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Abstract

In the current Chinese diets, merely 14% of residents adhere to the recent dietary guidelines. The
excessive consumption of red meat presents significant health and environmental challenges,
leading to increased pressure on protein feed imports. This study proposes a pragmatic solution
wherein the entire population partially replaces red meat with soybeans in China, and evaluates
the impacts. Employing meta-analysis and counterfactual analysis, we investigate the
correlations between food intake and disease risk, calculating avoidable mortality and the
associated disease burden. Consuming 50g/day of soybeans may prevent 1.2 million deaths
annually, saving $250.74 million indirect costs and $3.52 billion in direct medical expenses.
Through substituting, completely eliminating the population exceeding 100g daily red meat
intake in China could preventing 0.28 million deaths, and saving $247.66 million indirect and
$2.06 billion direct medical costs. Furthermore, utilizing a partial equilibrium model, we
projected the regional impacts and costs of following the recommended soybean consumption on
water use, land use, carbon, nitrogen, and phosphorus emissions. Through dynamic data
validation, estimating a 19.6% reduction in carbon emissions, 5.4% less water use, 26.2% lower
nitrogen footprint, and 24.6% less phosphorus footprint. These findings offer valuable evidence
for improving agricultural economic policies and strategies in China.
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How Substituting Red Meat with Soybean Can Help China to Achieve Health and

Environmental Goals?

1. Introduction

China is currently experiencing a significant shift in dietary patterns, characterized by an increased
intake of red meat. The total meat consumption in China surged from 60 million tons (Mt) to 100 Mt
between 2011 and 2021, marking a rapid increase of two-thirds (OECD/FAQ, 2023). This rapid growth
has had considerable health implications, leading to an increased risk of diseases such as obesity,
hypertension, diabetes, and dyslipidemia. The Lancet Global Health Commission has established
guidelines recommending the daily red meat consumption should not exceed 14g to mitigate health risks
(Willett et al., Citation2019). However, China's per capita consumption of red meat has surpassed this
threshold, with an average intake rising from 50g to over 70g per day over the last two decades. This
excessive consumption pattern is corroborated by the “Report on Nutrition and Chronic Disease
Conditions of Chinese Residents (2020)”, which indicates a concurrent rise in the prevalence of

cardiovascular diseases from 8% to 25% between 2010 and 2020.

The increase in red meat intake in China has necessitated a corresponding rise in large-scale
livestock production, which heavily relies on soybean-based feed. Consequently,, China's soybeans
import have significantly increased, a key component in the formulation of livestock feed. According to
the National Bureau of Statistics, the demand for meat in China has surged from 12.05 to 92.27 Mt
between 1980 and 2022. In 2021, the demand for soybeans reached approximately 90 million tons to meet
the production needs of 450 million tons of total feed. This has led to a decline in China's soybean self-
sufficiency rate to just 15% in 2021, resulting in increased soybean imports primarily from Brazil and the
United States. This situation poses environmental challenges, as the increased production of soybeans for

livestock feed contributes to higher carbon footprints, impacting global natural systems.



Recent cohort studies have investigated the associations between all-cause mortality and red meat
intake, as well as the effects of substituting red meat with poultry or fish. However, the potential benefits
of substituting red meat with direct soybean consumption by humans have been poorly explored. Soybean,
through a nitrogen-fixing quality, enhances soil fertility, reduces water usage, and is less reliant on
chemical fertilizers. Consequently, it would decrease in demand for chemical fertilizers and reduce
energy consumption and emissions since the manufacturers would falter accordingly. Planting soybeans
can bring environmental benefits, promoting biodiversity and fostering the growth of soil microbiota, as it
helps reduce the adverse effects of pests and diseases. On the other hand, current meat consumption
contributes heavily to climate change and causes a range of air pollution-related deaths (Liu et al.,2021).
Substituting red meat with soybean could prevent 57,000 premature annual deaths linked to PM2.5

pollution (Guo et al.,2022).

Direct human consumption of soybeans results in considerably lower ecological footprints
compared to using soybeans for livestock feed production. In 2021, China's soybean consumption reached
117 million tons, with 85% allocated to livestock feed and only 12.5% for human consumption. Nearly
70% of Chinese consumed less than 15 grams of soybean daily, and only 15% met the recommended
intake according to dietary guidelines. Over half the Chinese population did not reach the recommended
minimum daily intake of 25 grams of soybean and nut-based foods, with only West China adhering to the

dietary recommendations.

In this study, we aims to examine the health and environmental impacts of partially substituting red
meat with soybeans, while balancing environmental and economic objectives. We designed two dietary
scenarios to evaluate the health and environmental effects of substituting red meat with soybeans,
considering supply-demand dynamics and specific dietary habits in China from 2023 to 2030. These
scenarios are meticulously derived from a robust meta-analysis and a thorough calculation of disease
burden, with a particular emphasis on the unique dietary patterns prevalent in China. Through this

multifaceted approach, our study seeks to contribute to the discourse on sustainable dietary practices and



inform policy decisions that could lead to improved public health outcomes and a more environmentally

sustainable food system.

2. RESULTS

Food Consumption in Different Regions under the Baseline Scenario

The baseline scenario for policy simulation uses historical consumption trends to predict future
regional food demand and potential environmental impacts. From 2020 to 2030, total food consumption is
expected to increase, accompanied by shifts in residents' food consumption patterns at both the national
and regional levels. While direct consumption of grains is projected to decline, the consumption of meat,
vegetables, and fruits is anticipated to rise, though at a slower pace. When examining per capita food
consumption, the trends across different regions are observed to be increasingly converging (Figure 1).
Specifically, per capita consumption of pork and eggs is projected to increase by approximately 10%
compared to 2020 levels. The consumption of beef, mutton, and poultry is expected to grow even faster,
exceeding 20%. Dairy and seafood consumption will exhibit the highest growth rates at around 25%, with
an annual growth rate of approximately 2%. Furthermore, vegetable and fruit consumption will increase

by 11% and 18%, respectively, with annual growth rates ranging from 1% to 2%.

Changes in total food consumption are expected to be relatively modest, closely aligning with per
capita food consumption trends . Specifically, total direct grain consumption is expected to decline by
7.3% compared to 2020. Conversely, dairy and seafood consumption are expected to increase by 25%,
while fruit and meat consumption rises by 17% and 15%, respectively. Vegetable and egg consumption
are anticipated to grow by 10% and 8%. Additionally, potato and sugar consumption will see minor

increases of around 2% (Figure 2).

This study also identifies notable regional disparities in consumption patterns across different areas.
Generally, it is observed that the per capita consumption in the eastern regions (EC and CC) surpasses

that of the central (NC and SC) and western (NW and SW) regions. Particularly, consumption of high-



protein and nutritious foods such as seafood, meat, nuts, and fruits is notably higher in the eastern regions.
Conversely, the central and western regions exhibit higher consumption proportions of staple crops like
vegetables, edible oils, sugar, and potatoes. These regional disparities closely correlate with local
economic development levels, industrial structures, and residents' consumption habits. From 2020 to 2030,
consumption structures in various regions have undergone changes, with rapid growth observed in
seafood and dairy consumption in the eastern regions, while significant increases in potato consumption

are noted in the western regions.
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Figure 1 Projected Per capita Food Consumption by Region in China in 2020 and 2030

Note: NC=North China, NE=Northeast, EC=East China, CC=Central China, SC=South China, NW=Northwest, SW=Southwest
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Figure 2 Total Food Consumption for National Residents in 2020 and 2030

Note: blue for 2020; orange for 2030

Environmental Impact of Food Consumption

The environmental impacts associated with food consumption, including carbon, water, nitrogen,
and phosphorus emissions, were quantified based the emission factors of each food category and the

amount of food consumption. The results are detailed below.

In the environmental module, carbon emissions from livestock products are calculated based on

carbon emission coefficients per unit of livestock product. As illustrated in Figure3, In the base year of

2020, water usage per capita for the entire nation was 878 m*/person. The northeastern region had the
highest water usage per capita related to food consumption, reaching 971 m®/person, exceeding the
national average by ten percentage points. Across various regions, water usage in the Eastern, North,
Northeast, Central, and Northwest accounted for approximately 21%-27% of the national total. However,
meat consumption had the highest water footprint in the South and Southwest regions, oscillating between
34%-39%. The nitrogen emissions from food consumption were 13.2 kg/person, and the footprints from
meat consumption dominated in all regions, making up 60%-80%, with the Northwest region exceeding

76% in 2020. The phosphorus emissions were 1.5 kg/person, with meat as the primary source. Regionally,



the Northwest region had the highest phosphorus emissions per capita at nearly 2 kg/person. Meat also
remains the primary source of phosphorus emissions in all regions, ranging from 52% to 75%, most

prominently in the Northwest region, where it exceeded 74%.

In the same year, the total carbon emissions from food consumption nationwide reached 1.18 billion
tons, accounting for approximately 10.4% of the country's total carbon emissions. When examining
regional disparities, East China had the highest emissions, with food consumption comprising 270 million
tons or 23.0% of the national total. The Central China region had approximately 220 million tons of
emissions, accounting for 18.3%. In contrast, the Northwest and Northeast regions had the lowest food-
related carbon emissions at around 90 million tons or 7.7%. Meat was the dominant source of carbon
emissions across all regions, with footprints exceeding 40% in all areas and 57% in the Northwest region.
Changes in residents' dietary habits and increases in consumption overall affected the environment. It is
anticipated that by 2030, the food system will result in approximately 1.28 billion tons of carbon
emissions and use about 13 trillion cubic meters of water, an increase of around 8%. The increase in gas
emissions is particularly notable in the North China and East China regions, while water consumption
shows significant growth in the Southwest and East China regions. In 2030, nitrogen and phosphorus
emissions are estimated to reach 21.34 million tons and 2.49 million tons, with an increase of around 15%,

respectively, and more significant increases in the East China and Central China regions.
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Figure 3 Environmental Impact of Food Consumption in Different Regions in 2020 and 2030

Note: NC=North China, NE=Northeast, EC=East China, CC=Central China, SC=South China, NW=Northwest, SW=Southwest

Environmental Impact of Food Consumption Under Different Scenarios

We have developed scenarios by considering substituting red meat by soybeans and evaluated the
potential environmental benefits by 2030. Firstly, the "Red meat reduction" scenario (MEAT10), which
targets a reduction of 5.3 million tons of red meat consumption, is expected to result in a 9.4% decrease in
red meat intake. Conversely, soybean consumption may increase by 35%. Notably,, this shift does not
significantly impact overall food consumption or the consumption of other food categories. In contrast,
the "Increasing Soybean" scenario (SOYB35) aims to boost soybean consumption to replace pork, beef,
and lamb consumption to alleviate environmental threats. In this scenario, soybean intake per capita
increases from the current 15g per day to the recommended 50g per day, as suggested by The Lancet
(Willett et al., Citation2019). This change is intended to replace an equivalent amount of pork, beef, and
lamb by proportionally adjusting meat consumption to align with local dietary patterns. Reduced
consumption of animal meat would lead to lower prices, decreased imports, and a reduced demand for

feed grains, slightly decreasing the supply of staple grains. Under this scenario, grains for animal feed



will be decreased by 10.22 million tons, equivalent to the land-saving area of 3.569 million acres based on

crop yields from the 2019 Chinese Rural Statistical Yearbook.

The scenario MEAT10 aims to adjust the consumption structure of animal meat according to the
food consumption characteristics of different regions, aligning per capita meat consumption within the
recommended dietary guidelines. In this scenario, carbon emissions decrease by 6.2% compared to the
baseline scenario, reducing from approximately 1.28 billion tons to approximately 1.207 billion tons. The
Southwest region experiences the most substantial reduction, at 12.9%. The water footprint decreases
from approximately 133 million m3? to approximately 131 million m3, representing a 1.3% reduction
compared to the baseline scenario. Additionally, nitrogen and phosphorus footprints decrease

significantly, with national averages declining by 9.3% and 8.2%, respectively.

The scenario SOYB35 aims to alleviate environmental pressures by replacing a portion of red meat
consumption with soybeans. In terms of carbon emissions, this scenario results in a 19.6% reduction
compare to the baseline scenario, decreasing from approximately 1.28 billion tons to approximately 1.07
billion tons. The Northwest region experiences the most substantial reduction at 83%, followed by the
South China region with a 47.8% reduction. The water footprint decreases from approximately 133
million cubic meters to approximately 126 million cubic meters, representing a 5.4% reduction compared
to the baseline scenario. Additionally, nitrogen and phosphorus footprints exhibit a national average

decrease of 26.2% and 24.6%, respectively.

In summary, optimizing meat consumption structures based on regional food resources and
substituting red meat with soybeans could mitigates environmental impacts by reducing emissions and
water usage. This strategy effectively alleviates the strain on the environment and can be implemented
into the current food system without significant effects on the supply and demand for other food

commodities.
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Meta Analysis Results for Health Impact

We conducted a systematic review and meta-analysis of published literature, presenting coefficients

essential for calculating disease burden and offering insights into its association with health outcomes.

Fifty-three articles published between 2011 and 2022 were selected for full-text review. Details of the

literature review can be found in the Supplementary Information.

These studies demonstrate the significant health benefits associated with soybean consumption,

including reduced risk of overall mortality (Schwingshackl L, et al., 2017), coronary heart disease



(Wangen K E et al., 2001; Huang et al., 2020; Zheng et al., 2012; Song et al., 2016; Budhathoki et al.,

2019; Sina Naghshi et al., 2020; Bechthold et al., 2019; Guo Y et al., 2022), diabetes (Chang 2008; Li W
et al., 2018), gastric cancer (Deng et al., 2013; Zhang et al., 2015; Thakur et al., 2014; Ni et al., 2018),
breast cancer (LEE H P et al., 1991; LEE M M et al., 2005; LEE S A et al., 2009), and colorectal cancer
(Thiagarajan et al., 1998; Yan L., 2010). Moreover, soybean consumption has been associated with
improved glycemic control (Toyomura K, Kono S, 2002; Chang 2008; Minami Y et al., 2020; Li W et al.,
2018; Toyomura K, Kono S, 2002; Chang 2008; Raquel et al., 2008; Tatsumi Y et al., 2013; Yan L.,
2010), lower blood pressure (Zhou et al., 2022), and prevention of obesity (Bhathena SJ and Velasquez
MT, 2002; Crujeiras et al. 2007; Trinidad et al. 2010; Gao M, Lv J, Yu C, et al. 2020; Abete et al., 2009),
while also promoting enhanced bone health (Oxlund et al., 1995; Geil and Anderson, 1994; Civitelli et al.,

1992; Ma et al., 2008; Liu et al., 2009; Lousuebsakul-Matthews et al., 2014).

Our meta-analysis results indicate that substituting total red meat with 50g soybean products per day
is associated with a 46% reduction in the risk of stroke (SRR 0.54; 95% CI 0.34-0.87; Pheterogeneity =
0.001; 12 = 79.3%), a 14% reduction in coronary heart disease risk, and a 22%-25% reduction in gastric
cancer risk (Soybean OR=0.75, 95% CI 0.66-0.85). Moreover, among Asian women, soybean
consumption is linked to a 14% reduction in breast cancer risk (95% CI 0.78-0.94), and a 21% reduction
in colon cancer risk (95% CI 0.65-0.97; P=0.026). Additionally, our analysis shows that a daily soybean
protein intake of 100g is associated with a 23% lowers risk of ischemic heart disease (95% CI 0.65-0.90).
Furthermore, compared to the lowest level of soybean intake, the highest recommended level of soybean
intake can lower risk of type 2 diabetes by 35% among women and 27% among Asians (95% CI=0.66-

0.91).

Our analysis underscores the adverse health effects associated with the consumption of red and
processed meat, which are typically linked to heightened risks of coronary heart disease, stroke, type 2

diabetes, and cancer (Micha et al., 2010; Chen et al., 2013; Schwingshackl L et al., 2017). Specifically,

the results indicate that a daily intake of 100g of red meat is associated with a relative risk of 1.25 for



coronary heart disease (95% confidence interval 1.21-1.29; n=3), 1.12 for stroke (95% confidence interval
1.06-1.17; n=7), 1.12 for colon cancer (95% confidence interval 1.06-1.19; n=21), and 1.15 for type 2
diabetes (95% confidence interval 1.08-1.26; n=14). These findings emphasize the importance of

incorporating soybean and plant-based proteins into dietary choices to maintain good health.

Table 1 Relative Risk Values for Food Intake and Disease Incidence

Food Population Coronary Ischemic Stroke Type 2 | Colorectal Gastric Breast Cancer
Heart Disease | Heart Disease Diabetes Cancer Cancer
Intake
Soybean Female N/A N/A N/A 0.65  (0.49- | N/A N/A N/A
(50g/day) 0.87)
Male N/A N/A N/A 0.73  (0.61- | N/A N/A N/A
0.88)
Overall 0.86 (0.78- | 0.77 (0.9- | 0.54 (0.82- | 0.77 (0.66— | 0.79  (0.65- | 0.75 (0.66- | 0.86  (0.78-
0.94) 0.65) 0.44) 0.91) 0.97) 0.85) 0.94)
Red Meat 125  (1.21- | 1.11  (1.06- | 1.12  (1.06- | 1.15  (1.08- | 1.12  (1.06-
(100g/day) Overall 1.29) 1.16) 1.17) 1.26) 1.19) N/A N/A

Source: Compiled by the authors using systematic meta-analysis.

Note: The data compilation prioritizes gender-stratified Asian datasets, with recourse to global data in instances where such specific datasets

are unavailable. N/A: Lack of precise gender-segregated data.

Scenario Analysis Results for Health Impact

The relationship between food intake and disease risk is not linear. Therefore, we conducted a
scenario analysis specifically for the SOYB35 scenario. We assumed that dietary modifications would be
gradually implemented from 2023 to 2030 to meet the specified targets. Our calculations indicate that
increasing soybean intake to 50g per day per capita, while reducing red meat consumption, would cost
only 4 billion RMB. This change would result in the avoidance of 1.20 million people deaths, a reduction

of 250.74 million USD (1.791 billion RMB) in indirect disease burden, and savings of 3.52 billion USD




(25.145billion RMB) in direct medical costs. Furthermore, this dietary transition would reduce carbon

emissions by 19.6%, a 5.4% decrease in water footprints, a 26.2% reduction in the nitrogen footprint,

and a 24.6% reduction in the phosphorus footprint.

Conversely, increasing red meat consumption beyond the recommended levels by 100g per day per
capita would cost 41.46 billion RMB, leading to 0.28 million people deaths, an increase of 247.66 million

USD (1.769 billion RMB) in indirect disease burden, and 2.06 billion USD (14.688billion RMB) in direct

medical costs. These findings underscore the significant benefits of reducing red meat intake (Table 5).

Table 5 Simulation Results of Deaths and Diseases Burden

The number of deaths and disease burden avoided for per capita person in China intake 50g soybean daily(i)

Disease type(x) PIFi DR(%0) | Population A Avoided | Indirectly avoided disease | Directly avoided medical
affected Deaths burden expenses (¥100 million)
(10,000 people) (10,000 (¥100 million)

people)

Type 2 Diabetes - | 0.27 0.21 67200 3.81 1.15 28.18

Female

Type 2 Diabetes - | 0.21 0.21 71900 3.17 0.95 30.15

Male

Stroke 0.37 1.41 139000 72.52 7.54 42.16

Ischaemic heart | 0.17 1.23 139000 29.06 3.34 6.77

disease, IHD

Stomach cancer 0.19 0.16 139000 4.23 1.69 1.11
Breast cancer- | 0.1 0.05 67200 0.34 0.27 0.79
female

coronary heart | 0.03 1.35 139000 5.63 2.53 136.33
disease

Colorectal cancer- | 0.16 0.15 67200 1.61 0.45 5.95

female




Total 120.37 17.91 251.45
The number of deaths and disease burden for per capita person in China intake more than 100g red meat daily(i)
PIFi DR(%0) | Population A Deaths Indirect increasing disease | Direct increase in medical
affected burden (¥100 million) expenses (¥100 million)
(10,000
(10,000 people) people)
coronary heart | 0.19 1.35 54071 13.87 13.90 100.76
disease
Ischaemic ~ heart | 0.08 1.23 54071 5.32 1.36 2.11
disease, IHD
Stroke / stroke 0.09 1.41 54071 6.86 1.59 14.76
colorectal cancer 0.09 0.15 54071 0.73 0.00 431
Type 2 diabetes 0.11 0.21 54071 1.25 0.84 24.94
Total 28.03 17.69 146.88

Additionally, this study highlights that red meat reduction intake by 10g per person per day, with a
corresponding increase in soybean consumption to align with dietary recommendations, would yield
several benefits. By 2030, this shift is expected to reduce carbon footprints by 6.2%, water usage by 1.3%,
nitrogen outlet by 21.4% and phosphorus emissions by 8.2%. These results highlight the substantial of
soybeans in terms of food security, nutritional health, climate change mitigation, and biodiversity

conservation. Increasing soybean consumption can promote environmental sustainability and health while

ensuring a balanced protein intake.

Sensitivity analysis

The sensitivity analysis was conducted to evaluate the robustness of our findings by varying key

parameters. It identified crucial factors such as environmental coefficients and disease risk intervals,

performing two sets of analyses.




The first set examines how changes in environmental coefficients impact various parameters related
to food choices. The results show consistent proportional changes in carbon emissions, water footprint,

nitrogen footprint, and phosphorus footprint.

The second set employs probabilistic sensitivity analysis to assess disease risk to evaluate the range
of mortality rates and associated disease burden costs. Our findings suggest that a daily soybean
consumption of 50 grams per capita in China could prevent 357,300 to 1,369,000 deaths, indirectly
reducing disease burden by 2.2 billion to 8.337 billion RMB and directly lowering healthcare expenses by
79.8 billion to 344.3 billion RMB. Conversely, a daily red meat intake exceeding 100 grams per capita
may lead to between 828,400 and 1,296,000 deaths, increased disease burden of $4.2 billion to $6.8

billion, and healthcare costs of $84 billion to $220 billion in China.

3. Discussion

Our study underscores the importance of a balanced dietary intake of soybean and meat proteins for
both environmental and health benefits. However, previous research has several limitations that our study
aims to address. Firstly, we noted a prevalent reliance on static historical data and national average to
assess dietary intake in previous studies. This approach neglects the significant regional disparities in
dietary habits and the prevalence of undernourishment, which are crucial factors to consider (Kaartinen et
al., 2023; Gazan et al., 2021; Ro66s et al., 2020; Vasconcelos et al., 2020). Secondly, while some research
has acknowledged the economic, cultural, and healthcare system differences among developed countries, there
has been a notable omission of emerging economies, such as China. Thirdly, the majority of recent studies
have focused on medical expenses associated with all-cause mortality, w with a relative scarcity of
research that directly examines the health and environmental impacts of specific food groups. Our study
aims to fill this research gap by conducting a detailed investigation into the health and environmental
implications of specific food groups, particularly focusing on the balance between soybean and meat

proteins.



A multitude of economic models have been employed by various research institutions to evaluate the
potential impacts of policy changes. Prominent examples include the International Food Policy Research
Institute's (IFPRI) IMPACT model and FAO in collaboration with OECD through their AGLINK-
COSIMO model. However, the development of interdisciplinary economic models tailored to the specific
conditions of China remains in its nascent stages. Existing Chinese economic models, such as CAPSiM
and CHINAGRO, predominantly concentrate on national-level scenarios, often neglecting the broader
implications of international market dynamics, natural resource limitations, and the effects of agricultural
disasters. To address these limitations, our study employs an integrated economic model that incorporates
essential components of agriculture, water resources, and crop production. This holistic approach allows
for a comprehensive evaluation of the potential substitution of red meat with soybeans, taking into
account the intricate interplay among policy interventions, constraints on natural resources, and external
factors that may influence the agricultural sector. By integrating China-specific data and scenarios into
our model, our research provides a more nuanced understanding of the health and environmental

implications associated with dietary shifts within the context of an emerging economy.

Therefore, we add these additional measures to detect direct socioeconomic costs dynamically.
Explicitly focusing on China while keeping its soybean production for direct human consumption, we
aimed to estimate the impacts of 50g/day soybean intake on the outcomes of total mortality and deaths,
and predict the future changes in diet by region. Our study overcomes the limitations of previous research
through a comprehensive and rigorous approach. First, our methodology comprehensively accounted for
an independent food group, soybeans, and its implications across genders, regions, and various
parameters. Secondly, by incorporating regional variations in dietary patterns, socioeconomic conditions,
and healthcare systems, our modeling provides a more nuanced and contextualized analysis. Thirdly, our
study explicitly focuses on China while examining soybean production for direct human consumption,
enabling us to estimate the impacts of soybean intake on mortality outcomes and predict future dietary

changes at the regional level. Furthermore, We steer clear of potential reverse causation bias when

examining the associations between disease risks and costs.Each food group could exert independent



effects on specific disease types. Our study addresses a critical knowledge gap by investigating the
associations between specific protein sources and their impacts on the disease burden attributable to
dietary risk factors. The relative risk intervals for specific diseases were calculated based on prospective
research from reputable global institutions, incorporating epidemiological health loss and economic loss
methodologies, as well as pathological health risk assessment methods. Aligning with meta-analyses, the
mean, maximum, and minimum values of the relevant risk factors were analyzed to derive the
recommended risk intervals, thereby enhancing certainty. Finally, while acknowledging the statistical
uncertainties in the evaluation results due to the need for further investigation of regional dietary habits,
our study's timeliness and rigorous approach contribute to advancing the understanding of the complex

interplay between dietary choices, health outcomes, and economic implications.

The soybean has been cultivated since Chinese agriculture began, and it has 5000 years of history. It
is a staple food crop for the development of Chinese civilization, and soybean-based products become one
of the most versatile foods in people's dining tables. China has had a rich and diverse soybean processing
technology since ancient times, including non-fermented bean products (such as tofu, soybean milk, dried
tofu, bean curd, etc.) and fermented bean products (such as fermented black beans, bean paste, fermented
bean curd, etc.). However, Against the historical backdrop of resource scarcity in China, meat was
perceived as a nutritious and scarce delicacy, due to its relative inaccessibility and high price compared to
plant-based foods. Meat consumption has been imbued with cultural attributes closely associated with

celebratory and familial social activities, leading to the marginalization of plant-based alternatives such

as soybean. Even as health awareness has progressed, cultural factors continue to impede the widespread
abandonment of meat-based diets among the Chinese populace. Concomitant with economic advancement
and societal progression, we have deviated from our originally healthier dietary practices. Between 1989
and 2000, Chinese people's dietary structure was more in line with the 2022 Chinese Dietary Guidelines
(CDGs) targets, mainly based on plant-based staples. However, the China Health and Nutrition Survey
shows that the intake of soybeans and their products by Chinese residents has been declining since 2000;

adult residents’ intake has dropped from 14.5 grams per day in 2000 to 12.8 grams per day in 2018.



Our study also highlights that the substitution of red meat with soybean-based protein sources can

yield beneficial effects on the environmental sustainability.

The strategic augmentation of direct human consumption of soybeans as a partial replacement for red
meat is essential for alleviating the concurrent issues of malnutrition and over-nutrition prevalent among
both urban and rural populations in China. However, achieving this dietary shift may necessitate targeted
policy interventions to reinforce the adherence to national dietary guidelines within the country. While
China's policy aimed at revitalizing the soybean industry has successfully stimulated production, it has
not thoroughly addressed the challenge of consumer acceptance. Future research should be directed
towards identifying region-specific consumer preferences, which can inform the development of tailored
soybean products that resonate with diverse demographic segments. Additionally, investigating the long-
term health implications of sustained soybean consumption across diverse demographic groups could
provide valuable insights into the long-term benefits and potential risks associated with this dietary
change. Furthermore, a thorough cost-benefit analysis of various policy interventions and incentive
structures could inform more effective strategies to encourage the cultivation and consumption of
soybeans. Interdisciplinary collaborations that integrate expertise from fields such as agronomy, nutrition,
consumer behavior, and public policy would facilitate a comprehensive understanding of the multifaceted
aspects influencing the adoption of soy-based diets and their broader impact on health, the environment,

and the economy.

It is important to acknowledge the limitations inherent in our study, which include potential biases
within the coefficients utilized in our analyses. Specifically, when exploring the health impact of dietary
change, constraints such as an inadequate sample size for statistical significance and a paucity of
comprehensive data have limited our ability to fully delineate the population impact fractions across the
spectrum of disease types. While the dietary risk factors were selected based on meta-analyses that

provided convincing evidence of causal links to chronic diseases, the associations between specific foods



and diseases are subjects of ongoing debate. The relative risk factors used in the health module
calculations are based on previously published estimates of the statistical value of life from developed
countries. These factors may not adequately account for regional disparities and may not be fully
representative of the actual circumstances within China. Furthermore, our gender-based analysis implies
that insights into soybean consumption may be more beneficial for targeting female consumers. The
associated gender-specific risk variables may require further contextualization based on the origin of

consumers and the delineation of age groups.

4. METHOD

Modeling

In this study, we established a baseline scenario that serves as the foundation for our recursive
dynamic simulation, which extends to the year 2030. This scenario is predicated on a set of assumptions
concerning key socio-economic indicators, namely population dynamics, urbanization rates, GDP growth,
and technological advancements. Our demographic assumptions are grounded in the 2020 population data
reported by the National Bureau of Statistics and are further informed by the population growth rates
projected by the United Nations Population Division for China in 2022. We anticipate a stabilization in
the national population, which is projected to decline to approximately 1.4 billion by 2030, concurrent
with a gradual increase in the urbanization rate, expected to approach 70%. In the absence of detailed
provincial population forecasts, we maintain the assumption that the population distribution across
provinces will remain consistent throughout the simulation period. Economic growth is modeled using
actual GDP growth rates observed from 2021 to 2022. These rates are then projected to gradually decline
in the subsequent years, from 2023 to 2030, in accordance with historical GDP growth trends at the
provincial level. We assume an average annual GDP growth rate that fluctuates within the range of 5% to
6%.We forecast an increase in income for both urban and rural residents, with a projection that rural
incomes will grow at a marginally faster pace than their urban counterparts, thereby reducing the urban-

rural income disparity. Technological progress in agriculture is assessed by examining the historical



growth rates of crop yields and livestock body weights due to technological advancements. Finally, the
model assumes that the total amount of arable land available for agricultural activities will remain

relatively stable over the projection period.

Scenario Setting

The per capita daily protein consumption in China is reported to be 60.4 grams, with a slight
variation between urban and rural demographics. Urban residents consume an average of 62.7 grams,
while rural residents intake 58.7 grams. In urban areas, the protein intake is distributed across cereals
(40.2%), soybeans (6.4%), and animal-based products (40.5%). Conversely, rural residents' protein
consumption is more heavily reliant on cereals (51.5%), followed by animal-based foods (31.4%), with
soybeans contributing a smaller proportion (5.6%) (China Residents' Nutrition and Chronic Diseases
Report 2020). Soybeans, which contribute a relatively modest share to the overall protein intake, possess
a direct absorption rate of approximately 60% (Baglieri A et al., 1994). This indicates that approximately
21 grams of protein per 100 grams of soybeans is readily by the human body, resulting in an effective
soybean protein content of 21%. The digestibility of soybean protein can be further enhanced through
processing, with various soy products demonstrating improved absorption rates. For instance, tofu
achieves a protein digestion rate within the range of 92% to 96%, and soy milk exhibits a digestion rate of
84.9%. In comparison, the protein content in 100 grams of pork can vary by cut but averages to about 20

grams. Hence, our scenarios consider a 1:1 substitution ratio of soybeans for pork.

We recognizes a significant divergence between the self-reported soybean consumption data and
actual intake levels. This discrepancy can be attributed to the presence of soybean-derived products in
various processed foods, including baked goods, confectionery, dairy products, and beverages, which
may not be accurately reflected in dietary surveys by respondents. Moreover, most dietary intake surveys
rely on 24-hour recall method, which can lead to biases and may not accurately represent the true
consumption. Taking into account the potential losses throughout the consumption-to-intake process of

soybeans, we adopt the current per capita soybean intake figures derived from the Chinese Center for



Disease Control and Prevention survey. Specifically, we consider a baseline of 15 grams of soybeans and

85 grams of red meat per day for our simulations.

In Scenario 1 (MEAT 10), we implement a 10g/day reduction in red meat consumption per capita.
This reduction is strategically offset by an equivalent increase in the intake of soybeans. Consequently,
this adjustment results in a balance daily red meat consumption of 75g/day, while raising soybean intake
by 10g/day. This increase in soybean intake aligns with the recommended minimum dietary guidelines,

achieving a daily intake level of 25 grams (equivalent to 9.1kg annually).

In Scenario 2 (SOYB 35), we proposes a further increment in soybean intake by an additional 35
grams per day, replacing an equivalent amount of red meat, aligning more closely with international
dietary standards. Importantly, this enhancement in soybean consumption is calibrated to maintain the

recommended intake level of red meat at 50 grams per day.

Scenarios | Description of Simulation Scenarios Reference for Setting

MEAT10 | Reduce per capita daily pork, beef and | Based on recommendations from "Chinese
lamb intake by 10g, simultaneously | Dietary Guidelines (2022)" and disease burden
increase soybean intake by an equal | calculations, adjusted red meat intake to 75g/day
amount. while ensuring soybean intake meets the

minimum recommended level of 25g/day.

SOYB35 | Increase per capita daily soybean intake | Reference to recommendations by the World
by 35g, simultaneously reduce pork, [ Health Organization and the EAT-Lancet
beef and lamb intake by an equal [ Commission on Healthy Diets from Sustainable
amount. Food Systems (2019), raising soybean intake to
50g/day while Red meat reduction intake from

85g/day to 50g/day.

Table 2 Scenario Settings




Source: Authors' Setting

Note: The data presented here represent recommended intake levels; the model calculates food consumption based on the edible portion

conversion.

Environment Module Coefficients Collection

This study is underpinned by a comprehensive dataset on the environmental impact factors, primarily
from the China Product Life Cycle Greenhouse Gas Emission Coefficient Dataset (2022), the Barilla
Center for Food & Nutrition Foundation, and relevant studies (Cai et al., 2022; Poore and Nemecek, 2018;
Song et al., 2015; Xue et al., 2021). Water footprint parameters came from the Water Footprint Network
database. Nitrogen and phosphorus footprint coefficients were primarily based on the work of Xue et al.

(2021).

Soybeans emerge as a more environmentally sustainable dietary alternative to red meat, primarily
due to the lower consumption of water and nonrenewable resources required for their production. . It is
evident that the cultivation of soybeans results in significantly lower emissions of greenhouse gases
compared to animal farming. Specifically, soybean production emits merely 0.4 kg of carbon dioxide per
kg of product, which is a mere 2% of the emissions associated with animal farming. Furthermore, the
nitrogen emissions from soybean cultivation are a fraction of those from beef production, at 13.66 grams
per kg, representing a reduction of 57 times. In terms of water usage, soybean cultivation is markedly
more efficient, with a consumption rate of 3016 cubic meters of water per ton, which is approximately
one-third of the water required for beef production. Similarly, the phosphorus footprint of soybean
production stands at 1.14 grams per kilogram, a reduction of 70 times when compared to the phosphorus

emissions from beef production.

Table 6 The Environment Footprint of Food Consumption

Food type Carbon Footprint(kg) Water Footprint(m3/t) Nitrogen Phosphate
Footprint Footprint
(kg) Farm Postpartum Household Total Green Blue Gery Total
circulation consumption water water water (8 (8

gate




Soybean 0.1 0.2 0.1 0.4 2549 249 218 3016 14 1
Pork 4.7 0.1 0.2 5 3686 286 473 4445 58 8
Beef 29.8 0.1 0.2 30.1 9085 350 282 9717 778 80
Mutton 24.4 0.1 0.2 24.7 3485 278 9 3772 892 79
Average 19.6 0.1 0.2 19.9 5419 304 255 5978 576 56
Animal

products

Average 163 1 3 50 2 1 1 2 42 49
Animal

products  /

soybean

Source:The carbon emission intensities of various food types at different stages along the food supply chain were calculated based on the
China Productss Carbon Footprint Factors Database(2022), and other relevant reports(e.g., Cai et al.2022; Poore and Nemecek 2018;Song et
al.2015; Xue et al.2021). The water footprint factors of different food types with green, blue,and gray WF parameters selected for each plant-

based and animal-based product referred to Mekonnen, M. M. & Hoekstra, A. Y.(2011). The NF and PF coefficients referred to Xue (2021).

Health Module and Coefficients Collection

This study employs a systematic meta-analysis to elucidate the complex interplay between dietary
patterns, specifically the consumption of soybeans and red meat, and their association with various
diseases. A comprehensive search was conducted across multiple databases, including PubMed, Embase,
and Google Scholar, utilizing three distinct sets of keywords: 'Soybean/Red meat,' 'disease name,' and
'disease burden.' The primary outcome of this meta-analysis is to synthesize evidence from studies
examining the relationship between the consumption of soybeans and red meat and seven diseases with
established dietary links. This includes an analysis of the economic implications of these diseases,
encompassing both direct and indirect healthcare costs. To bolster our analysis, we have utilized data
from three pivotal sources: the Global Burden of Disease Project (GBD2017), the China Cause of Death
Surveillance Dataset, and the China Health and Wellness Statistical Yearbook (Yearbook). These sources

have been pivotal in providing essential data on disease incidence, mortality, and disability-adjusted life




years (DALY), with an emphasis on rates standardized to the Chinese population. Further information is
provided by the China Health and Nutrition Survey, which reveals that only 30% of residents met dietary
guidelines for soybean and soybean product consumption (25g). Additionally, findings from the 2015
Chinese adult nutrition transition study indicating that 49% of the adult population exceeded the
recommended intake levels for poultry and meat, with 38.9% of individuals consuming more than 100g of

meat per day.

Health Module Base Calculation

To evaluate the associated disease risks, we employ the attribution disease burden assessment
method. This methodological framework is instrumental in quantifying disease risks across various
dietary scenarios. Here we introduced Population Impact Fraction (PIF), which represents the
proportionate change in disease cases that change when the exposure risk shifts from the baseline to a
control situation. Two approaches, direct category analysis and counterfactual analysis, are utilized to
calculate PIF., The first approach, direct category analysis, relies on empirical data to estimate disease
risk through the computation of relative risks (RR). Utilizing the prevalence of the population (P(X)) and
the RR of exposure factors derived from literature, we ascertain the attributable disease burden. The
second approach, counterfactual analysis, operates on hypothetical scenarios to estimate the avoidable
disease burden. This method juxtaposes the risks at varying levels of exposure to assess the potential
reduction in disease burden. We calculate the relative risks for both the unexposed group (RRu) and the
exposed group (RRa), employing these metrics to quantify the avoidable disease burden. This approach
allows us to assess disease risks and compare burdens across different scenarios comprehensively. It
provides a robust methodological foundation for understanding the potential health implications of
shifting from red meat to soybean consumption. The attributable disease burden is calculated as follows.

RR(X)P(X)dx — RR(X)P'(x)dx
RR(X)P(x)dx

PIF =



The attributable mortality resulting from excessive red meat consumption, denoted as Adeaths, can
be quantified by a methodical calculation. This process involves multiplying the PIF of each disease by
the disease-specific mortality (DR) and the size of population (P) that exceeds the recommended intake of
red meat, which is more than 100 grams per day (38.9% of total). Conversely, the potential reduction in
mortality that could be achieved through the daily consumption of 50 grams of soybeans is calculated by
a similar method. This calculation involves (P).multiplying the disease-specific mortality (DR) and the

total population (P):

Adeaths=PIFi*DR*P

The alteration in the burden of disease attributable to risk factors ( ) such as soybean and red meat
consumption, can be quantified using a structured formulaic approach. This method integrates the PIF for
each disease, which represents the proportion of disease burden that can be attributed to a specific risk
factor. The PIF is then multiplied by the per capita Gross Domestic Product of China (GDP), the specific
disease of Disability-Adjusted Life Years (DALY). The resultant figure is divided by the per capita life

expectancy China:

Indirect Cost of Disease = PIF * indirect cost = PIF * DALY (Disability-Adjusted Life Years) /

average life expectancy * GDP (Gross Domestic Product) per capita

We used publicly available data sources to analyze comparative risk. Central to our analysis are the
disability-adjusted life years (DALYSs) reported in the 2019 all-sex, all-age Global Burden of Disease
(GBD) study, encompassing all sexes and ages, and the World Health Organization's Global Health
Estimates. In alignment with the strategic objectives outlined in China's "14th Five-Year Plan," the 2035
Long-Range Objectives, and the "Healthy China 2030" Outline, it is projected that the average life
expectancy will surpass 79 years by the year 2030. According to the International Monetary Fund (IMF)
World Economic Outlook report, China's Gross Domestic Product (GDP) is anticipated to reach 25,400
U.S. dollars by 2030. The Development Research Center of the State Council has provided a detailed

demographic forecast for the year 2030, estimating the Chinese population to be 1.39 billion, with a



gender ratio of 107 males for every 100 females, comprising 672 million females and 719 million males

(MaJ, LiJ, Zhang L, et al.,2022).

Then, we systematically calculated the treatment costs associated with various diseases by
integrating three critical parameters: population numbers, disease incidence rates, and average medical
expenses. The medical expense data is sourced from the “2021 China Health Statistics Yearbook”, while
the disease incidence data are derived from the National Cancer Center. We obtain the treatment costs by

multiplying population numbers, disease incidence rates, and then by average medical expenses.

Direct Costs = Treatment Costs = Population * Disease Incidence Rate * Average Medical Expense

We have undertaken a meticulous calculation of the costs associated with food consumption,
specifically focusing on the price comparison between soybeans and red meat. Our analysis is grounded
in the reference retail prices obtained from the national agricultural products cost and benefit survey
statistics compilation. The reference retail price for soybeans is recorded at 5.23 RMB per kilogram,

while the corresponding price for red meat is noted to be 20.96 RMB per kilogram .

Table 3 Indirect costs and Direct costs of relevant diseases calculated from available data sources

Disease Type Death Rate | Whole Indirect Incidence The Average | Direct
(%o) Chinese Costs Rate (%o) Medical Costs
population (Billions ¥) Expense (¥) (¥ Billion)
Disability-
Adjusted Life
Years
(DALYs,
2019)
Colorectal 0.15 6,394,918 ¥5.90 2.26 ¥39,177.02 ¥123.07
Cancer
Cardiovascular 1.35 91,933,122 ¥ 84.30 39 ¥ 25,149.02 ¥1,363.33
Disease(coronary
heart Heart
Disease)




Stroke 1.41 22,210,555 ¥20.40 229 ¥ 13,246.15 Y 421.64
(Cerebrovascular

Disease)

Type 2 Diabetes 0.21 9,579,860 ¥38.80 53.1 ¥7,896.73 ¥ 582.85
Gastric Cancer 0.16 9,675,898 ¥ 8.90 N/A N/A N/A
Breast Cancer 0.05 2,956,954 ¥2.70 0.3 ¥ 18,986.73 ¥7.92
Ischemic Heart | 1.23 21,393,857 ¥ 19.60 3.34 ¥ 14,591.15 ¥ 67.74
Disease (IHD)

Fractures (Falls) 0.09 7,020,888 ¥ 6.40 N/A N/A N/A
Stomach Cancer N/A N/A N/A 0.24 ¥ 33,278.50 ¥11.10

source: The mortality data for diseases are derived from the Annual Report on Causes of Death among Residents for the year 2021,

specifically from the section titled "Main Disease Mortality Rates and Composition among Residents." ; The incidence rate data for diseases are
sourced from the 2018 National Health Service Survey under the report titled "Prevalence of Chronic Diseases Among Residents in Surveyed
Regions (per thousand)." This report encompasses data from 153 urban districts in 31 provinces nationwide and 378 counties or county-level

cities in rural areas.Note: Discount the indirect costs to the present value by multiply discount rate.

Simulation of Resident Food Consumption and its Impact on Health and the Economy

As previously discussed, we computed the relative risk (RRi) and Population Impact Fraction (PIF)

for soybean and red meat consumption concerning various diseases.

Indirectly avoided disease burden=PIFi * Indirect cost * The proportion of the risk(i) population

Directly avoided medical expenses= Direct cost * The proportion of the risk(i) population

P (x) is the number of people with risk factor level x in the population in real scenarios. According to
the cohort study of the nutritional status of Chinese residents in 2015, 49.9 percent of adults in 15
provinces in China consumed livestock and poultry exceeded the recommended value of dietary
guidelines, and 38.9% of adults exceeded the intake of 100 grams of meat per day. According to the

China Health and Nutrition Survey, only 30 percent of Chinese residents met the dietary guidelines for



soybean and soybean products in 2018 (25 grams/day). First, the PIF values between red meat intake and
various diseases are calculated. We assume that all populations have adequate red meat intake; that is,
100% of people have standard red meat intake. By calculation, we found that red meat intake showed the
strongest association with CHD, with a PIF value of 0.19. There were also some associations with stroke,
colorectal cancer, and type 2 diabetes, with corresponding PIF values of 0.09,0.09, and 0.11, respectively.
When considering the effect of soybean intake on disease risk, the association between soybean and type
2 diabetes, ischemic heart disease, gastric cancer, colorectal cancer, breast cancer, and coronary heart
disease, corresponding to PIF values of 0.17,0.17,0.19,0.16,0.10 and 0.03 respectively, see the PIF

calculation process in Table 4.

Table 4 Population Impact Fraction Calculation

Food Disease type(x) Relative value of | The RR'In | P(x)% | P'(x)% in | (a) Actual Disease | (b) Disease | PIF=(a-b)/a
Intake(i) disease onset risk | the the Failure Disease | Risk:
RR (x) counterfactu simulation Risk:
J RR (x)
al scenario protocol
JRR (x) P (x) dx = | P'(x)dx
RR * P (X) + RR"™*
(1-P (X))
Red meat Ischemic heart | 1.11(1.06-1.16) 1.00 38.9 100 1.04 1 0.08
disease
100 g / day
Coronary  heart | 1.25(1.21-1.29) 1.00 389 100 1.10 1 0.19
disease
Stroke 1.12 (1.06-1.17) 1.00 389 100 1.05 1 0.09
Colorectal cancer 1.12 (1.06-1.19) 1.00 38.9 100 1.05 1 0.09
Type 2 diabetes 1.15 (1.08-1.26) 1.00 38.9 100 1.06 1 0.11
Coronary  heart | 0.86 (0.78-0.94) 1.00 30 100 0.88 0.86 0.03
Soybean disease
50g/ Gastric cancer 0.75 €0.66-0.85) 1.00 30 100 0.93 0.75 0.19
day Mammary cancer 086 C 0. 78-0. | 1.00 30 100 0.96 0.86 0.10




94)

Ischemic heart | 0.77 (0.9-0.65) 1.00 30 100 0.93 0.77 0.17
disease

Colorectal cancer 0.79 (0.65-0.97) 1.00 30 100 0.94 0.79 0.16
Type 2 diabetes | 0.65 (0.49-0.87) 1.00 30 100 0.90 0.65 0.27
mellitus

-Female

Type 2 diabetes | 0.73 (0.61-0.88) 1 30 100 0.92 0.73 0.21
mellitus- -Male

Stroke 0.54(0.82-0.44) 1.00 30% 100% 0.86 0.54 0.37
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