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Do mariculture products offer better environment and nutritional 1 

choices compared to land-based protein products? 2 

Abstract: Mariculture products are generally deemed to have less negative environmental 3 

externalities and more nutrient content, and are therefore a promising food substitute for land-4 

based protein products (LPPs). China is the world’s largest mariculture producer, with 66% of 5 

global production share in 2018. However, different categories of mariculture products have 6 

varied nutrient composition and environmental impacts, and ignoring such heterogeneity 7 

potentially misleads policy decision making in mariculture development in China. Here, we 8 

compare the environmental and nutritional performance of 28 mariculture products with 7 LPPs 9 

produced in China. Our results show that although mariculture products are more environmentally 10 

friendly than LPPs on the whole, not all mariculture products have better nutrition-environmental 11 

performance than LPPs. Only 17 out of 28 mariculture products, mainly shellfish and fish, are 12 

found to be both nutritionally and environmentally more friendly than LPPs. Shellfish are 13 

promising substitutes for LPPs due to their minor environmental impact, higher nutrient density, 14 

greater production volume and lower average price compared with other mariculture products. 15 

However, upper dietary limits on daily intake of shellfish due to potential overconsumption of 16 

certain micronutrients must also be considered. We also found mariculture derived fish have no 17 

distinct environmental, nutritional or cost benefits over some LPPs, such as egg and chicken. The 18 

current structure of the mariculture industry in China may be optimized by expanding the 19 

production of nutrient-rich mariculture products with low environmental impact and affordable 20 

price. 21 

Keywords: mariculture products, land-based protein products (LPPs), water footprint, nitrogen 22 

footprint, nutrient density. 23 
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1. Introduction 24 

Under the UN’s medium growth scenario global population is expected to reach 9.7 billion 25 

by 2050 (UN, 2019). The concurrent demand for food and nutrition will lead to huge pressure on 26 

natural resources and the environment on a global scale (Tilman et al., 2017; FAO, 2020; Singh et 27 

al., 2021; Froehlich et al., 2018). Current protein supply is dominated by land-based protein 28 

products (LPPs), which is one of the main causes of environmental damage and climate change 29 

(Hilborn et al., 2018). The production of LPPs emits 19-29% of global greenhouse gas emissions 30 

(Vermeulen et al., 2012), consumes more than 70% of the world’s water resources (Hoekstra and 31 

Mekonnen, 2012), and is the main contributor to nitrogen pollution (Mueller and Lassaletta, 32 

2020). Despite this we fail to meet global nutritional needs (Golden et al., 2021); globally 820 33 

million people are undernourished (Willett et al., 2020), and 30% of the population fall short of at 34 

least one micronutrient in their diet (DIPR, 2020).  35 

Seafood is rich in micronutrients and is generally regarded as conferring lower levels of 36 

environmental stress than LPPs (Golden et al., 2021; Stentiford et al., 2020; Liu et al., 2018). 37 

According to recent studies, choosing seafood as an alternative protein source shows promise in 38 

meeting nutritional and environmental goals (Vanham et al., 2013; Bogard et al., 2018; Tilman 39 

and Clark, 2014). Seafood production may be categorised into two groups, namely capture fishery 40 

and mariculture. Capture fishery plays an important role in the global supply of aquatic products, 41 

but its expansion has been limited by capacity of the aquatic ecosystem and associated 42 

regeneration rates (Foley et al., 2012). The fast expansion of capture fishery has resulted in 43 

significant depletion of fish stocks (Golden et al., 2016). In contrast, mariculture has potential for 44 

growth due to its comparatively minor impact on marine ecosystems and recent technological 45 

advances (Merino et al., 2012). Although only 5% of global protein production is currently 46 

derived from mariculture (FAO, 2020; FAO, 2021), the amount of food produced from 47 

mariculture is likely to meet 5-19% of the estimated increase in total protein demand of 9.7 billion 48 

people in 2050 (Costello et al., 2012).  49 

Despite this, concerns have also been raised regarding the environmental and nutritional 50 

benefits of mariculture products. Firstly, some mariculture products rely on feed sources from 51 
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land-based agriculture (Newton and Little, 2018; Little et al., 2018), and the resulting 52 

environmental impacts of this cannot be ignored (Froehlich et al., 2018). Secondly, most previous 53 

studies treated seafood as a broad category of products to be analyzed together with other food 54 

groups (Koehn et al., 2022; Shalders et al., 2022; Wang et al., 2022). Plenty of previous researches 55 

have also tended to focus on limited species of mariculture products, mostly fish (Pelletier et al., 56 

2009; Yuan et al., 2017), whilst other species such as shellfish or crustacean are seldom 57 

considered (Driscoll et al., 2015; Nanda et al., 2021; Mititelu et al., 2022). To address these 58 

concerns, our research approach has been to build a complete list of nutrition and environmental 59 

inventories for different mariculture products in order to examine the differences in nutrient 60 

content, environmental impact, cost and production.  61 

Carbon emissions have usually been the only selected environmental indicator (Madin and 62 

Macreadie, 2015), with studies concluding that proteins harvested from the sea have a 63 

significantly lower carbon footprint than proteins derived from land animals particularly ruminants 64 

(Hilborn et al., 2018; Madin and Macreadie, 2015; Tilman and Clark, 2014; Poore and Nemecek, 65 

2018; Godfray et al., 2010). With regard to land use, a recent study concluded that mariculture 66 

will continue to rely more on land-based, rather than sea-based, feed sources inputs (Zhang et al., 67 

2022). Given that the key biophysical drivers of crop yield are addition of water and fertiliser, 68 

water and nitrogen footprints seem most relevant to crop-based feed production, but are rarely 69 

evaluated in mariculture (Mueller et al., 2012).  70 

China is the world’s leading producer of mariculture products, accounting for around 66% of 71 

total global production in 2018 (FAO, 2020; FBCM, 2019). Over the past 20 years, China has 72 

produced more than 60 million tons of seafood annually. Mariculture accounted for more than 73 

70% of China's seafood output in 2018. Between 1986 and 2018, China’s mariculture production 74 

increased around 13 times (FBCM, 2019; FAO, 2021). In the present study, we undertook analysis 75 

based on China’s mariculture. We first evaluated the environmental and nutrient performance of 76 

28 different mariculture products using 2018 as the year base. The mariculture products included 77 

10 species of fish, 6 species of crustacean, 9 species of shellfish and 3 other classes. The 78 

environmental indicators we used included water footprint and nitrogen footprint, and nutrient 79 
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density was used as the nutritional indicator. We further compared the results from our mariculture 80 

product findings with seven selected LPPs. Overall, this analysis is distinguished from previous 81 

studies through (1) providing a full list of nutrition and environmental inventories for specific 82 

mariculture products; and (2) considering environmental impact indicators most relevant to crop-83 

based feed production i.e., water footprint and nitrogen footprint. We believe our findings help 84 

identify opportunities for achieving sustainable diets through mariculture production, contributing 85 

to the UN SDG’s of Zero Hunger (Goal 2), Responsible Consumption and Production (Goal 12), 86 

and Life Below Water (Goal 14). 87 

2. Methods and data 88 

2.1 Water footprint accounting 89 

The water footprint of a product is the volume of freshwater used to produce the product 90 

(Mekonnen and Hoekstra, 2011). The water footprint consists of green water, blue water and grey 91 

water. The green water footprint refers to the consumption of rainwater. The blue water footprint 92 

refers to the consumption of surface water and groundwater. The grey water footprint refers to the 93 

volume of freshwater required to assimilate pollutant loads based on natural background 94 

concentrations and existing environmental water quality standards (Hoekstra et al., 2011). Since 95 

the grey water footprint aligns with environmental pollution and has some overlap with the 96 

contents measured by the nitrogen footprint (Mekonnen and Hoekstra, 2012), the grey water 97 

footprint is only shown in the Appendix (Table S6). 98 

In this paper, the water footprint of LPPs was derived from the Global Water Footprint 99 

Database (Mekonnen and Hoekstra, 2011; Mekonnen and Hoekstra, 2012). The database contains 100 

average water footprint of 352 plant products and 106 animal products in China. For mariculture 101 

products, the water footprint consists of direct (related to mariculture process) and indirect (related 102 

to feed input) water footprint of mariculture. The direct water footprint of mariculture was 103 

assumed to be 0, because the water footprint of this study only involved freshwater rather than 104 

seawater. We adopted the method recommended by Pahlow et al. (2015) to calculate the indirect 105 

water footprint of mariculture, i.e., the water footprint of the feed input for the production of 106 

mariculture products. 107 
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𝑊𝐹𝑚,𝑖 = ∑ (𝑊𝐹𝑖,𝑓×∑ 𝐼𝑖,𝑓,𝑟𝑛2𝑛2𝑟=1 )×𝐹𝐶𝑅𝑖 ×𝑃𝑖𝑛1𝑓=1 𝐸𝑖        (1) 108 𝑊𝐹𝑝,𝑖 =  𝑊𝐹𝑚,𝑖 × 100𝑤𝑝             (2) 109 

𝑊𝐹𝑒,𝑖 =  𝑊𝐹𝑚,𝑖 × 100𝑤𝑒                (3)  110 𝑊𝐹𝑖 =  𝑊𝐹𝑚,𝑖 × 𝑌𝑖 × 𝐸𝑖                  (4) 111 

Where 𝑊𝐹𝑚,𝑖 (L g-1) is the water footprint per gram (UWF, the unit is L g-1) of 112 

mariculture product i; 𝑊𝐹𝑖,𝑓 (L g-1) is the UWF of raw material f in the standard feed formula of 113 

mariculture product i; and 𝑛1 is the number of raw material f in the standard feed formula of 114 

mariculture product i; 𝐼𝑖,𝑓,𝑟 (g g-1) is the weight of raw material f in the feed formula r of 115 

mariculture product i; 𝑛2 is the number of feed formula of mariculture product i; 𝐹𝐶𝑅𝑖  is the 116 

feed conversion rate of mariculture product i; 𝑃𝑖 is the feeding ratio of mariculture product i; 𝐸𝑖 117 

is the edible part of the product, that is, the proportion of uncooked products following removal of 118 

all inedible parts. 𝑊𝐹𝑝,𝑖 (L g-1) is the water footprint per gram of protein of mariculture product 119 

i; 𝑤𝑝 (g) is the protein content per 100g mariculture product i. 𝑊𝐹𝑒,𝑖 (L kcal-1) is the water 120 

footprint per calorie of mariculture product i; 𝑤𝑝 (kcal) is the calorie per 100g mariculture 121 

product i. 𝑊𝐹𝑖 (m3) is the total water footprint (TWF, the unit is m3) of mariculture product i; 𝑌𝑖 122 

(kg) is the production of mariculture product i in China in 2018. 123 

Feed formulas affect the UWF. Based on the standard feed formula database of the China 124 

Fisheries Data Center (CFDC, 2019), FishBase (WFD, 2019) and patent database (PD, 2019), 167 125 

officially recommended feed formulas were selected to calculate the standard feed formulas for 28 126 

mariculture products (Table S2). We overlooked trace components in the feed formulation due to 127 

lack of data. The UWF of fish meal and fish oil were assumed to be zero (Gephart et al., 2014). 128 

The UWF of feed ingredients was obtained from the Global Water Footprint Database (Table 129 

S3) (Aldaya et al., 2012). Our study selected feed ingredients with available green, blue and grey 130 

UWF data of Chinese provinces in 2018, simulated10,000 times in Monte Carlo in order to 131 

achieve the probability distribution and related statistical parameters.  132 
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2.2 Nitrogen footprint accounting 133 

The nitrogen footprint is defined as the total amount of nitrogen released into the 134 

environment by an entity's consumption and associated food and energy production (Leach et al., 135 

2012). The nitrogen footprint of food production represents all nitrogen losses along the food 136 

production chain to food consumption (Galloway and Leach, 2016). Here, for plant products, we 137 

only considered four steps of nitrogen flows: 1) the input of new nitrogen, 2) crop production, 3) 138 

crop harvest, and 4) plant food processing. For animal-based products, we considered six steps of 139 

nitrogen flow: 1) the input of new nitrogen, 2) feed production, 3) feed processing, 4) animal 140 

production, 5) animal slaughter, and 6) processing of animal-derived foods. In order to be 141 

consistent with water footprint accounting we didn’t consider further nitrogen losses in other 142 

steps, including food consumption. 143 

The nitrogen footprint of LPPs was derived from the data set published by Hu et al. (2020), 144 

which contains nitrogen emissions from common agricultural and animal product production 145 

processes (Table S10). The nitrogen footprint of mariculture products was not included in this data 146 

set. Therefore, we calculated the nitrogen footprint per gram (UNF, the unit is g g-1) of feed in 147 

mariculture products, and then calculated the production UNF of mariculture products based on 148 

the coefficient ratio of the production UNF to the UNF from feed: 149 

𝑁𝐹𝑚,𝑖 = ∑ ( 𝑁𝐹𝑖,𝑔  𝑁𝐶𝐹𝑓,𝑔×∑ 𝐼𝑖,𝑓,𝑟𝑛2𝑛2𝑟=1 )×𝐹𝐶𝑅𝑖 ×𝑃𝑖×𝑁𝐶𝑖𝑛1𝑓=1 𝐸𝑖      (5) 150 𝑁𝐹𝑝,𝑖 =  𝑁𝐹𝑚,𝑖 × 100𝑤𝑝                  (6) 151 

𝑁𝐹𝑒,𝑖 =  𝑁𝐹𝑚,𝑖 × 100𝑤𝑒                  (7) 152 𝑁𝐹𝑖 = 𝑁𝐹𝑚,𝑖 × 𝑌𝑖 × 𝐸𝑖                     (8) 153 

   Where 𝑁𝐹𝑚,𝑖 (g g-1) is the UNF of mariculture product i; 𝑁𝐹𝑖,𝑔  (g g-1) is the UNF of 154 

primary product g of raw material f in the standard feed formula of mariculture product i; 𝑁𝐶𝐹𝑓,𝑔 155 

is the nitrogen conversion coefficient of raw material f and its primary product g (FAO, 2015); 𝑛1 156 

is the number of raw material f in the standard feed formula of mariculture product i; 𝐼𝑖,𝑓,𝑟 (g g-1) 157 

is the weight of raw material f in the feed formula r of mariculture product i; 𝑛2 is the number of 158 

feed formula of mariculture product i. 𝐹𝐶𝑅𝑖  is the feed conversion rate of mariculture product i; 159 
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𝑃𝑖 is the feeding ratio of mariculture product i; 𝑁𝐶𝑖 is the coefficient ratio of the production UNF 160 

of mariculture product i to the UNF from feed (Oita et al., 2016); 𝐸𝑖 is the edible part of the 161 

product. 𝑁𝐹𝑝,𝑖 (g g-1) is the nitrogen footprint per gram of protein of mariculture product i; 𝑤𝑝 162 

(g) is the protein content per 100g mariculture product i. 𝑁𝐹𝑒,𝑖 (g kcal-1) is the nitrogen footprint 163 

per calorie of mariculture product i; 𝑤𝑝 (kcal) is the calorie content per 100g mariculture product 164 

i. 𝑁𝐹𝑖 (t) is the total nitrogen footprint (TNF, the unit is t) of mariculture product i, and 𝑌𝑖 (kg) 165 

is the output of Chinese mariculture product i in China in 2018.  166 

2.3 Nutrient density 167 

The nutrient density of mariculture products was quantified according to a nutrient density 168 

scoring method recommended by Hallstrom et al. (2019). The formula used to calculate the 169 

nutrient density score is as follows: 170 

NDS-A = ∑ 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑖  𝐷𝑅𝐼𝑖 𝑥𝑖=1 − ∑ 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑗 𝑀𝑅𝐼𝑗 𝑦𝑗=1                (9) 171 

Where x is the quantity of ideal nutrients i; y is the quantity of non-ideal nutrients i; 172 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑖 is the content of ideal nutrients i in per 100 g raw mariculture products; 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑗  is 173 

the content of non-ideal nutrients j in per 100 g raw mariculture products; 𝐷𝑅𝐼𝑖 is the daily 174 

recommended intake of ideal nutrients i; and 𝑀𝑅𝐼𝑗 is the maximum recommended daily intake of 175 

non-ideal nutrients j. Equation (9) takes the mass of mariculture products as the reference value 176 

and, by comparison, the nutritional density score is also calculated with the protein and calorie of 177 

mariculture products as the reference value: 178 

NDS-B = ∑ 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑖  𝐷𝑅𝐼𝑖 𝑥𝑖=1 × 100𝑃𝑖 −  ∑ 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑗 𝑀𝑅𝐼𝑗  𝑦𝑗=1 × 100𝑃𝑖    (10) 179 

NDS-C = ∑ 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑖 𝐷𝑅𝐼𝑖  𝑥𝑖=1 × 100𝐸𝑖 − ∑ 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑗 𝑀𝑅𝐼𝑗 𝑦𝑗=1 × 100𝐸𝑖    (11) 180 

Here, 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑖 and 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑗  in NDS-B is the content of deal nutrients i and non-ideal 181 

nutrients j in per 100 g protein of raw mariculture products, and 𝑃𝑖 is the protein content per 100 182 

g of raw mariculture products. In NDS-C, 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑖 and 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑗  is the content of deal 183 

nutrients i and non-ideal nutrients j in per 100 kcal of raw mariculture products, and 𝐸𝑖 is the 184 

calorie per 100 g of raw mariculture products. 185 
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Nutrient content data was mainly obtained from the China Food Composition Database 186 

(NINH, 2018; NINH, 2019). Nutrient content refers to the nutrient content of an uncooked 187 

product, excluding inedible parts (such as bones, skin and shells). The nutritional content of the 188 

mariculture product refers only to the edible portion. For LPPs, the nutritional value used was a 189 

weighted average based on the nutritional content of the different parts of the animal and their 190 

respective weight ratios in the total weight of the boneless carcass of the animal. A total of 22 191 

nutrients were included in the nutritional assessment, amongst which sodium and saturated fatty 192 

acids were classified as non-ideal, and all other nutrients were classified as ideal (Table S12). 193 

Reference values (Table S13) included the recommended daily intakes (DRI) of ideal nutrients and 194 

the maximum recommended daily intakes (MRI) of non-ideal nutrients (CSN, 2016; CSN, 2014). 195 

The reference value was expressed for the general population aged 18 to 65 years, and the average 196 

value was used for gender-specific recommended nutrients. 197 

3. Results 198 

3.1 Water footprint and nitrogen footprint of 28 mariculture products 199 

Our results show the UWF of different mariculture products varied significantly (Fig. 1a). 200 

Amongst the 28 mariculture products, Chinese white shrimp and mud crab had the highest UWF 201 

(4.76 L g-1 and 4.56 L g-1, respectively), whilst jellyfish and sea cucumber had the lowest UWF 202 

(0.05L g-1 and 0.01 L g-1, respectively). Aggregating individual mariculture products into different 203 

categories we found crustacean had the highest UWF, followed by fish, shellfish, and other classes 204 

(Table S5). In comparison to LPPs, mariculture products had significantly lower UWFs. The 205 

production weighted average UWF for 28 mariculture products was 0.47L g-1 (SD: 0.002; 206 

[95%CI: 0.40, 0.55]) (green water accounted for 89.27%, blue water accounted for 10.73%), 207 

which was about one eighth of the UWF for LPPs (3.84 L g-1). Such a large difference may be 208 

explained by their feed ingredients and feed conversion rate, i.e. total feed divided by total species 209 

group biomass increase, whereby the lower the conversion rate the higher the conversion 210 

efficiency (Table S4) (Boyd et al., 2007). The feed ingredients of LPPs were mainly animals and 211 

grains with high UWF, and the feed conversion rate of LPPs ranged between approximately 2.00 212 

and 8.00 (Mekonnen and Hoekstra, 2012). In contrast, between around 30.00% and 60.00% of 213 
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mariculture products' feed ingredients came from fish meal and miscellaneous fish with UWF 214 

close to zero. The average feed conversion rate of mariculture products was also lower (1.52) 215 

compared to that of LPPs (Tables S2-S4).  216 

 217 

Fig. 1. Environmental indicators of mariculture products and LPPs in China in 2018. (a) UWF; (b) 218 

TWF; (c) UNF; (d) TNF. The bar charts categorize the water and nitrogen footprints of 28 219 

mariculture products (10 fish, 6 crustacean, 9 shellfish and 3 other classes) and 7 LPPs (beef, 220 

mutton, pork, chicken, milk, egg and soybean). Calculation of water footprint and nitrogen 221 

footprint refers to the corresponding index of edible parts of the product. 222 

However, not all mariculture products had lower UWF than LPPs (Fig. 1a). Some products, 223 

categorized within crustacean and fish, had higher UWF than certain LPPs. For example, the UWF 224 

of crustacean including Chinese white shrimp (4.76 L g-1), mud crab (4.56 L g-1) and portunid crab 225 

(3.28 L g-1) were higher than that of chicken (3.12 L g-1), soybean (2.80 L g-1), egg (2.43 L g-1) 226 

and milk (1.08 L g-1). Cobia (2.82 L g-1) and large yellow croaker (2.44 L g-1) within the fish 227 

category had higher UWF than egg and milk. These mariculture products therefore had no obvious 228 

water saving advantage compared to the selected LPPs. 229 
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Similarly, the TWF of mariculture products was significantly lower than for LPPs in China 230 

(Fig. 1b). In 2018, the TWF of the 28 mariculture products produced in China was 4.29 billion m3 231 

(88.67% for green water and 11.33% for blue water), compared with 582.31 billion m3 for LPPs. 232 

The TWF of different mariculture products varied significantly by category. Crustacean had the 233 

largest TWF, accounting for 49.63% of the TWF of mariculture products, followed by shellfish 234 

(28.44%), fish (21.80%) and other classes (0.13%) (Table S8). The large TWF of crustacean was 235 

mainly due to Chinese white shrimp, which contributed 61.32% of total TWF of crustacean. 236 

We observed similar results for UNF, which for mariculture products (0.01g g-1) was 237 

significantly less than that of LPPs (0.09 g g-1) (Fig. 1c). Amongst all mariculture products and 238 

LPPs, mutton had the highest UNF of 0.89 g g-1 nitrogen pollution, followed by beef (0.78 g g -1), 239 

whilst shellfish and other mariculture classes had the lowest UNF. 240 

However, not all mariculture products had smaller UNF than LPPs. The production weighted 241 

average UNF of crustacean (0.03 g g-1) and fish (0.03 g g-1) were higher than that of chicken 242 

(0.03g g-1), milk (0.02 g g-1), soybean (0.01 g g-1) and egg (0.01 g g-1) (Tables S10-S11). The UNF 243 

of Chinese white shrimp (0.52 g g-1) was ranked third highest in terms of nitrogen emissions, after 244 

mutton and beef. This is because the feed formulations for Chinese white shrimp contain large 245 

proportions (about 40%) wheat bran and meat powder, which are higher than for other mariculture 246 

products (Fig. 1c, Table S2).  247 

The combined TNF of mariculture products was 0.05 million tons in 2018, largely derived 248 

from Chinese white shrimp (36%). In contrast, the TNF of LPPs was much larger ranging from 249 

0.23 to 4.96 million tons (Table S11). We also quantified the water and nitrogen footprints per 250 

gram protein and per calorie. These results show that obtaining calories and protein from 251 

mariculture products, especially non-crustacean, generally needed less water and had lower 252 

nitrogen pollution than from LPPs (Figs. S1-S2, Tables S7-S8).  253 

3.2 Nutrient density of mariculture products 254 

We calculated the nutrient density score for mariculture products and LPPs using 18 255 

micronutrients and 4 macronutrients. Three indicators were used, including mass (NDS-A), protein 256 

(NDS-B) and calorie (NDS-C) (see methods). The nutrient density score of mariculture products 257 
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and LPPs in China using NDS-A is presented in the main text (Fig. 2), and NDS-B and NDS-C in 258 

the Appendix (Tables S14-S16). In general, mariculture products showed better nutritional quality 259 

properties with an average nutrient density score of 7.65, which was higher than that of LPPs 260 

(3.06). Most LPPs were ranked in the bottom half amongst all products in terms of their nutrient 261 

density (Table S16). However, there were some examples of LPPs with very high nutrient density 262 

scores. For example, the nutrient density score of soybean (10.60) was higher than most 263 

mariculture products, except oyster (12.13) and mud crab (11.37). The nutrient density score of 264 

mutton (4.24) was higher than many crustacean and fish. The nutrient density of some fish 265 

(grouper, large yellow croaker, turbot and pufferfish) was ranked in the bottom ten, with rankings 266 

close to those of chicken and pork. The lower nutritional performance of some fish may be 267 

attributed to the lower content of ideal nutrients (iron, zinc, etc), or that the content of undesired 268 

nutrients (sodium and saturated fatty acids) was higher, compared to other mariculture products 269 

(Table S12). 270 

 271 

Fig. 2. Nutrient density scores of mariculture products and LPPs in China, based on classification 272 

and individual product. Color depth indicates the nutrient density score of various products; the 273 

darker the color, the higher the nutrient density. Calculation of nutrient density score relates to the 274 

corresponding index of the edible part of the product. 275 

The high nutrient density scores of mariculture products were mainly due to their high 276 

micronutrient content (Fig.S6). However, the effects of various micronutrients on nutrient density 277 

score varied between mariculture products and LPPs (Table S18). Copper, selenium and vitamin 278 
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B12 were the main micronutrients contributing to the nutrient density score of mariculture 279 

products, by more than 10% respectively. The nutrients contributing most to the nutrient density 280 

score of land-based animal protein products were zinc, copper and vitamin B12. For land-based 281 

plant protein soybean, the effects of vitamin E, copper and omega-3 on nutrient density fractions 282 

were more than 10% respectively. Vitamin B12 was mainly contained in meat and seafood. 283 

3.3 Win-win and trade-off relationships between mariculture products and LPPs  284 

Combining nutrient density indicators and environmental indicators (UWF and UNF) for 28 285 

mariculture products and 7 LPPs, we grouped all products into four quadrants (Fig. 3). We also 286 

compared the combined nutritional and environmental impacts of different products on a protein 287 

and calorific basis (Figs. S7-S8), which showed a similar pattern as in Fig. 3. Products in quadrant 288 

II were both nutritionally and environmentally friendly. We found 17 out of 28 mariculture 289 

products were distributed in quadrant II (Fig. 3), which was dominated by fish and shellfish. 290 

Soybean was the only LPP in quadrant II. However, the production volume of products in 291 

quadrant II only accounted for 19% of the total production volume of all products. LPPs were 292 

mainly distributed in quadrants III and IV where the nutrient density was lower than the mean 293 

value (3.49). Our results also showed LPPs had a lower price and greater production volume than 294 

mariculture products (Fig. 3). Generally, mariculture products were distributed in quadrants II and 295 

III, where the environmental impact was lower than the mean values (3.52 L g-1 for UWF and 0.08 296 

g g-1 for UNF).  297 
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 298 

Fig. 3. Comparison of environmental and nutritional impacts of mariculture products and LPPs in 299 

China in 2018. Fig. a and Fig. c show the relationship between UWF and nutrient density; Fig. b 300 

and Fig. d show the relationship between UNF and nutrient density. The size of the bubbles in Fig. 301 

a and Fig. b represents the total production of each product in 2018 (FBCM, 2019; SBPR, 2019). 302 

The size of the bubbles in the Fig. c and Fig. d reflects the price of each product in 2018 (edible 303 

part only) (RSE, 2019). The color of the bubbles indicates the category of product, and the 304 

crosshair in the center is based on the weighted average of all products. Products with labels 305 

represent the top half of products by production volume. Each chart has four quadrants, namely; 306 

high nutrition and high environmental impact (quadrant I), high nutrition and low environmental 307 

impact (quadrant II), low nutrition and low environmental impact (quadrant III), and low nutrition 308 

and high environmental impact (quadrant IV). 309 

Looking at the price of mariculture products and LPPs, we found the average price of 310 

mariculture products in quadrant II was relatively high. Products in quadrant III were more 311 

environmentally friendly but had less nutritional density. Overall, we found shellfish in quadrants 312 



 14 

II and III had greater production volume, accounting for 84.5% of total mariculture production, 313 

but had a lower average price than other mariculture product categories. Fish in quadrant III had 314 

no obvious advantage in terms of environmental impact compared with egg, chicken and milk, 315 

which were also cheaper. 316 

Only two species in crustacean (Chinese white shrimp and mud crab), and three LPPs (beef, 317 

pork and mutton) were located in quadrants I and IV, which had greater environmental impacts 318 

than for other products. Pork was located in quadrant IV for UWF, but in quadrant III for UNF. In 319 

contrast, mud crab was located in quadrant I for UWF, but in quadrant II for UNF. Pork had an 320 

overwhelming production volume compared to other products, but a relatively lower price.  321 

4. Discussion 322 

Our findings reveal that obtaining nutrients from mariculture products as a whole was more 323 

environmentally friendly than getting them from LPPs. However, different categories of 324 

mariculture products varied greatly in terms of environmental impact and nutritional value. Not all 325 

mariculture products are ideal substitutes for LPPs when considering environmental impact, 326 

nutritional performance and price. The current structure of the mariculture industry in China may 327 

be optimized by expanding the production of nutrient-rich mariculture products with low 328 

environmental impact and affordable price.  329 

Amongst all categories of mariculture, shellfish showed most promise in acting as a 330 

substitute for LPPs. First, shellfish have greater production expansion potential than other 331 

mariculture products in China. Large-scale shellfish farming in China started in the 1950s, which 332 

currently accounts for greater than 85% of global production (Willer and Aldridge, 2020). The 333 

case in China also demonstrates the economic viability of shellfish farming in a rapidly 334 

developing country; with innovation in production technology, shellfish could meet the protein 335 

requirements of nearly 1 billion people in the most vulnerable regions of the world (Willer and 336 

Aldridge, 2020). Second, apart for a few shellfish (abalone and paludina) that rely on artificial bait 337 

and compound feed, most shellfish do not require feed inputs, so the overall environmental 338 

footprint of shellfish is small. Shellfish are rich in micronutrients, which help supplement 339 

micronutrient deficiencies in China. In addition, the price of shellfish is the lowest amongst 340 
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mariculture products, and is becoming an affordable seafood option for consumers. Shellfish may 341 

therefore be an accessible nutrient route for populations in developing countries.  342 

However, it should be cautioned that there are upper limits on daily intake of shellfish (Table 343 

S19). Micronutrients (copper, zinc, iron, selenium, etc.) are ideal nutrients that have a positive 344 

effect on health when consumed in moderation, but may have toxic effects when the 345 

recommended daily intake limits are exceeded. Taking oyster as an example, which has the 346 

highest nutrient density, frequent or large-scale consumption should be avoided due to its high 347 

copper content (8.13mg/100g) compared to the recommended daily intake (0.80mg/d) (Table 348 

S12). Hence, shellfish such as abalone, razor clam, cockle and oyster should only amount to less 349 

than 15% of daily protein intake when taking recommended nutritional limits into consideration. 350 

Upper daily intake limits may therefore constrain the development these shellfish production 351 

industries as a substitute for LPPs. Moreover, our results indicate a combination of mariculture 352 

and LPPs should be adopted to meet the nutritional requirements of the human body, whilst 353 

balancing environmental and economic requirements (He et al., 2018).  354 

Fish are beneficial to human health due to their plentiful supply of micronutrients such as 355 

omega-3. However, several factors potentially constrain the further development of the 356 

mariculture fish industry. First of all, there is no significant advantage in price or nutrition for 357 

fish. Compared to shellfish, fish have a lower nutrient density but are more expensive. Compared 358 

with LPPs, the nutrient density of fish is similar to LPPs, but the price of fish is higher than LPPs. 359 

Secondly we found fish, largely because of their feed, had no obvious environmental advantage 360 

compared to some LPPs. Fish feed mainly consists of two elements, one is derived from land 361 

(soybean meal, wheat meal, meat and bone meal, etc.) and the other is fish meal and fish oil 362 

derived from wild fish. The former has a large environmental impact, whilst the latter, although 363 

the UWF and UNF are close to zero, is unsustainable in terms of the nature of capture fisheries. 364 

To solve this dilemma, the combined effects of fisheries reform, reducing the use of non-365 

carnivorous mariculture in feed, and innovating new feed ingredients will help limit the 366 

environmental impact of mariculture feeds in the future.  367 
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To ensure the development of mariculture products with lower environmental impact, higher 368 

nutritional density and affordable price in China, efforts should first be made to expand the 369 

production base. Increased production will require significant investment and innovation in 370 

mariculture infrastructure including farming facilities, transportation, cooling and processing 371 

(Vanham et al., 2013). For example, the transportation and storage costs of frozen shelled products 372 

are significantly lower than those of fresh shelled products. Innovative financial methods, such as 373 

microfinance, will also boost the mariculture industry. In Peru, for example, a 50% corporate tax 374 

cut for aquaculture companies and incentives for private investment in innovation helped the 375 

shellfish industry grow sevenfold between 2003 and 2015 (Willer et al., 2021). Infrastructure 376 

combined with hatcheries with growth, purification and processing functions can further increase 377 

productivity.  378 

Increasing consumer demand will be the driving force underpinning rapid growth of the 379 

mariculture industry, which may be achieved by improving the safety, diversity, and affordability 380 

of mariculture products. Establishing seafood quality certification systems and food safety testing 381 

programs, and technological solutions such as solar-powered UV purification systems and regular 382 

monitoring of algal bloom toxins and parasites, can enhance consumer trust in mariculture quality 383 

(Mekonnen and Hoekstra, 2012). Promoting mariculture as an affordable source of protein is also 384 

key to boosting consumer demand. In addition, culinary efforts should also be made in offering a 385 

range of diverse, delicious and non-perishable mariculture processed products to satisfy different 386 

consumer tastes. 387 

As with all studies of this type there are some limitations. Full-scale footprint accounting 388 

needs to include all direct and indirect resource consumption and pollution discharges along the 389 

production and consumption supply chain (Zhao et al., 2019). Although a more comprehensive 390 

calculation of mariculture footprints is needed , the scope of our study and data shortages 391 

prevented us from doing so . The methods applied here provided a reasonable estimate of the 392 

footprint related to feed, which is equivalent to the boundary of the system used to calculate the 393 

footprint of LPPs. We also established a self-sufficiency and self-seclusion hypothesis, that is, 394 

assuming that both feed and mariculture products are produced and consumed only in China. 395 
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Under this assumption, we explore how much environmental impact the production of mariculture 396 

products will have on the environment. Also, whilst we’ve included as many important nutrients 397 

in mariculture production as possible, some important ones such as vitamin B6 and folic acid are 398 

missing from our quantification of nutrient density. We further used the Monte Carlo method to 399 

estimate the uncertainty of the environmental footprint (See Appendix). Furthermore, we used the 400 

calculation method of nutrient density recommended by Hallstrom et al. (2019) (see Method 2.3), 401 

which assigns the same weight to different nutrients. Although this method ignores the influence 402 

of different nutrients to the human body, it is more suitable for comparison of nutritional status in 403 

different countries and regions. 404 

5. Conclusions   405 

Here, we conducted a detailed environmental and nutritional study on 28 mariculture 406 

products in China from data in 2018, and compared them with 7 LPPs to provide a detailed list of 407 

product environmental footprint and nutrient density score. It is hoped such a comprehensive 408 

study will help promote ecologically sensitive and efficient development of the mariculture 409 

industry in China, and provide useful indicators for development in other countries throughout the 410 

world. The findings facilitate targeted mariculture production policies, and help consumers make 411 

food choices of mariculture products that benefit the environment and health. Our research 412 

confirms China’s mariculture production has environmental and nutritional advantages compared 413 

to LPPs. However, the characteristics of specific mariculture products must be considered if future 414 

mariculture industry development is to achieve more environmental, nutritional, and economic 415 

benefits. These characteristics include previously overlooked environmental indicators, nutrient 416 

content, food intake upper limits, price and production volume. Adopting the heterogeneity of 417 

different products may help policy makers identify current limitations in substituting mariculture 418 

products with LPPs.  419 

CRediT authorship contribution statement 420 

Shuiqin Zhang: Writing – original draft, data curation, conceptualization, formal analysis. 421 

Xu Zhao: Writing – review & editing, investigation, conceptualization, funding acquisition. 422 

Kuishuang Feng: Supervision, project administration, funding acquisition. Yuanchao Hu: 423 



 18 

validation, investigation. Martin R. Tillotson: Writing – subsequent draft, review & editing. Lin 424 

Yang: review & editing, funding acquisition. 425 

Declaration of competing interest 426 

The authors declare that they have no known competing financial interests or personal 427 

relationships that could have appeared to influence the work reported in this paper. 428 

Acknowledgments  429 

This study was supported by the National Natural Science Foundation of China 430 

(Nos.72074136, 72104129), the National Social Science Foundation of China (Nos. 21ZDA065, 431 

20&ZD100), the Taishan Scholars Programme of Shandong Province (Young Taishan Scholars). 432 

References  433 

Aldaya, M.M., Chapagain, A.K., Hoekstra, A.Y., Mekonnen, M.M., 2012. The Water Footprint 434 

Assessment Manual, 0 ed. Routledge. https://doi.org/10.4324/9781849775526. 435 

Bogard, J.R., Marks, G.C., Wood, S., Thilsted, S.H., 2018. Measuring nutritional quality of 436 

agricultural production systems: Application to fish production. Global Food Security 16, 437 

54–64. https://doi.org/10.1016/j.gfs.2017.09.004. 438 

Boyd, C.E., Tucker, C., Mcnevin, A., Bostick, K., Clay, J., 2007. Indicators of Resource Use 439 

Efficiency and Environmental Performance in Fish and Crustacean Aquaculture. Reviews in 440 

Fisheries Science 15, 327–360. https://doi.org/10.1080/10641260701624177. 441 

CFDC, 2019. Standard feed formula database [DB]. China Fishery Data Center. 442 

https://www.agridata.cn/data.html#/datasearch. 443 

CSN, 2016. Dietary Guidelines for Chinese Residents. Chinese Society of Nutrition. 444 

CSN, 2014. Reference Dietary Nutrient Intake of Chinese Residents. Chinese Society of Nutrition.  445 

Costello, C., Cao, L., Gelcich, S., Cisneros-Mata, M.Á., Free, C.M., Froehlich, H.E., Golden, 446 

C.D., Ishimura, G., Maier, J., Macadam-Somer, I., Mangin, T., Melnychuk, M.C., Miyahara, 447 

M., de Moor, C.L., Naylor, R., Nøstbakken, L., Ojea, E., O’Reilly, E., Parma, A.M., 448 

Plantinga, A.J., Thilsted, S.H., Lubchenco, J., 2020. The future of food from the sea. Nature. 449 

https://doi.org/10.1038/s41586-020-2616-y. 450 

https://doi.org/10.4324/9781849775526
https://doi.org/10.1016/j.gfs.2017.09.004
https://doi.org/10.1080/10641260701624177
https://doi.org/10.1038/s41586-020-2616-y


 19 

DIPR, 2020. Global Nutrition Report: Action on Equity to End Malnutrition. Development 451 

Initiatives Poverty Research. 452 

Driscoll, J., Boyd, C., Tyedmers, P., 2015. Life cycle assessment of the Maine and southwest 453 

Nova Scotia lobster industries. Fisheries Research 172, 385–400. 454 

https://doi.org/10.1016/j.fishres.2015.08.007. 455 

FAO. 2020. The State of World Fisheries and Aquaculture 2020. Sustainability in action. Rome. 456 

https://doi.org/10.4060/ca9229en 457 

FAO, 2021. Fisheries and Aquaculture Department. FishStatJ – Software for Fishery and 458 

Aquaculture Statistical Time Series. 459 

http://www.fao.org/fishery/statistics/software/fishstatj/en (2021). [WWW Document] URL 460 

(accessed 5.12.21). 461 

FAO. 2015. Technical Conversion Factors for Agricultural Commodities. 462 

http://www.fao.org/fileadmin/templates/ess/documents/methodology/tcf.pdf. 463 

FBCM, 2019. Fisheries Bureau of China Ministry of Agriculture, 2019. China fishery Statistical 464 

Yearbook. Chinese Agriculture Express, Beijing. 465 

Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston, M., Mueller, 466 

O’Connell, C., Ray, D.K., West, P.C., Balzer, C., Bennett, E.M., Carpenter, S.R., Hill, J., 467 

Monfreda, C., Polasky, S., Rockström, J., Sheehan, J., Siebert, S., Tilman, D., Zaks, D.P.M., 468 

2011. Solutions for a cultivated planet. Nature 478, 337–342. 469 

https://doi.org/10.1038/nature10452. 470 

Froehlich, H.E., Runge, C.A., Gentry, R.R., Gaines, S.D., Halpern, B.S., 2018. Comparative 471 

terrestrial feed and land use of an aquaculture-dominant world. Proc. Natl. Acad. Sci. U.S.A. 472 

115, 5295–5300. https://doi.org/10.1073/pnas.1801692115. 473 

Galloway, J.N., Leach, A.M., 2016. Your feet’s too big. Nature Geosci 9, 97–98. 474 

https://doi.org/10.1038/ngeo2647. 475 

Geall, S., Ely, A., 2018. Narratives and Pathways towards an Ecological Civilization in 476 

Contemporary China. The China Quarterly 236, 1175–1196. 477 

https://doi.org/10.1017/S0305741018001315. 478 

https://doi.org/10.1016/j.fishres.2015.08.007
https://doi.org/10.1038/nature10452
https://doi.org/10.1073/pnas.1801692115
https://doi.org/10.1038/ngeo2647
https://doi.org/10.1017/S0305741018001315


 20 

Gephart, J.A., Davis, K.F., Emery, K.A., Leach, A.M., Galloway, J.N., Pace, M.L., 2016. The 479 

environmental cost of subsistence: Optimizing diets to minimize footprints. Science of The 480 

Total Environment 553, 120–127. https://doi.org/10.1016/j.scitotenv.2016.02.050. 481 

Gephart, J.A., Henriksson, P.J.G., Parker, R.W.R., Shepon, A., Gorospe, K.D., Bergman, K., 482 

Eshel, G., Golden, C.D., Halpern, B.S., Hornborg, S., Jonell, M., Metian, M., Mifflin, K., 483 

Newton, R., Tyedmers, P., Zhang, W., Ziegler, F., Troell, M., 2021. Environmental 484 

performance of blue foods. Nature 597, 360–365. https://doi.org/10.1038/s41586-021-485 

03889-2. 486 

Gephart, J.A., Pace, M.L., D’Odorico, P., 2014. Freshwater savings from marine protein 487 

consumption. Environ. Res. Lett. 9, 014005. https://doi.org/10.1088/1748-9326/9/1/014005. 488 

Godfray, H. C. J., Beddington, J.R., Crute, I.R., Haddad, L., Lawrence, D., Muir, J.F., Pretty, J., 489 

Robinson, S., Thomas, S.M., Toulmin, C., 2010. Food Security: The Challenge of Feeding 9 490 

Billion People. Science 327, 812–818. https://doi.org/10.1126/science.1185383. 491 

Golden, C.D., Allison, E.H., Cheung, W.W.L., Dey, M.M., Halpern, B.S., McCauley, D.J., Smith, 492 

M., Vaitla, B., Zeller, D., Myers, S.S., 2016. Nutrition: Fall in fish catch threatens human 493 

health. Nature 534, 317–320. https://doi.org/10.1038/534317a. 494 

Golden, C.D., Koehn, J.Z., Shepon, A., Passarelli, S., Free, C.M., Viana, D.F., Matthey, H., 495 

Eurich, J.G., Gephart, J.A., Fluet-Chouinard, E., Nyboer, E.A., Lynch, A.J., Kjellevold, M., 496 

Bromage, S., Charlebois, P., Barange, M., Vannuccini, S., Cao, L., Kleisner, K.M., Rimm, 497 

E.B., Danaei, G., DeSisto, C., Kelahan, H., Fiorella, K.J., Little, D.C., Allison, E.H., Fanzo, 498 

J., Thilsted, S.H., 2021. Aquatic foods to nourish nations. Nature 598, 315–320. 499 

https://doi.org/10.1038/s41586-021-03917-1. 500 

Golden, C.D., Seto, K.L., Dey, M.M., Chen, O.L., Gephart, J.A., Myers, S.S., Smith, M., Vaitla, 501 

B., Allison, E.H., 2017. Does Aquaculture Support the Needs of Nutritionally Vulnerable 502 

Nations? Front. Mar. Sci. 4, 159. https://doi.org/10.3389/fmars.2017.00159. 503 

Gu, B., Ju, X., Chang, J., Ge, Y., Vitousek, P.M., 2015. Integrated reactive nitrogen budgets and 504 

future trends in China. Proc Natl Acad Sci USA 112, 8792–8797. 505 

https://doi.org/10.1073/pnas.1510211112. 506 

https://doi.org/10.1016/j.scitotenv.2016.02.050
https://doi.org/10.1038/s41586-021-03889-2
https://doi.org/10.1038/s41586-021-03889-2
https://doi.org/10.1088/1748-9326/9/1/014005
https://doi.org/10.1126/science.1185383
https://doi.org/10.1038/534317a
https://doi.org/10.1038/s41586-021-03917-1
https://doi.org/10.3389/fmars.2017.00159
https://doi.org/10.1073/pnas.1510211112


 21 

Hallström, E., Bergman, K., Mifflin, K., Parker, R., Tyedmers, P., Troell, M., Ziegler, F., 2019. 507 

Combined climate and nutritional performance of seafoods. Journal of Cleaner Production 508 

230, 402–411. https://doi.org/10.1016/j.jclepro.2019.04.229. 509 

Hallström, E., Davis, J., Woodhouse, A., Sonesson, U., 2018. Using dietary quality scores to 510 

assess sustainability of food products and human diets: A systematic review. Ecological 511 

Indicators 93, 219–230. https://doi.org/10.1016/j.ecolind.2018.04.071. 512 

He, P., Baiocchi, G., Hubacek, K., Feng, K., Yu, Y., 2018. The environmental impacts of rapidly 513 

changing diets and their nutritional quality in China. Nat Sustain 1, 122–127. 514 

https://doi.org/10.1038/s41893-018-0035-y. 515 

Hicks, C.C., Cohen, P.J., Graham, N.A.J., Nash, K.L., Allison, E.H., D’Lima, C., Mills, D.J., 516 

Roscher, M., Thilsted, S.H., Thorne-Lyman, A.L., MacNeil, M.A., 2019. Harnessing global 517 

fisheries to tackle micronutrient deficiencies. Nature 574, 95–98. 518 

https://doi.org/10.1038/s41586-019-1592-6. 519 

Hilborn, R., Banobi, J., Hall, S.J., Pucylowski, T., Walsworth, T.E., 2018. The environmental cost 520 

of animal source foods. Front. Ecol. Environ. 16, 329–335. https://doi.org/10.1002/fee.1822. 521 

Hoekstra, A.Y., Chapagain, A.K., 2008. Globalization of water: Sharing the planet’s freshwater 522 

resources, Blackwell Publishing Ltd, Oxford, UK.  523 

Hoekstra, A.Y., Mekonnen, M.M., 2012. The water footprint of humanity. Proceedings of the 524 

National Academy of Sciences 109, 3232–3237. https://doi.org/10.1073/pnas.1109936109. 525 

Hornborg, S., Hobday, A.J., Ziegler, F., Smith, A.D.M., Green, B.S., 2018. Shaping sustainability 526 

of seafood from capture fisheries integrating the perspectives of supply chain stakeholders 527 

through combining systems analysis tools. ICES Journal of Marine Science 75, 1965–1974. 528 

https://doi.org/10.1093/icesjms/fsy081. 529 

Hu, Y., Su, M., Wang, Y., Cui, S., Meng, F., Yue, W., Liu, Y., Xu, C., Yang, Z., 2020. Food 530 

production in China requires intensified measures to be consistent with national and 531 

provincial environmental boundaries. Nat Food 1, 572–582. https://doi.org/10.1038/s43016-532 

020-00143-2. 533 

https://doi.org/10.1016/j.jclepro.2019.04.229
https://doi.org/10.1016/j.ecolind.2018.04.071
https://doi.org/10.1038/s41893-018-0035-y
https://doi.org/10.1038/s41586-019-1592-6
https://doi.org/10.1002/fee.1822
https://doi.org/10.1073/pnas.1109936109
https://doi.org/10.1093/icesjms/fsy081
https://doi.org/10.1038/s43016-020-00143-2
https://doi.org/10.1038/s43016-020-00143-2


 22 

Jouffray, J.-B., Crona, B., Wassénius, E., Bebbington, J., Scholtens, B., 2019. Leverage points in 534 

the financial sector for seafood sustainability. Science Advances 5, eaax3324. 535 

https://doi.org/10.1126/sciadv.aax3324. 536 

Koehn, J.Z., Allison, E.H., Golden, C.D., Hilborn, R., 2022. The role of seafood in sustainable 537 

diets. Environ. Res. Lett. 17, 035003. https://doi.org/10.1088/1748-9326/ac3954. 538 

Leach, A.M., Galloway, J.N., Bleeker, A., Erisman, J.W., Kohn, R., Kitzes, J., 2012. A nitrogen 539 

footprint model to help consumers understand their role in nitrogen losses to the 540 

environment. Environmental Development 1, 40–66. 541 

https://doi.org/10.1016/j.envdev.2011.12.005. 542 

Little, D.C., Young, J.A., Zhang, W., Newton, R.W., Al Mamun, A., Murray, F.J., 2018. 543 

Sustainable intensification of aquaculture value chains between Asia and Europe: A 544 

framework for understanding impacts and challenges. Aquaculture 493, 338–354. 545 

https://doi.org/10.1016/j.aquaculture.2017.12.033. 546 

Liu, G., Arthur, M., Viglia, S., Xue, J., Meng, F., Lombardi, G.V., 2020. Seafood- energy-water 547 

nexus: A study on resource use efficiency and the environmental impact of seafood 548 

consumption in China. J. Clean Prod. 277, 124088. 549 

https://doi.org/10.1016/j.jclepro.2020.124088. 550 

Liu, O.R., Molina, R., Wilson, M., Halpern, B.S., 2018. Global opportunities for mariculture 551 

development to promote human nutrition. PeerJ 6, e4733. https://doi.org/10.7717/peerj.4733. 552 

Lubchenco, J., Haugan, P.M., Pangestu, M.E., 2020. Five priorities for a sustainable ocean 553 

economy. Nature 588, 30–32. https://doi.org/10.1038/d41586-020-03303-3. 554 

MacLeod, M.J., Hasan, M.R., Robb, D.H.F., Mamun-Ur-Rashid, M., 2020. Quantifying 555 

greenhouse gas emissions from global aquaculture. Sci Rep 10, 1–8. 556 

https://doi.org/10.1038/s41598-020-68231-8.. 557 

Madin, E.M.P., Macreadie, P.I., 2015. Incorporating carbon footprints into seafood sustainability 558 

certification and eco-labels. Marine Policy 57, 178–181. 559 

https://doi.org/10.1016/j.marpol.2015.03.009. 560 

https://doi.org/10.1126/sciadv.aax3324
https://doi.org/10.1088/1748-9326/ac3954
https://doi.org/10.1016/j.envdev.2011.12.005
https://doi.org/10.1016/j.aquaculture.2017.12.033
https://doi.org/10.1016/j.jclepro.2020.124088
https://doi.org/10.7717/peerj.4733
https://doi.org/10.1038/d41586-020-03303-3
https://doi.org/10.1038/s41598-020-68231-8
https://doi.org/10.1016/j.marpol.2015.03.009


 23 

Mekonnen, M.M., Hoekstra, A.Y., 2011. The green, blue and grey water footprint of crops and 561 

derived crop products. Hydrol. Earth Syst. Sci. 15, 1577–1600. https://doi.org/10.5194/hess-562 

15-1577-2011. 563 

Mekonnen, M.M., Hoekstra, A.Y., 2012. A Global Assessment of the Water Footprint of Farm 564 

Animal Products. Ecosystems 15, 401–415. https://doi.org/10.1007/s10021-011-9517-8. 565 

Merino, G., Barange, M., Blanchard, J.L., Harle, J., Holmes, R., Allen, I., Allison, E.H., Badjeck, 566 

M.C., Dulvy, N.K., Holt, J., Jennings, S., Mullon, C., Rodwell, L.D., 2012. Can marine 567 

fisheries and aquaculture meet fish demand from a growing human population in a changing 568 

climate? Global Environmental Change 22, 795–806. 569 

https://doi.org/10.1016/j.gloenvcha.2012.03.003. 570 

Mititelu, M., Neacșu, S.M., Oprea, E., Dumitrescu, D.-E., Nedelescu, M., Drăgănescu, D., 571 

Nicolescu, T.O., Roșca, A.C., Ghica, M., 2022. Black Sea Mussels Qualitative and 572 

Quantitative Chemical Analysis: Nutritional Benefits and Possible Risks through 573 

Consumption. Nutrients 14, 964. https://doi.org/10.3390/nu14050964. 574 

Mueller, Gerber, J.S., Johnston, M., Ray, D.K., Ramankutty, N., Foley, J.A., 2012. Closing yield 575 

gaps through nutrient and water management. Nature 490, 254–257. 576 

https://doi.org/10.1038/nature11420. 577 

Mueller, Lassaletta, L., 2020. Nitrogen challenges in global livestock systems. Nat Food 1, 400–578 

401. https://doi.org/10.1038/s43016-020-0117-7. 579 

Nanda, P.K., Das, A.K., Dandapat, P., Dhar, P., Bandyopadhyay, S., Dib, A.L., Lorenzo, J.M., 580 

Gagaoua, M., 2021. Nutritional aspects, flavour profile and health benefits of crab meat 581 

based novel food products and valorisation of processing waste to wealth: A review. Trends 582 

in Food Science & Technology 112, 252–267. https://doi.org/10.1016/j.tifs.2021.03.059. 583 

NINH, 2018. Food Composition List of China. National Institute of Nutrition and Health, Chinese 584 

Center for Disease Control and Prevention. 585 

NINH, 2019. Food Composition List of China. National Institute of Nutrition and Health, Chinese 586 

Center for Disease Control and Prevention. 587 

https://doi.org/10.1007/s10021-011-9517-8
https://doi.org/10.1016/j.gloenvcha.2012.03.003
https://doi.org/10.3390/nu14050964
https://doi.org/10.1038/nature11420
https://doi.org/10.1038/s43016-020-0117-7
https://doi.org/10.1016/j.tifs.2021.03.059


 24 

Newton, R.W., Little, D.C., 2018. Mapping the impacts of farmed Scottish salmon from a life 588 

cycle perspective. Int J Life Cycle Assess 23, 1018–1029. https://doi.org/10.1007/s11367-589 

017-1386-8. 590 

Oita, A., Nagano, I., Matsuda, H., 2016. An improved methodology for calculating the nitrogen 591 

footprint of seafood. Ecological Indicators 60, 1091–1103. 592 

https://doi.org/10.1016/j.ecolind.2015.08.039. 593 

Pahlow, M., van Oel, P.R., Mekonnen, M.M., Hoekstra, A.Y., 2015. Increasing pressure on 594 

freshwater resources due to terrestrial feed ingredients for aquaculture production. Science 595 

of The Total Environment 536, 847–857. https://doi.org/10.1016/j.scitotenv.2015.07.124. 596 

PD, 2019. Patent database [DB]. https://kns.cnki.net/kns/brief/result.aspx?dbprefix=SCOD. 597 

Pelletier, N., Tyedmers, P., Sonesson, U., Scholz, A., Ziegler, F., Flysjo, A., Kruse, S., Cancino, 598 

B., Silverman, H., 2009. Not All Salmon Are Created Equal: Life Cycle Assessment (LCA) 599 

of Global Salmon Farming Systems. Environ. Sci. Technol. 43, 8730–8736. 600 

https://doi.org/10.1021/es9010114. 601 

Poore, J., Nemecek, T., 2018. Reducing food’s environmental impacts through producers and 602 

consumers. Science 360, 987–992. https://doi.org/10.1126/science.aaq0216. 603 

RSE, 2019. China Agricultural Price Survey Yearbook. Rural Social and Economic Survey 604 

Department, National Bureau of Statistics. China Statistics Press, Beijing. 605 

SBPR, 2019. China Statistical YearbookStatistics. Bureau of the People’s Republic of China, 606 

2019. China Statistics Press, Beijing. 607 

Shalders, T.C., Champion, C., Coleman, M.A., Benkendorff, K., 2022. The nutritional and sensory 608 

quality of seafood in a changing climate. Marine Environmental Research 176, 105590. 609 

https://doi.org/10.1016/j.marenvres.2022.105590. 610 

Singh, G.G., Oduber, M., Cisneros-Montemayor, A.M., Ridderstaat, J., 2021. Aiding ocean 611 

development planning with SDG relationships in Small Island Developing States. Nat 612 

Sustain 1–10. https://doi.org/10.1038/s41893-021-00698-3. 613 

Stentiford, G.D., Bateman, I.J., Hinchliffe, S.J., Bass, D., Hartnell, R., Santos, E.M., Devlin, M.J., 614 

Feist, S.W., Taylor, N.G.H., Verner-Jeffreys, D.W., van Aerle, R., Peeler, E.J., Higman, 615 

https://doi.org/10.1007/s11367-017-1386-8
https://doi.org/10.1007/s11367-017-1386-8
https://doi.org/10.1016/j.ecolind.2015.08.039
https://doi.org/10.1016/j.scitotenv.2015.07.124
https://doi.org/10.1021/es9010114
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1016/j.marenvres.2022.105590
https://doi.org/10.1038/s41893-021-00698-3


 25 

W.A., Smith, L., Baines, R., Behringer, D.C., Katsiadaki, I., Froehlich, H.E., Tyler, C.R., 616 

2020. Sustainable aquaculture through the One Health lens. Nat. Food 1, 468–474. 617 

https://doi.org/10.1038/s43016-020-0127-5. 618 

Tilman, D., Clark, M., 2014. Global diets link environmental sustainability and human health. 619 

Nature 515, 518–522. https://doi.org/10.1038/nature13959. 620 

Tilman, D., Clark, M., Williams, D.R., Kimmel, K., Polasky, S., Packer, C., 2017. Future threats 621 

to biodiversity and pathways to their prevention. Nature 546, 73–81. 622 

https://doi.org/10.1038/nature22900. 623 

UN, 2019. World Population Prospects 2019: Methodology of the United Nations population 624 

estimates and projections. United Nations. Department of Economic and Social Affairs, New 625 

York. 626 

https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/un_2627 

019_wpp_vol2_demographic-profiles.pdf. 628 

Vanham, D., Hoekstra, A.Y., Bidoglio, G., 2013. Potential water saving through changes in 629 

European diets. Environment International 61, 45–56. 630 

https://doi.org/10.1016/j.envint.2013.09.011. 631 

Verdegem, M.C.J., Bosma, R.H., 2009. Water withdrawal for brackish and inland aquaculture, and 632 

options to produce more fish in ponds with present water use. Water Policy 11, 52–68. 633 

https://doi.org/10.2166/wp.2009.003. 634 

Vermeulen, S.J., Campbell, B.M., Ingram, J.S.I., 2012. Climate Change and Food Systems. Annu. 635 

Rev. Environ. Resour. 37, 195–222. https://doi.org/10.1146/annurev-environ-020411-636 

130608. 637 

Wang, L., Huang, W., Zhao, C., Hu, Y., Cui, S., 2022. Exploring the environment-nutrition-638 

obesity effects associated with food consumption in different groups in China. Journal of 639 

Environmental Management 317, 115287. https://doi.org/10.1016/j.jenvman.2022.115287. 640 

Willer, D.F., Aldridge, D.C., 2020. Sustainable bivalve farming can deliver food security in the 641 

tropics. Nat Food 1, 384–388. https://doi.org/10.1038/s43016-020-0116-8. 642 

https://doi.org/10.1038/s43016-020-0127-5
https://doi.org/10.1038/nature13959
https://doi.org/10.1038/nature22900
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/un_2019_wpp_vol2_demographic-profiles.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/un_2019_wpp_vol2_demographic-profiles.pdf
https://doi.org/10.1016/j.envint.2013.09.011
https://doi.org/10.2166/wp.2009.003
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1038/s43016-020-0116-8


 26 

Willer, D.F., Nicholls, R.J., Aldridge, D.C., 2021. Opportunities and challenges for upscaled 643 

global bivalve seafood production. Nat Food 2, 935–943. https://doi.org/10.1038/s43016-644 

021-00423-5. 645 

Willett, W., Rockstrom, J., Loken, B., 2020. Food in the Anthropocene: the EAT-Lancet 646 

Commission on healthy diets from sustainable food systems (vol 393, pg 447, 2019). Lancet 647 

396, E56–E56. 648 

WFD, 2019. World Fish Database (FishBase) [DB]. https://www.fishbase.se/search.php. 649 

Yuan, Q., Song, G., Fullana-i-Palmer, P., Wang, Y., Semakula, H.M., Mekonnen, M.M., Zhang, 650 

S., 2017. Water footprint of feed required by farmed fish in China based on a Monte Carlo-651 

supported von Bertalanffy growth model: A policy implication. Journal of Cleaner 652 

Production 153, 41–50. https://doi.org/10.1016/j.jclepro.2017.03.134. 653 

Zhang, W., Belton, B., Edwards, P., Henriksson, P.J.G., Little, D.C., Newton, R., Troell, M., 2022. 654 

Aquaculture will continue to depend more on land than sea. Nature 603, E2–E4. 655 

https://doi.org/10.1038/s41586-021-04331-3. 656 

Zhao, X., Liao, X., Chen, B., Tillotson, M.R., Guo, W., Li, Y., 2019. Accounting global grey 657 

water footprint from both consumption and production perspectives. Journal of Cleaner 658 

Production 225, 963–971. https://doi.org/10.1016/j.jclepro.2019.04.037. 659 

https://doi.org/10.1038/s43016-021-00423-5
https://doi.org/10.1038/s43016-021-00423-5
https://doi.org/10.1016/j.jclepro.2017.03.134
https://doi.org/10.1038/s41586-021-04331-3

