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1  |  INTRODUC TION

The farming of animals for food has long shaped both terrestrial and 
aquatic ecosystems (Zeder, 2012). With a growing global population 
(Msangi & Batka, 2015; Pelletier & Tyedmers, 2010), the demand for 
animal-based food is projected to rise sharply, requiring a 35%–56% 
increase in global food production by 2050 (van Dijk et al., 2021). 

In response, aquaculture production tripled from 34 to over 100 
million tonnes between 1997 and 2017 (Naylor et  al.,  2021), and 
terrestrial livestock production is expected to double by mid-
century (FAO, 2006). However, the sustainability of both these food 
production systems is raising critical concerns about their long-term 
environmental impacts (Jiang et al., 2022; Tilman et al., 2011). In this 
context, this piece critically examines the ecological risk of biological 
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Abstract
1.	 Insect farming is rapidly emerging as a sustainable alternative to conventional 

livestock, praised for its lower environmental impact and potential to enhance 
food system resilience. Yet, the ecological risks of large-scale insect cultivation 
remain underexamined—especially the threat of biological invasions following 
unintentional escapes.

2.	 This synthesis examines current knowledge of invasion pathways from both 
terrestrial and aquatic farming systems, drawing on the well-documented case of 
aquaculture to identify lessons for the insect farming sector.

3.	 We highlight shared risk factors across sectors, including the widespread farming 
of species with invasive traits, production outside native ranges and insufficient 
management frameworks. Aquaculture of crustaceans, as a close taxonomic and 
ecological analogue, illustrates how poorly managed industrial growth can result 
in significant ecological and economic costs.

4.	 Policy implications: We argue that preemptive risk assessments, species screening 
and transferable, adaptive regulatory frameworks developed for aquaculture offer 
a critical foundation for safeguarding against insect-driven invasions. Proactive 
governance that embeds these safeguards before large-scale expansion offers 
a rare opportunity to prevent invasion outcomes observed in other farmed taxa 
and to guide the insect farming sector towards genuinely sustainable growth.
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invasions emerging from insect farming, an issue that has received 
little attention. We draw on insights from aquaculture, particularly 
crustacean farming, to identify parallels in species traits, farming 
practices and escape mechanisms that elevate invasion potential. 
By synthesizing lessons from aquatic systems and assessing their 
transferability to terrestrial arthropod farming, we aim to inform 
proactive biosecurity, regulatory strategies and sustainability 
planning on a still nascent insect farming sector.

2  |  ENVIRONMENTAL IMPAC TS OF 
TERRESTRIAL AND AQUATIC FARMING

Terrestrial livestock farming dominates global agriculture, occupying 
approximately 80% of all agricultural land—equivalent to nearly 30% 
of Earth's terrestrial surface (Poore & Nemecek, 2018). This sector 
is a major contributor to climate change, responsible for 44% of 
anthropogenic methane emissions, 29% of nitrogen emissions and 
27% of CO2 emissions (Gerber et  al.,  2013). It is also a significant 
driver of water scarcity, accounting for over 41% of agricultural 
water use, mainly for irrigating feed crops (FAO,  2019; Heinke 
et al., 2020). Furthermore, livestock farming contributes to severe 
water pollution, producing 74–88% of nitrogen, phosphorus and 
pathogen pollutants in rivers (Li et al., 2022). Lastly, livestock farming 
is also linked to biodiversity loss and ecosystem degradation, with 
domesticated livestock comprising around 62% of the total biomass 
of all mammals on Earth (Bar-On et al., 2018).

Aquatic livestock farming imposes similar environmental pres-
sures. These include greenhouse gas emissions, land use changes 
and habitat loss—particularly through mangrove deforestation for 
pond construction, which reduces carbon sequestration and threat-
ens coastal biodiversity (FAO,  2023b). Additionally, the release of 
antibiotics, fertilizers and hormones contributes to water pollution 
and eutrophication (Hamilton, 2020). Although aquaculture is often 
promoted as an alternative to wild capture fisheries, it frequently 
relies on feeds derived from wild fish stocks, sustaining pressure 
on marine ecosystems (Ahmed et  al.,  2019). High-density farming 
systems also facilitate the emergence and transmission of infec-
tious diseases, posing risks to both farmed and wild populations 
(Diana, 2009; Naylor et al., 2021). These findings reveal that both 
terrestrial and aquatic farming systems contribute to increasing 
ecological pressures and therefore require improvement to achieve 
environmental sustainability and alignment with the United Nations 
Sustainable Development Goals for 2030 (United Nations, 2015). In 
light of these challenges, the search for more sustainable and envi-
ronmentally responsible food production methods has intensified.

3  |  THE SUSTAINABILIT Y PROMISE AND 
GLOBAL E XPANSION OF INSEC T FARMING

In terrestrial systems, interest is growing in insect farming as a 
potential substitute for conventional livestock (FAO, 2021). Insects 

have been part of traditional diets, particularly in countries across 
the southern hemisphere such as Mexico, South Africa and Thailand 
(Jansson et al., 2019; Siddiqui et al., 2023; van Huis, 2022). Today, 
insect farming is rapidly expanding beyond traditional practices and 
is increasingly promoted as a sustainable alternative to conventional 
livestock production (Berggren & Low, 2024).

Insects generally exhibit superior feed conversion efficiency, 
and their farming demands significantly less land, water and energy 
(Guiné et al., 2021). Some species can even be reared on food waste, 
reducing dependence on conventional feed inputs and contributing 
to solve the problem of waste accumulation (Madau et  al.,  2020; 
Scherhaufer et  al.,  2018). Additionally, insect farming generates 
substantially lower greenhouse gas emissions compared to ruminant 
and poultry production (Oonincx et al., 2010; Vauterin et al., 2021). 
Insects are not only used as food for humans, but also as animal feed, 
for organic waste recycling and for producing by-products that can 
be utilized as fertilizers (Capitan et  al.,  2025; Guiné et  al.,  2021). 
While the exact number of insect species farmed globally remains 
uncertain, it is estimated that 1 to 1.2 trillion individual insects are 
raised annually for food and feed purposes (Rowe,  2020). Driven 
primarily by demand from the aquaculture, poultry and pet food 
sectors, the global insect farming industry is expanding rapidly, 
and the production for human consumption in Europe alone is pro-
jected to triple between 2025 and 2030 (Hancz et al., 2024; IPIFF 
(International Platform of Insects for Food and Feed), 2020; Makkar 
et al., 2014).

4  |  RECOGNIZED RISKS AND IMPAC TS 
OF BIOLOGIC AL INVA SIONS FROM WILD 
SPECIES FARMING

Farming wild species is a well-documented pathway for biological 
invasions, significantly contributing to the introduction and spread 
of non-native species (Kumschick et al., 2016; Turbelin et al., 2022). 
Farmed species may be introduced intentionally or escape uninten-
tionally during transport, handling or from production facilities. Such 
introductions span various farming sectors and taxonomic groups. 
Documented examples, include feral livestock such as pigs, buffalo 
and goats farmed for food in Australia (Burrows,  2018; Mihailou 
& Massaro,  2021); mammals such as American minks (Mustela 
vison) and raccoon dogs (Nyctereutes procyonoides) farmed for fur 
(Warwick et al., 2023), species cultivated in aquaculture (Oficialdegui 
et  al.,  2025); and insects introduced for biological control (e.g. the 
Asian ladybird (Harmonia axyridis); Roy et al., 2016) or food produc-
tion (e.g. black soldier fly (Hermetia illucens) and honey bee (Apis mel-
lifera); Geslin et al., 2017; Kumschick et al., 2016). These introductions 
resulted in substantial ecological and economic impacts.

For example, invasive feral livestock have caused an estimated 
$90.03 billion in damages between 1960 and 2022, primarily due 
to agricultural losses (Soto et al., 2024). These species impose even 
greater economic costs than wild invasive species from the same tax-
onomic classes (Mammalia and Aves). Their environmental impacts 
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are also severe, altering soil properties, hydrology, water quality, 
fire regimes and habitat structure (Mihailou & Massaro,  2021). In 
Australia, feral goats (Capra hircus) alone threaten 57 native species 
across a broad range of taxa, including birds, plants, insects, mam-
mals and reptiles (Burrows, 2018).

5  |  INVA SION OUTCOMES FROM 
AQUACULTURE: E VIDENCE OF 
ECOLOGIC AL AND ECONOMIC AL COSTS

In aquaculture, invasive farmed species have caused significant 
ecological and socio-economic damages. These impacts arise 
through mechanisms such as competition, predation, disease 
transmission and hybridization with native species. These impacts 
have resulted in an estimated minimum of USD 19.2 billion in 
damages between 1960 and 2020 (Oficialdegui et  al.,  2025). 
For example, silver carp (Hypophthalmichthys molitrix) negatively 
affect native sport fish populations, while tilapias (Oreochromis 
spp.) have contributed to the collapse of local aquaculture systems 
(Chick et al., 2020; Russell et al., 2012). Other major aquaculture 
species have also driven biodiversity loss: frogs (Rana spp.), carps 
(Carassius spp.) and the farmed algae Japanese kelp (Laminaria 
japonica) have displaced or cause declines in native species 
(Innal, 2011; Li & Xu, 2024; Orchard & Stéfani, 2009); and invasive 
species such as Wakame (Undaria pinnatifida) and largemouth 
bass (Micropterus salmoides) have altered food webs, reshaped 
community structures and degraded habitats (James,  2017; 
Pereira & Vitule, 2019).

These examples highlight the critical role that animal farming 
for human consumption—both terrestrial and aquatic—plays in 
facilitating biological invasions. They also raise growing concerns 
about the risks associated with the rapidly expanding terrestrial 
arthropod farming sector, which currently focuses almost exclu-
sively on insects. To better assess these risks, it is informative to 
examine comparatively the farming of the two closely related tax-
onomic groups, crustaceans and insects, as the former provides 
valuable insights from the longer and better documented history 
of aquaculture, including its invasion outcomes, on insect farming 
(Figure 1).

6  |  COMPAR ATIVE RISK FAC TORS IN 
AQUATIC AND TERRESTRIAL ARTHROPOD 
FARMING

6.1  |  Arthropod farming practices favour species 
with high invasive potential

Although practiced in distinct environments, aquatic and terrestrial 
arthropod farming systems share key structural and operational 
features that elevate the risk of biological invasions. Both sectors 
are shaped by global demand for high-yield, rapid food production, 

relying heavily on high-density rearing systems (FAO, 2021, 2024). 
To support such production models, farmed species are typically 
selected for traits such as rapid growth, early reproduction, 
high fecundity, generalist diets, disease resistance and broad 
environmental tolerance (Brauner & Richards,  2020; FAO,  2024; 
Hänfling et al., 2011; van Huis, 2013; Morales-Ramos et al., 2019). 
While these traits are advantageous for farming, they are also 
widely recognized as predictors of invasive potential, especially 
when species are introduced outside their native ranges (Brauner 
& Richards,  2020; Hänfling et  al.,  2011; Mally et  al.,  2025; Novoa 
et  al.,  2020; Renault et  al.,  2018). This risk is particularly relevant 
for insect farming; some species, such as the black soldier fly, 
the yellow mealworm (Tenebrio molitor), the house cricket and 
the lesser mealworm, are now cultivated globally (Niyonsaba 
et al., 2021), indicating that they are frequently reared in non-native 
environments. In aquaculture, nearly half of all farmed crustacean 
species are produced outside their native ranges, with non-native 
production already exceeding native production—and expected to 
continue rising (Oficialdegui et al., 2025). Although aquatic insects 
are rarely reported to be invasive and some are already traditionally 
consumed—with potential interest for farming due to their fatty 
acid content—the cultivation of these species poses invasion risks 
comparable to those associated with the farming of terrestrial 
insects or crustaceans (Fenoglio et al., 2016; Fontaneto et al., 2011; 
Ramos-Elorduy et al., 2009).

6.2  |  Ecological and economic impacts of invasive 
arthropods are massive

In their natural environment, arthropods play essential roles in 
maintaining ecosystem structure, processes and stability across 
terrestrial and aquatic systems (Meadows et  al.,  2012; Noriega 
et  al.,  2018). They contribute to soil formation, nutrient cycling, 
water regulation, are the basis of many food chains, and many 
are considered ecosystem engineers (Macadam & Stockan,  2015; 
Meadows et  al.,  2012; Weisser & Siemann,  2008). Consequently, 
when introduced to non-native regions, invasive insects and 
crustaceans can cause severe ecological disruptions. These 
include displacing native species, driving local extinctions and 
altering population dynamics through mechanisms like predation, 
competition, disease transmission and hybridization (Hänfling 
et al., 2011; Kenis et al., 2009; Manfrini et al., 2024).

To date, no ecological impacts have been documented from 
farmed insect species, probably due to a well-known lack of eco-
logical studies in this group (Kenis et al., 2009). However, escapes 
have already occurred, for example the accidental release of one mil-
lion cockroaches from a Chinese medicinal insect farm (Kumschick 
et al., 2016; information found in grey literature—Nuwer, 2013).

In contrast, the invasion history of crustaceans farmed in aqua-
culture is well documented. Among the 63 crustacean species used 
in aquaculture, 22 are currently classified as invasive, and 19 of these 
were introduced from farming (Manfrini et al., 2024). These invasive 
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crustaceans have diverse and often severe ecological effects. For 
example, the common yabby (Cherax destructor) threatens endemic 
fauna by predation or competition (Coughran et  al.,  2009), the red 
claw crayfish (Cherax quadricarinatus) alters food web dynamics 

(Oficialdegui,  2022), and the whiteleg shrimp (Penaeus vannamei) 
changes nutrient regimes in native ecosystems (Briggs & Fox, 2007).  
Nearly all have negative impacts on biodiversity and ecosystem func-
tioning (Manfrini et al., 2024).

F I G U R E  1 Overview of arthropod farming practices and invasion risks: Crustacean farming as a historically impactful sector and 
insect farming as a sector with high potential for production and impacts. For crustaceans, all information is based on observed data. The 
number of farmed and invasive species is reported in Manfrini et al. (2024), while the production timeline is adapted from the database 
of Oficialdegui et al. (2025) (available at https://​github.​com/​Elena​-​Manfr​ini/​Produ​ction​-​timel​ine-​of-​crust​aceans or on Zenodo; Manfrini 
et al., 2026), and all other data are directly extracted from that source. For insects, most values are proxies, except for the production 
timeline in Europe (adapted from IPIFF (International Platform of Insects for Food and Feed), 2020) and infrastructure damage caused 
by the farmed lesser mealworm (Alphitobius diaperinus; Tufan-Cetin & Cetin, 2025). The potential number of farmed and invasive species 
is estimated from known edible insects across six orders (Manfrini, Leroy, et al., 2025). Yearly production is inferred from the estimated 
number of individuals produced (1 trillion; Rowe, 2020) and the average body mass of the house cricket (Acheta domesticus, 0.4 g; Collavo 
et al., 2005). Economic and ecological impacts are extrapolated from known impacts of insects (Renault et al., 2022; Kenis et al., 2009).
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Invasive arthropods also impose significant socio-economic 
costs. Four invasive farmed crustacean species alone are associated 
with an estimated US$734 million in damages between 2000 and 
2018 (Oficialdegui et  al.,  2025). For instance, the burrowing be-
haviour of the spinycheek crayfish (Faxonius limosus) damages water 
infrastructure and affects fisheries (Tricarico,  2019) while the red 
swamp crayfish (Procambarus clarkii) causes crop losses, particularly 
in soybean and rice systems (Ballinger, 2022).

Similarly, insects are estimated to have caused over US$441.44 
billion between 1960 and 2020 (Renault et al., 2022). A notable ex-
ample is the lesser mealworm (Alphitobius diaperinus), one of the 
most widely farmed insect species, which has become a major pest 
in poultry farming. It damages infrastructure, contaminates food 
supplies and affects both animal health and food safety (Tufan-Cetin 
& Cetin, 2025).

6.3  |  Control of invasive arthropods is costly and 
eradication often ineffective

Detecting and controlling invasive arthropods present significant 
challenges due to their small size, high mobility and general 
low visibility in existing policy and management frameworks 
(Bertelsmeier et  al.,  2025; Giakoumi et  al.,  2019; Hänfling 
et al., 2011; Renault et al., 2018; Turbelin et al., 2017). In addition, 
invasive arthropod populations are often difficult, costly and often 
impossible to eradicate when established (Hoffmann et  al.,  2016; 
Liebhold et  al.,  2016; Simberloff,  2021). Chemical control often 

lacks species specificity, posing risks to native species and 
ecosystems. Biological control carries the potential for unintended 
consequences, such as the introduction of additional invasive 
species, as illustrated by the release of the Asian ladybird to control 
aphids (Roy et  al.,  2016). Adding to the complexity, an important 
time lag often exists between the initial introduction of an invasive 
species and its detection (Essl et al., 2011). This delay reduces the 
likelihood of successful management and heightens the risk of long-
term ecological and economic damage.

7  |  LE ARNING FROM E XISTING 
PRE VENTION, MANAGEMENT AND POLICY 
TO AVOID INSEC T FARMING INVA SIONS

To avoid repeating the costly ecological and economic 
consequences associated with past biological invasions (Diagne 
et  al.,  2021; Kenis et  al.,  2009), there is an urgent need to 
proactively address the risks posed by the growing insect farming 
industry. If these risks are not addressed properly, we will pay the 
cost of inaction, which, as evidenced by data, is a much higher 
price than the cost of proactive management (Ahmed et al., 2022). 
Fortunately, we can draw on existing lessons from related sectors, 
particularly aquatic arthropod farming, where management 
frameworks and associated strategic actions are well established 
(Figure 2).

Several levels of prevention strategies can be applied to as-
sess the invasion potential of farmed arthropods prior to the 

F I G U R E  2 Transfer of management processes and associated strategic actions from aquatic to terrestrial arthropod farming to prevent 
and manage biological invasions. Knowledge transfer is indicated by the large central arrow, through a series of alternating processes 
and actions, linked by dashed arrows. The management process starts with fundamental research on invasion impacts, which underpins 
awareness-raising and risk communication efforts. This is followed by a two-step risk assessment: An initial screening based on a species' 
invasion history and a more detailed evaluation requiring targeted research to determine whether farming should proceed. Where farming 
is planned or already operational, technical innovations are essential to strengthen biosecurity and enable early containment measures to 
prevent escapes. These actions must be supported by coordinated stakeholder engagement and institutional support to promote sustainable 
farming practices. Ultimately, policy development and enforcement at national, regional and global levels are essential to regulate farming 
activities when the risk of biological invasion is high.
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establishment of new farming facilities. A simple yet effective ap-
proach relies on two key screening criteria (Manfrini et al., 2024): 
(1) whether the species has a documented invasion history and (2) 
whether it is farmed outside its native range. Based on these fac-
tors, species can be categorized into four risk categories: from low 
(native species with no invasion history) to high risk (non-native 
species with known invasion history). Farming species within their 
native range is the best practice to minimize invasion risk. This is 
especially relevant as regions with high food insecurity, primarily 
in the Global South, are where insect consumption is most wide-
spread (van Huis, 2013).

When species are farmed outside their native ranges, more 
comprehensive risk assessments are necessary. In aquaculture, the 
European Non-native Species in Aquaculture Risk Analysis Scheme 
(ENSARS) provides a comprehensive risk assessment and decision-
making framework that incorporates multiple criteria, including the 
likelihood of escape and establishment, to assess facility-level risks 
(Copp et al., 2009). Complementary analyses could include species 
distribution modelling to estimate habitat suitability under cur-
rent and projected climatic conditions (Barbet-Massin et al., 2018; 
Manfrini, Courchamp, et al., 2025; Zhang et al., 2019) as well as as-
sessments of ecological impacts through interactions with native 
species (Frost et  al.,  2019). Identifying current and future regions 
at risk of invasion, along with the potential impacts on native spe-
cies, is essential for guiding geographically targeted monitoring and 
enabling early warning and rapid response (IPBES, 2023). These ap-
proaches offer strong candidates for adaptations to the specific con-
text of insect farming to prevent future biological invasions.

For existing insect farms, particularly those cultivating non-native 
species, biosecurity must be prioritized. This includes the implemen-
tation of strict facility protocols and ongoing intensive monitoring 
of surrounding environments to detect escapes. In aquaculture, the 
Food and Agriculture Organization (FAO) has developed risk assess-
ment frameworks, including surveillance and monitoring protocols, 
to support the management of non-native species (FAO,  2023a). 
Given that some insect species are already being farmed in ecologi-
cally suitable but non-native regions, such protocols are immediately 
relevant to the insect sector (Manfrini, Courchamp, et al., 2025).

Together, these prevention and monitoring strategies highlight 
the critical roles of researchers, industry and international orga-
nizations. Researchers are essential in conducting invasion risk 
assessments to identify, for example, high-risk species and/or pop-
ulations and to determine the most effective biosecurity measures 
(Haubrock et al., 2024). Industry plays a key role in proactively im-
plementing biosecurity measures and enabling rapid management of 
invasive species populations. International organizations are import-
ant for guiding responsible farming practices, supporting research 
and facilitating invasive species control.

Complementing technical measures, strong and enforceable pol-
icy frameworks at multiple governance levels are essential for effec-
tive control of biological invasions (Roy et al., 2024). In Europe, for 
example, four crustacean species commonly farmed in aquaculture 
have been banned from import or cultivation due to their ecological 

risks (Brundu et  al., 2022). However, such regulations are more 
commonly found in high-income countries. Many low- and middle-
income countries, despite being disproportionately vulnerable to 
invasive species impacts (Bradshaw et al., 2024), still lack compre-
hensive legal frameworks addressing these threats (Ju et al., 2020; 
Turbelin et al., 2017). Given the prevalence of insect consumption in 
the Global South, strengthening regulatory systems to govern non-
native insect farming should be considered a global policy priority.

8  |  CONCLUSION: A CRITIC AL JUNC TURE 
FOR SUSTAINABLE INSEC T FARMING

As the global food system seeks more sustainable and resource-
efficient solutions, insect farming has emerged as a promising 
alternative to conventional livestock. Its potential to reduce land 
use, emissions and feed demand positions it as a good candidate for 
climate-resilient food production. Yet this promise must not obscure 
the ecological risks that come with scaling any animal farming system, 
especially the risk of biological invasions from escaped individuals.

Here, we highlight that insect farming shares several struc-
tural and ecological features with aquaculture, a sector with a 
long-documented history of biological invasions. The farming of 
high-performance species outside their native ranges, combined 
with minimal regulatory oversight and insufficient biosecurity, has 
repeatedly facilitated harmful species introductions in aquatic sys-
tems. These same risk factors are now emerging in the insect sector. 
The key lesson is that invasions are not an inevitable consequence of 
innovation—they are the result of policy gaps, delayed governance 
and insufficient risk planning. Existing tools from aquaculture, such 
as species screening frameworks, biosecurity standards and spatial 
risk modelling, offer readily adaptable strategies for insect farming. 
But these must be implemented proactively, not reactively, espe-
cially since it is well established in biological invasions that the costs 
of inaction are much higher than the costs of prevention (Ahmed 
et al., 2022).

Moving forward, there is a clear need for internationally coor-
dinated regulation, particularly to support countries in the Global 
South where insect farming is most established and food security 
challenges are greatest. Strong institutional support, industry en-
gagement and targeted research on species-specific risk are essen-
tial for ensuring that ecological sustainability is not compromised in 
the pursuit of food system innovation. Insect farming now stands 
at a critical juncture: its potential to contribute meaningfully to the 
Sustainable Development Goals—such as Zero Hunger (2), Economic 
Growth (8) and Industry and Infrastructure (9)—must not be realized 
at the expense of others, notably Sustainable Consumption and 
Production (12) and Life on Land (15) (United Nations,  2015). With 
the benefit of historical insight and proven risk mitigation strategies, 
the sector can chart a different path, one that avoids replicating the 
ecological costs of past farming expansions. Preventing invasions 
before they occur is not only feasible but necessary to maintain the 
environmental integrity and social licence of this emerging industry.
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