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Abstract
1.	 Global aquaculture relies heavily on the farming of non‐native aquatic species 
(hereafter, NAS). NAS escapes from aquaculture facilities can result in serious 
aquatic bio‐invasions, which has been an important issue in the FAO Blue Growth 
Initiative. A regulatory quagmire regarding NAS farming and escapes, however, 
exists in most developing countries.

2.	 We discuss aquaculture expansion and NAS escapes, illustrate emerging risks and 
propose recommendations for improved aquaculture management across devel-
oping countries and particularly for China.

3.	 In China, 68 NAS are known to have successfully established feral populations 
in natural habitats due to recurrent leakages or escapes; among the 68 NAS, 52 
represent risks to native aquatic ecosystems. In addition to affecting a country's 
own biodiversity and ecosystem functions, NAS escapees can also threaten the 
biosecurity of shared waters in neighbouring countries.

4.	 Policy implications. Non‐native aquatic species (NAS) escapes have already had 
adverse ecological effects in China and other developing countries. The impor-
tance of this problem, however, is not adequately recognized by current conser-
vation policies in developing countries. To conserve biodiversity and to support 
the goal of FAO's sustainable aquaculture, developing countries should now take 
responsible actions to address NAS escapes through policy and management 
improvements. Specifically, these countries should pass comprehensive legisla-
tion, establish effective agencies and national standards and planning and en-
hance integrated research and education to deal with risk assessment, prevention, 
monitoring and control of NAS escapes. Given that China is the world's largest 
aquacultural producer, China can create a model for other developing countries 
that will increase the biosecurity and sustainability of global aquaculture.
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1  | INTRODUC TION

Aquaculture—the farming of fish, mollusks, crustaceans and aquatic 
plants—is the fastest growing sector of the world food industry (FAO, 
2016). This rapid growth relies heavily on the introduction of exotic 
species or domestic species outside of their natural ranges (hereaf-
ter, non‐native aquatic species, NAS); a total of 5,612 records of NAS 
introduction have been collected by the FAO (2019). The farming of 
non‐native fishes, for example, contributes 17% to global aquaculture 
production (FAO, 2012). In many developing countries, e.g., India, 
Philippines, Cuba and Brazil, aquaculture predominantly depends on 
the farming of NAS; yields of NAS represent 60%–95% of aquatic food 
production in those countries (Shelton & Rothbard, 2006). This situa-
tion is greatly affecting global environments, economies and even so-
ciocultural arrangements (Lima‐Junior et al., 2018; Lövei & Lewinsohn, 
2012; Pelicice, Vitule, Lima‐Junior, Orsi, & Agostinho, 2014).

The escape of NAS from aquaculture facilities has become a 
serious global problem (FAO, 2016). Although it is difficult to accu-
rately assess the number and magnitude of escapes due to limited 
statistics, the trend is worrying because many escapes are known to 
have occurred world‐wide (e.g. Thorvaldsen, Holmen, & Moe, 2015; 
Toledo‐Guedes, Sanchez‐Jerez, Benjumea, & Brito, 2014) and espe-
cially in developing countries (Gao et al., 2017; Sepúlveda, Arismendi, 
Soto, Jara, & Faria, 2013). In addition to economic loss, the escape of 
farmed NAS can generate multiple ecological outcomes. Not unlike 
invaders of terrestrial ecosystems, the escapees from aquaculture 
have resulted in aquatic bio‐invasions that reduce the biodiversity 
and affect ecological functions of native ecosystems (Vitule, Freire, 
& Simberloff, 2009). The International Union for Conservation of 
Nature (IUCN) cites the impacts as ‘immense, insidious, and usually 
irreversible’ (IUCN, 2000). In the new framework of the Blue Growth 
Initiative issued by the FAO, NAS escapes and invasions are consid-
ered among the most important issues facing the global aquaculture 
industry (FAO, 2016).

In this paper, we briefly discuss aquaculture expansion and NAS 
escapes, illustrate emerging risks and propose a set of recommenda-
tions for aquaculture governance and management for developing 
countries. Although this topic has also been reviewed elsewhere (e.g. 
Lin, Gao, & Zhan, 2015; Pelicice et al., 2014), the policy direction for 
NAS management seems insufficiently clear and comprehensive. We 
focus here on NAS used for aquaculture and especially on those NAS 
that have escaped from aquaculture facilities. In addition, we mainly 
focus on China, which leads the world in aquaculture output and in 
NAS escapes. Because China's experiences and problems with NAS 
are not unique, it is hoped that the solutions recommended here can 
be also helpful to other developing countries.

2  | E XPANSION AND ESC APES IN 
AQUACULTURE

Global aquaculture has been rapidly increasing over the past five 
decades, with a doubling time of less than 10 years (Figure 1), 

and developing countries have contributed greatly to this rapid 
growth (FAO, 2016). China has been paralleling and dominating 
the global trend since the 1990s (Figure 1). In 2016, China ac-
counted for 58% (63.7 million  tons) of the global aquaculture 
volume and 63% (US$ 153.4  billion) of the global aquaculture 
value, making China the world's largest aquaculture producer 
(FAO, 2016). China's output of farmed NAS is also the largest in 
the world and represents more than 25% of the country's total 
aquaculture production (FAO, 2016; Shelton & Rothbard, 2006). 
These NAS include 252 species, which are mainly fish, mollusks, 
algae and crustaceans (see tables 1 and 2 in Lin et al., 2015). The 
most dominant species are the Nile tilapia Oreochromis niloti‐
cus, the channel catfish Ictalurus punctatus and several stur-
geon species (Acipenser spp., Huso huso and Polyodon spathula), 
which contribute respectively 65%, 40% and 85% to the global 
production of these groups (Lin et al., 2015). Most of China's 
farmed NAS result from international introductions. Although 
the number of domestic transferred species is relatively small, 
their introduction frequency is high (Xiong, Sui, Liang, & Chen, 
2015).

Like many other developing countries (e.g. Vietnam, Chile and 
Thailand) (Kernan, 2015), China's aquaculture industry is quite vul-
nerable to extreme weather. Since 2005, typhoons and floods have 
destroyed 6.4  million hectares of aquaculture facilities and have 
caused more than 8.4  million tonnes of loss in aquaculture produc-
tion in China (see Figure S1); these losses have been associated with 
mass escapes of farmed NAS (Gao et al., 2017). Most escape events 
occur in southern China, which is the major NAS production region 
in the world (Xiong et al., 2015). Although the loss of fishery produc-
tion during escape events is a serious problem, an even more serious 
problem is the possibility of biological invasion, i.e., the possibility 
that NAS become established in the wild and adversely affect native 
biodiversity and ecosystems. In China, more than 100 farmed NAS 
have escaped and entered natural waters (Xiong et al., 2015). In our 
view, the importance of the problem of NAS escapes has not been 
matched by the level of official oversight in China or in other devel-
oping countries.

F I G U R E  1  World aquaculture production of aquatic animals and 
plants (1950–2016). Data from FAO (2018)
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3  | EMERGING RISKS

Although many non‐native species fail to establish in the wild if 
they lack sufficient propagule pressure (Simberloff, 2009), NAS 
that escape from artificial facilities have posed high risks to native 
aquatic ecosystems in China and beyond. About 68 NAS are known 
to have successfully established feral populations in China's natu-
ral habitats as a result of recurrent leakages or escapes (see Table 
S1), but this number is likely to rise substantially in the future. The 
extremely diverse habitats over the vast >18,000  km of coastline 
and 175,000 km2 of inland water bodies in the country can probably 
support almost all NAS. Among those 68 NAS that have established 
feral populations, 52 are thought to have potential effects on native 
ecosystems in China (Table S1); for nearly 80% of the total farmed 
NAS (252 species), risks associated with their escape are unexplored. 
Given that human activities under globalization and the ongoing ‘the 
Belt and Road’ initiated by China will likely increase the transfer of 
NAS among countries, and given that the frequency and intensity 
of extreme weather events are projected to increase under climate 
change, risks of NAS escape and invasion world‐wide are likely to 
increase in the future (Wu & Ding, 2019). Because China and sev-
eral neighbouring countries are connected by water areas, the es-
caped NAS can also affect aquatic ecosystems in other developing 
countries. In particular, many neighbours (e.g. Myanmar, Thailand 
and Cambodia) are located in global biodiversity hotspots, and the 
risks posed by escaped NAS to these neighbours require attention; 
shared rivers, such as the Mekong River, are of special concern (Kang 
et al., 2009).

Non‐native aquatic species escapes can cause biodiversity 
loss, ecosystem degradation and even endemic species extinction 
through both direct competition or predation and indirect trophic 
cascades. These effects often occur in both developed and devel-
oping countries (e.g. Lima‐Junior et al., 2018; Naylor, Williams, & 
Strong, 2001). Similar direct and indirect effects are possible for the 
65% of the NAS (44 species) that have established feral populations 
in China (Table S1). These effects mainly result from intentional in-
troductions of NAS, careless operations or extreme weather, as dis-
cussed earlier.

Farmed NAS also carry uninvited ‘hitch‐hikers’, which have 
been a troublesome problem for the global aquaculture industry 
(FAO, 2016). Such hitch‐hikers include free‐living invertebrates, 
parasites, pathogens and fouling species; in addition to affecting 
the aquaculture industry itself, these hitch‐hikers, if they escape 
from aquaculture facilities, can enter new water bodies and harm 
wild species and ecosystems. Seven NAS that carry hitch‐hikers 
are known in China's aquaculture (Table S1). Unlike intentional 
introductions, the spread of hitch‐hikers is usually unintentional, 
caused mainly by poor monitoring and the presence of suitable 
water environments.

Non‐native escapees can also destroy the genetic integrity of 
native species through genetic pollution, which can reduce genetic 
diversity, alter population structure and cause species extinctions 
in native ecosystems. In China, about 10 NAS have the potential 

to cause genetic pollution (Table S1), and at least four species, 
including the Pacific abalone Haliotis discus discus and three carp 
species (Cyprinus spp.), have been confirmed to infiltrate their ge-
netic materials into native gene pools (Li, Dong, Li, & Wang, 2007). 
Risks of genetic pollution depend on whether there are kin species 
with NAS escapees in water bodies. Because genetic pollution is 
not readily observed by the human eye, its evolutionary and eco-
logical consequences can be underestimated. The ecological risks 
of genetic pollution may, however, exceed those of direct compe-
tition and predation. A typical case concerning these risks to the 
endangered Chinese sturgeon Acipenser sinensis (Figure 2) in the 
Yangtze River by the escape of non‐native sturgeons is illustrated 
in Appendix S1.

4  | RECOMMENDATIONS FOR IMPROVED 
MANAGEMENT

Considering current trends of NAS expansion and escapes, we ex-
pect that global aquatic biosecurity and aquaculture sustainability 
will face intense pressure. Regulatory inefficiencies, however, exist 
in most countries (FAO, 2016). China is not a special case, because 
the irresponsible use of NAS to achieve short‐term profits has been 
documented world‐wide and especially in developing countries 
that rely heavily on aquaculture (e.g. Brazil and several other South 
American countries; Casal, 2006; Lima‐Junior et al., 2018). More ef-
fective management measures, therefore, are needed in China and 
other developing countries. We propose here five ways to improve 
aquaculture management in order to reduce NAS escapes and their 
invasion risks.

First, NAS management must be integrated into the national sys-
tem of preventing and controlling invasive species. China and many 
developing countries are signatories of the Convention on Biological 
Diversity and must, therefore, engage in dealing comprehensively 
with the introduction, control and eradication of NAS, which requires 
the passing of new laws (Pelicice et al., 2014). In this respect, several 
developed countries (e.g. UK and New Zealand) and international 
organizations have taken actions (see Table S2), but most devel-
oping countries have not. In some countries, such as Brazil, policy‐
making is even moving in the opposite direction (i.e. the farming of 

F I G U R E  2  The Chinese sturgeon. Credit: Ping Zhuang
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NAS is being encouraged by decrees; Pelicice et al., 2014). In China, 
the 15 laws and regulations (see Table S3) concerning the manage-
ment of non‐native species focus mainly on terrestrial species but 
largely neglect NAS. Moreover, an integrated law dealing specifically 
with non‐native species is still lacking in most developing coun-
tries. In this respect, New Zealand's Hazardous Substances and New 
Organisms Act (1996) provides a useful reference for other countries. 
In July 2019, the National People's Congress (NPC) of China dis-
cussed the legislation of Biosafety Law, but this law mainly concerns 
rational uses of biotechnologies and genetic resources and does not 
consider invasive species. Although China is currently also discuss-
ing the development of national law of biological invasion, when it 
will be issued and whether it will consider NAS remains unclear. We 
urge that a comprehensive law that considers all non‐native species 
be launched soon in China and other developing countries. This law 
should concern prevention and early warning, risk assessment, de-
tection and monitoring, control and emergency response.

Second, an effective agency should be established for NAS gov-
ernance in each developing country, because the responsibility for 
NAS management in most countries is currently fragmented among 
agencies (FAO, 2016). In this regard, EU countries provide a model 
that developing countries can follow; within each EU country, a na-
tional lead organization is being established to coordinate NAS man-
agement between agencies (FAO, 2016). Considering China's existing 
administrative system, an effective cross‐department agency under 
four new departments (the Ministry of Ecology and Environment, 
the Ministry of Natural Resources, the Ministry of Agriculture and 
Rural Affairs and the General Administration of Customs; see Table 
S4) is needed to coordinate the management of transferred species 
including NAS. This agency would be responsible for NAS risk as-
sessment, monitoring and control. Sound management should be 
executed as indicated by the FAO Code of Conduct for Responsible 
Fisheries and Code of Practice on the Introductions and Transfers of 
Marine Organisms in China and other developing countries. Such 
management must consider various introduction activities or re-
lated events (i.e. international introductions, domestic transfers and 
intentional releases; Lin et al., 2015). Based on the precautionary 
principle, a rigorous risk assessment protocol should be performed 
in which a new NAS is considered potentially harmful and therefore 
prohibited unless proven otherwise. The domestic spread of existing 
NAS must be minimized, and their intentional releases must be for-
bidden. The use of NAS can only be permitted under secure farming 
conditions (e.g., enclosed systems, infertile culture). All NAS should 
be strictly monitored to prevent escapes and pathogen releases; in 
case of NAS escapes/releases, containment and eradication actions 
should be initiated immediately. Moreover, a national or even trans-
national network should be developed to monitor harmful invaders 
across shared regions.

Third, national standards/planning should be developed for 
the construction and operation of aquaculture facilities. In China 
and other developing countries, aquaculture is now dominated by 
small‐ and medium‐scale farmers whose facilities cannot withstand 
large floods or severe storms (FAO, 2016). With climate change, 

this situation would increase the chances of NAS escapes (Kernan, 
2015). To reduce NAS escapes, the development of national stan-
dards/planning should focus on (a) aquaculture zoning to minimize 
risks (for new aquaculture), and relocation to less‐exposed areas 
(existing farms); (b) reducing shallow‐pond aquaculture and prevent-
ing illegal aquaculture; (c) strengthening farming systems, including 
the use of improved holding structures (e.g. sturdier cages, depth‐
adjustable cages, deeper ponds) and management practices (FAO, 
2016). To minimize the negative effects of NAS that escape from fa-
cilities, fishery agencies should develop emergency plans and should 
train farmers about how to dispose of NAS escapees (e.g. mobilizing 
local farmers to rapidly recapture and kill escapees).

Fourth, the farming of local/regional species should be encour-
aged in developing countries, i.e., increases in aquaculture produc-
tion should not rely on NAS. Many developing countries have local/
regional aquatic species with commercial value that should be pref-
erentially developed for aquaculture. Total fishery production in the 
small country of Myanmar, for example, is similar to that in Brazil but 
is totally based on local/regional species even though fish diversity 
in Myanmar is low (Casal, 2006). Myanmar provides a good example 
for megadiverse developing countries. We recognize that intensive 
aquaculture, whether with local/regional species or with NAS, can 
create environmental problems, but these problems can be solved 
by proper management (Gichuki, Kodituwakku, Nguyen‐Khoa, & 
Hoanh, 2009). Regarding China, there are >100 local/regional fish 
species with high economic value, but only about 10 species are 
commonly used for aquaculture (Lou, 2000). China's government, 
therefore, should develop policies to encourage the use of local/
regional species for aquaculture in situ. We note, however, that 
because the genotypes of local/regional species may differ among 
isolated habitats, the use of these genotypes in different habitats/
regions within a country, especially a country with a large territory 
like China, also requires rigorous risk assessment. Relevant policies 
should be based on basic ecological/fishery data, such as the status 
of wild stocks and the carrying capacity of ecosystems (Pelicice et 
al., 2014), and should include safe confinement, waste treatment and 
technical support, industrial chain, etc..

Finally, integrated research and education regarding the pre-
vention and control of NAS is desperately needed. Globally, aqua-
culture studies have largely focused on technology and disease 
control even though the potential ecological impacts of most 
farmed NAS are unknown (FAO, 2019). A metacoupled human and 
natural systems approach (Liu, 2017) can help provide a holistic 
understanding of the socioeconomic and ecological risks associ-
ated with the use of NAS within a focal area, adjacent areas and 
distant areas. We need more new tools (e.g. remote sensing, ar-
tificial intelligence and novel molecular tools) to rapidly monitor/
detect NAS escapees and their ‘hitch‐hikers’. We need more cost‐
effective ways to contain NAS (e.g. low‐cost closed systems). We 
also need more information about how to quantify escapes and 
to dispose of escapees. It is also important that ecological edu-
cation should be mandatory for the aquacultural community, and 
the knowledge gained from research should be rapidly transferred 
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to aquaculture managers and the public. ‘Translational scientists’, 
who are undervalued in developing countries, are especially 
needed to increase the understanding of non‐specialists about 
NAS invasion and conservation issues (Briske, 2012). Increasing 
public understanding is important because informed public can 
exert pressure on the authorities to make correct policies.

In conclusion, NAS escapes have already had adverse ecological 
effects in China and other developing countries. The risk of NAS es-
capes is not adequately recognized by current conservation policies, 
and unless action is promptly taken, NAS escapes will continue to 
degrade aquatic ecosystems world‐wide. To conserve biodiversity 
and to support sustainable aquaculture, the governments and cit-
izens of developing countries should now recognize and solve the 
problems resulting from NAS farming and escapes. In addition to de-
veloping legislation, each country should establish an agency as well 
as national and transnational networks to deal with risk assessment, 
prevention, monitoring and control of NAS escapes. Moreover, in-
tegrated research and knowledge transfer should be strengthened. 
Given that China has been the world's largest producer of aquacul-
ture, China's efforts can help create a model for other developing 
countries that will contribute greatly to the biosecurity and sustain-
ability of global aquaculture.
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