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Abstract 13 

One of the key obstacles to building international cooperation for environmental problems is the fact 14 

that environmental benefits are valued differently in different countries. But where does the disparity 15 

come from? This study gives an answer to this question by analysing large-scale survey data collected 16 

across G20 countries. Combining lifecycle impact assessment and economic valuation techniques, we 17 

found that people's perceptions of environmental benefits are in fact diverse, but are highly correlated 18 

with a few social indicators such as life expectancy, the Gini index, and subjective well-being. Our 19 

findings suggest that improving these social indicators in otherwise ill-equipped countries will 20 

facilitate convergence of people's perceptions and will thereby establish a common ground for 21 

tackling global environmental issues.  22 

 23 
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The relationship between economic growth and environmental conservation has been a longstanding 27 

concern for environmental and resource economists and policymakers. In 2015, the global agenda 28 

shifted from the United Nations’ Millennium Development Goals to its 17 Sustainable Development 29 

Goals (SDGs), which comprise comprehensive targets, such as poverty eradication and sustainable 30 

use of natural resources. Since the common global future vision is now sustainable development, 31 

understanding the trade-off and balance between economic activity and environmental conservation 32 

has become increasingly relevant for policymakers to achieve consensus among different countries 33 

with diverse values and conditions [1]. 34 

To achieve this future vision, researchers should physically assess the following impacts. For 35 

example: To what degree has air pollution and its probability of occurrence affected society? What 36 

types of effects do the loss of ecosystems in certain areas (through land use) have on various 37 

functions, such as purification capacity, provisioning of biological resources, and climate regulating 38 

functions supported by the distribution of surrounding species? However, answering these questions is 39 

insufficient for internalizing the environmental impact into the socioeconomic system automatically 40 

[2,3]. We must also identify the degree of urgency and importance perceived by the society regarding 41 

such environmental effects—social weighting. Bateman and Mace [4] discuss the importance of 42 

incorporating such (especially monetary) social weightings into decision-making practice and 43 

estimate the benefit-to-cost ratios for investments in natural assets in the UK. 44 

However, we know that such social weighting is not universal because the achievement degree for 45 

each SDG target varies from country to country [5]. They likely differ depending on the current 46 

situation and the type of goods/services affected [6]. In this study, interdisciplinary approaches 47 

collaborating lifecycle impact assessment and economic valuations led to revealing the degree of 48 

public acceptance of mitigating the multiple environmental damages in society using the current 49 

physical damages assessed as a reference status. Furthermore, a large-scale simultaneous survey in 19 50 

G20 countries using a uniform questionnaire led to compare social weightings directly among 51 

different regions, for different types of environmental goods and individuals, and explore 52 

determinants of people’s preference. 53 
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The most significant contribution of this study is the tentative grouping of people’s preferences 54 

into four categories depending on whether they place more importance on biodiversity or human 55 

health. This categorization is strongly correlated to national conditions such as life expectancy, 56 

domestic income inequality (i.e. Gini index), and urban population density. Moreover, the degree of 57 

monetary social weighting (i.e. marginal willingness-to-pay; WTP) is more relevant for individual 58 

conditions, such as the perceived quality of life. Our findings provide novel insights into how 59 

sustainable consensus should be built among diverse regions and governments, and how 60 

environmental effects should be internalized into the global supply chain management. Our 61 

framework provides directions to those engaged in business sectors involving environmental 62 

management systems, in public sectors facing trade-offs among environmental damage mitigation 63 

policies, and other diverse agents in understanding and acting on the heterogeneous values of people 64 

across the world. 65 

 66 

Lifecycle impact and economic valuation 67 

LCIA studies use ‘weightings’ to integrate various environmental impacts into a single index and 68 

internalizes externalities as environmental information [7,8]. Such weightings are representative of the 69 

society’s preferences; therefore, LCIA practitioners can apply them to evaluate the positive/negative 70 

externalities of goods and services. Using the LIME method (the Life cycle Impact assessment 71 

Method based on Endpoint modelling [9]), we assessed four types of environmental damage (i.e. 72 

endpoints)—on human health (as disability-adjusted life year or DALY), social assets (in US dollars 73 

or USD), biodiversity (as the expected increase in number of extinct species or EINES), and primary 74 

production (as net primary production or NPP)—from eight impact categories (Figure 1). These 75 

impact categories include climate change, air pollution, photochemical oxidants, water use, land use, 76 

fossil fuel use, mineral resource, and forest resource use. Four endpoints are defined as the subjects 77 

contributing social welfare through different aspects facing trade-offs. For example, funding wild life 78 

conservation might contribute to social welfare through recreational and educational opportunities, 79 

but also means that limited budgets/efforts can no longer be used for social security and health care 80 

system, which lead to declining social welfare through other aspects. We assessed human health and 81 
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social assets as qualitative and quantitative impacts on society, biodiversity and primary production as 82 

qualitative and quantitative impacts on the ecosystem, respectively. Damage to human health is 83 

assessed as loss of life expectancy due to diseases like diarrhoea, malnutrition, and malaria caused by 84 

each impact category. Similarly, damage to social assets, biodiversity, and primary production is 85 

assessed as a loss of economic production, species, and plant growth, respectively. 86 

 [Figure 1]  87 

The current amount of environmental damage for each endpoint is calculated by multiplying the 88 

annual environmental loads by the damage factor for each country, impact category, and substance 89 

(see the Method section, page 14, for the equation). We obtained 79 million DALY (Human health), 90 

450 billion USD of valuable resources (Social assets), 100 EINES (Biodiversity), and 18 billion tons 91 

of NPP (Primary production) as the current annual damage [10]. Accordingly, we directly estimated 92 

the marginal utility for mitigating each damage by using a choice experiment in the cross-sectional 93 

social survey and calculated social weightings.  94 

 95 

Data and choice experiment 96 

The 19 selected G20 countries account for more than 70% of the total global GDP and exert 97 

significant influence on the global supply chain. We excluded the European Union because of budget 98 

constraints and to ensure survey efficiency. To ensure sampling efficiency, we selected urban areas 99 

with the largest economic scale and high population density for each country and implemented 100 

random sampling. Eventually, we randomly obtained response data from 200–250 and 500–600 101 

households from emerging and developed countries, respectively, and 6,183 valid micro responses 102 

were obtained. 103 

We conducted a large-scale simultaneous survey at these sites between August 2013 and March 104 

2014 using a uniform questionnaire. The questionnaire includes explanations for the four types of 105 

environmental damage to ensure respondents understand the questions (Figures S1a–d in the 106 

supplementary information). It also includes questions about the perceptions of these subjects and a 107 

choice experiment (posing eight hypothetical choice situations, as described below) to estimate their 108 

marginal utilities for mitigating these damages, and questions about their individual current status 109 
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such as subjective well-being (SWB) (life satisfaction and happiness), self-rated health (SRH) 110 

condition, income level, household size, and age.  111 

The choice experiment comprised 16 alternatives (as environmental conservation policies) in 112 

various combinations of attribute levels for the four endpoints: (1) loss of human health (DALY), (2) 113 

loss of biodiversity (EINES), (3) loss of valuable resources (USD), and (4) loss of plant growth 114 

(NPP), with environmental tax (i.e. the income decrease) as a numeraire. Respondents were asked to 115 

choose the desirable one from three policies: Policies 1 and 2 were adjusted for hypothetical situations 116 

like environmental improvements and additional tax payment. Policy 3 referred to the current 117 

situation with no additional tax as the status quo option. An example of a choice experiment is shown 118 

in Figure S2 in the supplementary information. 119 

To develop social weighting factors to integrate various environmental effects that reflect the 120 

perceived degree of importance of each damage, we adopted two measures of social weighting: the 121 

dimensionless weighting factor (WF1) [11,12] and monetary weighting factor (WF2) [13–15]. WF1 122 

was normalized to ensure that the sum of the four endpoints’ WF1s is one, according to the general 123 

method of integration in the LCIA [9,12]. We calculated the relative importance, defined as the ratio 124 

of marginal utility, of each endpoint’s annual damage to the total (sum of) marginal utilities of all 125 

subjects. By definition, a WF1 of more (less) than 0.25 indicates relatively larger (smaller) perceived 126 

importance in the country. WF2 represents benefits (i.e. external costs) comparable with conservation 127 

costs in a cost-benefit analysis. WF2 is defined as the marginal rate of substitution between each 128 

subject and income. Thus, WF2 demonstrates how much income people can give up to mitigate each 129 

damage. As the unit of income is purchasing power parity (PPP) USD, WF2s indicate the extent to 130 

which people can give up their living standards to mitigate the global damage to each endpoint (i.e. 131 

environmental good), regardless of their national income level. 132 

The marginal utilities of the four endpoints were obtained through a micro-econometric analysis 133 

of the choice experiment data. Thereafter, we calculated the national average weighting factors for the 134 

19 countries. The full lists of the estimates are reported in Itsubo et al. [10], Murakami et al. [16], and 135 

in the supplementary information. First, this study reviews the findings from the cross-national 136 

analysis focusing on relative weighting of human society and ecosystem. Second, applying a latent 137 
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class approach by using all response data from 19 countries simultaneously, we demonstrate that the 138 

estimated values as utility functions can be classified into four types of segments. Moreover, we 139 

identify the characteristics of segment classes by focusing on their national as well as individual 140 

conditions. 141 

 142 

Overview of national averages 143 

Figure 2 shows the result of country-level analysis for WF1 and WF2. A significant diversity of values 144 

is observed among countries, even if they evaluated the same amount of global environmental 145 

damages. Figure 2a shows a scatter diagram with each country’s average WF1 and gross national 146 

income (GNI) per capita, with regression lines summarizing the relationship. The red solid and dotted 147 

lines demonstrate that the WF1s of human society (human health and social assets, respectively) are 148 

trending downward. The blue solid and dotted lines demonstrate that the WF1s of the ecosystem 149 

(biodiversity and primary production, respectively) are trending upward. This indicates that people in 150 

lower-income countries focus more on health damage, while those in higher-income countries focus 151 

more on natural resource damage, on a national average. 152 

Figure 2b shows a scatter plot of WF1s focusing on human health and biodiversity, both of which 153 

are qualitative endpoints. These revealed particularly large differences in each category (i.e. human 154 

society and ecosystem). People living in the countries located in the upper left area, place more 155 

weight on biodiversity than human health. By contrast, people living in the countries located in the 156 

lower right area, place more weight on human health than biodiversity. People located around the 45-157 

degree line in the figure place equal weight on the factors. Figures 2a and b show that, when facing a 158 

trade-off between mitigating damages to society (e.g. economic activity) and the ecosystem (e.g. 159 

environmental conservation), the priority of public policymaking depends on the country.  160 

Figures 2c and d show scatter diagrams of the relationships between the GNI and WF2 of each 161 

country for human society (human health) (left) and social assets (right) (Figure 2c), and ecosystem 162 

(biodiversity) (left) and primary production (right) (Figure 2d). As WF2s represent the amount of 163 

benefits, which are comparable to conservation costs in terms of PPP, it reveals the extent to which 164 

people can give up their living standards to mitigate global damage to each endpoint. WF2s hold 165 
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greater heterogeneity among countries with lower levels of GNI per capita, possibly because of non-166 

income factors, such as living conditions, resources and their distribution, and cultural values. 167 

However, the degree of heterogeneity decreases and converges with an increase in the national income 168 

level. This trend is observed for approximately 16,000 USD (PPP) of GNI per capita, which echoes 169 

the empirical boundary of the ‘middle income trap’ [17–21]. Much of the evidence suggests that a 170 

jump in sustainable growth to a high-income country status (i.e. beyond the boundary) cannot be 171 

achieved without structural transformation [22], such as enhancing infrastructure and human capital 172 

investments [23,24] and instituting a sufficient governance system for resource distribution [25–28]. 173 

Thus, the countries categorized as ‘high-income’ by the World Bank [18] had achieved such 174 

transformation, with sufficient infrastructure and living standard, contrasting with other countries 175 

which had less than a middle-income level; for example, the difference among national average 176 

weighting factors may reflect the situation that environmental goods, such as good health and clean 177 

air, are normal goods that are easily available without inequality in high-income countries, while these 178 

goods are still a luxury because of the basic needs’ insufficiency or uneven distribution in other 179 

countries with less than middle income levels. These findings suggest that the benefits estimated in a 180 

high-income country (especially more than 40,000 USD (PPP)) may be transferable to other high-181 

income countries with small errors in a cost-benefit analysis of each national project. By contrast, in 182 

lower-income countries, the decision-making may not reflect the actual preferences (i.e. the local 183 

trade-off perception) if using equivalent values estimated in other countries (even if they are estimated 184 

in a similar-income-level country) as the local benefit. Considering factors other than the national 185 

income level is thus critical to estimating the local benefit of a global public policy, particularly in 186 

lower-income countries (especially less than 16,000 USD (PPP)). 187 

[Figure 2] 188 

 189 

Four types in preference 190 

To explore the determinants of heterogeneity, we analysed the same response data simultaneously by 191 

applying the latent class approach [29,30]. This method captures variations in preferences by 192 

modelling individual utility functions as a mixture of several distinct preference groups. The full 193 
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estimation results of coefficients, standard errors, and statistical significance are provided in the 194 

supplementary information. 195 

Figure 3a demonstrates the four distinct preferences estimated by using a latent class logit model with 196 

sufficient validity in terms of significant coefficients and Akaike’s information criterion. The size of 197 

the markers reflects their individual share of the sample. As with Figure 2b, Figure 3a shows the 198 

relative importance between human health and biodiversity; Class A1 (A2) located in the upper left 199 

(lower right) area implies the placement of more (less) weight on biodiversity than human health. 200 

Classes A3 and A4, located around the 45-degree line, indicate equal weight on both, with equal 201 

importance on all environmental goods for Class A3 and larger weight on qualitative subjects (DALY, 202 

EINES) than quantitative subjects (SA, NPP) for Class A4. Figures 3b and c show the results for 203 

countries with less than middle- and high-incomes, respectively. For countries lower than the middle-204 

income level, four distinctive classes of M1–M4 are observed, with M4 providing remarkably high 205 

weighting of qualitative subjects. For high-income countries, there are three distinctive classes of H1–206 

H3, with H3, which places higher importance on biodiversity, accounting for 60% of the sample. 207 

 208 

Factors predicting heterogeneity 209 

An important feature of the latent class approach is that the membership parameters show which type 210 

of people tend to belong to each group, with such distinct preferences as shown in Table 1. 211 

People living in countries with longer (shorter) life expectancy, smaller (larger) income inequality, 212 

and lower (higher) urban population density tend to belong Class A1 (A2) with larger weight on 213 

biodiversity (human health). Although Class A4 has similar characteristics to A2, a large proportion of 214 

forest area is correlated to the tendency of belonging to this class, with equal weight on biodiversity 215 

and human health. People living in countries with lower (although higher than A2 and A4) life 216 

expectancy, smaller income inequality, lower urban population density, and smaller proportion of 217 

forest areas tend to belong to Class A3, with equal importance on all four environmental goods.  218 

Regarding Figure 3b for the nine countries with less than middle-income levels, the share of the 219 

sample is similar between Class M2 with a larger weight on biodiversity, and M3 with larger weight 220 

on human health. People living in countries with a higher (lower) urban population density and 221 
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shorter (longer) life expectancy tend to belong to M3 (M2). Class M4, which places a larger weight on 222 

qualitative subjects, is a segment to which people living in countries with a significantly higher Gini 223 

index (larger income inequality), such as Brazil and South Africa, tend to belong. Class M1 is similar 224 

in terms of equal weight on human health and biodiversity, but quite different from M4, as it does not 225 

focus on qualitative subjects alone. In addition, considering individual attributes, respondents with 226 

relatively higher income than their neighbours tended to belong to Class M2. Interpreting this result in 227 

conjunction with the fact that the national averages of these nine countries are located in the lower 228 

right area (as shown in Figure 2b), we found that some respondents with higher relative income within 229 

each survey site are more likely to place a higher weight on the ecosystem.  230 

Figure 3c shows 60% of the respondents belonging to Class H3 with a higher weight on 231 

biodiversity, for the 10 high-income countries. Longer life expectancy and lower urban population 232 

density are positively correlated to the probability of belonging to Class H3. However, people living 233 

in countries with larger income inequalities, such as the US and Saudi Arabia, tend to place more 234 

weight on human health (Class H2) even though they are high-income countries. In addition, a certain 235 

group of people belong to Class H1, with equal weight on human health and biodiversity. Higher 236 

urban population density is positively correlated to the probability of belonging to this class. 237 

[Figure 3] 238 

 239 

Individual heterogeneity 240 

An additional interesting finding associated with individual attributes is that the marginal utility of 241 

income change is remarkably large for the classes (A4, M4, H1) of people with lower SWB (measured 242 

by ‘life satisfaction’ as an individual perceived quality of life, described in the Method section), as 243 

shown in Tables S4–6 in the supplementary information. This larger marginal utility of income change 244 

leads to lower external costs (i.e. monetary social weighting described by WTP) for the class, which is 245 

consistent with previous literature [31,32]. Thus, people with lower SWB have larger marginal utility 246 

of income decreases, which means a greater aversion to monetary loss, leading to smaller external 247 

costs defined as the marginal rate of substitution between environmental goods and money. This trend 248 

is more pronounced for middle-income countries, wherein the magnitude of their WTP may be 249 
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strongly linked to the individual subjective living conditions (Figure S3 in SI). 250 

Despite potential biases from the ‘subjective’ index measured by the self-report rating scales [33,34] 251 

and endogeneity concerns, SWB possesses useful information related to quality of life at an individual 252 

level, in contrast to GDP as a national index. While the existence of universal relationships between 253 

SWB and socio-demographic characteristics is uncertain, recent empirical studies [35–37] have 254 

shown a similar general structure globally across different levels of economic development and 255 

cultural values, at least for several important factors including income, employment, physical health, 256 

family status, and age. The correlation between such characteristics and SWB within our sample is 257 

generally consistent with prior evidence after controlling for the country dummy considering the 258 

national baseline (reflecting cultural values), as shown in Table S7 in supplementary information. 259 

These facts indicate that perceived quality of life can be an essential clue to predict heterogeneity in 260 

WTP (i.e. external costs). Thus, future research on the relationship between SWB and respondents’ 261 

socio-economic attributes related to public policies can be useful to predict heterogeneous WTP for 262 

various national income levels and cultures.  263 

 264 

Discussion 265 

A significant contribution of this study is providing empirical and quantitative evidence that people 266 

have different priorities when making decisions on national projects to meet global goals. The cross-267 

national analysis indicated that people in higher-income countries prefer to mitigate global damage to 268 

the ecosystem than damage to the human society, while the opposite is true for people in lower-269 

income countries. Regarding monetary social weightings (WTP), the larger heterogeneity, which is 270 

observed among lower-income countries, decreases and converges when these levels increase beyond 271 

the boundary, which is consistent with the ‘middle-income trap’. 272 

Despite this comparative analysis by country indicating that it is not easy to build multilateral 273 

cooperation because of the diversified interests of different countries, the findings of the latent class 274 

approach provide a practical insight into international cooperation. This approach reveals four distinct 275 

groups with different trade-offs among the different environmental damages across the 19 countries. 276 

Similar social weightings imply that a common ground are ready to establish a cooperative 277 
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relationship between groups. Note that life expectancy, domestic income inequality, and population 278 

density are significantly associated with such classification; for example, longer life expectancy is 279 

correlated to the higher weight on biodiversity. Larger domestic income inequality (Gini index) is 280 

correlated to the higher weight on human health. Hence, such national statistics are significant 281 

indicators for predicting the regional preference of environmental goods. Moreover, improving these 282 

social indicators in ill-equipped countries will facilitate convergence of people's perceptions and will 283 

thereby contribute to establish a common ground for tackling global environmental issues. 284 

Regarding individual heterogeneity, the relative income level of households within a region is 285 

significantly positively correlated to the higher social weighting on biodiversity among the middle-286 

income countries, where such gaps in interests according to income difference should be considered 287 

for policymaking. Our findings indicate that an improvement in the average health condition, 288 

reduction in income inequalities, and decrease in urban population density contribute to many people 289 

assigning a higher priority to the ecosystem. Simultaneously, this indicates that the current COVID-19 290 

pandemic-induced declining average health conditions and growing income inequality may slow 291 

down the pace of international cooperation on environmental issues. Proper measures to mitigate 292 

health risks and income disparities [38] will also have a strong influence on the progress of 293 

environmental resource conservation projected by SDGs.  294 
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Method 295 

Measures of environmental damages 296 

We assessed the current level of global damages as the four endpoints presented below. The 297 

explanations provided in the questionnaire are presented in Figures S1a–d. 298 

 299 

Human health (HH): DALY 300 

The concept of DALY was developed by the World Bank and World Health Organization (WHO) to 301 

quantify the global health loss due to deaths and illnesses. It is widely used as a summary measure of 302 

the global burden of disease in the WHO’s annual reports [39,40]. DALY is thus defined as the global 303 

loss of life expectancy, as follows: 304 𝐷𝐴𝐿𝑌 = 𝑌𝐿𝐿 + 𝑌𝐿𝐷 305 = ∫ 𝐶𝑥 exp(−𝛽𝑥) exp{−𝑟(𝑥 − 𝑎)} 𝑑𝑥𝑥=𝑎+𝐿𝑥=𝑎 + ∫ 𝐷𝐶𝑥 exp(−𝛽𝑥) exp{−𝑟(𝑥 − 𝑎)} 𝑑𝑥𝑥=𝑎+𝐿𝑎𝑥=𝑎 . 306 

DALY has two components: years of life lost (YLL), which measures the burden of premature 307 

death, and years lived with a disability (YLD), which measures the burden of living with a disease or 308 

disability in years. 𝑎 is the onset age of disability or age of death. L is the difference between expected 309 

life in years and age of death, 𝐿𝑎 is the duration of a disease or disability, and 𝐶 and 𝛽 are constant 310 

values of 0.1658 and 0.04, respectively. By definition, YLL and YLD both comprise time-integrated 311 

values for three types of weighting: (1) D (weight of disability), (2) 𝐶𝑥 exp(−𝛽𝑥) (weight of age), 312 

and (3) exp{−𝑟(𝑥 − 𝑎)} (time-discount). We only considered the weight of disability in our 313 

assessment of environmental damage (or loss of human health). However, in the social survey to 314 

estimate their marginal utilities, each respondent evaluated the global burden; hence, their evaluation 315 

should reflect their age and perceived time-discount [10,41,42]. 316 

 317 

Biodiversity (BD): EINES 318 

As a measure of loss of biodiversity, EINES is defined as follows:  319 

𝐸𝐼𝑁𝐸𝑆 = ∑ ∆𝑅𝑘𝑘 = ∑ ( 1𝑇𝑎,𝑘 − 1𝑇𝑏,𝑘)𝑘 , 320 

where ∆𝑅𝑘 denotes the change in the extinction risk of species 𝑘 due to environmental burdens, such 321 
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as climate change and land use. 𝑇𝑏,𝑘 and 𝑇𝑎,𝑘 are the expected time to extinction (life expectancy) of 𝑘 322 

before and after the environmental load occurs, according to the International Union for Conservation 323 

of Nature Red List. EINES is defined as the accumulation of expected changes in life expectancy of 324 

species 𝑘 due to the environmental load. According to Lande [43], the factors influencing species’ life 325 

expectancy (𝑇𝑏,𝑘 and 𝑇𝑎,𝑘) include (1) the intrinsic rate of a natural increase (demographic 326 

stochasticity), (2) carrying capacity (environmental stochasticity), and (3) sensitivity to random 327 

catastrophes. Considering the various impact categories, including climate change and physical 328 

transformation of land due to events like resource extinction and deforestation in the LIME model, we 329 

assessed the amount of damage through land use by calculating the damage factors associated with a 330 

decrease in the plant population as carrying capacity. For damage due to climate change, we assessed 331 

the change in time to extinction caused by the change in the distribution of species 𝑘 to adapt to 332 

temperature changes as sensitivity to random catastrophes [10,44]. 333 

 334 

Social assets (SA): USD 335 

We assessed the damage to social assets from consumption of fossil fuels and mineral resources as 336 

quantitative damages to society, in addition to qualitative damage (human health). We adopted the 337 

user cost approach [45], which exhaustively evaluates non-biological resources. In this study, the 338 

amount of damage is expressed in USD applying a 5% discount rate [10]. User cost is broadly used as 339 

a measure of loss of income production capacity due to the depletion of natural resources (i.e. in green 340 

GDP). It is defined as the amount of savings required to ensure that the product sales incomes from 341 

resource extraction in the current and future generations are balanced, based on the idea of weak 342 

sustainability (c.f. replaceable assumption). While economic loss (i.e. decrease in income from 343 

agriculture, forestry, and fisheries) due to climate change can be considered in the LIME framework, 344 

these damages are excluded from the scope of this study at the time of our cross-national social survey 345 

because of insufficient environmental science knowledge; for example, large regional differences are 346 

expected between a region with revenue gain and one with revenue loss. Such distributions comprise 347 

important information to express the conditions of these regions, but it is generally lost during the 348 
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process of aggregating the information to the global scale. This may lead to an underestimation of the 349 

amount of damage.  350 

 351 

Primary production (PP): NPP 352 

NPP is considered a measure of the quantitative impact on the essential foundation of energy flow in 353 

the ecosystem, in addition to the qualitative impact (i.e. biodiversity). NPP is defined as the 354 

production remaining after deducting cellular respiration from the gross primary production [47]. NPP 355 

acts partly as the origin of a biosphere cycle wherein herbivores consume plants as an energy source 356 

or assimilate and fixate inorganic carbon and other inorganic nutrients into organic matter by 357 

autotrophs. NPP is expressed in mass per unit area per unit time interval (i.e. production rate) and as 358 

typically dry matter production per unit area per year (e.g. t ha-1 yr-1). Based on a simulation of the 359 

global vegetation distribution and temperature trend, we assessed the loss of plant growth per year 360 

(standardized with carbon) due to climate change or land transformation. The expected amount of loss 361 

varied from zero for deserts or the tundra to approximately 30 tons per ha per year for tropical 362 

rainforests [10]. 363 

 364 

The current level of damage for each endpoint 365 

The current amount of environmental damage for each endpoint s is calculated by multiplying the 366 

annual environmental loads (AEL) by the damage factor (DF) for each country c, impact category i, 367 

and substance x, as follows [10]: 368 

      𝐴𝑛𝑛𝑢𝑎𝑙 𝑑𝑎𝑚𝑎𝑔𝑒𝑠 = ∑ ∑ ∑ [𝐷𝐹𝑠(𝑖, 𝑐, 𝑥) × 𝐴𝐸𝐿(𝑖, 𝑐, 𝑥)]𝑥𝑐𝑖 ,      𝑠 = 𝐻𝐻, 𝑆𝐴, 𝐵𝐷, 𝑃𝑃.    (*) 369 

  370 

Social weightings 371 

We adopted two measures of weighting: WF1 and WF2. The WF1 of each country c for subject s is 372 

derived from the following equation:  373 

𝑊𝐹1𝑠,𝑐 = 𝛽𝑠,𝑐 × 𝐴𝑛𝑛𝑢𝑎𝑙 𝑑𝑎𝑚𝑎𝑔𝑒𝑠∑ (𝛽𝑠,𝑐 × 𝐴𝑛𝑛𝑢𝑎𝑙 𝑑𝑎𝑚𝑎𝑔𝑒𝑠)𝑠 ,                𝑠 = 𝐻𝐻, 𝑆𝐴, 𝐵𝐷, 𝑃𝑃, 374 

where 𝛽𝑠,𝑐 is the marginal utility of each endpoint s, estimated using the choice experiment data of 375 
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each country c. WF2 is derived from the following equation: 376 

𝑊𝐹2𝑠,𝑐 = 𝛽𝑠,𝑐𝛽𝑚,𝑐 × 𝐹,              𝑠 = 𝐻𝐻, 𝑆𝐴, 𝐵𝐷, 𝑃𝑃, 377 

where F denotes the global number of households. WF2 is defined as the marginal rate of substitution 378 

between each subject and income. 379 

 380 

Sample 381 

We applied the most appropriate method for each survey site after consulting with a local research 382 

company. Table S1 in the supplementary information shows the national statistics, including GDP 383 

(economic scale), population, life expectancy, forest area, GNI per capita, Gini index, region category, 384 

and income group, as defined by the World Bank database. Table S2 shows survey information and 385 

regional statistics of the survey site. We adopted face-to-face interviews for emerging countries, 386 

wherein trained interviewers visited each household and explained the questionnaire to respondents in 387 

detail to minimize survey bias [48]. Internet surveys were used for developed countries with higher 388 

internet diffusion rates. The survey details are provided in previous publications [10,16].  389 

 390 

Choice experiment 391 

We designed a hypothetical choice situation based on the current environmental damage on a global 392 

scale toward the four endpoints to estimate the respondents’ marginal utility for these damages as 393 

described above. The questionnaire was translated into local languages. The units of tax and social 394 

assets were converted into the local currency by using the PPP exchange rate. A more detailed 395 

explanation of the questionnaire is provided by Murakami et al. [16]. 396 

 397 

Random parameter logit model for national average preference 398 

The choice experiment data were analysed statistically using a random parameter logit model by each 399 

country. We estimated the marginal utilities by applying the following function: 400 𝑈𝑛𝑖 = 𝛽′𝑛𝑠𝑥𝑠𝑖 + 𝛽𝑚𝑚𝑖 + 𝛽0𝛾 + 𝜀𝑛𝑖 ,        𝑠 = 𝐻𝐻, 𝐵𝐷, 𝑆𝐴, 𝑃𝑃. 401 

This describes the utility of respondent 𝑛 obtained from choosing alternative 𝑖. 𝑥𝑠𝑖  is an attribute 402 
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vector for the loss of each endpoint 𝑠 on HH, BD, SA, and PP with alternative 𝑖. 𝑚𝑖 is a monetary 403 

attribute indicating an income decrease due to an additional tax. γ equals 1 if alternative 𝑖 is the status 404 

quo (with Policy 3 as a current situation). 𝜀𝑛𝑖 is a random term that includes all effects due to the 405 

unobservable information of alternative 𝑖 and respondent 𝑛. Using the maximum simulated likelihood 406 

method, we estimated the marginal utilities of environmental damage, income decrease, and current 407 

status as 𝛽′𝑛𝑠, 𝛽𝑚, and 𝛽0, respectively. Following several economists [49–51], we interpreted the 408 

marginal rate of substitution among them as indicating their quantitative trade-off relationship since 409 

marginal utility is the degree of marginal importance of goods and services. Thus, −𝛽𝑠/𝛽𝑚 is the 410 

marginal WTP for mitigating each environmental damage; For example, respondent 𝑛 is willing to 411 

pay −𝛽𝑛𝐻𝐻/𝛽𝑚 for mitigating human health (DALY). Similarly, 𝛽𝑛𝐻𝐻/𝛽𝑛𝐵𝐷 directly indicates the 412 

relative weight that respondent 𝑛 perceives, so that each national average is interpreted as a national 413 

weighting factor of each endpoint, thereby indicating the social acceptance for a mitigation level.  414 

 415 

Latent class approach for classification 416 

Using the latent class logit model, we estimated the conditional utility function for each class, while 417 

assuming that the respondents included several distinct preference groups with different marginal 418 

utilities. Simultaneously, we estimated the probability of respondent n belonging to Class M. Thus, we 419 

used maximum likelihood procedures to estimate the coefficients for each class and then calculated 420 

the probability that an observation is located within each class, based on the observed choices of the 421 

respondents. We defined the probability of respondent n choosing 𝑦𝑛 as follows: 422 𝑃𝑛(𝜃) = ∑ 𝑒𝑥𝑝 𝜆𝑀𝑧𝑛 ∑ 𝑒𝑥𝑝 𝜆𝑀𝑧𝑛𝑀𝑀 𝐾𝑛(𝑦𝑛|𝛽𝑀), 423 

where θ is the vector of the parameters, λ is the vector of membership parameters, z is the vector of 424 

the observed characteristics of respondents, 𝐾𝑛(𝑦𝑛|𝛽𝑀) is the conditional probability of respondent n 425 

belonging to Class M and choosing 𝑦𝑛, and 𝛽𝑀 is the vector of marginal utilities.  426 

The latent class approach allows us to explore the following: First, distinct utility functions (as a 427 

vector of marginal utilities) were estimated for each class, so that several classes with different vectors 428 

of marginal utilities are identified. Second, membership functions consisting of individual 429 
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characteristics are estimated simultaneously, so we can explore regional and individual factors 430 

influencing heterogeneity. We applied the expectation-maximization (EM) algorithm to solve the 431 

difficulty of estimation due to many parameters being estimated [49,52]. 432 

 433 

Measures associated with SWB  434 

SWB is defined as the appraisal and evaluation of one’s own life to reflect cognitive judgements [53]. 435 

Many governments and international organizations incorporate SWB into official statistics to capture 436 

aspects of society’s real conditions that are missed in the GDP and use it for policy decision-making 437 

[54–57]. Many empirical studies have supported the validity and comparability of SWB because of its 438 

association with blood flow to the brain, experience with immunological and hormonal measures, 439 

mortality, and short-term stability [58,59]. While there is a large variety of factors influencing SWB, 440 

from genetic to societal [60], the literature indicates that genetic factors influence 30–40% of SWB 441 

[61]. This means that the remaining 60–70% can be influenced by social situations associated with 442 

policymaking. 443 

 444 

Life satisfaction 445 

Respondents were asked to respond subjectively to the question ‘All things considered, how satisfied 446 

are you with your life as a whole these days?’ They answered by choosing a number from 0 to 10, 447 

with 10 being ‘very satisfied’, 5 being ‘neither satisfied nor dissatisfied’, and 0 being ‘very 448 

dissatisfied’. OECD [57] recommends the use of life satisfaction, as well as the UK Health & 449 

Wellbeing Report and EU Statistics on Income and Living Conditions adopting it as a major social 450 

index. 451 

 452 

Happiness 453 

Respondents were asked to respond subjectively to the question ‘Generally speaking, how happy are 454 

you with your life?’ They answered by choosing a number from 0 to 10, with 10 being ‘very happy’, 5 455 

being ‘neither happy nor unhappy’, and 0 being ‘very unhappy’. Since happiness is a more emotional 456 

measure than life satisfaction, it is important to identify both these SWB measures. Specifically, 457 
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‘happiness’ may have a different definition in each country, depending on their cultural values and 458 

norms [62,63]. 459 

 460 

SRH  461 

Respondents were asked to respond subjectively to the question ‘How would you describe the current 462 

state of your health?’ They answered by choosing a number from 0 to 10, with 10 being ‘very 463 

healthy’, 5 being ‘neither healthy nor unhealthy’, and 0 being ‘very unhealthy’. SRH is closely related 464 

to perceived happiness and life satisfaction; For example, the influence of GDP per capita on SWB 465 

tends to reduce when considering additional explanatory variables, such as the health condition [60]. 466 

Thus, it is reasonable that an increase in wealth leads to a higher SWB, partially because of better 467 

health conditions. 468 

 469 

Income class (relative income level per region) 470 

Respondents were asked to specify their total monthly/annual household income based on 5 income 471 

ranges, 1 being the lowest and 5 being the highest with 3 as the local average income range in the 472 

survey site. Respondents could decline to answer. The well-known ‘relative (comparison) income 473 

hypothesis’ supports that individual SWB, such as happiness and life satisfaction, is associated with 474 

not only the absolute level of own income but also its relative level compared with those of others 475 

with similar socioeconomic attributes [64,65].  476 

 477 

Age 478 

SWB often has a U-shaped relationship with age; For example, the happiness point of middle age 479 

(40–50 years) is lower than for younger (20–30 years) and older (over 60 years) age groups. This 480 

relationship possibly depends on each region’s socioeconomic systems. In this study, a U-shaped 481 

relationship was observed among higher-income countries, while there were no obvious trends among 482 

lower-income countries. 483 

 484 
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Limitations 485 

For sampling efficiency, we selected an urban area with the largest economic scale and a high 486 

population density as the survey site for each country and implemented random sampling. This 487 

possibly resulted in higher monetary social weightings (i.e. WF2s defined as WTP) and higher SWB 488 

than the national average, reflecting less scarcity of wealth because of their higher income level. The 489 

income gap between urban and other areas tends to be larger for middle-income countries as shown in 490 

Figure S3 in SI. As our estimates are representative of these cities (survey sites), further investigation 491 

is needed to clarify whether this can be extrapolated to the national level. Nevertheless, this concern 492 

may be alleviated because the factors mainly associated with heterogeneity (shown in the table below 493 

Figure 3) are at a national level. 494 

The LIME model used in this study provides the framework incorporating multiple impacts into 495 

social decision-making using an interdisciplinary LCIA approach. The public importance of 496 

mitigating the multiple environmental damages is evaluated using the current damages physically 497 

assessed as a reference status. Since potential damages cannot be fully captured in the assessment 498 

because of insufficient knowledge of environmental science, the estimated physical damages of the 499 

four endpoints (i.e. DALY, social assets, EINES, and NPP), posed to the respondents as the current 500 

damage levels, may be underestimated. This could result in smaller estimated marginal utilities of 501 

environmental goods. We can expand the same framework with up-to-date knowledge. 502 

Despite the complications and difficulties of incorporating biodiversity mainly due to its 503 

multifunctional features, its appraisals need to incorporate socio-economical urgency/importance 504 

regarding its damages into public decision-making. Bateman and Mace [4] suggest a comprehensive 505 

framework of ecosystem service assessment. This study’s social weighting of the ecosystem (i.e. 506 

biodiversity and primary production) is one example, wherein the weighting factor of biodiversity is 507 

defined as the WTP (or the relative size of marginal utilities) to avoid the extinction of one species. 508 

This does not consider differences that are associated with the organism involved. Increased spending 509 

is prevalent to avoid extinction of animals [66], suggesting that it may be desirable to estimate the 510 

social weighting per species for each organism. In this study, another social weighting of the 511 

ecosystem (i.e. primary production) is defined as a factor to capture the importance of the essential 512 
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foundation of energy flow in the ecosystem. Further improvement and expansion of ecosystem service 513 

assessment is needed, which can promote interdisciplinary collaboration and help achieve progress in 514 

sustainable development.  515 

 516 
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Figure Legends 673 

 674 

Figure 1. The framework of this study. This accords with the ISO14044 standard, wherein the 675 

lifecycle impact assessment (LCIA) procedure is specified. The inventory list and path are illustrative. 676 

For damage assessment, we covered eight impact categories including climate change, air pollution, 677 

photochemical oxidants, water use, land use, fossil fuel use, mineral resource, and forest resource use. 678 
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For each category, we quantitatively characterized the pathway from inventory emission to the four 679 

damage endpoints based on the latest knowledge in environmental science. In this study, we obtained 680 

79 million DALY (human health), 450 billion US$ of valuable resources (social assets), 100 EINES 681 

(biodiversity), and 18 billion tons of NPP (primary production) as the current annual damage on a 682 

global scale based on 191 countries of occurrence [10]. Using these current damage levels, we 683 

estimated the marginal utility of mitigating each damage by using a choice experiment in the cross-684 

sectional social survey of 19 G20 countries. This study compared national average social weightings 685 

calculated from marginal utilities estimated using each country’s random parameter logit model 686 

(Figure 2) and tentatively classified all respondents from the 19 countries into four distinctive 687 

preference groups using the latent class logit model (Figure 3 and Table 1). DALYs=disability-688 

adjusted life years; US$=US dollars; EINES=expected increase in number of extinct species. (See the 689 

Method section for detailed definitions of the four endpoints.) A complete overview of the LIME 690 

model is provided in Inaba and Itsubo [9].  691 

 692 

Figure 2. Comparison among national averages of social weightings for 19 countries. (a) and (b) 693 

show that the social priority depends on countries: (a) shows a scatter diagram with each country’s 694 

average WF1 (normalized social weighting) and gross national income (GNI) per capita, with a 695 

regression line summarizing the relationship. The red solid and dotted lines demonstrate that the 696 

WF1s of human society (human health and social assets, respectively) are trending downward. The 697 

blue solid and dotted lines demonstrate that the ecosystem WF1s (biodiversity and primary 698 

production, respectively) are trending upward. This indicates that the social weighting of the 699 

ecosystem (human society) is positively (negatively) related to the national income level on average. 700 

(b) focuses on the WF1s of qualitative subjects (i.e. human health and biodiversity). The upper left 701 

(lower right) area indicates larger weight on biodiversity (human health). The area around the 45-702 

degree line indicates equal weight on both. BD=Biodiversity; HH=Human health. (c) shows scatter 703 

diagrams of the relationships between the GNI and WF2 (monetary social weighting in purchasing 704 

power parity; PPP) of each country for human society (human health (left) and social assets (right)). 705 

(d) shows those for the ecosystem (biodiversity (left) and primary production (right)). WF2s hold 706 
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greater heterogeneity among countries with lower levels of GNI per capita, and this trend decreases 707 

and converges after approximately 16,000 USD (PPP) of GNI per capita, which echoes the empirical 708 

boundary of the ‘middle income trap’ introduced by the World Bank and accepted by development 709 

economists. (See the main text for details.) DALYs=disability-adjusted life years; EINES=expected 710 

increase in number of extinct species. 711 

 712 

Figure 3. Classification of each preference group focusing on human health and biodiversity. 713 

(a)–(c) demonstrate the several distinct preferences estimated using a latent class logit model for 714 

residents in 19 countries: 9 with middle income and 10 with high income. The marker size reflects 715 

their individual share within the sample. As in Figure 2b, Figure 3 demonstrates the relative 716 

importance of human health and biodiversity. (a) Class A1 (A2) located in the upper left (lower right) 717 

area implies the placement of more (less) weight on biodiversity than human health. Classes A3 and 718 

A4, located around the 45-degree line, indicate equal weight on both, with equal importance on all 719 

environmental goods for Class A3 and higher weight on qualitative subjects (DALY, EINES) than 720 

quantitative subjects (SA, NPP) for Class A4. (b) For countries lower than the middle-income level, 721 

four distinctive classes of M1–M4 are observed, with M4 providing remarkably high weighting of 722 

qualitative subjects. (c) For high-income countries, there are three distinctive classes of H1–H3, with 723 

H3 which places higher importance on biodiversity, accounting for 60% of the sample. 724 

 725 

Table 1. Characteristics of each preference group. This table illustrates the group shares and the 726 

type of people that tend to belong to each group. + and - indicate significantly positive and negative 727 

observed correlations, while ++ and -- indicate stronger correlations. Shading indicates no significant 728 

correlations are observed between the classifications and the respondents’ attributes. Overall, longer 729 

life expectancy is correlated to the probability of belonging to the class with higher weight on 730 

biodiversity (A1, M1, M2, M4, H3); shorter life expectancy and larger domestic income inequality 731 

(Gini index) are correlated to the probability of belonging to the class with higher weight on human 732 

health (A2, A4, M3, M4, H2). The household income class (relative income level within the region) is 733 
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significantly correlated to higher social weighting on biodiversity (M2) among the middle-income 734 

countries, despite having no significant impact on segmentation for the high-income countries. 735 
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