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ABSTRACT 29 
 30 

International food trade is fundamental to global food security, but with often negative 31 

consequences in the producing country. We propose a method to quantify flows of iAs and 32 

embedded increased lifetime cancer risks (HER) at a global scale, where negative impacts are 33 

felt on the importing country. Computations were made for 153 countries. Vietnam exports the 34 

most iAs embedded in rice (796 kg/year), followed by India (788 kg/year), Thailand (485 kg/year), 35 

and the USA (323 kg/year). We show that continental China, Indonesia, and Malaysia have the 36 

highest imports of iAs (292, 174, and 123 kg/year, respectively). Bangladesh ranks highest in EHR, 37 

followed by Vietnam and Cambodia (150, 141 and 111 per 100,000, respectively). Countries that 38 

depend exclusively on imported rice are importing a substantial amount of risk, as, e.g., Kiribati, 39 

Solomon Islands (57, 53 per 100,000, respectively). We discuss the potential policy options for 40 

reducing population dietary health risks by well-balanced apportioning of rice sources. This 41 

study targets policy design solutions based on health gains, rather than on safe levels of the risk 42 

factor alone. 43 

KEYWORDS: rice, arsenic, embedded health risks, international trade 44 

Synopsis：This study has quantified the flows of iAs in rice and the related embedded health 45 

risks at global scale. 46 

INTRODUCTION 47 
 48 

Global food security is underpinned by international food trade, however, global trade flows 49 

have been shown to result in flows of embedded resources with often negative consequences 50 

for the environment 1,2, and resource depletion 3. The direct impacts of global trade on human 51 

nutrition are potentially positive 4, however, changing global diets is strongly linked to global 52 

challenges for environmental sustainability and human health 5. The redistribution of food 53 

through global trade is resulting in global displacement of the embedded environmental and 54 

social impacts of food supply chains 6,7with negative consequences primarily 8, but not 55 

exclusively 2, borne by exporting and spillover countries. Progress towards a number of the 56 

United Nations Sustainable Development Goals requires clear understanding and accounting for 57 

the full range of transboundary risks associated with interactions between systems connected 58 

through global trade 9. 59 
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Embedded health risks (EHR) due to the transport and consumption of hazardous substances 60 
away from the point of production may be substantial 10. They occur in the opposite direction to 61 
those usually examined in traditional trade-based embedded flow analysis, and have not been 62 
well characterized. The balance of risks for importing and exporting countries can easily be 63 
unfavorable for importing countries and may be unequally distributed to developing countries 64 
with high levels of specific food imports 9. 65 
 66 
Rice is staple for more than half of the world population, is widely traded on the global market, 67 

and can contain contaminants such as mercury 11 and arsenic 12 which represent risks depending 68 

on population exposure in the country of consumption. Therefore, intake of inorganic arsenic 69 

through rice can be a big problem that can cause potential health problems globally12. For 70 

example, Liu et al 9 observed that the international rice trade aggravated MeHg exposure in 71 

Africa, Central Asia, East Asia, and Europe, and mitigated exposure in North America, South 72 

America, South Asia, Southeast Asia and Oceania. The EHR from arsenic exposure in imported 73 

rice depends on cumulative exposures particular to the country of consumption, the 74 

concentration of arsenic and amount of rice consumed. Globally, EHR depends on international 75 

supply chains as well as local consumption patterns. 76 

This study estimates the flows of inorganic arsenic incorporated in the global rice trade, and the 77 
associated EHR for importing countries. The health endpoint considered here is the increased 78 
lifetime cancer prevalence. The motivation for this analysis comes from the observation that 79 
none of the frameworks for identifying and ranking food-related domestic risks facilitate tracing 80 
the movement of contaminants in foodstuffs through international trade, and current 81 
frameworks fall short of supporting risk management and communication of risks from 82 
contaminants in global food supply chains (see SM).  83 
 84 
We build an embedded arsenic mass and global trade health risk modeling that details flows 85 
between countries. The database on arsenic concentration in rice includes over 23,000 records. 86 
Diet and trade data were retrieved from the Food and Agriculture Organization (FAO). We then 87 
compute estimates of traded inorganic arsenic embedded in rice, population exposure due to 88 
imported and local rice, and the associated health risks for 153 countries. We discuss the 89 
potential implications of reducing population-level dietary health risks through policy 90 
approaches that favor reductions in health risks as a complement to the current use of safety 91 
levels. 92 
 93 
MATERIALS AND METHODS 94 

Model 95 

The method in this study follows a stepped reasoning: 1) in a given country, the rice diet is a 96 

composite of imported and locally-produced rice (if any); 2) imported rice comes from multiple 97 

trade partner countries, in varied volumes; 3) the concentration of inorganic arsenic in rice is 98 

variable according to the place of production; 4) the presence of arsenic in rice is a health hazard; 99 

5) the level of exposure to inorganic arsenic (iAs) varies with the amount of rice consumed in 100 

local diets, ; 6) the expected lifetime risk from iAs exposure can be estimated per country; 7) 101 

unlike the hazard, the risk is specific for a country due to the influence of exposure (diet) on risk.      102 

The flow of iAs, embedded in rice imported by a country, j, from a partner country, k (kg/year), 103 

is given by 104 

 105 

𝐼𝑀𝑃𝐴𝑠𝑗𝑘 = 𝐼𝑀𝑃𝑗𝑘𝑖𝐴𝑠𝑘10−6 (1) 
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With IMPjk being the imports of country j from country k (kg/year), and iAsk (mg/kg) being the 106 

concentration of the contaminant in the rice from country k. Note that the rice exported from 107 

country k may already be a mixture of rice from multiple origins. 108 

The flow of iAs embedded in rice imported by country j from all partner countries (kg/year) is 109 

the sum of all contributions, 110 

 111 

𝐼𝑀𝑃𝐴𝑠𝑗 = ∑ 𝐸𝑇𝑗𝑘

𝑛

𝑘=1

 
(2) 

 112 

The excess lifetime health risk embedded in local rice is 113 

 114 

𝐸𝐻𝑅𝑗𝑗 = 𝐼𝑅𝑗𝑖𝐴𝑠𝑗  𝐶𝑆𝐹 /𝐵𝑊 (3) 
 

With IRj being the ingestion rate (kg/cap/day) for the population in country j; iAsj (mg/kg) is the 115 

concentration of the contaminant in the rice from country j; CSF is the cancer slope factor for 116 

iAs, and BW is body weight (kg), considered equal to 70 kg.  117 

 118 
The excess lifetime health risk embedded in the rice imported by country j from a trading partner 119 

country k is  120 

𝐸𝐻𝑅𝑗𝑘 = 𝐼𝑅𝑗𝑖𝐴𝑠𝑘  𝐶𝑆𝐹 /𝐵𝑊 (4) 

 121 

The excess lifetime health risk embedded in the rice imported by country j from all its trade 122 

partners is, then 123 

𝐸𝐻𝑅𝑗
∗ = ∑ 

𝑗𝑘
𝐸𝐻𝑅𝑗𝑘

𝑛

𝑘=1
 

(5) 

 124 

With jk being the fraction of the total rice imported by country j from partner country k. 125 

Finally, the total excess lifetime health risk due to both locally produced and imported rice is 126 

𝑇𝐸𝐻𝑅𝑗 = 𝛼 𝐸𝐻𝑅𝑗 + 𝛽 𝐸𝐻𝑅𝑗
∗ (6) 

 127 

With  being the fraction of rice consumed in country j which is produced locally, and   being 128 

the fraction of rice that is imported (∑jk). 129 

 130 

Data 131 

Data on iAs in raw white rice were compiled from i) international journals (list provided in 132 

Supplementary Material); ii) data published by the United States Food and Drug Administration 133 
13; iii) GEMS/Food contaminants database maintained by the Word Health Organization 14. 134 

Values when reported in dry weight were converted to wet weight by considering an average 135 
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water content in the rice of 10% 15. As only total arsenic concentrations were reported for some 136 

countries, values reported as total arsenic (tAs) were converted to iAs, using the ratio of the 137 

means of iAs and tAs obtained from the data in the WHO GEMS/Food contaminants database 138 

(N=22010), which is 0.627. This ratio is within the range reported in the literature 16.  139 

The exhaustive dataset is formed from a total of 23,022 records from 41 countries, including all 140 

the largest rice producers. For the remaining 112 countries the arsenic concentrations were 141 

estimated from the mean iAs concentrations computed with the exhaustive dataset for the 142 

appropriate WHO Regions, namely: Africa, 0.042±0.035 mg/kg (N= 9); Eastern Mediterranean, 143 

0.083±0.023 mg/kg (N= 12); European Region, 0.101±0.167 mg/kg (N= 18312); South-East Asia, 144 

0.069±0.034 mg/kg (N= 833); Western Pacific, 0.099±0.049 mg/kg (N= 1853); Region of the 145 

Americas, 0.098±0.053 mg/kg (N= 1953). 146 

Data on amounts of rice production and imports per country for each of that country’s trade 147 

partners was retrieved in February 2020 from the Food and Agriculture Organization of the 148 

United Nations’ FAOSTAT web page ( http://www.fao.org/faostat) for the entire available period 149 

(1986-2015). Given that the amounts of rice traded globally have increased throughout the 150 

period (see details in Supplementary Material), means of the last five years were used to best 151 

reflect the contemporary situation. Rice production (paddy) was also retrieved from the same 152 

FAO’s database, and converted to milled equivalents by multiplying by a factor of 0.66 17.  153 

Food availability was sourced from the WHO FAOSTAT Food Balance Sheets, as food supply 154 

quantity (kg/capita/year), which represents the average supply available for each individual in 155 

the population as a whole and does not indicate what is actually consumed by individuals 18. 156 

While FAO data have some limitations associated with necessary estimates made to compensate 157 

for limited data, it is generally accepted that they provide a useful indication of the food supply 158 
19. For the purposes of the global analysis made here this definition is sufficient. The value of CSF 159 

was considered equal to 1.5 (mg/kd.day)-1 20. 160 

 161 
RESULTS AND DISCUSSION  162 

Rice Imports and Global Trade 163 

Data from the United Nations Food and Agriculture Organization 21 show that the amount of rice 164 

being traded worldwide has been rising steadily over the last four decades, at an average rate 165 

of about 0.8 Mton year-1. That is, at a rate about ten times higher than the growth of the human 166 

population in the same period (Figure S1 in SM). Countries in North America, East Asia and the 167 

Pacific, Europe & Central Asia, the Middle East and North Africa, and Sub-Saharan Africa are the 168 

main regions responsible for this extraordinary growth in trade. The observed growth has, 169 

however, different underlying origins: In North America, South & East Asia and the Pacific 170 

increased trade is due to a surplus of agricultural production; while in the remaining regions, 171 

increases in both production and trade have been necessary to meet the growing demand for 172 

rice. Africa is the continent where rice consumption has increased fastest; for instance, in 173 

Namibia, rice demand increased ten-fold over a twenty-year period (Figures S2 – S5 in SM). This 174 

has led to a very unbalanced rice trade in the Middle East and North Africa, and Sub-Saharan 175 

Africa, which together spent over USD 96x109 importing rice from trade partners during the 176 

period 1986-2017. This financial effort has fostered the growth in average caloric supply, to 177 

which rice has contributed about 30%, only surpassed by wheat (ca. 50%) (FAOSTAT database). 178 

This increase in calories has contributed to the fight against famine and undernourishment in 179 

many developing countries. Despite the significant contribution of the rice trade, the total 180 

http://www.fao.org/faostat
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consumption of internationally traded rice remains a minor part of total consumption, being 181 

only about 7% of the rice consumed worldwide 22. The largest producing countries are also the 182 

largest consumers. 183 

In the period 2011-2015, the fifteen major importing countries were responsible for over 50% 184 

of the trade in rice (Figure 2 and Table S1 in SM). These countries are, in order of decreasing 185 

magnitude of rice imports, China, Indonesia, Saudi Arabia, Nigeria, Iran, Benin, the United Arab 186 

Emirates, Senegal, Côte d’Ivoire, South Africa, Malaysia, Bangladesh, Mexico, the Philippines, 187 

Japan, and the United States of America (Figure 1a). This pattern closely follows rice dietary 188 

consumption in these countries (Figure 1b). Major rice exporters (Table S2 in SM) include India, 189 

Thailand, Vietnam, USA, Pakistan, Italy, Brazil, Uruguay, China, Argentina, Spain, Myanmar, 190 

Guyana, and Paraguay. The USA and China are both large importers and exporters and act as 191 

global rice distributors (Figure 2).  192 

 193 
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 194 

 195 

  

  

a) b) 

c) d) 
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Figure 1.  Global distribution of the rice trade, embedded iAs, and embedded health risk: (a) imports of rice; (b) rice ingestion rates; (c) embedded iAs in traded 196 

rice; (d) EHR due to the presence of iAs in rice in national markets; (e) imported EHR; (f) total EHR.  All data are annual averages for the period 2011-2015. 197 

 198 

 199 

e) f) 
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 200 

Figure 2. The fifteen largest rice importers and their trade partners. To read this figure, follow a 201 

color ribbon from its origin to its destiny. Each ribbon has the color of the exporting country. 202 

 203 

The largest rice-importing region in the world is Africa (Sub-Saharan Africa), where the bulk of 204 

imports come from Asian countries (Figure 2 and Table S1 in SM). The largest importers in the 205 

region are Nigeria (1251 kton/year), Benin (1080 kton/year), Senegal (1049 kton/year), Côte 206 

d’Ivoire (1018 kton/year), and South Africa (1000 kton/year). The Eastern Mediterranean Region 207 

is the second largest global import market, led by Saudi Arabia (1330 kton/year), Iran (1215 208 

kton/year), and the United Arab Emirates (1055 kton/year).  209 

The total food imports of countries in Central America more than doubled over the last two 210 

decades, following a decline in average tariffs in Central America from 45% to around 6% by 211 

2000 23(Figure S4 in Supplementary Material). Costa Rica registered the highest rate of import 212 

growth. Imports of rice into the country increased more than nine-fold in the period; four times 213 

more than the growth of wheat and thirteen times that of maize 24. The largest importers in the 214 

American region are Mexico (892 kton/year), the United States (674 kton/year), Brazil (632 215 
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kton/year), and Venezuela (497 kton/year). Most of the rice imported by the South American 216 

region originates in the United States (Table S7 in SM). 217 

Asian countries (in South East Asia, and the Western Pacific regions) are the largest global rice 218 

producers, and also important trade markets. China is the largest Asian global importer (2215 219 

kton/year), followed by Indonesia (1348 kton/year), Malaysia (984 kton/year), and Bangladesh 220 

(976 kton/year).  The region is a net exporting region accounting for 70% of world rice exports 221 

(Table S1 in SM).  222 

International trade can increase the nutrient supply in a country but also make it vulnerable to 223 

sudden changes in global trade relations and conditions. Overall, the current global food system 224 

is associated with increasing equality of nutrient access 4. 225 

 226 

iAs in Rice 227 

Arsenic concentration in rice is highly variable across the producing regions of the globe, but 228 

also within these regions 25. Results from analysis of the dataset compiled (Table S3 in SM) show 229 

that it is admissible to assume differences in mean concentrations of iAs in rice entering the 230 

market in different WHO regions, specifically SE Asia shows significantly different concentrations 231 

to those in other regions (F(5, 23016) = 8.01, p< 0.05 – details are provided in SM). The intra-232 

regional variability in iAs concentrations is also high (Table 1), justifying non-significant 233 

differences between the remaining regions. This result is expected as in many of the countries 234 

studied marketed rice is a composite of rice from different origins. The number of samples 235 

available for calculating statistics on iAs concentrations per WHO region is quite variable, with 236 

Africa and the Eastern Mediterranean regions represented by a total of only 21 rice samples. 237 

Under-sampling in many countries hinders the establishment of robust statistical analysis at the 238 

country scale. However, given that under-sampled countries are mostly rice importers, this 239 

under representation does not affect the subsequent analysis. 240 

 241 

Table 1. Concentrations of inorganic arsenic per region and country. Calculated using data 242 

shown in Table S2. 243 

Country/WHO Region Mean iAs mg/kg Standard deviation mg/kg 

WHO Africa Region (N= 9) 0.042 0.035 

Ghana 0.042 0.035 

WHO Eastern Mediterranean Region (N= 12) 0.083 0.023 

Egypt 0.067 0.025 

Pakistan 0.089 0.020 

WHO EuropeanRegion (N= 18312) 0.101 0.167 

Austria 0.090 0.057 

Belgium 0.097 0.054 

Bulgaria 0.018 0.011 

Cyprus 0.050 0.026 

Czech Republic 0.086 0.052 

Denmark 0.120 0.089 

Finland 0.117 0.081 

France 0.063 0.064 



11 
 

Country/WHO Region Mean iAs mg/kg Standard deviation mg/kg 

Germany 0.102 0.209 

Greece 0.067 0.046 

Hungary 0.071 0.021 

Ireland 0.298 0.365 

Italy 0.094 0.039 

Luxembourg 0.183 0.088 

Poland 0.049 0.034 

Portugal 0.128 0.064 

Slovakia 0.050 0.078 

Slovenia 0.083 0.045 

Spain 0.114 0.080 

United Kingdom 0.101 0.118 

WHO South-East Asia Region (N= 883) 0.069 0.034 

Bangladesh 0.150 0.101 

India 0.088 0.016 

Nepal 0.060 NA 

Sri Lanka 0.041 NA 

Thailand 0.068 0.034 

WHO Western Pacific Region (N= 1853) 0.100 0.049 

Australia 0.160 0.051 

Cambodia 0.118 0.100 

China 0.097 0.054 

Japan 0.102 0.040 

Singapore 0.053 0.049 

South Korea 0.122 NA 

Vietnam 0.155 0.090 

WHO/PAHO Region of the Americas (N= 1953) 0.098 0.053 

Argentina 0.180 NA 

Brazil 0.111 0.052 

Canada 0.076 0.047 

United States of America 0.104 0.052 

Uruguay 0.030 NA 

Ecuador 0.040 0.028 

 244 

 245 

iAs Embedded in Traded Rice 246 

The total amount of iAs imported by a country from a specific trade partner is calculated using 247 

equation (1) and the amounts imported from all that country’s trade partners is given by 248 

equation (2).  249 

China (continental) and Indonesia are the two countries where average imports of embedded 250 

arsenic from all trade partners were highest in the period 2011-2015, with 292 kg iAs/year and 251 

174 kg iAs/year, respectively (Figure 1c; see also Table S6 in SM). Malaysia and the Philippines, 252 

which rank 11th and 13th for rice imports, are ranked 3rd and 4th for imported embedded iAs, both 253 
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with 123 kg iAs/year. Vietnam is the main rice trade partner of these four countries, and has the 254 

highest inorganic arsenic concentration in rice amongst the largest rice producers (Figure 3). 255 

Countries importing rice from Thailand, India, and Pakistan import, by comparison, less 256 

embedded iAs. Of the fifteen major rice importing countries, the USA imports the lowest 257 

embedded iAs, at 57 kg iAs/year (Figure S6 in SM), due most of its rice being imported from 258 

Thailand, where arsenic content is low. Values for all countries are included in the 259 

Supplementary Material (Table S6). We estimated that the total embedded iAs in the global rice 260 

trade is 3466 kg iAs/year. As a material flow this quantity is very small (e.g., compared with the 261 

22900 ton iAs/year of mineral arsenic traded globally 26). However, unlike mineral arsenic, 262 

arsenic embedded in food has a direct route of exposure to consumers, and in areas where 263 

arsenic is not naturally present at high levels, food contributes most to the daily intake of arsenic 264 
27. The magnitude of the flows provides a gross indication of the hazard, but the health risk due 265 

to dietary exposure is additionally affected by local diets (Figure 1b), which means that we need 266 

to examine the risk in relation to rice ingestion rates. 267 

Vietnam exports the most iAs embedded in rice (796±168 kg/year), followed by India (788±11 268 

kg/year), Thailand (485±26 kg/year), and the USA (323±18 kg/year) (Table 2). The same group 269 

of countries were found to be primarily responsible for the export of embedded  MeHg in rice 270 

over the same period 11: India (62 kg MeHg); USA (23 kgMeHg), Vietnam (18 kgMeHg), and 271 

Thailand (17 kgMeHg). In comparative terms, the mass of embedded arsenic is more than one 272 

order of magnitude higher than that of MeHg. 273 

 274 

Table 2. Exported iAs embedded in internationally traded rice (average±st. deviation over the 275 

period 2011-2015) 276 

Country Embedded iAs in traded rice (kg/year) 

Vietnam 796±168 

India 788±11 

Thailand 485±26 

United States of America 323±18 

Pakistan 299±6 

Brazil 96±6 

Argentina 81±6 

Italy 67±4 

China, mainland 50±21 

Spain 44±4 

Australia 43±4 

Guyana 40±4 

Cambodia 37±4 

United Arab Emirates 34±4 

Paraguay 32±4 

Myanmar 31±6 

Uruguay 22±44 

Netherlands 20±5 

Belgium 16±7 

Russian Federation 13±5 

Germany 10±6 
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Country Embedded iAs in traded rice (kg/year) 

Egypt 8±3 

Portugal 8±1 

 277 

 278 

Figure 3. Amount of iAs embedded in internationally traded rice (mean 2011-2015), calculated 279 

using equation (1). To improve readability only flows above 7 kg of embedded iAs are shown.  280 

To read this figure, follow a color ribbon from its origin to its destiny. Each ribbon has the color 281 

of the exporting country. 282 

 283 

Embedded Health Risk 284 

The excess lifetime health risk embedded in the rice (EHR) found in local markets is calculated 285 

using equation (3); the EHR in imported rice from a specific country is given by equation (4); and 286 

the EHR in imported rice from all trade partners is calculated by equation (5). For a given country 287 

the excess lifetime risk due to ingestion of iAs in rice is the weighted sum of (4) and (5), with the 288 

weights determined by the fraction of rice that is imported (equation (6)). The EHR of a foodstuff 289 

varies depending on the place where consumption occurs because risk is a function of the hazard 290 
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(toxicity and concentration of the toxic substance) and the level of exposure of the population 291 

(local diet and anthropometric characteristics). We should make very clear that the values 292 

shown here represent national estimates for the entire population, using aggregate indicators 293 

of consumption and arsenic concentrations. They do not reflect population characteristics, age 294 

groups, and local geochemical conditions regulating the availability and uptake of arsenic 295 

species by rice. For the same reason, cooking methods and arsenic concentrations in cooking 296 

water are excluded. The aforementioned factors certainly contribute to regional variability in 297 

risk estimates that should be considered in more refined future studies. Unfortunately, at 298 

present, detailed regional data are scarce, hindering analysis at a global scale. 299 

The values of total EHR from rice in given consumer countries (TEHRj) are highest in the South-300 

East Asian and Western Pacific regions, excluding Australia. Bangladesh, with a TEHRj of 150: 100 301 

000 is ranked highest (Table 3). The subsequent ranking is Vietnam (141:100 000), Cambodia 302 

(111:100 000), Indonesia (78:100 000), the Philippines (70:100 000), the Republic of Korea (59: 303 

100 000), Thailand (46:100 000), and China (45: 100 000) (An exhaustive list is included in SM, 304 

Table S8). These highest ranked countries are rice producers and import only marginal amounts 305 

of rice (low ), and consequently most of the EHR in these countries is due to domestic 306 

consumption of locally produced rice. The calculated values for total EHR for the highest 307 

consumers are in agreement with those estimated in previous studies for Bangladesh 28, 308 

Cambodia 29, Republic of Korea 29, Thailand 30, China 31, Japan 32, and Senegal 33. 309 

Countries that depend more on imported rice are importing a substantial fraction of their total 310 

risk. For instance, the EHRj
* for Kiribati (57:100 000), Solomon Islands (53:100 000), Vanuatu 311 

(33:100 000), Senegal (30:100 000), Oman (29:100 000), and the United Arab Emirates (29:100 312 

000) indicate these countries are the largest importers of embedded risk globally (Table 3). The 313 

flows of embedded risks to these countries are mainly from Australia and Vietnam for the first 314 

three countries; from Pakistan to Oman; and from India to Senegal (Figure 4). A complete matrix 315 

including all countries is included in SM, Table S7. Sub-Saharan Africa is the region where 316 

imported EHRj* are the highest, following Senegal is Côte d’Ivoire (EHRj*= 21:100 000), Benin 317 

(EHRj*= 22:100 000), and Cabo Verde (22: 100 000). The main exporters to Africa are Thailand, 318 

India, Pakistan, and Vietnam. Countries in Central and South America have relatively high rice 319 

imports, but show low EHRj*, because rice imports are predominantly from the USA, where rice 320 

has lower arsenic content. These results point to the fact that the embedded risks are associated 321 

with the composition of the rice import bundle and not only import volumes. Consequently, the 322 

risk may be reduced by altering the source of the imported rice (Figure 5). Imports may also 323 

contribute to reducing risks when local rice is substituted by imported rice with lower arsenic 324 

content. This occurs in Bangladesh, for example, where rice imports account for about 2% (= 325 

0.021) of the rice consumed but contribute only about 1% to the increase in risk  (2/148) (Table 326 

3). The same reasoning is valid for other rice producing countries where importing rice with low 327 

arsenic contents reduces the risk (see Figure 5).  International trade can even out both rice and 328 

EHR surpluses and deficits between countries. 329 

These results are in agreement with those of Liu et al. 11, who showed that international rice 330 

trade aggravated MeHg exposure in Africa, Central Asia, East Asia and Europe by 62%, 98%, 3.4% 331 

and 42%, respectively.  332 

Low income countries where rice is a staple food (Group C in Figure 6; see SM for detailed 333 

statistical data) have significantly higher TEHR (F(2, 115)= 71.4; p<0.05) than the rest of the 334 

global population (Groups A and B). However, GDP alone does not seem to be the most 335 

important factor affecting health risk globally, as indicated by non-significant correlations 336 



15 
 

between the two variables (using log(GDP)) (see detailed analysis in SM). This is contrary to what 337 

was found with respect to risks due to embedded MeHg in rice, where a significant negative 338 

correlation, though with a very small R2 (=0.11), was found with log(GDP)11. In both our study 339 

and that of Liu et al. 11, local diet plays a major role in determining the amount of toxins ingested 340 

and the associated health risks.  341 

It is known that local diets may be subject to slow changes due to increasing purchasing power. 342 

Countries where rice is a staple food have seen their per capita rice consumption decrease due 343 

to dietary substitution with meat. At the same time, rice has increased as a component of the 344 

diet in some countries (e.g. African countries), supplementing the basic nutrient supply (Figure 345 

S5 in SM). In Namibia, for example, per capita rice consumption grew ten-fold over the last thirty 346 

years; and in Ethiopia, Kenya, Rwanda, Benin, and Zimbabwe the consumption tripled in the 347 

same period. Given the demonstrated relationship between rice consumption and exposure to 348 

arsenic, the health risks in these countries have grown over the same period. 349 

 350 

Table 3. Embedded health risk (EHR±st.dev) in rice (1: 100 000) for countries with the highest 351 

risks. Ranked by EHRj. 352 

Country 

EHR for local 
rice,  
A= (1-β) EHRjj 

Imported  
rice, 
B=βEHRij 

A+B= 
TEHRj

* 

Fraction of 
imported 
rice, β 

 

Bangladesh 148±102 2±3 150±30 0.021±1x10-4  

Vietnam 141±4 0±0 141±4 0.015±1x10-4  

Cambodia 110±93 1±4 111±27 0.007±1x10-4  

Indonesia 76±36 2±8 78±36 0.022±2x10-4  

Philippines 65±37 5±6 70±37 0.052±0.001  

Republic of Korea 57±36 4±0 59±36 0.070±0.001  

Kiribati 0 57±14 57±14 1.000  

Solomon Islands 0 53±16 53±16 1.000  

Thailand 46±23 0 46±23 0.001±2x10-5  

China, mainland 44±25 1±6 45±25 0.012±5x10-5  

Guyana 44±24 0 44±24 0.001±1x10-4  

Malaysia 23±16 17±4 41±16 0.290±0.004  

Panama 27±20 11±2 38±20 0.280±0.004  

India 36±7 0 36±7 0.001±5x10-5  

Japan 34±14 2±4 36±14 0.060±0.001  

Fiji 6±14 29±2 35±14 0.760±0.031  

Senegal 4±15 30±4 34±15 0.751±0.003  

Vanuatu 0 33±4 33±4 1.000  

Nepal 28±0 4±16 32±0 0.095±0.001  

Oman 0 29±2 29±2 1.000  

United Arab 
Emirates 0 29±2 29±2 1.000 

 

Sri Lanka 25±0 3±4 28±0 0.058±4x10-4  

 353 

Climate change impacts are expected to reduce most crop yields by between 5-10% per C of 354 

local warming, or 7-15% per C of global warming 34. Compared to maize and wheat, rice will be 355 
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least affected if at all, putting more pressure on rice production and trade, increasing the flows 356 

of embedded iAs and of the traded embedded health risks for importing countries. Methods to 357 

reduce the absorption of arsenic by rice, including agricultural production under aerobic 358 

(intermittent) conditions and the selection of arsenic-tolerant rice varieties with low uptake 35, 359 

may be complemented with well-balanced apportioning of rice sources in supply market 360 

composites. This would reduce population dietary health risks. Studies such as the present one 361 

and that of Liu et al. 11 facilitate policy design based on health gains, rather than on safe levels 362 

of the risk factor alone. 363 

 364 

 365 

Figure 4. Amount of embedded health risk in internationally traded rice (mean 2011-2015).  To 366 

read this figure, follow a color ribbon from its origin to its destiny. Each ribbon has the color of 367 

the exporting country. 368 

 369 
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 370 

Figure 5. Comparison of embedded health risks due to imported rice and rice in the local market. 371 

 372 
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 373 

Figure 6. Relationship between GDP and EHRj*. Values were scaled by dividing by the maxima. 374 

The extremes for each variable show how a country stands in comparison to its peers. Three 375 

groups of countries are indicated: A) high income, low embedded risk; B) low to intermediate 376 

income and low embedded risk; C) low to intermediate income and high embedded risk. 377 

  378 
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