1] and plague outbreaks were often 30 

discontinuous, with years of stasis in recorded cases [2]. Thus, we calculated the average 31 

plague intensity as the average number of annual human cases when plague occurred 32 

(equation 1 in main text).  33 

We used the average human population during the presence years for grids with cases and 34 

average human population during 1772 to 1964 for grids without plague cases. This is 35 

because the plague appearance were different in time among different grids. We adjusted 36 

the human population for grids with plague in case there was a huge change in the grid 37 

population from 1772 to 1964. Additionally, we get a better BIC (Bayesian information 38 

criterion, accounting by logE in zero-inflated GAM [3]) when we used the different human 39 

population for grids with and without cases. 40 

2. Species distribution data in China 41 

The database complied by Xie et al. [4] is an aggregation of species distributions from 42 

different regions and historical periods (beginning in 1758, see figure S2). We used the 43 

whole dataset of the species distribution to calculate species richness, in order to ensure 44 

the spatial integrity. 45 

A correlation test was done to examine the data stability in different periods (Table S1) and 46 

from different sources. We calculated the correlation coefficients between diversity based 47 

on the subsets of the dataset and the whole dataset [4]. We split the dataset by number of 48 

records and also truncated a subset by using the peak period of plague (1890 – 1950) in 49 

China [5]. We also tested the correlation between the species richness based on an animal 50 

distribution survey in 1996 [6] and the aggregated dataset [4]. Table S1 showed that the 51 

correlation coefficients were relatively stable, which reflected that the species distribution 52 

pattern from different periods and sources was relatively stable. 53 
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3. Plague hosts in China 54 

There are 88 species of known plague hosts in China based on field surveys of naturally 55 

infected animals and etiological studies [7-9]. The plague hosts are identified based on field 56 

surveys of naturally infected animals after 1945, with the criteria of plague infection 57 

existing in the host populations [9]. After the field surveys, both animal serological 58 

examinations (seroprevalence) and bacteriological examinations (detection of Yersinia 59 

pestis) were conducted to confirm plague hosts. There are plenty of literatures related to 60 

this issue in China, such as Wu et al. [10], Li et al. [11], Ping [12] and Liu [13]. By 61 

combining field surveys and etiological studies, these 88 species are thought to be involved 62 

in plague ecosystems and transmission in China, in other words, they have the ability to 63 

transmit plague to human [9]. The detailed information of known rodent plague hosts in 64 

China was listed in Table S2. 65 

4. Model results 66 

In model with the species richness of all terrestrial vertebrates (model i), the annual 67 

precipitation was deleted in backward model selection. We found the species richness of 68 

terrestrial vertebrates presented a non-significant association with both plague presence 69 

and intensity (p > 0.05). The human population size in grids exhibited a positive 70 

relationship with both plague presence (χ2
1.94, 5.48 = 32.28; p < 0.01) and intensity (F1.00, 4.00 71 

= 34.37; p < 0.01). There was a positive relationship between plague presence and the local 72 

transportation connectivity (χ2
1.55, 5.48 = 10.53; p < 0.05), but a non-significant result 73 

between transportation and plague intensity (p > 0.05).  74 

In model with the species richness of all mammals (model ii), we found the species richness 75 

of mammals had a positive association with plague presence (χ2
1.00, 7.13 = 7.27; p < 0.01) 76 

but a non-significant relationship with intensity (p > 0.05). Annual precipitation reflected 77 

a positive relationship with plague presence (χ2
1.89, 7.13 = 8.97; p < 0.05) but a non-78 

significant relationship with plague intensity (p > 0.05). The human population size in grids 79 

exhibited a positive relationship with both plague presence (χ2
1.92, 7.13 = 33.55; p < 0.01) 80 

and plague intensity (F1.00, 5.00 = 21.39; p < 0.01). There was a positive relationship between 81 
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plague presence and the local transportation connectivity (χ2
1.32, 7.13 = 9.35; p < 0.05), but a 82 

non-significant result between transportation and plague intensity (p > 0.05).  83 

In the model with the species richness of rodents (model iii), the species richness of rodents 84 

had a positive association with plague presence (χ2
1.81, 7.56 = 21.84; p < 0.01) and a non-85 

significant association with plague intensity (p > 0.05). Annual precipitation reflected a 86 

non-significant relationship with plague presence and plague intensity (p > 0.05). The 87 

human population size in grids exhibited a positive relationship with plague presence (χ2
1.91, 88 

7.56 = 32.16; p < 0.01) and plague intensity (F1.21, 5.22 = 16.38; p < 0.01). There was a positive 89 

relationship between plague presence and the local transportation connectivity (χ2
1.00, 7.56 = 90 

5.70; p < 0.05), but a non-significant result between transportation and plague intensity (p > 91 

0.05). 92 

In the model with the species richness of known plague hosts (model iv), the species 93 

richness of known plague hosts had a positive association with plague presence (χ2
1.49, 7.27 94 

= 27.55; p < 0.01) but a non-significant association with plague intensity (p > 0.05). Annual 95 

precipitation reflected a positive relationship with plague presence (χ2
1.86, 7.27 = 7.37; p < 96 

0.05) but a non-significant relationship with plague intensity (p > 0.05). The human 97 

population size in grids exhibited a positive relationship with plague presence (χ2
1.93, 7.27 = 98 

30.98; p < 0.01) and plague intensity (F1.00, 6.14 = 18.50; p < 0.01). There was a positive 99 

relationship between plague presence and the local transportation connectivity (χ2
1.00, 7.27 = 100 

7.70; p < 0.01), but a non-significant result between transportation and plague intensity (p > 101 

0.05). 102 

In the model with the species richness of wild rodent plague hosts (model vi), the species 103 

richness of wild rodents was positively associated with plague presence (χ2
1.87, 7.60 = 43.07; 104 

p < 0.01; figure S6A), but not with plague intensity in humans (p > 0.05; figure S6E). In 105 

this model, the precipitation levels had a positive association with both plague presence 106 

(χ2
1.81, 7.60 = 10.33; p < 0.01; figure S6B) and intensity (F1.56, 5.56 = 4.45; p < 0.05; figure 107 

S6F), as did local human population size (for presence: χ2
1.91, 7.60 = 27.18; p < 0.01; figure 108 

S6C; for intensity: F1.00, 5.56 = 15.63; p < 0.01; figure S6G). The local transportation 109 

connectivity showed a positive relationship for plague presence (χ2
1.00, 7.60 = 5.78; p < 0.05; 110 
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figure S6D), and a non-significant positive association with plague intensity (p > 0.05; 111 

figure S6H). 112 

In the model with the species richness of commensal rodent plague hosts (model vii), the 113 

transportation connectivity was deleted by backward model selection. We found that the 114 

species richness of commensal rodent plague hosts was positively associated with both 115 

plague presence (χ2
1.88, 6.73 = 20.77; p < 0.01; figure S6I) and plague intensity (F1.00, 4.36 = 116 

5.30; p < 0.05; figure S6L). Annual precipitation reflected a positive relationship with 117 

plague presence (χ2
1.92, 6.73 = 11.09; p < 0.01; figure S6J) but a non-significant relationship 118 

with plague intensity (p > 0.05; figure S6M). The human population size exhibited a 119 

positive relationship with both plague presence (χ2
1.93, 6.73 = 37.70; p < 0.01; figure S6K) 120 

and intensity (F1.36, 4.36 = 21.55; p < 0.01; figure S6N).  121 

We also tested model with the interaction of rodent plague host species richness and 122 

transportation connectivity. The formula is as follows, 123 

𝑃𝑖 = B[α + 𝑓15(𝑅ℎ𝑖) × 𝑇𝑟𝑎𝑛𝑠𝑖 + 𝑓2(𝑃𝑟𝑒𝑐𝑖) + 𝑓3(𝑃𝑜𝑝𝑢𝑖)] × exp[β + 𝑓16(𝑅ℎ𝑖) ×124 

𝑇𝑟𝑎𝑛𝑠𝑖+𝑓6(𝑃𝑟𝑒𝑐𝑖) + 𝑓7(𝑃𝑜𝑝𝑢𝑖) + 𝜀𝑖]                                                                      (S1) 125 

The logE of model (S1) is -884.67, suggesting that keeping individual effect of species 126 

richness and transportation in model v (logE = -869.33) is better than adding the interaction 127 

term. 128 

5. Association strength and significance between diversity and human plague 129 

The best fitting model variant for predicting human plague presence and intensity was 130 

model (v), which considered the local species richness of rodent plague hosts. The mean 131 

and median of rodent plague host diversity in whole of China were 9.14 and 9, respectively. 132 

Using 9 as a threshold, we classified the grid cells in China into two categories, high-133 

diversity (species richness of rodent plague hosts greater than 9) and low-diversity groups 134 

(species richness of rodent plague hosts less than or equal to 9). Then we tested the 135 

association strength and significance between species richness and human plague in these 136 

two groups using risk ratio (RR) [14] and chi-square test [15].  137 
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RR is defined as the ratio of plague presence in high-diversity group to low-diversity group, 138 

which can be regarded as a measure of the association strength. The frequency of plague 139 

presence (plague have occurred) and absence (plague never occurred) in high/low diversity 140 

grids was shown in Table S3. Based on Table S3, the ratio of plague presence in high-141 

diversity group (Rh) was 32.31%, while the ratio in low-diversity group (Rl) was 12.86%. 142 

The overall ratio (R) was 21.36% for all grids. RR was calculated using ‘fmsb’ package in 143 

R. Finally, RR was 2.51 (95%CI: 1.98–3.20; p < 0.01), which illustrated that grids with 144 

high diversity of rodent plague hosts had 2.51 times the risk of plague presence compared 145 

to grids with low diversity. 146 

We also tested the significance of the association using chi-square test [15]. The null 147 

hypothesis (H0) was that plague presence is not associated with rodent diversity. If the null 148 

hypothesis is true, the expected counts in each category (Table S4) calculated by using the 149 

overall ratio R would be close to the observed values. Otherwise, the null hypothesis is not 150 

valid under large 𝜒2. 151 

𝜒2 and its associated p-value are computed using chisq.test function in R, based on the 152 

expected and the observed values in Table S3 and Table S4. 𝜒2 was 60.88 (d.f. = 1; p < 153 

0.01) in our study. Thus, the null hypothesis is rejected. The result indicated a significant 154 

association between high rodent diversity and plague presence. 155 

6. Spatial sensitivity analysis 156 

In a sensitivity analysis where we merged our grid cells to 2×2 degrees, we found the 157 

species richness of rodent plague hosts was still the best predictor of human plague risk (in 158 

both presence and intensity). In this coarser-scale model, the species richness of rodent 159 

plague hosts still had a positive association with both plague presence (χ2
1.00, 5.17 = 13.88; p 160 

< 0.01; figure S5A) and intensity (F1.00, 5.00 = 5.62; p < 0.05; figure S5E). Annual 161 

precipitation reflected a non-significant relationship with plague presence (p > 0.05; figure 162 

S5B) but a positive relationship with plague intensity (F1.00, 5.00 = 10.31; p < 0.01; figure 163 

S5F). The human population size exhibited a positive relationship with plague presence 164 

(χ2
1.00, 5.17 = 5.76; p < 0.05; figure S5C) but a non-significant relationship with intensity (p > 165 

0.05; figure S5G). The local transportation connectivity showed a non-significant 166 
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relationship for plague presence (p > 0.05; figure S5D) but a positive association with 167 

plague intensity (F1.00, 5.00 = 5.75; p < 0.05; figure S5H). 168 

7. Validation of species richness association with human plague 169 

To investigate whether the results were sensitive to any changes in species richness during 170 

the recent half century of economic growth and change in China, we calculated the species 171 

richness of terrestrial vertebrates, mammals, rodents, known plague hosts, rodent plague 172 

hosts, commensal rodent plague hosts and wild rodent plague hosts using only the species 173 

distribution records from before 1964. We further replaced the diversity in main text by 174 

diversity calculated by truncated records before 1964 (examples in figure S3B and figure 175 

S3C). We found that species richness of rodent plague hosts before 1964 had the largest 176 

logE compared with other diversity. We also found that the species richness of rodent 177 

plague hosts before 1964 had a positive association with both the human plague presence 178 

(χ2
1.84, 6.35 = 12.71; p < 0.01) and intensity (F1.00, 5.32 = 8.01; p < 0.01). These results 179 

strengthened the confidence of our findings. 180 

8. Transportation validation 181 

Railways in late 19th century were derived from Wang et al. [16]. We used roads in the 182 

historical map [17] as the representative main roads in 19th century, because the main road 183 

structure was relatively developed in Qing Dynasty and may be relatively stable since then 184 

[18]. We subsequently calculated the total length of railways and roads in one-degree grids 185 

covering China. 186 

In the model with transportation connectivity in 19th century, we found the species richness 187 

of rodent plague hosts had a positive association with plague presence (χ2
1.89, 7.82 = 39.05; 188 

p < 0.01) and intensity (F1.00, 5.76 = 6.04; p < 0.05). Annual precipitation reflected a positive 189 

relationship with plague presence (χ2
1.88, 7.82 = 8.41; p < 0.05) and a non-significant 190 

association with intensity (p > 0.05). The local human population size exhibited a positive 191 

relationship with plague presence (χ2
1.92, 7.82 = 30.02; p < 0.01) and intensity (F1.42, 5.76 = 192 

13.06; p < 0.01). The transportation connectivity showed a non-significant positive 193 

association with plague presence and intensity (presence: p < 0.1).  194 
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Figure S1. Zero-inflation test of log-transformed average plague intensity in China.  195 

   196 
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Figure S2. Histogram of the number of records in the species distribution data in 197 

China.  198 
 199 

  200 
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Figure S3. Spatial distribution of species richness in mainland China. (A) Species 201 

richness of terrestrial vertebrates. (B) Species richness of terrestrial vertebrates, using 202 

species distribution records before 1964. (C) Species richness of rodents, using species 203 

distribution records before 1964. 204 

   205 
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Figure S4. Semi-variogram of model residuals. The x-axis is the grid distance and the 206 

y-axis is the semi-variance. These plots indicate that there is some spatial correlation in the 207 

residuals between adjacent grid cells, with a semi-variogram score of 0.76-0.79 between 208 

plots A-C. (A) Model v. (B) Model vi. (C) Model vii.  209 

  210 
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Figure S5. Spatial sensitivity analysis of model (v) with species richness of rodent 211 

plague hosts by merging grids to 2-degree grids. (A-D) The binomial part quantifies the 212 

presence of plague. (E-H) The lognormal part evaluates the positive plague intensity. 213 

  214 
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Figure S6. Partial effects of additive parts on human plague presence and intensity of 215 

the model (vi) with species richness of wild rodent plague hosts, and model (vii) with 216 

species richness of commensal rodent plague hosts. (A-H) Results of model with species 217 

richness of wild rodent plague hosts, where (A-D) quantify the presence of plague and (E-218 

H) evaluate the positive plague intensity. (I-N) Results of model with species richness of 219 

commensal rodent plague hosts, where (I-K) quantify the presence of plague and (L-N) 220 

evaluate the positive plague intensity. 221 

   222 
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Figure S7. The proportion of species richness of wild/commensal rodent plague hosts 223 

to rodent plague hosts in mainland China. (A) Ratio of wild rodent hosts to all rodent 224 

plague hosts. (B) Ratio of commensal rodent hosts to all rodent plague hosts. The dotted 225 

line in figures refers to the Heihe – Tengchong Line [19] which is a demarcation based on 226 

the distribution of human population in China. (C) Locations of infected villages in China 227 

during the Third Pandemic and central part of China. 228 

 229 

   230 
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Figure S8. Transportation routes in late 19th century. 231 

 232 

233 
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Table S1. Correlation test between terrestrial vertebrate diversity in different periods 234 

and the terrestrial vertebrate diversity of the whole dataset. Species diversity in 1996 235 

was calculated based on an animal distribution survey.  236 

ID Time period Number of records Correlation coefficient 

1 1890 - 1950 544 0.31* 

2 before 1983 10574 0.48* 

3 1983 - 1992 10006 0.43* 

4 1993 - 1998 11201 0.46* 

5 1999 - 2004 9806 0.39* 

6 1996 10905 0.50* 

* Significant (p < 0.05).  237 
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Table S2. Lists of rodent plague hosts in China and classification of rodent plague 238 

hosts according to their habitat. Information of rodent habitats were derived from Yang 239 

and Yan [20] and Pan et al. [21]. 240 

No

. 

Name 

 

Habitats Classification 

1 Marmota baibacina Prairie Wild 

2 Marmota caudata Prairie Wild 

3 Marmota himalayana Prairie Wild 

4 Marmota sibirica Prairie Wild 

5 Sciurotamias forresti Forest Wild 

6 Spermophilus alashanicus Prairie, desert Wild 

7 Spermophilus dauricus Prairie, desert Wild 

8 Spermophilus pallidicauda Prairie, desert Wild 

9 Spermophilus undulatus Prairie, forest Wild 

10 Callosciurus erythraeus Forest Wild 

11 Dremomys pernyi Forest Wild 

12 Tamiops swinhoei Forest Wild 

13 Allactaga sibirica Prairie, desert Wild 

14 Cardiocranius paradoxus Prairie, desert Wild 

15 Dipus sagitta Desert, prairie Wild 

16 Stylodipus andrewsi Desert Wild 

17 Myospalax aspalax Prairie Wild 

18 Alticola argentatus Prairie Wild 

19 Alticola semicanus Prairie Wild 

20 Ellobius tancrei Prairie, desert Wild 

21 Eolagurus przewalskii Prairie, desert Wild 

22 Eothenomys miletus Forest, farmland Wild/Commensal 

23 Lasiopodomys brandtii Prairie Wild 

24 Lasiopodomys fuscus Prairie Wild 

25 Microtus gregalis Prairie Wild 

26 Microtus limnophilus Prairie Wild 

27 Allocricetulus eversmanni Prairie, desert Wild 

28 Cricetulus barabensis Prairie, desert, farmland Wild/ Commensal 

29 Cricetulus migratorius Prairie, desert, forest, 

farmland 

Wild/ Commensal 

30 Phodopus campbelli Desert, prairie Wild 

31 Phodopus roborovskii Desert, prairie Wild 

32 Tscherskia triton Farmland, prairie Wild/ Commensal 

33 Meriones meridianus Desert Wild 

34 Meriones unguiculatus Prairie, farmland, desert Wild/ Commensal 

35 Rhombomys opimus Desert Wild 
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36 Apodemus agrarius Farmland, forest Wild/ Commensal 

37 Apodemus chevrieri Farmland, forest Wild/ Commensal 

38 Apodemus draco Forest, farmland Wild/ Commensal 

39 Apodemus latronum Forest, farmland Wild/ Commensal 

40 Apodemus peninsulae Forest, farmland Wild/ Commensal 

41 Bandicota indica Farmland Commensal 

42 Micromys minutus Farmland Commensal 

43 Mus caroli Farmland Commensal 

44 Mus musculus Residence, farmland Commensal 

45 Niviventer andersoni Forest Wild 

46 Niviventer confucianus Forest, farmland Wild/ Commensal 

47 Niviventer fulvescens Forest, farmland Wild/ Commensal 

48 Rattus rattus Residence, farmland Commensal 

49 Rattus losea Farmland Commensal 

50 Rattus nitidus Residence, farmland Commensal 

51 Rattus norvegicus Residence, farmland Commensal 

52 Rattus tanezumi Residence, farmland Commensal 

53 Cavia porcellus Residence Commensal 

54 Myodes proditor Forest Wild 

  241 
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Table S3. The observational frequency of plague presence in high-diversity and low-242 

diversity grid cells. 243 

 Presence of plague 

(number of grids) 

Absence of plague 

(number of grids) 
Sum 

Ratio of plague 

presence 

High diversity 158 331 489 32.31% 

Low diversity 81 549 630 12.86% 

Sum 239 880 1119 21.36% 

 244 

Table S4. The expected frequency of plague presence in high-diversity and low-245 

diversity grid cells. 246 

 Presence of plague 

(number of grids) 

Absence of plague 

(number of grids) 

High diversity 104.45 384.55 

Low diversity 134.57 495.43 

 247 
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