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Abstract  28 

Aquaculture is the fastest growing food production industry in terms of 29 

annual growth rate and has become an important contributor in supplying 30 

essential macro-and micro-nutrients for the global population. However, there 31 

is a great deal of uncertainty in its further development due to the high and 32 

increasing pressure of environmental challenges and of resource constraints. To 33 

achieve overall sustainable development of the aquaculture sector in China, the 34 

dominant producer of farmed seafood in the world, the priority is to clarify the 35 

sustainability of major aquaculture production systems (APSs) and to seek a 36 

holistic approach to improve their sustainability. Here the sustainability of ten 37 

major types of APSs in China, was evaluated comparatively by three objective 38 

and subjective methods involving eleven social, economic, environmental, and 39 

resource criteria. Accordingly, ecological intensification of aquaculture systems 40 

(ELIAS), integrating anthropogenic inputs with aquaculture ecosystem services, is 41 

proposed to improve the sustainability of these APSs. ELIAS that should be 42 

widely adopted by the multiple stakeholders provides a feasible solution to 43 

realize the goals of increasing aquaculture outputs with less negative 44 

environmental influence while saving energy at the same time.  45 

   46 
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During the past decades aquaculture was the fastest growing food 47 

production industry in terms of annual growth rate, far outpacing human 48 

population growth
1
. Therefore, it might continue to provide important 49 

guarantees for food security, with a supply of high-quality macro- and 50 

micronutrients
2
. Increasing the consumption of farmed seafood instead of 51 

terrestrially farmed animal meat could potentially reduce the amount of land 52 

required for growing feed crops for a global population of nine billion people by 53 

2050
3
.  54 

The development of world aquaculture in the past decades has been 55 

achieved mainly through intensification of production systems
4,5

. Globally, 56 

simplistic intensification of a production ecosystem may yield a high and 57 

predictable production in a short term, however, it can potentially face pervasive 58 

risks in a longer term
4-6

. Hereby, sustainable intensification was proposed to 59 

achieve food security, economic, social, and environmental goals of food 60 

production systems
7,8

. Like other food production systems, aquaculture also 61 

underwent an intensification process in the past decades, and there is a great 62 

deal of uncertainty in projected growth rates due to the high and increasing 63 

pressure of environmental challenges and resource constraints
2,4

. The future 64 

contribution of aquaculture to world food security depends largely on its 65 

sustainability.  66 

In the past decade, sustainable development of aquaculture has been 67 

studied from many perspectives, e.g. environmental impacts
8
, resource 68 

constraints
9,10

, certification
11
, markets

12
, finance

13
, society

14
, and policies

15
. 69 

However, the sustainability of different aquaculture production systems (APSs) 70 

has seldomly been evaluated involving environmental, economic, resource and 71 

social criteria due to the absence of enough objective measures for all these 72 

criteria, just as is the case for animal aquaculture systems in USA
16
.  73 

Although disease prevention
17
, improvements of genetic stocks

18
, feeds

19
 74 

and farm management
20
 can improve economic benefits, relieve resource 75 

constraints, and reduce the negative environmental impacts of APSs, the 76 

comprehensive benefits of aquaculture production ecosystems are largely 77 

determined by their trophic structures and functions
21
, which should be 78 

optimized primarily. Humankind is facing the triple crucial challenges of 79 

population growth, environmental pollution, and global climate change
3,22

. 80 
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Therefore, a holistic approach is urgently needed to consider increasing 81 

production, reducing waste discharge and carbon footprint of APSs 82 

simultaneously. Although several creative aquaculture systems, e.g., recirculating 83 

aquaculture systems (RAS), and bioflocs, have been invented
4,23

, most of them 84 

cannot meet the three aforementioned requirements at the same time.  85 

In this article the sustainability of ten major kinds of APSs in China mainland, 86 

in which fifty-eight percent of the world aquaculture production was produced
2
 87 

in 2018, was evaluated comparatively by three methods, i.e. a classified 88 

aggregation based on objective data, analytical hierarchy process (AHP)
24
, and 89 

AHP partially based on objective data involving society, economy, environment, 90 

and resources. Furthermore, a holistic approach of ecological intensification of 91 

aquaculture systems (ELIAS), with some feasible suggestions, is proposed to 92 

improve the sustainability of future aquaculture developments. 93 

 94 

Uncertainty of future aquaculture in China 95 

World aquaculture production in 2018 was 82.1 million metric tonnes (mmt, 96 

live weight), excluding 30.1 mmt of aquatic plants, with a farmgate value of USD 97 

250.1 billion. It grew on average at 5.3% per year in the period 2001–2018, 98 

whereas the growth was only 4% in 2017 and 3.2% in 2018 due to a dramatic 99 

slowdown in the growth in China
2
. Because of China’s prominence in 100 

aquaculture, the uncertainty of China’s aquaculture development could has 101 

substantial global implications. 102 

For the last 30 years, the aquaculture production (excluding seaweeds) in 103 

China has increased by 8.73-times from 5.45 mmt in 1989 to 47.56 mmt in 2018 104 

(Fig. 1a). China’s aquaculture is one of the most ecologically efficient industries 105 

in the world due to the lower trophic levels of the cultured species
2,25

 (Fig. 1c). 106 

However, there is a great deal of uncertainty in China’s aquaculture 107 

development due to the high and increasing pressure of environmental 108 

challenges and of resource constraints. Under these challenges and constraints, 109 

the Thirteenth Five-Year Plan for Economic and Social Development of the 110 

People’s Republic of China (2016-2020) identified that aquaculture policies 111 

needed to achieve a sustainable, healthy, and environmental-friendly industry 112 

25,26
. Hereby, FAO estimated that China’s aquaculture production would continue 113 

to increase under three possible scenarios, i.e. no-plan (without implementation 114 
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of a stringent environmental protection policy), baseline, and full-plan (full 115 

implementation of a stringent environmental protection policy), by 36.5%, 31.1% 116 

and 24.7% in 2030 over 2016, respectively. Accordingly, the world aquaculture 117 

production would increase by 38.3%, 36.7% and 34.8%, respectively
26
. 118 

Aquaculture is performed in a wide range of different production systems 119 

farming aquatic plants, herbivores, omnivores, carnivores, filter-feeders as well 120 

as deposit-feeders in freshwater or seawater in tanks, ponds, reservoirs, lakes, 121 

nearshore and offshore waters. The diversity of China’s APSs is one of the 122 

highest in the world. Generally, the APSs in China can be divided into ten major 123 

types based on feeding strategy, location, and environment (Box 1, Fig. 1b). The 124 

future contribution of aquaculture to food security depends largely on the 125 

sustainability of various APSs. Sustainability of APSs is described as long-term 126 

development integrating four dimensions, i.e. environment, resource, economy, 127 

and society, involving eleven criteria (Box 2). If economic and social profits were 128 

the main goals for the future aquaculture, aquaculture expansion should be 129 

encouraged under a relatively loose environmental protection policy (Fig. 2a). 130 

When considering environmental and resource criteria, aquaculture should be 131 

constrained in some APSs. Clearly, in light of these criteria, the development of 132 

China’s aquaculture requires an integrative and systematic evaluation in the 133 

context of sustainable development. 134 

 135 

Box 1. Aquaculture production systems (APSs) in China 

SALA ̶ waterlogged salt-alkali land aquaculture,  

FAL ̶ fed aquaculture in large inland waters, such as reservoirs and lakes,  

FAP ̶ fed aquaculture in ponds,  

FEN ̶ fed nearshore aquaculture,  

FOA ̶ fed offshore aquaculture,  

nFAL ̶ non-fed aquaculture in large inland waters,  

nFAP ̶ non-fed aquaculture in ponds,  

nFEN ̶ non-fed nearshore aquaculture,  

PFA ̶ paddy field aquaculture,  

RAS ̶ recirculating aquaculture systems 

Box 2. Social, economic, environmental, and resource criteria for sustainable 

development 
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EC ̶ energy consumption,  

EG ̶ economic growth,  

EM ̶ employment,  

ER ̶ ecological risks (farmed fish escape and pathophoresis),  

FC ̶ fishmeal consumption,  

FW ̶ fresh water consumption,  

FSa ̶ food safety,  

FSe ̶ food security,  

LU ̶ land use,  

PO ̶ aquaculture pollution,  

PY ̶ policy. 

 136 

Sustainability evaluation of aquaculture production systems 137 

The overall sustainability of aquaculture depends on the sustainability of 138 

each APSs. Assessing the sustainability of APSs is a multi-criteria decision-139 

making problem involving various conflicting criteria (Fig. 2a, S1). Eleven criteria 140 

are considered important to this process (Box 2), but only seven of them 141 

objective data are available for all ten APSs in China, others are only partially 142 

available or immeasurable. Therefore, three methods were used to evaluate the 143 

sustainability of the ten major APSs. 144 

Classified aggregation based on objective data. This method calculated 145 

the sustainability weights of APSs based on objectively measured criteria of FSe, 146 

PO, FC, FW, LU, and EC (Table S1), under the assumption that the criteria have 147 

equal weight (see Methods for detail).  148 

The results showed that the ten APSs could be divided into three groups 149 

(Fig. 3a). The first group includes nFEN, nFAL, both possess high sustainability 150 

weights, greater than 0.10. The second group includes PFA and nFAP, the 151 

sustainability weights of them are between 0.017 and 0.064. However, the 152 

sustainability weights of SALA, FEN, FOA, FAP, RAS and FAL range from 0.0005 153 

to 0.0036.  154 

Analytical hierarchy process (AHP)
24
. The AHP involves all eleven criteria 155 

for all ten APSs (Box 1, Fig. S1), and all the criterion weights used are based on 156 

pairwise comparison judgements given by 23 senior and well-trained experts 157 

(see Methods). Subsequently, the sustainability weight of each APS was derived 158 

javascript:;
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(Fig. 3b). 159 

The results showed that among eleven criteria the top three (based on their 160 

weights with respect to sustainability) in China were PO, EG, FSa (Table S2).  161 

The three non-fed APSs possess large areas, and have several obvious 162 

advantages comparing with other APSs (Fig. 4). FEN and FAL possess small 163 

areas, and have obvious weaknesses. The sustainability weights of current nFEN, 164 

nFAL, nFAP, PFA and FOA are all greater than 0.10, while those of FAL, FAP, and 165 

FEN are all less than 0.08, and RAS and SALA rank in between (Fig. 3b).     166 

AHP partially based on objective data. This method is an AHP involving 167 

seven objectively measured criteria, but their own weights with respect to 168 

sustainability are determined by pairwise comparison judgements given by the 169 

23 experts mentioned earlier (see Methods). 170 

The results showed that the ten systems could be divided into two groups 171 

(Fig. 3c). The APSs of nFEN, nFAL and nFAP belong to one group, each of which 172 

possesses a sustainability weight of greater than 0.10. The other seven APSs 173 

belong to another group, with sustainability weights of less than 0.07.  174 

The classified aggregation method based on objective data was an 175 

objective method if enough objectively measured criteria were available. On the 176 

contrary, the AHP based on experts’ judgments is a good option in the absence 177 

of available objective data, especially when those unavailable or immeasurable 178 

criteria, such as food safety, ecological risk, and policy, are considered. The third 179 

method is a combination of the former two methods, in which not only available 180 

objective data are used but also the concept of “ecology first” has been 181 

considered through experts’ judgements. Unfed or almost unfed APSs, i.e. nFEN, 182 

nFAL, nFAP, and PFA are considered ecologically friendly systems
3,4,7,8,9,23

, and they 183 

all obtained high sustainability weights by the three methods (Fig. 3). 184 

Although China’s aquaculture is considered as one of the most ecologically 185 

efficient food production systems in the world, there were only 44.1% of farmed 186 

seafood in 2018 derived from top four APSs with high sustainability weights, and 187 

all other APSs had major defects (Fig. 4). Due to the increasing seafood demand 188 

and the environmental costs of the simplistic intensification of aquaculture 189 

systems, an approach of ecological intensification of aquaculture systems (ELIAS) 190 

is proposed to improve the sustainability of China’s APSs.  191 

 192 
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Ecological intensification of aquaculture systems (ELIAS) 193 

ELIAS is an approach to improve the production and comprehensive 194 

benefits of APSs through rationally integrating anthropogenic inputs with 195 

aquaculture ecosystem services. ELIAS stresses trade-offs among various 196 

considerations, and aims to produce seafood efficiently while protecting the 197 

environment, conserving natural resources, ensuring food security and safety, 198 

and promoting social and economic development. 199 

Ecosystem services are defined as processes or conditions that lead to 200 

benefits for humans
27
, and are grouped into four categories, i.e. provisioning 201 

services, regulating services, supporting services, and cultural services. Due to 202 

the high diversity of APSs, various ecosystem services can be integrated into 203 

aquaculture ecosystems to improve their outputs and benefits. As in the 204 

agriculture ecosystem, some ecosystem services, such as trophic synergism, 205 

mutualism, etc., are imperative for improving the sustainability of APSs
28-30

. 206 

Additionally, the integrated use of those ecosystem services, such as land space 207 

and water for irrigation, is another way to improve the economic benefits of 208 

aquaculture ecosystems (Fig. 2b).  209 

The history of aquaculture development is just an evolutionary process of 210 

ELIAS, in which the intensification and ecologicalization processes take place 211 

alternately with the increasing demand for seafood, advancement of technology, 212 

and increasing environmental concerns
31,32

.  213 

ELIAS of recirculating aquaculture system. RAS is a highly intensive APS, and 214 

offers several advantages over conventional aquaculture systems, such as 215 

reducing water use, land conservation, enhancing feed efficiency, and improving 216 

biosecurity
4,23

. However, most RASs nowadays are highly artificial, not taking 217 

advantage of many possible ecosystem services, i.e. photosynthesis. Therefore, it 218 

is expensive to run, and their products have a much higher carbon footprint
4,33

. 219 

Therefore, current RAS is a less sustainable system based on objective criteria in 220 

China (Fig. 3).  221 

Comparing with developed countries, China’s higher energy cost and 222 

relatively lower labor cost make the products from RAS uncompetitive in 223 

international and even in local markets. To overcome the barriers of higher 224 

operation costs of dissolved waste removal, RAS should be integrated with 225 

ecosystem services, like nutrient recovery through photosynthesis of aquatic 226 

javascript:;
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plants, in situ or ex situ
34,35

 (Fig. 2). Aquatic plants integrated in RAS can absorb 227 

inorganic nitrogen, release dissolved oxygen, and may serve as a commercial 228 

product (e.g., edible seaweeds, vegetables or fruits). 229 

To make RAS profitable and sustainable, conventional RAS can also run with 230 

the help of other ecosystem services from the nature or another industry: 231 

leveraging alternative sources of energy, such as thermal drainage from power 232 

plants or geothermal water. Moreover, non-fossil energy can also be adopted to 233 

reduce carbon footprint of RAS. 234 

ELIAS of fed aquaculture in ponds. FAP is currently the dominant aquaculture 235 

system in many countries of the world. As much as 41.2% of the total aquaculture 236 

production in China was produced in FAP in 2018, mainly in freshwater 237 

environment (Fig. 1b). However, FAP is a less sustainable APS (Fig. 3) due to the 238 

constrains from PO, FW, FSa and LU
36
 (Fig. 4c). 239 

FAP involves a vast number of smallholders or family farms from inland to 240 

coastal areas. In the future, commercialized integrated aquaculture with an 241 

allowable amount of waste discharge should be encouraged to develop. 242 

Integrating ecosystem services (e.g., trophic synergism, mutualism, 243 

commensalism) into FAP systems (Fig. 2b) can improve pond yields, reduce the 244 

discharge of organic matter, and improve food safety and sustainability of pond 245 

systems
37-39

. For example, by exploiting synergies between species in polyculture 246 

systems the production can be doubled without increasing environment impacts 247 

of waste discharge
40
. In addition, some novel intensified integrated models, such 248 

as “raceways in pond” and “partitioned aquaculture system”, may resolve the 249 

issue of operational complexity
23
.  250 

ELIAS of fed aquaculture nearshore. FEN is one of the leading opportunities 251 

for Chinese fishermen whose employment has undergone a transition from 252 

capture fisheries to aquaculture. However, crowded net cages nearshore will 253 

cause eutrophication, diseases, and other problems
4,33,41

. Therefore, the 254 

sustainability of FEN is very low in China (Fig. 3). Although FEN production is not 255 

substantial (Fig. 1b), its high growth rate and negative environmental effects 256 

have drawn considerable public attention. 257 

To satisfy the regulations for environmental protection, a large portion of 258 

the current FEN should be moved to more exposed areas or offshore areas. 259 

Meanwhile, as a stopgap measure, FEN should be integrated with nFEN to 260 

javascript:;
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implement integrated multi-trophic aquaculture (IMTA) and to reduce its 261 

negative effects to the maximum extent possible
39,42,43

. Moreover, trade-offs 262 

among various stakeholders should be considered in informed planning based 263 

on ecological and social carrying capacities
44
. 264 

Offshore aquaculture. An alternative strategy for managing land and water 265 

scarcity and waste accumulation is to move aquaculture activities offshore
4,45

. 266 

Offshore mariculture can make good use of the physical and biological self-267 

purification functions (dilution and microbial degradation), which are important 268 

marine ecosystem services (Fig. 2b).  269 

FOA in China is defined statistically as mariculture located in sea areas 270 

where water depths are > 20m. Although FOA contributed only to 0.3% of 271 

China’s total aquaculture production in 2018, its annual growth rate over the 272 

past decade was 15.7% (Fig. 1b) due to the high-quality seafood from FOA and 273 

encouragements from the central and local governments. One operation of FOA 274 

in China is the “Deep Blue 1” project for farming salmonids 230km southeast off 275 

the Qingdao coast in the Yellow Sea (Photo 1). 276 

The sustainability of FOA is considered medium among APSs in China (Fig. 277 

3). FOA should be designed carefully to address environmental concerns 278 

associated with conventional FEN, including among others the risks of gene 279 

contamination from escaped fish breeding with native (wild) fish and disease 280 

transmission
4
. Furthermore, the carrying capacity of FOA within a certain area 281 

and suitability of local habitat should be carefully investigated during the 282 

planning phase to reduce potential long-term negative environmental effects. 283 

Moreover, IMTA and non-fossil energy should be adopted to reduce its 284 

environment influences and carbon footprint from FOA
39,42,43,45,46

. 285 

ELIAS of non-fed APSs. Non-fed APSs include farming filter-feeders (e.g. filter-286 

feeding fishes, bivalves) and some culture-based fisheries
47
 in reservoirs, lakes, 287 

and nearshore waters. This category of APSs, including nFAL, nFAP, nFEN, and 288 

parts of PFA, is an ecologically efficient and highly sustainable form of APSs (Fig. 289 

3). 290 

In terms of volume, nFEN is the second largest APS in China (Fig. 1b), and is 291 

regarded as a carbon sequestration aquaculture system
30,48

. Considering the 292 

crucial roles of ecosystem services in these systems, stocking suitable species 293 

and optimal quantities of seed (spores, spat, post larvae, fry or fingerlings) 294 
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according to the compositions and productivity of natural food sources (Fig. 2b) 295 

are the most economically feasible ways for improving their yields. Moreover, 296 

informed planning is needed based not only on physical and production 297 

carrying capacities, but also on ecological and social carrying capacities
44
.  298 

Integration of aquaculture with agriculture. Paddy field aquaculture (PFA) is a 299 

conventional household integrated aquaculture system in many countries, which 300 

allows fish and rice to share water and land space (Fig. 2b), and can increase 301 

both aquaculture and agriculture yields through mutually beneficial effects 302 

between fish and rice shoots
5,25,49

. However, disproportionate fish farming and 303 

rice planting within a paddy field may lead to waste accumulation and discharge. 304 

Conventional household PFA needs to be scaled up, and commercialized. 305 

Moreover, pesticides need to be banned to ensure the food safety of PFA. 306 

China consists of 35 million hectares of saline-alkaline land, and more than 307 

3 million hectares of them can be reclaimed to pond-terrace systems (Photo 2) 308 

by “Digging pond and raising land” model as it is called in China or “Land 309 

shaping model” in India
50
. By the model (i.e. SALA) not only the vast discarded 310 

land resources have been exploited, but also aquaculture and agriculture have 311 

formed a mutual beneficial development pattern. However, attention should 312 

focus on the resalinization of the reclaimed land with the development of SALA 313 

due to freshwater consumption. Therefore, farming salt-tolerant aquatic species, 314 

such as penaeid shrimp, and application of freshwater conservation techniques 315 

should be implemented to reduce fresh water consumption.  316 

Ecosystem services, such as space and cultural services, of aquaculture 317 

ecosystems can also be used to magnify the economic benefits of APSs. 318 

Integrating aquaculture with tourism, education activity, game fishing, solar 319 

power generation (Photo 3) or wind turbines can improve the economic 320 

efficiency and employment level of aquaculture systems
30,51

. 321 

 322 

Conclusions and suggestions 323 

China's aquaculture production has grown at an annual rate of 7.5% over 324 

the past 30 years mainly by simplistic intensification of APSs, which result in 325 

higher farming costs and more potential environmental risks in the longer term. 326 

Their sustainability can be improved by ELIAS through the following routes in 327 

general:  328 
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 For those non-fed “extensive” APSs with less anthropogenic inputs and 329 

higher sustainability weights, reasonably stocking of multi-species 330 

based on the compositions and productivity of natural food sources in 331 

the farming waters is a feasible way of boosting output or 332 

“intensification”.  333 

 For highly intensive APSs with low sustainability weights, such as RAS, 334 

photosynthesis of aquatic plants and other natural services are 335 

suggested to be integrated into the systems to reduce the high 336 

operation cost of dissolved waste removal and high energy 337 

consumption.  338 

 Integrating aquaculture with agriculture in PFA and SALA, moving 339 

aquaculture activities offshore (FOA) are imperative to expand 340 

aquaculture space scale, which can make good use of mutually 341 

beneficial effects between aquaculture and agriculture, and the physical 342 

and biological self-purification functions of the seas.  343 

 Integrating aquaculture with tourism, education activity, game fishing, 344 

solar power generation or wind turbines can improve the economic 345 

efficiency and employment level of aquaculture systems. 346 

At the current stage, the government may formulate and implement a detail 347 

targeted development plan according to the sustainability of various farming 348 

systems, initiating measures such as 349 

 Establishing partnership with qualified third-party certification bodies to 350 

certify farmed seafood from nFEN, nFAL, and nFAP, which are in line 351 

with the rules of organic aquaculture
52
, as organic products so as to 352 

promote the development of these farming systems.  353 

 Coordinating the interest relationship among various stakeholders in or 354 

along large inland waters or nearshore areas based on ecological and 355 

social carrying capacities of aquaculture
44
, so that nFEN and nFAL can 356 

develop in an orderly manner. 357 

 Providing preferential policies in terms of land or sea area use, and 358 

loans to promote the expansion of SALA, PFA and FOA. 359 

 Phasing out FAL to protect water quality of large inland waters. 360 

 Providing preferential loans for farmers to adopt eco-friendly technics 361 

while implementing stringent environmental protection policies to 362 

javascript:;
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promote the ecological intensification of FAP、FEN and RAS. 363 

 Encouraging the integration of aquaculture activities with green power 364 

generation to pursue the goals of high productivity, zero waste 365 

discharge and less carbon footprint of aquaculture, simultaneously, in 366 

near future. 367 

To achieve the sustainable development of aquaculture in China it is 368 

essential for scientists to develop innovative technology, to clarify the ecological 369 

and social carrying capacity of specific farming waters or area, to popularize 370 

ELIAS knowledge, and so on.  371 

Realization of ELIAS needs close collaboration among policymakers, 372 

scientists, farmers, and the supporting industry. Further advances in breeding
18
, 373 

feed development (de-linking aquaculture feeds from wild fish and terrestrial 374 

plant ingredients)
19
, and disease prevention

17
 will ensure a solid underpinning for 375 

achieving the sustainable development of the aquaculture industry in China and 376 

in the world. 377 

Due to the intensification trend of the world aquaculture systems and the 378 

absence of many objectively measured criteria related to the sustainability of 379 

aquaculture and other animal farming systems
16
, our present study is vital for 380 

sustainable development of aquaculture in other countries and other animal 381 

farming systems.  382 

 383 

Materials and methods 384 

Building the metric data of APSs related to system sustainability. The 385 

data on aquaculture production and areas for inland aquaculture waters of 386 

mainland China were collected from China Fishery Statistical Yearbook. 387 

http://data.cnki.net/Trade/yearbook/single/N2018120050?z=Z009.  388 

The average major species group conversion factors used for converting 389 

whole live weight aquatic food product data to edible aquatic meat were as 390 

follows: fish 1.15 (gutted, head-on), crustaceans 2.80 (tails/meat, peeled), and 391 

molluscs 6.0 (meat, without shells)
53
. 392 

The data of discharge coefficients of pollution sources in China’s 393 

aquaculture were taken from Handbook of the First National Census of Pollution 394 

Sources
54
. The average discharge coefficient was weighed one of 3 or 6 395 

dominant aquatic products in each system (Table S1). 396 

javascript:;
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Estimated average species group economic feed conversion ratios (total 397 

feed fed/total species-group biomass increase) were collected from Tang et al. 398 

(2016)
55
. The portion of fishmeal and oil in feeds of a specific species was taken 399 

from a previous publication
56
. The share of fishmeal and oil consumption of each 400 

system was calculated from the weighed value of the dominant species in each 401 

aquaculture system (Table S1).  402 

Total water footprint of freshwater species and the water footprint 403 

embraced in feed of mariculture species were taken from the previous 404 

publications
57-59

. Total freshwater footprint of each system was calculated from 405 

the weighed value of the dominant species in each aquaculture system. 406 

For calculating land use for pond farming and RAS, the ratio of 1:1.5 (water 407 

area of ponds to total land use for the farm) and 1:10 (water area of tanks to 408 

land use for the RAS farm) was applied, respectively
60
.  409 

Energy consumption (kwh/kg) of aquatic products from different 410 

aquaculture systems in China was collected or calculated based on a Xu et al. 411 

(2011)
61
.   412 

Calculation of sustainability weights. Sustainability evaluation of various 413 

APSs is a multi-criteria decision-making problem involving various conflicting 414 

criteria. There are eleven criteria contributing to APSs sustainability, but only 415 

seven of them have available objective data in China. Therefore, three methods 416 

were comparatively proposed to deal with the problem.  417 

ⅰ. Classified aggregation based on objective data. This method calculated 418 

the sustainability weights of APSs based on the objective data under the 419 

assumption that the seven criteria are equally weighted. Seven criteria were 420 

available (Table S1) to construct the decision hierarchy. They were classified into 421 

three dimensions: Social & economic, including FSe and EG; Environment, 422 

including Po and EC (related to CO2 emission); Resource, including FM, LU and 423 

FW.  424 

Before the calculation of local weights under each criterion, the original data 425 

may need to be preprocessed. For the criterion under which there are negative 426 

values, the original data were transformed into nonnegative values using a min-427 

max transformation under this criterion. If there are zero values that will be applied 428 

geometric mean or reciprocals under some criteria, the data were transformed by 429 

adding a small ad hoc constant (e.g. 0.0001) into each original data
62
. Moreover, 430 
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note that the values under different criteria represent different meanings. For 431 

some criteria, a higher value is better, while for the others, lower is better. The 432 

former is referred to as direct criteria and the latter is referred to as inverse criteria. 433 

When linear utilities are assumed, the ratio method can be used to transform the 434 

actual values into weights
63
. Let 𝑎𝑎𝑖𝑖𝑖𝑖 be the actual value of an alternative 𝑗𝑗 and 435 𝑝𝑝𝑖𝑖𝑖𝑖 be its local weight under criterion 𝑖𝑖. For a direct criterion 𝑖𝑖 (e.g., FSe or EG), 436 

the local weight of the alternative 𝑗𝑗 (e.g., aquaculture production system) is given 437 

by  438 𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑎𝑎𝑖𝑖𝑖𝑖∑ 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 . 439 

For an inverse criterion 𝑖𝑖 (e.g., Po, EC, FM, LU or FW), the local weight of the 440 

alternative 𝑗𝑗 is given by 441 𝑝𝑝𝑖𝑖𝑖𝑖 = 1/𝑎𝑎𝑖𝑖𝑖𝑖∑ 1/𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 . 442 

In our case, linear utilities are assumed, and the local weights of ten APSs under 443 

each criterion were calculated using the above ratio method. If the assumption of 444 

linear utilities is not valid, or essentially there is lack of related data, weights can 445 

be given by experts’ judgements.  446 

The last step is synthesis. The most appropriate approach should be identified 447 

to compute the aggregate score of each APS based on the above local weights. 448 

For this, two relevant rules are offered: if the different dimensions are expected to 449 

be compensatory or the different criteria within one dimension are highly 450 

correlated with each other, an arithmetic mean is sufficient to calculate the 451 

aggregate score; otherwise, a geometric mean can be used for the aggregation
64
. 452 

In our case, the criteria within three dimensions appear to be with low internal 453 

correlations and the three dimensions are supposed to be almost non-454 

compensatory, therefore geometric means were used for their aggregations. 455 

Under the assumption that the seven criteria are equally weighted, the 456 

aggregate score of the 𝑗𝑗th APS was given by 457 𝑠𝑠𝑖𝑖 = �𝑝𝑝𝐹𝐹𝐹𝐹𝐹𝐹,𝑖𝑖1/2 𝑝𝑝𝐸𝐸𝐸𝐸,𝑖𝑖1/2 �2/7�𝑝𝑝𝑃𝑃𝑃𝑃,𝑖𝑖1/2 𝑝𝑝𝐸𝐸𝐸𝐸,𝑖𝑖1/2 �2/7�𝑝𝑝𝐹𝐹𝐹𝐹,𝑖𝑖1/3 𝑝𝑝𝐿𝐿𝐿𝐿,𝑖𝑖1/3 𝑝𝑝𝐹𝐹𝐹𝐹,𝑖𝑖1/3 �3/7, 𝑗𝑗 = 1,… ,10, 458 

where 𝑝𝑝𝑖𝑖𝑖𝑖 is the local priority of the 𝑗𝑗th APS under criterion 𝑖𝑖. 459 

Furthermore, the sustainability weight of the 𝑗𝑗th APS (denoted by 𝑠𝑠𝑝𝑝𝑖𝑖) was 460 

calculated by normalizing the aggregate scores of them, i.e. 461 𝑠𝑠𝑝𝑝𝑖𝑖 = 𝑠𝑠𝑖𝑖∑ 𝑠𝑠𝑘𝑘10𝑘𝑘=1 , 𝑗𝑗 = 1,… ,10, 462 
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which can be used for the sustainability ranking. 463 

ⅱ. Analytical hierarchy process (AHP). This method is the analytical 464 

hierarchy process (AHP)
24
, which involves all the eleven criteria, however, all local 465 

weights used are based on pairwise comparison judgements given by experts. The 466 

decision problem is firstly structured as a three-level hierarchy (Fig. S1). The top 467 

level is the overall goal of sustainability of APSs. All the eleven criteria (Box 2) 468 

contributing to the overall goal are represented in the intermediate level. The 469 

lowest level comprises the ten APSs (Box 1) which will be evaluated in terms of the 470 

criteria in the intermediate level.  471 

As for some criteria (e.g., food safety, policy, etc.) no data are unavailable or 472 

can be measured, the relative importance of various elements in the same level 473 

with respect to the elements in their upper level was compared pairwise by the 23 474 

invited senior, well-trained Chinese experts from related fields. The invited experts 475 

include seven members of the Fisheries Group of Discipline Assessment 476 

Organization of the State Council of China, ten members of the Preparatory 477 

Committee of Chinese Society of Aquaculture Ecology, and six senior experts from 478 

disciplines of fisheries management, fisheries economics, seafood safety, and 479 

aquaculture engineering, as well as related administrators. Their names are listed 480 

in the Acknowledgements.  481 

In the intermediate level, a pairwise comparison matrix of eleven criteria with 482 

respect to the overall goal was given by aggregating the 23 experts’ judgements 483 

through geometric mean. The consistency ratio of the matrix is 0.0175.  484 

Therefore, the estimation of the eigenvector 𝑣𝑣 = (𝑣𝑣1, … , 𝑣𝑣11) associated with the 485 

principal eigenvalue was accepted. Then the local weight (Table S2) of the 𝑖𝑖th 486 

criteria with respect to the overall goal was given by 487 𝑤𝑤𝑖𝑖 = 𝑣𝑣𝑖𝑖∑ 𝑣𝑣𝑘𝑘11𝑘𝑘=1 , 𝑖𝑖 = 1,… ,11. 488 

In the lowest level, each APS has a numerical value for each criterion, which 489 

is the geometric mean of the 23 experts’ judgements. The local weights of ten 490 

systems with respect to each criterion were calculated by normalizing their values 491 

under the same criterion. Formally, the local weight (Fig. 4) of the 𝑗𝑗th APS with 492 

respect to the 𝑖𝑖th criterion was given by  493 𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑏𝑏𝑖𝑖𝑖𝑖∑ 𝑏𝑏𝑖𝑖𝑘𝑘10𝑘𝑘=1 , 𝑗𝑗 = 1,… ,10; 𝑖𝑖 = 1,… ,11, 494 

where 𝑏𝑏𝑖𝑖𝑖𝑖 is the numerical value of the 𝑗𝑗th APS under the 𝑖𝑖th criterion.   495 
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The sustainability weight of the 𝑗𝑗th aquaculture system was given by 496 

𝑠𝑠𝑝𝑝𝑖𝑖 =�𝑤𝑤𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖11
𝑖𝑖=1 , 𝑗𝑗 = 1,… ,10. 497 

 Based on the sustainability weights, the sustainability ranking of ten APSs 498 

was obtained. 499 

ⅲ. AHP partially based on objective data. This method is proposed to take 500 

full advantage of existing information, including the relative importance of criteria 501 

based on experts’ judgements and seven objective criterion data of ten APSs. The 502 

decision problem is also structured as a three-level hierarchy. However, the 503 

intermediate level only comprises seven criteria having objective data. In the 504 

intermediate level, the weights of seven criteria with respect to the sustainable 505 

goal were obtained through a pairwise comparison matrix of seven criteria given 506 

by 23 experts’ judgements. The consistency ratio of the matrix is 0.0266 and the 507 

estimation of the eigenvector 𝑣𝑣 = (𝑣𝑣1, … , 𝑣𝑣7)  associated with the principal 508 

eigenvalue was accepted. Then the weight of the 𝑖𝑖th criterion with respect to the 509 

overall goal was given by 510 𝑤𝑤𝑖𝑖 = 𝑣𝑣𝑖𝑖∑ 𝑣𝑣𝑘𝑘7𝑘𝑘=1 , 𝑖𝑖 = 1,… ,7. 511 

In the lowest level, there are actual data of APSs under the seven criteria. 512 

Thus, the local weights of ten APSs under each criterion can be calculated using 513 

the ratio method as described in the above classified aggregation method. 514 

The sustainability ranking of ten APSs was obtained based on the 515 

sustainability weights of the systems, which were given by 516 

𝑠𝑠𝑝𝑝𝑖𝑖 =�𝑤𝑤𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖7
𝑖𝑖=1 , 𝑗𝑗 = 1,… ,10, 517 

where 𝑝𝑝𝑖𝑖𝑖𝑖 is the local weight of the 𝑗𝑗th APS under the 𝑖𝑖th criterion.  518 
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Figures

Figure 1

Status and trends of China’s aquaculture in 2018. a, Development trends of �sheries and aquaculture in
China mainland. b, Productions of major aquaculture production systems; The area of the circle
represents the yield. c, Composition of inland aquaculture and mariculture products.

Figure 2

Conceptual framework of ecological intensi�cation of aquaculture systems (ELIAS) and ecosystem
services of aquaculture ecosystems. a, Conceptual framework of ELIAS. b, Major ecosystem services of
aquaculture ecosystem.



Figure 3

Sustainability weights of major aquaculture production systems in China. a, Evaluation results by
Classi�ed aggregation based on objective data. b, Evaluation results by Analytical hierarchy process
(AHP). c, Evaluation results by AHP partially based on objective data.

Figure 4

Economic, social, environmental and resource use characteristics of major aquaculture production
systems in China. a, The local weights of nFEN, FOA and FEN with respect to each criterion. b, The local
weights of nFAL, PFA, SALA and FAL to each criterion. c, The local weights of nFAP, RAS and FAP to each
criterion.



Figure 5

Photo 1 | “Deep Blue 1”, a semi-submersible salmonid farming apparatus located far-offshore.

Figure 6



Photo 2 | Waterlogged salt-alkali land aquaculture (SALA) in China.

Figure 7

Photo 3 | Integration aquaculture with solar power generation
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