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Abstract

Earthworms (Annelida: Oligochaeta) have long been consumed in various cultures across Asia, Africa, and
South America, yet their potential as a sustainable, nutrient dense food source has only recently gained scientific
attention. Global food systems face mounting pressures from climate change, soil degradation, biodiversity loss,
and the environmental impacts of livestock production. These challenges have intensified interest in alternative
proteins that are nutritionally adequate, ecologically sustainable, and socially just. Earthworms, long recognized
for their ecological importance, have recently emerged as a promising but under explored candidate for sustainable
protein production. Their high protein content, favourable amino acid profile, micronutrient density, and ability
to upcycle organic waste position them as a compelling resource for future food systems. Earthworm biomass
typically contains 50-70% protein (dry weight), with essential amino acid profiles comparable to or exceeding
those of conventional animal proteins. They also provide bioactive peptides, minerals, and functional compounds
with potential health benefits. Yet their development raises complex questions about food safety, ecological
risk, indigenous knowledge, and governance. However, risks related to microbial contamination, parasites, and
heavy metal accumulation require careful management. This review synthesizes current evidence on the biology,
nutritional composition, processing, safety, ecological implications, and policy dimensions of earthworms as food.
It argues that earthworms represent a viable, but sensitive frontier in sustainable protein innovation, requiring
robust regulatory frameworks, ethical engagement with Indigenous knowledge systems, and ecologically grounded
production practices. Responsible development could position earthworms as a meaningful contributor to global
food security and sustainable agriculture. As interest grows in alternative proteins and circular bioeconomy

models, earthworms represent a promising—though still underutilized—resource for human nutrition.

Keywords: Earthworms; sustainable protein; vermiculture; food safety; Indigenous knowledge; novel foods; alternative protein;

ecological governance; nutrient cycling; food policy.

Section I

Introduction

Global food systems are undergoing profound stress. Climate
change, biodiversity loss, soil degradation, and the rising
environmental costs of livestock production have intensified
the search for alternative protein sources that are nutritionally
adequate, ecologically sustainable, and socially acceptable. The
Food and Agriculture Organization has repeatedly emphasized
the need to diversify protein production and reduce dependence
on resource intensive livestock systems (van Huis et al., 2013).
In this context, invertebrates — particularly insects — have
received significant attention. Yet earthworms, despite their
high protein content and long history of human use, remain
comparatively neglected in both scientific literature and policy
discourse.

This oversight is striking. Earthworms are among the most
efficient converters of organic matter into animal biomass,
capable of transforming agricultural residues, food waste, and

manure into high quality protein and nutrient rich vermicompost
(Edwards & Arancon, 2004). Their feed conversion efficiency
rivals or exceeds that of crickets (Gryllidae), black soldier fly
larvae (Hermetia illucens), and other commonly promoted
edible invertebrates. Moreover, earthworms can be reared in
small spaces, require minimal water, and produce negligible
greenhouse gas emissions relative to livestock.

At the same time, earthworms occupy a unique position at
the intersection of ecology, culture, and knowledge systems.
In many Indigenous communities, earthworms are not merely
biological organisms but beings embedded in cosmological,
medicinal, and ecological teachings (Battiste, 2013). Their
potential commercialization as food therefore raises questions
about bioprospecting, benefit sharing, and the protection
of Indigenous intellectual sovereignty — issues that have
historically been neglected in the development of new food
technologies.
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This review brings these threads together. It examines

earthworms as food from four interlocking perspectives:

1. Biological and nutritional characteristics

2. Safety, processing, and regulatory considerations

3. Ecological and agricultural implications

4. Ethical, cultural, and policy dimensions, including
Indigenous knowledge and governance frameworks

By integrating scientific evidence with policy analysis and
ethical reflection, the review aims to provide a comprehensive
foundation for evaluating the role of earthworms in future food
systems.

Global Context and Historical Precedent

Although earthworms are rarely consumed in Western food
cultures, they have a documented history of use in several
regions. Ethnographic accounts describe their consumption
in parts of Southeast Asia, the Amazon basin, Papua New
Guinea, and Central Africa, where species such as Pheretima
spp., Eudrilus eugeniae, and Glossoscolex spp. have been
incorporated into local diets (Belluco et al., 2013; Sun et
al., 2020). In some communities, earthworms are considered
delicacies; in others, they are consumed seasonally or
medicinally.

Preparation methods vary widely. In the Philippines,
earthworms are sometimes boiled and sautéed with spices; in
parts of the Amazon, they are roasted or smoked; in China,
dried earthworm powder has been used in traditional medicine
for centuries (Rumpold & Schliiter, 2013). These practices
demonstrate that earthworms are not inherently unacceptable
as food — rather, their marginalization in Western contexts
reflects cultural norms rather than biological limitations.

Nutritional analyses reinforce their potential value.
Earthworms typically contain 60-70% protein by dry
weight, with a favourable amino acid profile rich in lysine,
methionine, and tryptophan (Zhenjun et al., 1997). They also
provide iron, calcium, magnesium, and polyunsaturated fatty
acids, including omega 3 and omega 6 lipids (Halloran et al.,
2018). These characteristics compare favourably with other
edible invertebrates and many conventional animal proteins.
Ethnozoological surveys from rural Iran report occasional
medicinal ingestion of earthworms, though not as a routine
dietary practice (Latif et al., 2017).

Despite this, earthworms have not been widely commercialized

as food. Several factors contribute to this gap:

e Cultural aversion in Western societies

*  Regulatory uncertainty, particularly in countries with
strict novel food frameworks

»  Safety concerns, including heavy metal accumulation and
microbial risks

*  Lack of standardized rearing and processing protocols

e Ethical concerns related to Indigenous knowledge and
ecological impacts

These challenges do not negate the potential of earthworms as

food, but they underscore the need for careful, interdisciplinary

evaluation.

Why Earthworms Now? The Case for Re evaluation
The renewed interest in earthworms as food is driven by
converging pressures:

Environmental Sustainability

Livestock production is widely recognized as a major driver
of global environmental change, contributing substantially
to greenhouse gas emissions, land degradation, freshwater
depletion, and biodiversity loss. Ruminant systems in
particular emit large quantities of methane and nitrous oxide,
require extensive grazing land or feed crops, and generate
nutrient surpluses that can impair soil and water quality. These
pressures have intensified interest in alternative protein sources
that can reduce ecological footprints while supporting food
security (Rumpold & Schliiter 2013; van Huis et al., 2013).

Earthworms present a markedly different sustainability profile.
Their cultivation requires minimal land area, as production can
occur in stacked or modular systems, indoors or outdoors, and at
densities far exceeding those of conventional livestock. Because
earthworms thrive on organic waste streams—including food
scraps, crop residues, manures, and paper waste—they can
be integrated directly into circular bioeconomies, diverting
materials from landfills and reducing the environmental burden
of waste management (Paoletti, 2005; Halloran et al., 2018).
This capacity to upcycle low value biomass into high quality
protein and soil amendments is one of the most compelling
ecological advantages of vermiculture.

Unlike ruminants, earthworms produce negligible methane,
and their respiration contributes only trace amounts of carbon
dioxide relative to the emissions associated with livestock feed
production, manure storage, and enteric fermentation. When
managed appropriately, vermiculture systems can operate
with extremely low greenhouse gas emissions, making them
compatible with climate mitigation strategies in the food sector
(Sun et al., 2020).

A further environmental benefit is the generation of
vermicompost as a co product. Vermicompost is a biologically
active soil amendment rich in humic substances, plant available
nutrients, and beneficial microorganisms. Its application
improves soil structure, water retention, and nutrient cycling,
reducing the need for synthetic fertilizers and enhancing
agroecosystem resilience (Lavelle et al., 2006; Lowe & Butt,
2005). In this way, earthworm production not only avoids many
of the environmental costs associated with livestock but also
yields a product that directly supports sustainable agriculture.

Taken together, these characteristics position earthworms as
a promising component of circular food economies, where
nutrient loops are closed, waste streams are valorized, and
environmental impacts are minimized. Their integration into
diversified food systems aligns with broader sustainability
goals, including reduced emissions, improved soil health, and
more efficient resource use.
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Protein Scarcity and Global Nutrition

Global demand for protein is rising sharply as populations
grow, incomes increase, and dietary patterns shift toward higher
consumption of animal source foods. This trend is especially
pronounced in rapidly urbanizing regions of Africa and Asia,
where demographic expansion and economic development
are outpacing the capacity of conventional livestock systems
to supply affordable, high quality protein. At the same time,
climate change, land degradation, and resource constraints are
tightening the limits of agricultural production, intensifying
concerns about how to meet future nutritional needs without
exacerbating environmental pressures (van Huis et al., 2013;
Halloran et al., 2018).

Earthworms offer a compelling alternative within this context.
Their biomass contains high quality protein, typically ranging
from 55-70% on a dry matter basis, with a favorable amino
acid profile that compares well with fishmeal and exceeds many
plant based proteins. Earthworm tissue is also rich in essential
micronutrients, including iron, zinc, and B vitamins, which are
often deficient in low income populations and contribute to
widespread forms of hidden hunger (Paoletti, 2005; Zhenjun et
al., 1997). Because earthworms can be produced using organic
waste streams rather than feed crops, their nutritional value
is decoupled from the resource intensive inputs required by
livestock and aquaculture.

In regions facing chronic protein scarcity, earthworms could
serve as a locally producible, low cost, and nutritionally
dense food or feed ingredient. Their rapid growth rates, high
reproductive capacity, and minimal space requirements make
them suitable for decentralized production systems, including
smallholder farms, peri urban enterprises, and community scale
waste management facilities. This flexibility aligns with global
nutrition strategies that emphasize diversified protein sources,
resilience to supply disruptions, and reduced dependence on
imported feed or animal products (Rumpold & Schliiter, 2013).

By providing a sustainable source of high quality protein that
does not compete with human food crops for land or water,
earthworms have the potential to contribute meaningfully to
global nutrition goals. Their integration into food and feed
systems could help buffer vulnerable populations against
rising food prices, supply chain volatility, and the nutritional
challenges associated with rapid urbanization.

Technological Advances

Recent technological developments have significantly
improved the feasibility of producing earthworm based foods
and feed ingredients at scale. Advances in vermiculture
system design—including optimized bedding materials,
controlled moisture regimes, automated feeding systems, and
modular rearing units—have increased production efficiency
while reducing labor demands. These innovations allow for
predictable growth rates, higher biomass yields, and improved
biosecurity, making earthworm cultivation more compatible
with commercial food and feed supply chains (Lowe & Butt,
2005).

Controlled rearing environments have further enhanced
production reliability. Temperature regulated systems,
continuous flow vermireactors, and precision monitoring of
pH, microbial activity, and substrate quality enable producers
to maintain stable conditions that support rapid earthworm
growth and reproduction. Such systems also facilitate the use
of diverse organic waste streams, ensuring consistent nutrient
profiles and minimizing contamination risks (Halloran et al.,
2018).

Downstream processing technologies have advanced in
parallel. Novel methods such as enzymatic hydrolysis,
protein fractionation, and extrusion have expanded the range
of earthworm derived products suitable for human food,
aquaculture feed, and functional ingredients. Enzymatic
hydrolysis, for example, can produce bioactive peptides with
antioxidant or antimicrobial properties, while extrusion allows
earthworm meal to be incorporated into shelf stable pellets,
flours, and blended protein formulations. These techniques
improve digestibility, reduce off flavours, and enhance the
functional properties of earthworm proteins, making them more
acceptable to consumers and manufacturers alike (Rumpold &
Schliiter, 2013).

Together, these technological advances have transformed
earthworm production from a largely artisanal practice
into a system increasingly compatible with modern food
processing standards. By improving efficiency, safety, and
product versatility, they help position earthworms as a viable
component of sustainable protein innovation.

Policy Shifts

Policy landscapes surrounding alternative proteins are evolving
rapidly as governments, regulatory agencies, and international
organizations respond to mounting pressures on global food
systems. Many jurisdictions have begun to recognize the
potential of non traditional protein sources—including insects,
algae, microbial proteins, and cultured meat—to contribute
to food security, climate mitigation, and resource efficiency.
Frameworks developed by the FAO, the European Food
Safety Authority (EFSA), and national food safety agencies
increasingly acknowledge the need for diversified protein
portfolios and clearer regulatory pathways for novel foods
(van Huis et al., 2013; Halloran et al., 2018).

Despite this momentum, earthworms remain largely absent
from formal regulatory discussions, even though they share
many characteristics with other emerging protein sources
that have received greater policy attention. In most countries,
earthworms are not explicitly categorized within food safety
legislation, novel food regulations, or feed approval systems.
Thisregulatory ambiguity creates barriers to commercialization,
including uncertainty around safety assessments, processing
standards, labeling requirements, and permissible substrates for
rearing. As a result, earthworm based products often fall into
grey zones that limit investment and inhibit their integration
into mainstream food and feed markets.
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Nevertheless, the broader shift toward evidence based
evaluation of alternative proteins provides an opening for
earthworms to be incorporated into future policy frameworks.
International bodies have emphasized the importance of circular
bioeconomies, waste to protein technologies, and sustainable
intensification—areas where earthworms are particularly well
aligned. As regulatory systems adapt to accommodate novel
protein sources, there is growing potential for earthworms to
be formally recognized as a safe, sustainable, and economically
viable component of diversified protein strategies.

Ethical Imperatives

Efforts to develop sustainable protein sources must be grounded
in ethical principles that avoid repeating the extractive and
exclusionary practices that have characterized much of
global food production. Historically, agricultural innovation
has too often been accompanied by the appropriation of
biological resources, the marginalization of Indigenous
knowledge systems, and the externalization of environmental
and social costs. As new protein technologies emerge, there
is a responsibility to ensure that they do not perpetuate these
patterns but instead contribute to more equitable and culturally
respectful food systems (Battiste, 2013).

Earthworms occupy a unique position within this ethical
landscape. Their potential role in circular food economies
intersects ~ with ~ domains—soil  stewardship,  waste
transformation, ecological knowledge—that have long been
central to Indigenous world views. Many Indigenous traditions
recognize earthworms as contributors to soil renewal, nutrient
cycling, and the maintenance of ecological balance. Integrating
earthworms into modern protein strategies therefore requires
not only technical innovation but also respectful engagement
with these longstanding knowledge systems, ensuring that
cultural relationships with land and soil organisms are not
overshadowed by commercial interests.

At the same time, earthworm based protein systems raise
questions about labor, ownership, and benefit sharing. Because
earthworms can be cultivated in small scale, community
based systems, they offer opportunities for decentralized
production that supports local autonomy rather than corporate
consolidation. However, without careful policy design,
intellectual property regimes and regulatory frameworks could
still concentrate control in ways that exclude small producers
or disregard community held knowledge about soil organisms
and ecological management.

Ethical protein development must therefore prioritize
transparency, community participation, and respect for diverse
epistemologies. Earthworms, situated at the intersection of
ecological function, cultural meaning, and technological
innovation, highlight the need for protein transitions that are
not only environmentally sustainable but also socially just and
culturally grounded.

Section II. Biology, Nutrition, and Food Safety

Biology and Physiology of Earthworms Relevant to Food
Use

Earthworms (phylum Annelida, class Clitellata) are soft
bodied, segmented invertebrates whose physiology is shaped
by their role as detritivores and soil engineers. Their biological
characteristics directly influence their nutritional composition,
safety profile, and suitability for controlled rearing. Most edible
species belong to the families Megascolecidae, Lumbricidae,
and Eudrilidae, with Eudrilus eugeniae (African nightcrawler),
Perionyx excavatus (blue worm), and Pheretima spp. (Asian
jumping worms) among the most commonly studied for food
and feed applications (Edwards & Arancon, 2004; Sun et al.,
2020).

Earthworms feed primarily on decomposing organic matter,
soil microorganisms, and associated detritus. Their digestive
system — a straight tube with a muscular gizzard — grinds
ingested material and exposes it to a suite of enzymes, including
proteases, lipases, cellulases, and amylases. This enzymatic
diversity contributes to the biochemical richness of earthworm
tissues, including their protein and lipid fractions (Rumpold
& Schliiter, 2013). The presence of bioactive compounds such
as lumbrokinase, a fibrinolytic enzyme used in traditional
medicine, further distinguishes earthworms from other edible
invertebrates (Cho et al., 2004).

Lumbrokinases (LK) have been mainly isolated from
Lumbricus rubellus and Eisenia fetida. LKs are very good
candidates for recombinant production in a plant expression
system. LKs are very good candidates for recombinant
production in a plant expression system (Wang et al., 2013).
LKs could also be expressed in specific tissues like seeds that
would allow for downstream processing and purification for
oral administration or injection (Figure 1).
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Figure 1: Using transgenic plants for pharmaceutical protein
production. A candidate LK gene is introduced into a plant
expression vector (1) and integrated into a transgenic plant (2).
Transgenic plants are grown (3) and then harvested for protein
purification (4) which can then be administered by injection
(5) or used as a vegetable or fruit (6) and eaten as a food with
therapeutic properties (7) (modified from Wang et al., 2013).
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From a production standpoint, earthworms exhibit rapid
growth and high reproductive rates under optimal conditions.
Eudrilus eugeniae, for example, can double its biomass in 30—
45 days and produce cocoons continuously when maintained
at 25-30°C with adequate moisture and organic substrate
(Edwards & Arancon, 2004). These traits make earthworms
attractive candidates for scalable protein production, provided
that rearing systems are carefully controlled to minimize
contamination risks and the need for careful safety assessment.

Nutritional Composition

Protein Content and Amino Acid Profile

Earthworms are exceptionally protein dense organisms. Across
species, protein content typically ranges from 55% to 70% of
dry weight, placing them on par with fishmeal and exceeding
many insect species (Zhenjun et al., 1997; Halloran et al.,
2018). Their amino acid profile is notable for its balance of
essential amino acids, including lysine, methionine, threonine,
and tryptophan — nutrients often limiting in plant based diets.

Comparative analyses show that earthworm protein quality,
measured by indices such as the Protein Digestibility
Corrected Amino Acid Score (PDCAAS), is competitive with
conventional animal proteins. In some studies, earthworm
protein digestibility exceeds 85%, approaching values typical
of fish and poultry (Rumpold & Schliiter, 2013). This makes
earthworms a potentially valuable supplement in regions
where protein malnutrition persists.

Lipids and Fatty Acids

Although earthworms are not lipid rich organisms, their fat
content (5—15% dry weight) includes a meaningful proportion
of polyunsaturated fatty acids. Notably, earthworms contain
omega 3 and omega 6 fatty acids, including linoleic and
alpha linolenic acids, which contribute to cardiovascular and
neurological health (Sun et al., 2020). The fatty acid profile
varies with species, diet, and environmental conditions,
suggesting that targeted feeding strategies could optimize
nutritional outcomes.

Micronutrients and Minerals

In addition to their high protein content, earthworms provide
a diverse suite of micronutrients that enhance their potential
contribution to global nutrition. Their mineral composition
reflects both their detritivorous feeding habits and their intimate
association with soil environments, resulting in nutrient profiles
that compare favurably with many conventional animal source
foods.

Earthworms are particularly notable for their iron content,
which in several species reaches concentrations comparable
to, or exceeding, those found in red meat. This makes
earthworm meal a potentially valuable intervention for
populations experiencing iron deficiency anemia, one of
the most widespread micro-nutrient deficiencies globally.
Their tissues also contain appreciable levels of calcium and
magnesium, minerals essential for bone health, neuromuscular
function, and metabolic regulation. These minerals derive in

part from the earthworms’ ingestion of soil particles and their
physiological mechanisms for regulating ionic balance.

Trace elements such as zinc and copper are also present at
nutritionally meaningful levels. Both minerals play critical
roles in immune function, enzymatic activity, and cellular
metabolism, and deficiencies are common in low resource
settings where access to diverse diets is limited. The presence
of these micronutrients further strengthens the case for
earthworms as a nutrient dense food or feed ingredient.

Earthworms additionally contain a range of B vitamins,
including B1 (Thiamine), B2 (Riboflavin), B3 (Niacin) B6
(Pyridoxine) and B12 (Cobalamin), though concentrations
vary widely across species, substrates, and rearing conditions
(Koziol et al., 2006; Cygal et al., 2007; Syamala et al,,
2023). These vitamins are essential for energy metabolism,
neurological function, and red blood cell formation, and their
availability in earthworm biomass may help address dietary
gaps in communities with limited access to animal source
foods.

Taken together, the micronutrient profile of earthworms
underscores their potential role in addressing multiple forms
of malnutrition. By providing iron, zinc, calcium, magnesium,
and B vitamins in a compact, sustainable form, earthworms
offer a promising avenue for improving nutritional outcomes
in low resource environments where deficiencies remain
pervasive.

Bioactive Compounds

Beyond their macronutrient and micronutrient value,
earthworms contain a variety of bioactive molecules that have
attracted growing scientific interest for potential functional
food and nutraceutical applications. Among the most studied
is lumbrokinase, a complex of fibrinolytic enzymes originally
isolated from Lumbricus rubellus has demonstrated potent anti
thrombotic and fibrin degrading activity in vitro and in animal
models, prompting exploration of its therapeutic potential
for cardiovascular health and clot related disorders (Cho et
al., 2004). Although commercial lumbrokinase supplements
already exist in parts of Asia, their mechanisms of action,
safety profiles, and clinical efficacy require further rigorous
evaluation before broader adoption.

Earthworm extracts have also been investigated for a range of
antimicrobial, antioxidant, and anti inflammatory properties.
These effects are attributed to peptides, polyphenolic
compounds, and small molecules produced as part of the
earthworm’s innate immune system. Preliminary studies
suggest activity against common bacterial pathogens, free
radical scavenging capacity, and modulation of inflammatory
pathways, though most findings remain at the laboratory stage
and lack standardized extraction methods or clinical validation
(Reynolds, 2026a). As with many emerging bioactive
ingredients, the promise of earthworm derived compounds
must be balanced with careful assessment of safety, dosage,
bioavailability, and regulatory considerations (Reynolds &
Reynolds, 2026).
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Taken together, these bioactive properties expand the potential
role of earthworms beyond basic nutrition, positioning them
as candidates for functional foods, nutraceuticals, and health
promoting ingredients. However, realizing this potential will
require coordinated research efforts, standardized processing
protocols, and transparent regulatory frameworks to ensure
efficacy and consumer safety.

Food Safety Considerations

While earthworms offer compelling nutritional and functional
benefits, their safe incorporation into food systems requires
careful evaluation of biological, chemical, and environmental
risks. These risks are not unique to earthworms—indeed,
they parallel concerns already addressed in insect farming,
aquaculture, and other emerging protein sectors—but they
nonetheless necessitate standardized production protocols and
clear regulatory oversight to ensure consumer protection.

A primary consideration is microbial safety. Earthworms
naturally inhabit environments rich in bacteria, fungi, and
protozoa, some of which may be pathogenic to humans if not
properly managed. Although most soil associated microbes are
harmless or beneficial, the potential presence of Escherichia
coli, Salmonella spp., or other enteric pathogens underscores
the need for controlled rearing substrates, hygienic handling,
and validated processing methods such as blanching, drying, or
heat treatment. These interventions are already well established
in the edible insect sector and can be adapted to vermiculture
with appropriate validation.

Chemical contaminants represent a second area of concern.
Because earthworms bioaccumulate certain metals—
particularly cadmium, lead, and arsenic—depending on
soil conditions, substrate selection is critical (Richardson
et al.,, 2020). Production systems must therefore rely on
clean, traceable organic waste streams and avoid inputs
from contaminated soils or industrial by products. Regular
monitoring of heavy metals and other potential contaminants
is essential to ensure compliance with food safety standards
and to maintain consumer trust.

Another consideration involves allergenicity. Although data
remain limited, cross reactivity with known invertebrate
allergens (e.g., crustaceans, dust mites (Pyroglyphidac)) is
plausible, given shared chitin based structures and protein
homologies. As with other novel proteins, transparent labeling
and ongoing clinical research will be important components of
responsible commercialization.

Finally, parasitological risks—including the potential
presence of nematodes or protozoan parasites—must be
addressed through controlled rearing, substrate sanitation, and
post harvest processing (Reeves & Reynolds, 2024). These
risks are manageable but require consistent adherence to good
agricultural and manufacturing practices.

Taken together, these considerations highlight the need for
standardized safety protocols, traceable production systems,
and regulatory frameworks that explicitly address earthworm
based foods. With appropriate oversight, the risks associated
with earthworm consumption are no greater than those
encountered in other emerging protein sectors, and in many
cases are more easily mitigated. Establishing clear guidelines
will be essential for enabling safe, scalable, and socially
acceptable integration of earthworms into future food systems.

Heavy Metal Accumulation

Earthworms are well documented bioaccumulators of heavy
metals, including lead, cadmium, mercury, and arsenic,
depending on the composition of the soil or substrate in which
they are raised (Lowe & Butt, 2005). This trait is ecologically
valuable—earthworms contribute to the immobilization,
sequestration, and redistribution of contaminants in soils—but
it poses clear challenges for their use as food or feed. Because
heavy metals can accumulate in both the gut contents and
tissues of earthworms, uncontrolled production environments
may result in biomass that exceeds food safety thresholds
(Figure 2).

Figure 2: Emission of heavy metals from different sources and their effects on earthworms (from Yadav et al., 2023)
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Safe production therefore requires a combination of preventive

and corrective measures, including:

e Controlled substrates free of industrial contaminants,
sewage sludge, or polluted soils

*  Routine testing of both substrate inputs and harvested
biomass for heavy metals

e Depuration protocols to reduce gut associated residues
prior to processing

Depuration—holding earthworms in clean, inert media such
as moistened cellulose or sterile sand for 24-48 hours—has
been shown to significantly reduce concentrations of certain
metals, particularly those associated with gut contents rather
than tissue binding. However, depuration does not eliminate
metals that have been incorporated into body tissues, and its
effectiveness varies by species, substrate, and metal type (Lowe
& Butt, 2005). For this reason, depuration should be viewed as
a risk reduction step, not a substitute for clean substrates or
regulatory oversight.

Regulatory frameworks will need to establish clear maximum
residue limits, validated testing protocols, and substrate
approval systems to ensure that earthworm derived foods
meet the same safety standards applied to other novel proteins.
As with edible insects, the development of standardized
monitoring and certification systems will be essential for
enabling safe commercialization and maintaining consumer
confidence.

Microbial Hazards

Earthworms inhabit microbially rich environments, and
their digestive tracts and external surfaces can host a wide
range of microorganisms. While many of these microbes are
benign or ecologically beneficial, several pose potential risks
if earthworms are consumed without adequate processing.
Documented hazards include enteric bacteria, soil borne
parasites, and fungal spores, all of which must be addressed
through controlled production and validated post harvest
treatments (Reynolds, 2021).

Commonly identified microbial concerns include:

»  Escherichia coli, particularly strains associated with fecal
contamination

e Salmonella spp., which can persist in moist organic
substrates

e Soil borne parasites, including nematodes and protozoa
described in parasitological surveys of earthworm
populations

*  Fungal spores, some of which may survive mild processing
or drying

These hazards are not unique to earthworms; similar risks
are managed in edible insect production, aquaculture, and
traditional fermented foods. However, because earthworms
ingest decomposing organic matter and soil, their microbial
profiles require particular attention.

Thermal processing—including blanching, roasting, boiling,
and controlled drying—has been shown to effectively reduce

microbial loads and inactivate most pathogens of concern.
These methods are widely used in the edible insect sector
and can be readily adapted to earthworm processing (van
Huis et al., 2013). Ensuring that internal temperatures reach
safe thresholds is essential, as some pathogens may survive
inadequate heating.

Fermentation, practiced traditionally in several cultures, offers
an additional layer of safety. By lowering pH, promoting
beneficial microbial communities, and inhibiting pathogen
growth, fermentation can stabilize earthworm based products
and improve shelf life. However, fermentation must be carried
out under controlled conditions to avoid unintended microbial
proliferation.

Overall, microbial hazards associated with earthworms are
manageable with appropriate rearing, handling, and processing
protocols. As with other novel proteins, the development of
standardized safety guidelines and validated processing
methods will be essential for ensuring consumer protection
and regulatory acceptance. There is no evidence of earthworms
transmitting human viruses, and no human infectious viruses
have been detected in earthworm tissues intended for food.
However, earthworms can carry environmental viruses—
mostly bacteriophages and soil associated plant or invertebrate
viruses—none of which are known to infect humans (Zhang et
al., 2022).

Allergenicity

As with other invertebrate derived foods, earthworms may
contain proteins capable of triggering allergic reactions in
susceptible individuals. Although formal allergenicity studies
on earthworms are limited, the broader literature on edible
insects and other invertebrates provides important clues. In
particular, cross reactivity with shellfish allergens is plausible,
as earthworms share several conserved structural proteins—
most notably tropomyosin, a well characterized pan allergen
found across arthropods, mollusks, and other invertebrate
groups. Individuals with existing allergies to shrimp, crab, or
dust mites may therefore be at elevated risk when consuming
earthworm based products.

Beyond tropomyosin, other proteins such as arginine kinase
and myosin light chain have been implicated in cross reactive
responses in related taxa, suggesting that earthworms may
possess additional allergenic determinants. However, the
specific allergen profile of earthworm species commonly
proposed for food use remains largely uncharacterized,
underscoring the need for targeted immunological research.

Regulatory agencies have begun to recognize these gaps.
Health Canada (2022) and comparable bodies in the EU and
Asia have indicated that novel protein sources will require
allergenicity assessments, including in vitro cross reactivity
testing, digestibility studies, and, where appropriate, controlled
clinical evaluations. Transparent labeling will also be essential,
particularly for populations with known shellfish or dust mite
allergies.
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In the absence of comprehensive data, a precautionary
approach is warranted. As earthworm based foods move toward
commercialization, allergenicity testing and clear regulatory
guidance will be critical to ensuring consumer safety and
maintaining public confidence. Earthworms contain several
proteins that are already recognized as allergens in other
invertebrates, including tropomyosin, arginine kinase, myosin
light chain, chitinases, and cysteine proteases. These findings
come from cross reactivity studies in edible insects and other
invertebrates, and they strongly imply that earthworms share
the same allergenic risk profile (Majsiak et al., 2025). The
strongest evidence indicates that people already allergic to
shrimp, dust mites, or insects may react to earthworm proteins
because of shared allergens like tropomyosin and arginine
kinase.

Chemical Residues and Substrate Derived Contaminants
Because earthworms process decomposing organic matter,
they are directly influenced by the chemical composition
of the substrates in which they are raised. This creates both
opportunities and risks. On one hand, earthworms can help
stabilize or transform organic waste streams; on the other, they
may inadvertently accumulate pesticide residues, herbicides,
fungicides, or veterinary drug metabolites present in those
materials. These contaminants can enter earthworm tissues
through ingestion of substrate particles, absorption across the
gut epithelium, or binding to organic matter retained in the
digestive tract.

This risk underscores the importance of strict substrate
governance in any food grade vermiculture system. Safe
production requires:

e Traceable substrate supply chains, ensuring that all inputs
originate from regulated, low risk sources

e Organic or controlled feedstocks, free from synthetic
pesticides or agricultural chemicals

*  Monitoring programs comparable to those used in
aquaculture, including periodic residue testing and
documentation of input histories

Without such controls, earthworm products could inadvertently
concentrate agricultural chemicals, particularly lipophilic
compounds or those that bind strongly to organic matter. This
concern parallels long standing issues in aquaculture and edible
insect farming, where substrate quality directly determines
contaminant profiles in the final biomass.

Regulatory frameworks will therefore need to establish clear
standards for acceptable substrates, maximum residue limits
for common agricultural chemicals, and validated analytical
methods for monitoring earthworm tissues. As earthworm
based foods move toward commercialization, these safeguards
will be essential to ensure consumer safety and maintain
confidence in the integrity of circular food production systems.
The global adoption of earthworm derived products is seen in
Figure 3.
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Figure 3: Map representing the global adoption of earthworm derived products (Ganapathy et al., 2025).

Processing Methods and Their Implications for Safety and
Quality

Depuration

Depuration is the foundational step in preparing earthworms
for food use, serving as a critical bridge between primary
production and downstream processing. Because earthworms
ingest and retain soil particles, organic debris, and microbial
communities within their gut, the removal of gut contents is

essential for ensuring both food safety and sensory quality.
Depuration involves holding harvested worms in clean, inert
media—such as moist cellulose, sterile sand, or rinsed peat
moss—for a defined period, typically 24-48 hours, during
which the animals purge their digestive tracts.

This process provides several benefits. From a safety
perspective, depuration reduces the load of microbial
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contaminants, including enteric bacteria and soil associated
pathogens, by eliminating the substrate derived material in
which these organisms reside. It also decreases concentrations
of chemical residues and heavy metals that may be present
in gut contents, although it does not remove metals bound
to tissues. As such, depuration is best understood as a risk
reduction measure, complementing but not replacing the need
for clean substrates and routine monitoring.

Depuration also improves organoleptic qualities, as soil
associated compounds—including geosmin and other volatile
metabolites—can impart off flavours or earthy aromas if not
removed. By clearing the digestive tract, depuration enhances
the sensory acceptability of earthworm based foods and
facilitates more consistent processing outcomes.

Operationally, effective depuration requires controlled
conditions: adequate moisture, aeration, and temperature;
avoidance of overcrowding; and regular removal of expelled
waste to prevent re ingestion. Standardizing these parameters
will be essential for ensuring reproducibility across production
systems.

As earthworm based foods move toward commercialization,
depuration will remain a core component of Good
Manufacturing Practices (GMP). Regulatory frameworks will
likely require validated depuration protocols, including defined
durations, substrate specifications, and microbial testing
benchmarks, to ensure that earthworm biomass entering the
food chain meets established safety and quality standards.

Thermal Processing

Thermal processing is one of the most effective and widely
used methods for ensuring the safety and stability of earthworm
based foods. Techniques such as blanching, boiling, roasting,
and drying serve multiple functions: they reduce microbial
loads, denature proteins, improve texture, and extend shelf
life. These methods parallel established practices in the edible
insect and aquaculture sectors, where heat treatment is a
cornerstone of food safety management.

Blanching—brief immersion in hot water—rapidly inactivates
surface microbes and reduces enzymatic activity, making it an
essential first step before further processing. Boiling provides
deeper thermal penetration, ensuring that internal tissues reach
temperatures sufficient to eliminate enteric pathogens such
as Escherichia coli and Salmonella spp.. Roasting not only
contributes to microbial reduction but also enhances flavour
and aroma through Maillard reactions, improving consumer
acceptability.

Drying is particularly important for producing shelf stable
products. Methods such as sun drying, oven drying, and
freeze drying cach offer distinct advantages. Sun drying
is low cost but requires strict hygiene and environmental
controls; oven drying provides consistent temperatures and
predictable moisture reduction; and freeze drying preserves
protein integrity, micronutrients, and functional properties

exceptionally well. Dried earthworm biomass can be milled
into earthworm flour, a versatile ingredient suitable for baked
goods, pasta, extruded snacks, and protein supplements.

Thermal processing also contributes to protein denaturation,
which can improve digestibility and reduce potential
allergenicity, although the latter requires further study.
By lowering water activity and stabilizing biochemical
components, heat treatments significantly extend the shelf life
of earthworm based products and facilitate their integration
into diverse food matrices.

As earthworm derived foods move toward commercialization,
standardized thermal processing protocols—defining time—
temperature combinations, moisture targets, and microbial
reduction benchmarks—will be essential for ensuring
consistent safety and quality across production systems.

Fermentation

Fermentation is a traditional method of processing earthworms
in several cultures and represents a promising avenue for
enhancing both safety and sensory quality. As with many
fermented foods, the process relies on controlled microbial
activity to transform biochemical components, stabilize the
product, and inhibit pathogenic organisms. Although scientific
research on earthworm fermentation remains limited, early
studies and ethnographic accounts suggest considerable
potential for developing standardized, food grade fermentation
protocols.

Fermentation offers several key advantages:

Enhanced safety through acidification

As lactic acid bacteria proliferate, pH declines, creating an
environment hostile to pathogens such as Escherichia coli,
Salmonella spp., and spoilage fungi. This mirrors the safety
mechanisms observed in fermented fish, meat, and insect
products.

Improved flavour complexity

Fermentation can reduce earthy or metallic notes associated
with raw or minimally processed earthworms. Enzymatic and
microbial transformations generate new aromatic compounds,
contributing to a more nuanced flavour profile and improved
consumer acceptability.

Potential probiotic benefits

Although unproven in the context of earthworm based foods,
fermentation with selected lactic acid bacteria may introduce
beneficial microbes or bioactive metabolites, paralleling
developments in fermented insect and plant based protein
products.

Despite these advantages, controlled fermentation of
earthworms remains an emerging field. Key research gaps
include identifying optimal starter cultures, defining time—
temperature parameters, characterizing microbial succession,
and evaluating the stability and safety of fermented products
over time. As interest in earthworm derived foods grows,
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fermentation represents a promising but underexplored
processing pathway that could support both product
diversification and improved consumer acceptance.

Novel Processing Technologies

Beyond traditional methods such as depuration, thermal
treatment, and fermentation, a range of novel processing
technologies is emerging that could significantly enhance the
safety, functionality, and consumer acceptance of earthworm
based foods. These approaches mirror innovations already
transforming the edible insect, plant protein, and aquaculture
sectors, and they offer promising pathways for developing high
quality, versatile earthworm ingredients.

Enzymatic Hydrolysis

Enzymatic treatments can break down earthworm proteins into
smaller peptides, producing protein isolates, hydrolysates, and
bioactive fractions with improved solubility, digestibility, and
functional properties. Hydrolysis can also generate peptides
with antioxidant, antimicrobial, or fibrinolytic activity,
expanding the potential for earthworm derived nutraceuticals
and functional foods.

Extrusion

High temperature, short time extrusion enables earthworm
meal to be incorporated into snack foods, pasta, texturized
protein products, and meat analogues. Extrusion improves
microbial safety, stabilizes the product, and creates appealing
textures that can help overcome consumer hesitancy. It also
allows earthworm proteins to be blended with cereals, legumes,
or other alternative proteins.

High Pressure Processing (HPP)

HPP uses hydrostatic pressure rather than heat to inactivate
pathogens and spoilage organisms, offering a way to improve
safety without compromising heat sensitive nutrients. This
technology preserves amino acids, vitamins, and bioactive
compounds more effectively than conventional thermal
treatments, making it particularly attractive for premium or
minimally processed earthworm products.

Together, these technologies could help earthworm based
foods achieve broader consumer acceptance by improving
texture, flavour, safety, and versatility. As research advances,
integrating novel processing methods with standardized safety
protocols will be essential for positioning earthworms as a
credible and innovative component of sustainable protein
systems.

Regulatory Context and Novel Food Classification

The regulatory environment surrounding earthworms as food
remains underdeveloped, and this gap has direct implications
for commercialization, safety assurance, and research priorities.
Because earthworms lack a widely recognized history of safe
human consumption in most jurisdictions, they are typically
governed under novel food frameworks designed to evaluate
emerging or unconventional food sources.

Canadian Regulatory Framework

In Canada, Health Canada’s Novel Foods Regulations apply

to any food that does not have a documented record of safe

use. Under this framework, earthworms intended for human

consumption require a pre market assessment that includes:

e Compositional analysis to characterize nutrients,
contaminants, and potential hazards

»  Toxicological evaluation to assess safety under expected
consumption levels

e Allergenicity assessment, including potential
reactivity with other invertebrates

e Manufacturing process controls,
harvesting, processing, and sanitation

e Labelling and claims review to ensure accuracy and
consumer protection (Health Canada, 2022)

Cross

covering farming,

At present, Canada has no dedicated standards for earthworm
farming, processing, or quality assurance. This regulatory
vacuum creates uncertainty for producers and regulators alike,
particularly as interest in alternative proteins accelerates.
Establishing clear, evidence based guidelines will be essential
to support safe commercialization and to provide predictable
pathways for product approval.

International Approaches

Internationally, regulatory systems converge on similar

principles, though the mechanisms differ:

*  European Union: Earthworms fall under the EU Novel
Food Regulation (EU 2015/2283), requiring a full safety
dossier and authorization prior to market entry.

e United States: The U.S. FDA does not maintain a specific
category for earthworms, but they would require either a
Generally Recognized as Safe (GRAS) determination or a
food additive petition, depending on intended use.

e Codex Alimentarius: While Codex has no earthworm
specific standard, its general food safety and hygiene
codes apply and often serve as reference points for
national regulators.

These frameworks collectively emphasize safety, traceability,
and manufacturing controls — all areas where earthworm
production systems currently lack formalized standards.

Implications for Commercialization
The absence of established production and safety standards for
earthworms represents a major barrier to market development.
Regulatory clarity will be essential to:

*  Reduce uncertainty for producers and investors

*  Support consistent product quality and safety

»  Facilitate international trade and harmonization

e Build consumer confidence in earthworm derived foods

*  Enable responsible scaling of earthworm based protein
systems

As the scientific evidence base expands — particularly around
nutritional composition, toxicology, and processing methods
— regulators will be better positioned to develop guidance
documents and approval pathways. In turn, this will help
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transition earthworms from experimental or niche foods toward
legitimate components of sustainable protein strategies.

Section III. Ecological, Agricultural, and Sustainability
Dimensions

Earthworms in Ecological Systems:
Sustainable Use

Foundations for

Earthworms are widely recognized as “ecosystem engineers”
because of their profound influence on soil structure, nutrient
cycling, and microbial dynamics (Lavelle et al., 2006). Their
burrowing activity enhances soil aeration, water infiltration,
and aggregate stability, while their digestion of organic
matter accelerates decomposition and nutrient mineralization
(Edwards & Bohlen, 1996; Sinha et al., 2010). These ecological
functions underpin terrestrial productivity and biodiversity,
making earthworms central to healthy agroecosystems.

Any proposal to use carthworms as food must therefore
begin with an ecological baseline: earthworms are not simply
biomass to be harvested or reared; they are keystone organisms
whose removal or mismanagement can destabilize soil systems
(Hendrix & Callaham, 2005). Sustainable utilization requires
a clear understanding of species specific roles, ecological
thresholds, and the potential consequences of diverting
carthworms from their natural functions into controlled
production systems.

Earthworms as Ecosystem Engineers

Earthworms contribute to multiple foundational soil processes,

including:

e Soil structure formation, through burrowing, casting, and
aggregate stabilization (Blouin et al., 2013)

* Nutrient cycling, particularly nitrogen and phosphorus
mineralization (Curry & Schmidt, 2007)

*  Microbial community regulation, by stimulating beneficial
bacteria and fungi (Aira & Dominguez, 2004)

*  Carbon sequestration, through the stabilization of organic
matter within soil aggregates (Fonte & Six, 2010)

Ecologists typically distinguish three functional groups—
epigeic, endogeic, and anecic—each with distinct ecological
roles (Bouché, 1977) (Figure 4). Epigeic species such as
Eisenia fetida and E. andrei are most suitable for vermiculture
due to their rapid reproduction and tolerance for high organic
substrates (Dominguez & Edwards, 2011). In contrast,
endogeic and anecic species contribute critically to soil
formation and long term carbon storage and should not be
diverted into food production systems (Shipitalo & Le Bayon,
2005). There are two additional groups introduced by Reynolds
(1977, 2022): corticoles, those species living underneath the
bark of decaying tree trunks, e.g., Dendrodrilus rubidus and
limicoles, those species living in saturated or very wet soils,
e.g., Allolobophora chlorotica.

Three major
ecological groups of
earibwarns have been idevtified
based on the feeding and burrewing
bebaviors of the different species

Avevie darrasrs vy resele
J

Figure 4: The location of the earthworm ecological types
(from Reynolds, 2026b and others).

Ecological Opportunities and Constraints

The ecological roles of earthworms create a dual dynamic for

sustainable food production:

Opportunities

»  Epigeic species can be reared in controlled systems using
organic waste streams, contributing to circular economy
models.

*  Vermiculture can enhance waste management, reduce
methane emissions from organic waste, and produce
nutrient rich vermicompost.

e Earthworm biomass production can occur without
competing for arable land or freshwater resources.

Constraints

e Overharvesting from natural ecosystems is ecologically
unacceptable and would undermine soil health.

* Introduction of non native species for production carries
risks of escape and ecological disruption.

e Large scale vermiculture must be managed to avoid
pathogen buildup, nutrient imbalances, or waste stream
contamination.

These ecological considerations form the foundation for
responsible commercialization. Any sustainable earthworm
based food system must be designed to protect soil
biodiversity, avoid ecological displacement, and ensure that
production relies exclusively on species and systems that do
not compromise ecosystem integrity.

Agricultural Applications and Co Benefits

The agricultural relevance of earthworms extends far beyond
their potential as a protein source. Their ecological functions
translate directly into agronomic benefits, particularly through
vermiculture and vermicomposting systems that harness the
natural feeding and casting behaviour of epigeic species. These
systems offer a suite of co benefits that align with regenerative
agriculture, circular economy principles, and low input farming
strategies(Sinha et al., 2009).
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Vermicomposting and Soil Amendment Production

Vermicomposting—the bioconversion of organic waste into

stabilized humus by earthworms and associated microbes—

produces a nutrient rich amendment that:

* Improves soil structure, porosity, and water holding
capacity (Atiyeh et al., 2001)

*  Enhances nutrient availability, especially nitrogen and
phosphorus (Arancon et al., 2004)

* Increases microbial biomass and enzymatic activity (Aira
et al., 2007)

*  Suppresses soil borne pathogens (Edwards & Arancon,
2011)

*  Supports seedling vigour and crop yield (Lazcano &
Dominguez, 2011).

These benefits arise from the combined action of earthworm
digestion, microbial proliferation, and the formation of stable
organic aggregates (Figure 5). Vermicompost is often richer
in plant available nutrients than traditional compost and
can be produced more rapidly under controlled conditions
(Dominguez, 2004).

Figure 5: Venn diagram representing the microbial diversity
present in earthworm derived products (from Ganapathy et al.,
2025).

Integration into Regenerative Agriculture

Vermiculture systems can be integrated into regenerative

practices in several ways:

*  Supporting on farm waste cycling

* Reducing reliance on synthetic fertilizers (Arancon &
Edwards, 2011)

*  Enhancing soil organic matter and microbial diversity
(Lal, 2020)

* Enabling closed
Commission, 2020)

loop nutrient systems (European

Co Benefits for Food Production Systems

When earthworm biomass production is paired with
vermicomposting, the system generates dual outputs:

*  Earthworm biomass for food or feed

e Vermicompost as a high value soil amendment

This dual output model enhances economic viability and aligns
with circular economy principles (Smetana et al., 2016).

Ecological Risks of Wild Harvesting

While vermiculture offers a controlled and sustainable method

of producing earthworm biomass, harvesting earthworms from

natural ecosystems poses significant ecological risks. Removal

of wild populations can lead to:

e Soil degradation through loss of key decomposers (Hale
et al., 2006)

e Disruption of nutrient cycling and organic matter turnover
(Eisenhauer, 2010)

e Declines in soil biodiversity (Ferlian et al., 2018)

e Cascading effects on plants, fungi, and soil fauna (Frelich
et al., 2006)

These risks mirror those associated with overharvesting wild
mushrooms or medicinal plants (Ticktin, 2004). Sustainable
development of earthworm based food systems therefore
requires strict avoidance of wild harvesting and exclusive
reliance on controlled vermiculture systems.

Sustainability Metrics and Life Cycle Considerations
Assessing the sustainability of earthworm based food systems
requires a life cycle perspective that accounts for resource
use, environmental impacts, and system circularity. Although
comprehensive life cycle assessments (LCAs) of earthworm
production remain limited, available evidence and analogies
from insect and microbial protein systems provide useful
insights (Oonincx & de Boer, 2012).

Greenhouse Gas Emissions

Earthworm production has the potential to exhibit low

greenhouse gas (GHG) emissions relative to conventional

livestock because:

e Earthworms do not produce methane or nitrous oxide
through enteric fermentation (van Huis et al., 2013).

*  Vermiculture can divert organic waste from landfills,
reducing methane emissions.

e Energy inputs can be minimal when systems rely on
ambient temperatures and passive aeration (Halloran et
al., 2018).

Land and Water Use

Earthworm production requires:

*  Minimal land area, as vermiculture systems can be stacked
vertically or integrated into existing waste management
infrastructure.

* Low water inputs, with moisture maintained primarily
through the organic substrates themselves.

*  No competition with arable land, since production occurs
in bins, windrows, or controlled environments.

These characteristics position earthworms favourably relative
to livestock and even some plant based protein systems (Setana
etal., 2015).
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Circularity and Resource Efficiency

Earthworm based systems are inherently circular:

*  Organic waste streams (food waste, manure, crop residues)
become feedstock.

»  Earthworms convert this waste into biomass (protein) and
vermicompost (soil amendment).

*  Vermicompost returns nutrients and carbon to soils,
closing nutrient loops.

*  Production can be co located with farms, food processors,
or municipal waste facilities.

This circularity reduces environmental burdens, enhances
resource efficiency, and aligns with global sustainability goals
(Chertow, 2007).

Ethical, Indigenous, and Governance Considerations

The development of earthworms as a food source raises
important ethical, cultural, and governance questions that
extend beyond technical feasibility. As with any emerging food
technology, commercialization must be guided by principles
of ecological stewardship, cultural respect, and equitable
benefit sharing. These considerations are particularly salient in
the Canadian context, where Indigenous knowledge systems,
biodiversity governance, and food sovereignty frameworks
intersect with scientific innovation.

Ethical Dimensions of Earthworm Use

Earthworms occupy a unique position in ethical debates about

food systems. They are neither traditional livestock nor wildlife,

and their ecological roles complicate simplistic narratives of

“alternative protein.” Ethical considerations include:

*  Ecological integrity: Ensuring that production systems do
not compromise soil biodiversity or ecosystem function.

*  Animal welfare: Although invertebrate sentience remains
debated, responsible handling, humane processing, and
minimization of unnecessary suffering are consistent
with emerging welfare standards for insects and other
invertebrates.

e Transparency and consumer autonomy: Clear labelling,
accurate claims, and informed consent are essential for
consumer trust, especially for novel foods.

Ethical commercialization therefore requires precaution,
transparency, and a commitment to minimizing ecological and
welfare impacts (Birch et al., 2021; WHO/FAO, 2010).

Indigenous Knowledge and Cultural Contexts

Indigenous knowledge systems across Canada and globally

include sophisticated understandings of soil, biodiversity, and

the relationships among organisms (Morrison, 2011). While
earthworms themselves are not typically central to Indigenous
foodways, several considerations are relevant:

* Respect for Indigenous epistemologies: Indigenous
perspectives on land, soil, and ecological relationships
offer valuable insights into sustainable production and
stewardship.

*  Avoiding biocultural appropriation: Any use of Indigenous
knowledge must be grounded in consent, reciprocity, and

recognition of intellectual sovereignty.

e Supporting Indigenous food sovereignty: Earthworm
based systems may offer opportunities for local, low input
protein production, but only if communities choose to
adopt them on their own terms.

Engaging Indigenous scholars, Elders, and knowledge holders
early in the research and development process is essential to
ensure that commercialization aligns with Indigenous rights
and priorities (Grey & Patel, 2015; Coté, 2016).

Governance, Benefit Sharing, and Regulatory Equity

Governance frameworks for novel foods must address not only

safety and efficacy but also fairness and accountability. Key

governance considerations include:

e Equitable access to benefits: Ensuring that small scale
producers, rural communities, and Indigenous nations can
participate in and benefit from emerging earthworm based
industries.

e Intellectual property and genetic resources: As earthworm
strains are selectively bred for vermiculture, questions
of ownership, access, and benefit sharing may arise,
particularly if wild populations or Indigenous knowledge
contribute to strain development.

e Regulatory transparency: Clear, accessible regulatory
pathways help prevent the consolidation of emerging
industries in the hands of a few large actors.

A governance approach grounded in equity and transparency
(Health Canada, 2022) will help ensure that earthworm based
food systems develop in ways that support social and ecological

well being(Secretariat Convention Biological Diversity, 2011).

Aligning  Earthworm  Production with  Broader

Sustainability and Justice Goals

Earthworm based protein systems intersect with several

broader policy and sustainability agendas (IPCC, 2019; FAO,

2022; HLPE, 2022):

e Climate mitigation and circular economy: Vermiculture
aligns with waste reduction and nutrient cycling goals.

* Biodiversity protection: Avoiding wild harvesting
and preventing species introductions are essential to
maintaining ecological integrity.

e Food system resilience: Localized, low input protein
production can enhance resilience in remote or resource
limited communities.

e Social justice and food equity: Novel foods must not
exacerbate existing inequities in access, affordability, or
cultural appropriateness.

Embedding earthworm production within these broader
frameworks ensures that commercialization contributes to—
not detracts from—sustainable and just food systems.

Commercialization Pathways and Industry Development

The transition from conceptual feasibility to commercial
reality requires coordinated development across regulatory,
technical, ecological, and market domains. Earthworm based
foods occupy a unique position within the broader alternative
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protein landscape: they offer strong sustainability potential
and compatibility with circular economy models, yet face
significant regulatory, perceptual, and infrastructural barriers.
A viable commercialization pathway must therefore address
production systems, safety assurance, market positioning, and
governance frameworks simultaneously.

Production Models for Commercial Scale
Commercial earthworm production can follow several models,
each with distinct advantages and constraints:

Dedicated Vermiculture Facilities

Purpose built facilities using epigeic species (Eisenia fetida,

E. andrei) can produce consistent biomass under controlled

conditions (Edwards et al., 2011). Key features include:

e Temperature and moisture controlled environments

*  Standardized feedstocks (e.g., pre composted organic
waste)

*  Biosecurity protocols to prevent pathogen introduction

*  Modular, scalable production units

This model supports predictable yields and regulatory
compliance but requires upfront capital investment.

Integrated Farm Based Systems

Earthworm production can be embedded within diversified

farms, where organic waste streams (manure, crop residues)

serve as feedstock (Gajalakshmi & Abbasi, 2004). Benefits

include:

*  Reduced waste management costs

e Co production of vermicompost for on farm soil
improvement

*  Lower infrastructure requirements

This model aligns with regenerative agriculture but may require
additional oversight to ensure food grade safety standards.

Municipal or Industrial Symbiosis

Co locating vermiculture with municipal composting facilities
or food processing plants can:

e Divert organic waste from landfills

*  Reduce methane emissions

*  Produce both protein and soil amendments at scale

This model leverages existing waste management infrastructure
but requires careful governance to ensure feedstock purity and
traceability).

Safety Assurance and Quality Standards

Commercialization depends on robust safety frameworks that

address:

*  Microbial hazards
(Klunder et al., 2012)

*  Chemical contaminants (heavy metals,
pharmaceuticals) (van der Fels et al., 2018)

*  Allergenicity (potential cross reactivity with crustaceans
or insects) (Broekman et al., 2017)

e Processing controls (thermal treatments, dehydration,
milling)(EFSA, 2016)

(pathogens, spoilage organisms)

pesticides,

e Developing standardized protocols for feedstock
preparation, rearing conditions, harvesting, and processing
will be essential. These standards must align with national
novel food regulations and international food safety
frameworks (e.g., Codex Alimentarius).

A key challenge is the absence of established compositional
benchmarks for earthworm products. Generating reference
data on protein content, amino acid profiles, lipid composition,
and potential contaminants will support regulatory submissions
and industry consistency (Health Canada, 2022).

A key challenge is the absence of established compositional
benchmarks for earthworm products. Generating reference
data on protein content, amino acid profiles, lipid composition,
and potential contaminants will support regulatory submissions
and industry consistency (Health Canada, 2022).

Market Positioning and Consumer Acceptance

Consumer acceptance represents one of the most significant
barriers to commercialization (Siegrist & Hartmann, 2020;
Verbeke, 2015; Mancici et al., 2019). Earthworms lack cultural
familiarity as food in most regions, and initial reactions may
include disgust or skepticism. Successful market positioning
will require:

Product Formulation Strategies

Minimizing visual identification of earthworms can improve
acceptance. Early products may include:

e Protein powders

e Extracted amino acid blends

e Fermented or enzymatically hydrolyzed ingredients

*  Composite foods (e.g., protein bars, baked goods)

These formats parallel the commercialization strategies used
for insect proteins.

Narrative Framing

Effective communication should emphasize:

*  Sustainability and circular economy benefits

*  High protein quality and micronutrient density

*  Waste reduction and climate mitigation co benefits
e Local, small footprint production models

Narratives grounded in ecological stewardship and innovation
tend to resonate more strongly than those focussed solely on
novelty.

Target Markets

Early adopters may include:

*  Sustainability oriented consumers

e Athletes and functional food markets

*  Food manufacturers seeking novel protein ingredients

* Regions with limited access to conventional protein
sources

e Over time, broader markets may emerge as familiarity
increases.
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Economic Viability and Industry Structure
Economic feasibility depends on (Payne et al., 2016):
*  Feedstock availability and cost

*  Labour and automation requirements

*  Processing infrastructure

*  Market price of protein ingredients

*  Co product value (vermicompost)

Dual output systems (biomass + vermicompost) significantly
improve economic resilience. Industry structure may evolve
toward:

*  Small scale decentralized producers

*  Medium scale integrated farm systems

e Large scale municipal or industrial symbiosis facilities

A mixed model landscape is likely, reflecting regional waste
streams, regulatory environments, and market demands.

Governance, Policy Support, and Innovation Pathways
Supportive  governance frameworks can  accelerate
commercialization by:

e Providing clear regulatory pathways for novel foods

*  Funding research on safety, processing, and LCA metrics
*  Supporting pilot facilities and demonstration projects

*  Encouraging circular economy initiatives

*  Facilitating Indigenous and community led innovation

Policy instruments such as waste diversion incentives,
sustainable protein strategies, and innovation funding can
accelerate commercialization (Government of Canada 2021).

Barriers and Opportunities

Barriers include regulatory uncertainty and consumer
unfamiliarity; opportunities include strong alignment with
sustainability goals and compatibility with decentralized
production (House, 2016).

Key Barriers:

e Limited regulatory precedents

*  Consumer unfamiliarity

*  Need for standardized safety protocols

*  Potential stigma associated with earthworms

»  Lack of large scale production infrastructure

Key Opportunities

*  Strong alignment with sustainability and circularity goals
e Low land and water requirements

*  Compatibility with regenerative agriculture

*  Potential for decentralized, community based production
*  Dual output economic models

A Realistic Pathway Forward

A staged commercialization pathway—R&D, pilot production,
regulatory approval, ingredient based entry, scaling, and
community partnerships—balances innovation with precaution
(Vantomme et al., 2016). A credible commercialization
pathway will likely proceed through the following stages:

* Research and development: compositional analysis,

toxicology, allergenicity, processing optimization.

*  Pilot scale production: controlled vermiculture facilities
producing food grade biomass.

*  Regulatory submissions: novel
supported by robust safety data.

e Ingredient based market entry: powders, extracts, and
blended products.

e Scaling and diversification: integration into broader food
systems, expansion of co product markets.

e Community and Indigenous partnerships: co development
of locally appropriate production models.

food applications

Sustainability Assessment: Strengths and Limitations

A comprehensive sustainability assessment must consider
environmental, social, regulatory, and ecological dimensions.
Earthworms exhibit several compelling advantages relative to
conventional protein sources, yet important limitations remain.
A balanced appraisal is essential for guiding responsible
development and identifying research and governance
priorities.

Strengths

Earthworms offer several sustainability advantages that

position them as promising contributors to diversified protein

systems:

* High feed conversion efficiency
Epigeic species efficiently convert organic substrates into
biomass, with conversion ratios comparable to or better
than many insect species (Dominguez & Edwards, 2011).

* Low greenhouse gas emissions
Earthworms do not produce methane or nitrous oxide
through enteric fermentation, and vermiculture systems
can reduce emissions by diverting organic waste from
landfills (van Huis et al., 2013; Bernstad & la Cour Jansen,
2012).

*  Minimal land and water use
Production occurs in stacked or modular systems that
require little land and rely primarily on substrate moisture
rather than irrigation (Smetana et al., 2016).

e  Ability to upcycle organic waste
Earthworms transform food waste, manure, and crop
residues into high value protein and vermicompost,
supporting circular economy objectives (Chertow, 2007).

*  Co production of valuable soil amendments
Vermicompost enhances soil fertility, structure, and
microbial activity (Arancon et al., 2004; Aira et al., 2007,
Edwards & Arancon, 2011).

e Compatibility with small scale and decentralized
systems
Vermiculture can be implemented in rural, peri urban, and
urban settings, enabling localized protein production and
waste management.

Collectively, these strengths make earthworms particularly
attractive for low resource settings, urban agriculture, and
regions facing protein scarcity, where land, water, and capital
constraints limit conventional production options.
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Limitations and Challenges

Despite their potential, several limitations must be

acknowledged to ensure responsible development and realistic

expectations:

e Safety concerns
pathogens
Earthworms can bioaccumulate contaminants from their
substrates, necessitating strict feedstock controls and
processing standards (van der Fels et al., 2018).

*  Regulatory uncertainty in many jurisdictions
As novel foods, earthworms require pre market approval,
yet few regulatory frameworks provide clear guidance
(Health Canada, 2022; EFSA, 2016).

e Cultural resistance in Western markets
Consumer acceptance remains a major barrier; earthworms
lack culinary familiarity and may evoke stronger aversion
than insects (Siegrist & Hartmann, 2020; Verbeke, 2015;
Mancini et al., 2019).

*  Potential ecological risks if species escape
Non native epigeic species used in vermiculture could
disrupt local ecosystems if released (Frelich et al., 2006).

e Lack of standardized production protocols
Variability in feedstocks, rearing conditions, and processing
methods complicates safety assessments and regulatory
submissions (Edwards et al., 2011).

* Limited research on long term health impacts
While preliminary nutritional data are promising, long
term toxicological and allergenicity studies remain sparse
(Broekman et al., 2017).

related to heavy metals and

These challenges do not negate the potential of earthworms
as food, but they underscore the need for robust governance
frameworks, including standardized production guidelines,
clear regulatory pathways, rigorous safety assessments,
culturally informed communication strategies, and ecological
safeguards.

Section III: Conclusions and Future Directions

The development of earthworm based foods presents a
promising opportunity to advance sustainable protein systems,
circular economy practices, and low resource agricultural
innovation. Yet the ecological, cultural, and governance
dimensions of this emerging field require careful attention.
Future research and commercialization efforts must be
grounded in ethical engagement, respect for Indigenous rights,
and precautionary ecological stewardship.

Avoiding Bioprospecting

Historically, biological resources with cultural significance

have been extracted without consent, recognition, or benefit to

Indigenous communities. Such bioprospecting practices have

contributed to dispossession, erosion of knowledge systems,

and inequitable distribution of benefits (Posey & Dutfield,

1996). Any development of earthworm based foods must avoid

repeating these patterns. This requires:

*  Free, prior, and informed consent (FPIC) for any research
involving Indigenous lands, knowledge, or biological
resources (United Nations, 2007).

e Co development of research agendas, ensuring Indigenous
priorities shape the direction and application of scientific
inquiry (Smith, 2012).

e Protection of culturally specific knowledge, including
protocols for confidentiality, attribution, and intellectual
sovereignty (Battiste & Henderson, 2000).

*  Respect for Indigenous governance systems, including
community defined rules for access, stewardship, and
benefit sharing (Nadasdy, 2003).

Embedding these principles from the outset strengthens ethical
integrity and aligns with international norms for equitable
research partnerships.

Ethical Integration of Knowledge Systems
Indigenous ecological knowledge offers insights into:
e soil health and soil-organism relationships

»  species behaviour and habitat dynamics

* seasonal cycles and environmental rhythms

*  sustainable harvesting and stewardship practices

These knowledge systems are grounded in long standing

relationships with land and place and can enrich ecological

understanding and sustainability outcomes (Berkes, 2017;

Kimmerer, 2013). Ethical integration requires:

* Avoiding appropriation, ensuring that Indigenous
knowledge is not extracted, decontextualized, or
commodified (Whyte, 2018).

e Supporting Indigenous leadership, rather than treating
Indigenous knowledge as an “add on” to Western science
(McGregor, 2012).

*  Ensuring reciprocity, where benefits flow back to
communities in culturally meaningful ways (Simpson,
2017).

When approached respectfully, the integration of knowledge
systems can strengthen ecological stewardship and contribute
to more resilient and culturally grounded food system
innovations.

Policy Frameworks Supporting Indigenous Rights
International frameworks such as the United Nations
Declaration on the Rights of Indigenous Peoples (UNDRIP,
2007) affirm Indigenous rights to maintain, control, protect,
and develop biological resources and associated knowledge.
These rights include:

e authority over traditional lands and resources

e protection of cultural heritage and intellectual property

e participation in decision making

e equitable benefit sharing

National and regional policies should align with these principles
when developing earthworm based food systems. In Canada,
this includes commitments to UNDRIP implementation,
recognition of Indigenous jurisdiction, and support for
Indigenous led food system initiatives (Government of Canada,
2021; Truth & Reconciliation, 2015).
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Aligning earthworm based innovation with these frameworks
ensures that commercialization proceeds in ways that uphold
Indigenous rights, strengthen community well being, and
contribute to reconciliation.

Summary of Ecological and Sustainability Dimensions
Earthworms present a compelling sustainability profile
grounded in efficient resource use, low environmental impact,
and strong compatibility with circular economy models.
Their ability to convert organic waste into high quality
protein and nutrient rich vermicompost positions them as
valuable contributors to diversified, low input food systems
(Dominguez & Edwards,2011; Smetana et al., 2016; Chertow,
2007). However, their ecological importance as keystone
soil organisms demands a cautious and ethically grounded
approach.

Vermiculture offers a viable and scalable pathway for
sustainable production, enabling controlled rearing of epigeic
species without disrupting natural soil ecosystems (Edwards &
Arancon,2011). Yetecological risks—including species escape,
contamination of local ecosystems, and bioaccumulation of
heavy metals—require robust biosecurity protocols and strict
feedstock management (Frelich et al., 2006; van der Fels et
al., 2018). These ecological considerations must be integrated
into governance frameworks to ensure that earthworm based
food systems enhance, rather than compromise, soil health and
biodiversity.

Equally important are the social and ethical dimensions.
Indigenous rights, knowledge systems, and governance
structures must shape the development of earthworm based
foods. Historical patterns of bioprospecting and knowledge
extraction underscore the need for free, prior, and informed
consent (FPIC), co development of research agendas, and
protection of culturally specific knowledge (Posey & Dutfield,
1996; Smith, 2012; Battiste & Henderson, 2000).

Aligning production and policy frameworks with the United
Nations Declaration on the Rights of Indigenous Peoples
(UNDRIP, 2007) ensures that innovation proceeds in ways
that uphold Indigenous sovereignty and support community
defined priorities.

In sum, the potential of earthworms as food is real and
significant—but it must be developed with ecological humility,
cultural respect, and social responsibility. When grounded
in ethical governance and informed by both scientific and
Indigenous knowledge systems, earthworm based protein can
contribute meaningfully to sustainable, resilient, and equitable
food futures.

Section IV. Culinary Innovation, Product Development,
and Market Pathways

Culinary Potential and Sensory Considerations

Although earthworms have been consumed traditionally
in several regions, their integration into contemporary
food cultures requires a nuanced understanding of sensory

attributes, culinary versatility, and consumer perception. Ethno
entomological research documents the use of earthworms
in Asia, Africa, and parts of Latin America, where they are
prepared through boiling, roasting, smoking, drying, and
fermentation (Belluco et al., 2013; Sun et al., 2020). When
properly depurated and cooked, earthworms possess a mild,
earthy flavour profile, though sensory characteristics vary by
species, diet, and processing method (Ramos Elorduy, 2009).

Sensory Attributes

Key sensory attributes include:

e Flavour: mild, slightly nutty or earthy when depurated;
stronger soil notes if improperly processed (Payne et al.,
2016).

e Texture: firm when roasted; soft or gelatinous when
boiled; crisp when dried.

* Aroma: neutral to earthy, depending on substrate and
processing.

These attributes can be modified through:

e Depuration, which reduces soil derived volatiles and
improves flavour clarity (Edwards & Bohlen, 1996).

e Thermal processing, which denatures proteins, alters
texture, and reduces off flavours (Purschke et al., 2018).

e Seasoning and marination, which enhance palatability and
mask unfamiliar notes.

*  Fermentation, which adds complexity, reduces off flavours,
and generates umami compounds (Tamang et al., 2018).

Culinary Applications

Earthworms can be incorporated into a wide range of culinary

formats:

*  Whole form: roasted, sautéed, or added to stews and soups.

e Minced form: incorporated into patties, dumplings,
fillings, or savoury spreads.

*  Powdered form: blended into flours, baked goods, pasta,
noodles, or protein supplements.

*  Fermented products: sauces, pastes, or condiments
analogous to fish sauce, miso, or shrimp paste (Belluco
etal., 2013).

The powdered form is particularly promising for Western
markets, where visual cues strongly influence acceptance.
Powdered earthworm protein can be incorporated into
familiar foods, reducing psychological barriers and aligning
with strategies used for insect based ingredients (Siegrist &
Hartmann, 2020).

Product Development Pathways

Developing earthworm based foods for commercial markets
requires attention to processing technologies, product formats,
safety standards, and consumer expectations. Several product
categories show strong potential for early adoption.

Earthworm Protein Flour

Earthworm flour is produced through:

e depuration

e blanching or boiling

» drying (oven, sun, or freeze drying)
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e milling into a fine powder

This flour can be used in:

*  baked goods (bread, crackers, cookies)
*  pasta and noodles

e protein bars

*  smoothies and supplements

*  meat extenders or analogues

Protein flour offers a high value, shelf stable ingredient with
broad culinary applications. Its neutral flavour profile makes
it suitable for blending with wheat, rice, or legume flours
(Zielinska et al., 2018). This format also aligns with consumer
preferences for “invisible” novel proteins.

Fermented Earthworm Products

Fermentation is both culturally grounded and scientifically
promising. Traditional fermented earthworm pastes in parts of
Southeast Asia demonstrate feasibility and culinary acceptance
(Belluco et al., 2013). Controlled fermentation can:

*  reduce microbial risks

e improve sensory complexity

e increase shelf life

e generate bioactive peptides

*  enhance digestibility

Potential products include:

e carthworm “fish sauce” analogues
e fermented spreads

* umami rich seasoning pastes

Fermentation also aligns with global trends toward artisanal,
probiotic, and umami forward foods (McGee,
2004).

Protein Isolates and Hydrolysates

Advanced processing techniques—enzymatic hydrolysis,

ultrafiltration, precipitation—can produce:

e protein isolates (80-90% protein)

e hydrolysates (pre digested peptides with functional
properties)

These ingredients can be used in:
e sports nutrition

*  medical nutrition

* functional foods

*  high protein beverages

Bioactive peptides derived from earthworms, including
lumbrokinase, have shown potential cardiovascular and anti
thrombotic benefits, though clinical validation is required
(Wang et al., 2013). This creates opportunities for nutraceutical
and functional food markets.

Whole Food Products

While Western markets may initially resist whole earthworm
foods, niche markets exist for:

e gourmet novelty dishes

*  high end culinary experimentation

e cultural food festivals
e specialty restaurants

These markets can serve as early adopters, helping normalize
earthworms as a legitimate culinary ingredient.

Consumer Acceptance and Cultural Barriers

Consumer acceptance remains one of the most significant
barriers to the adoption of earthworms as food, particularly in
Western societies. Psychological factors—including disgust,
unfamiliarity, and culturally embedded food norms—strongly
influence willingness to try novel proteins (Rozin & Fallon,
1987; Ruby & Rozin, 2014). Research on edible insects
provides a useful analogue: acceptance is shaped not only by
sensory attributes but also by cultural narratives, perceived
naturalness, and trust in food safety systems (Siegrist &
Hartmann, 2020).

Drivers of Acceptance

Studies on alternative proteins consistently show that

acceptance increases when:

e Products are processed into familiar forms, reducing
visual cues that trigger disgust (Tan et al., 2017).

e Environmental benefits are emphasized, appealing to
sustainability oriented consumers.

* Nutritional advantages are clearly communicated,
especially protein quality and micronutrient density
(Payne et al., 2016).

e Early adopters—chefs, athletes, environmentalists—
promote the product, helping normalize consumption
(House, 2016).

*  Exposure occurs in low risk contexts, such as tastings,
blended foods, or small samples (Verbeke, 2015).

These insights apply directly to earthworms. Powdered or
blended formats, sustainability messaging, and strategic
partnerships with influential early adopters can significantly
improve consumer openness.

Barriers to Acceptance

Key barriers include:

e Disgust sensitivity, particularly toward organisms
associated with soil or decomposition (Curtis, 2011).

*  Associations with dirt, waste, and decay, which can evoke
strong negative reactions.

e Perceivedsafety concerns, including fears of contamination
or pathogens (van der Fels et al., 2018).

e Lack of culinary tradition in Western contexts, which
limits cultural familiarity and social reinforcement (Looy
etal., 2014).

Overcoming these barriers requires strategic product design,
evidence based communication, and culinary innovation.
Familiar formats (e.g., protein bars, baked goods) and
transparent safety messaging can help reduce psychological
resistance.
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Role of Chefs and Food Innovators

Chefs have played a pivotal role in normalizing insects, plant

based meats, and other unconventional ingredients. Similar

leadership could help introduce earthworms through:

e High end tasting menus, where novelty is framed as
culinary exploration.

e Culinary competitions, which reward innovation and
visibility.

*  Media features, including documentaries, cooking shows,
and social media content.

e Collaboration with food scientists, enabling
development of refined, palatable preparations.

the

Culinary creativity can transform earthworms from a taboo
ingredient into a sustainable delicacy. As seen with sushi,
lobster, and insects, chef driven innovation often precedes
broader cultural acceptance (Evans et al., 2015). Earthworms
may follow a similar trajectory if introduced through
aspirational, high quality culinary experiences.

Market Pathways and Economic Considerations

The commercialization of earthworm based foods will depend
on identifying viable early markets, overcoming scaling
constraints, and leveraging the economic advantages inherent
in vermiculture systems. As with other novel proteins, market
entry is likely to proceed through niche, high value sectors
before expanding into broader consumer markets (Smetana
et al., 2016; Halloran et al., 2018). A strategic approach to
market development can accelerate adoption while ensuring
ecological and regulatory safeguards remain intact.

Early Stage Markets

Early markets for earthworm based products include:

*  Nutraceuticals (e.g., lumbrokinase, protein supplements)

*  Specialty foods (fermented condiments, gourmet dishes,
artisanal products)

*  Sustainable protein blends (pasta, baked goods, snack
bars)

*  Pet food and aquaculture feed, which can serve as stepping
stone markets

These sectors require lower production volumes and can
tolerate higher price points, making them ideal for early
commercialization (Payne et al., 2016). Nutraceuticals,
in particular, offer strong potential due to the documented
bioactivity of earthworm derived enzymes and peptides
(Cooper et al., 2018). Similarly, aquaculture and pet food
markets provide stable demand and fewer cultural barriers,
allowing producers to refine rearing and processing systems
before entering human food markets (Henry et al., 2015).

Scaling Challenges

Scaling earthworm production faces several challenges:

e Lack of standardized rearing protocols, leading to
variability in yield and quality (Edwards et al., 2011).

e Limited automation in vermiculture, which increases
labour costs and constrains scalability.

*  Regulatory uncertainty, particularly regarding novel food
approval and safety standards (EFSA, 2016).

* Need for consistent substrate supply, requiring reliable
organic waste streams with controlled contaminant levels
(van der Fels et al., 2018).

*  Potential ecological risks if species escape, necessitating
strict biosecurity and containment measures (Frelich et al.,
2006).

Addressing these challenges will require coordinated research,
industry standards, and policy support. Lessons from the insect
protein sector demonstrate that scaling becomes feasible once
standardized production protocols, automated systems, and
clear regulatory pathways are established (van Huis et al.,
2013).

Economic Advantages

Despite scaling challenges, earthworm production offers

several economic advantages:

e Low capital requirements, especially for small scale or
modular systems.

e Compatibility with decentralized production, enabling
rural, peri urban, and urban enterprises.

* Potential for micro enterprises, cooperatives,
community based production models.

e Co production of vermicompost, which provides an
additional revenue stream and enhances economic
resilience (Arancon & Edwards, 2011).

and

These advantages make earthworm production accessible to
smallholders, cooperatives, and community based enterprises,
aligning with broader goals of food system democratization
and local economic development. The dual output model—
protein plus vermicompost—improves profitability and
reduces financial risk, particularly in early stages of industry
development (Chertow, 2007).

Policy and Governance Considerations for Market
Development

The successful commercialization of earthworm based foods
will depend not only on technological and culinary innovation
but also on the development of clear, equitable, and culturally
respectful governance frameworks. As with other novel
proteins, regulatory clarity, Indigenous rights, and ethical
marketing practices will shape both market viability and public
trust.

Regulatory Clarity

As noted earlier, earthworms fall under novel food regulations
in many jurisdictions, including Canada, the European Union,
and parts of Asia (Health Canada, 2022; EFSA, 2016). Clear
guidelines are needed for:

e standards

e substrate

»  safety testing

e allergenicity assessment

* labelling requirements

*  environmental safeguards

Regulatory clarity reduces barriers to entry, encourages
responsible innovation, and provides consumers with
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confidence in product safety. Lessons from the insect protein
sector demonstrate that transparent regulatory pathways
accelerate investment and industry growth (Halloran et al.,
2018).

Indigenous Governance and Benefit Sharing

Commercial development must respect Indigenous rights,
including:

» free, prior, and informed consent (FPIC)

e recognition of cultural significance

*  protection of knowledge systems

e equitable benefit sharing

These principles align with the United Nations Declaration
on the Rights of Indigenous Peoples (UNDRIP, 2007) and
emerging national policies on Indigenous data and knowledge
sovereignty (Battiste & Henderson, 2000; Government of
Canada, 2021). Indigenous governance frameworks emphasize
relational accountability, stewardship, and community defined
priorities—principles that should guide any earthworm based
food initiative involving Indigenous lands, knowledge, or
resources.

Ethical Marketing and Consumer Education
Marketing strategies must avoid:

*  exoticization of traditional practices

*  misappropriation of Indigenous foods

e overstated environmental claims

Instead, ethical marketing should emphasize:
e sustainability

* nutritional value

e transparency

e cultural respect

Responsible communication is essential for building consumer
trust and avoiding the pitfalls that have affected other novel
protein industries, where exaggerated claims have sometimes
undermined credibility.

Summary of Culinary and Market Dimensions
Earthworms offer significant potential for culinary innovation
and sustainable product development. Their versatility—from
whole foods to protein isolates—allows integration into diverse
food systems, ranging from artisanal condiments to functional
food ingredients. Early markets such as nutraceuticals, specialty
foods, and sustainable protein blends provide feasible entry
points, while powdered and fermented formats offer pathways
to broader consumer acceptance (Halloran et al., 2018).

However, the pace and direction of market growth will depend
on:

e consumer acceptance

e regulatory clarity

e ethical governance

* Indigenous rights and benefit sharing

*  ccological safeguards

»  standardized production protocols

With careful development, earthworms could become a
meaningful component of future sustainable protein portfolios.
Their success will hinge on aligning culinary creativity,
scientific rigour, and ethical responsibility—ensuring that
innovation proceeds in ways that respect ecological systems,
cultural contexts, and community priorities.

Section V. Policy, Ethics, Indigenous Knowledge, and
Governance

Introduction: Why Governance Matters for Earthworms
as Food

The development of earthworms as a food source sits at the
intersection of biology, ecology, culture, and governance.
Unlike many alternative proteins, earthworms occupy a
unique position: they are both ecologically foundational and
culturally significant in many Indigenous knowledge systems.
Their potential commercialization therefore raises questions
that extend beyond food safety and market viability. Issues
of Indigenous rights, biocultural heritage, ethical research
practices, and environmental governance must be central to
any responsible development pathway (Smith, 2012; Whyte,
2018).

This section examines the ethical and policy dimensions of
earthworm based foods, emphasizing the need for governance
frameworks that respect Indigenous sovereignty, protect
ecosystems, and ensure equitable benefit sharing.

Indigenous Knowledge Systems and Earthworms

Indigenous knowledge systems (IKS) offer rich, place based
understandings of earthworms as ecological actors, indicators
of soil health, and beings with specific roles in cosmology
and medicine. These knowledge systems are not simply “data
sources” for scientific extraction; they are sovereign intellectual
traditions with their own epistemologies, governance
structures, and ethical commitments (Battiste, 2013).

Earthworms in Indigenous Ecologies

In many Indigenous traditions:

*  Earthworms are understood as soil caretakers, maintaining
fertility and ecological balance.

e Their presence or absence signals ecological change,
contamination, or soil exhaustion.

e They may be associated with seasonal cycles, weather
patterns, or ceremonial teachings.

Some communities use earthworms in traditional medicines,
often in ways that reflect deep ecological relationships rather
than biochemical reductionism (Kimmerer, 2013). These
perspectives highlight the need for respectful engagement
and caution against treating earthworms solely as extractable
biomass.

Risks of Knowledge Appropriation

Historically, Indigenous knowledge has been mined for
scientific or commercial gain without consent, recognition, or
benefit to the communities who hold it. This pattern—often
described as biopiracy or bioprospecting—has occurred in
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contexts ranging from medicinal plants to genetic resources
(Posey & Dutfield, 1996; Robinson, 2010).

Earthworm based foods risk repeating these harms if:

» traditional uses are commercialized without consent
*  knowledge is extracted without proper attribution

*  benefits flow exclusively to external actors

e cultural significance is ignored or trivialized

Ethical development requires free, prior, and informed consent
(FPIC) and meaningful co governance with Indigenous
communities (United Nations, 2007).

Indigenous Sovereignty and Legal Frameworks

UNDRIP and International Norms

The United Nations Declaration on the Rights of Indigenous
Peoples (UNDRIP, 2007) affirms Indigenous rights to:

*  maintain, control, and protect their traditional knowledge
e govern biological resources within their territories

e determine how their knowledge is used

e benefit from any commercial applications

These principles apply directly to earthworm based foods,
especially where traditional knowledge informs species
selection, rearing practices, or medicinal uses (United Nations,
2007).

National and Regional Policy Contexts

Many countries, including Canada, are moving toward
UNDRIP implementation. This shift has implications for:

e research ethics

* intellectual property

»  data governance

e environmental regulation

* food system development

In Canada, Indigenous data sovereignty frameworks—such
as the OCAP® principles (Ownership, Control, Access,
Possession)—provide guidance for ethical research involving
Indigenous knowledge (First Nations Information Governance
Centre, 2014). Earthworm related research must align with
these principles to avoid extractive practices and ensure that
Indigenous communities retain authority over their knowledge
and resources.

Ethical Research and Co Development

Beyond Consultation: Toward Co Governance

Ethical research involving Indigenous knowledge requires

more than consultation or token participation. It requires a

shift toward co governance, in which Indigenous communities

exercise meaningful authority over research processes and

outcomes. This includes:

e co design of research questions

»  shared decision making

e community driven priorities

* long term relationships
interactions

e transparent benefit sharing agreements

rather than transactional

This approach aligns with decolonizing research methodologies
and ensures that earthworm related research supports
community goals rather than external agendas (Smith, 2012;
Kovach, 2009). Co governance also strengthens accountability
and fosters trust, both of which are essential for ethical
innovation..

Protecting Culturally Sensitive Knowledge

Some knowledge about earthworms—including medicinal

uses, ceremonial roles, or ecological teachings—may be

culturally restricted. Ethical practice requires:

e respecting boundaries around sacred or
knowledge

* avoiding publication of restricted information

e ensuring that communities determine what can be shared

sensitive

These practices protect both cultural integrity and ecological
stewardship. They also align with Indigenous data sovereignty
frameworks, which emphasize community control over
knowledge and its dissemination (First Nations Information
Governance Centre, 2014).

Environmental Governance and Biosecurity

Preventing Ecological Harm

As discussed earlier, earthworms are ecosystem engineers
whose introduction into new environments can cause:

e soil horizon collapse

e altered nutrient cycling

e loss of understory vegetation

» displacement of native species

Governance frameworks must therefore include:

*  species specific risk assessments

e restrictions on outdoor rearing in sensitive ecosystems
e containment protocols for vermiculture facilities

*  monitoring for accidental releases

These measures are essential to prevent ecological harm,
particularly in regions where non native earthworms have
already caused significant forest floor degradation (Frelich et
al., 2006; Eisenhauer, 2010).

Substrate Regulation and Contaminant Control

Because earthworms bioaccumulate contaminants, substrate
regulation is essential. Policies should require:

e approved substrate lists

e testing for heavy metals and pesticides

*  traceability systems

standards for waste management and vermicompost use

These measures protect both consumers and ecosystems and
align with food safety frameworks developed for insect based
proteins (va der Fels et al., 2018).

Food Safety Regulation and Novel Food Pathways
Regulatory Gaps

Earthworms fall into regulatory grey zones in many
jurisdictions. Unlike insects, which have received increasing
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regulatory attention, earthworms lack:
»  standardized safety protocols

e allergenicity assessments

*  maximum residue limits

e processing standards

e labelling requirements

This regulatory vacuum creates uncertainty for producers and
consumers and slows responsible innovation (EFSA, 2016).

The Canadian Context

In Canada, earthworms would be classified as novel foods,
requiring pre market approval. This involves:

e compositional analysis

* toxicological assessment

e allergenicity evaluation

*  manufacturing controls

e labelling compliance(Health Canada, 2022)

Clearer guidance would support responsible innovation and
help ensure that earthworm based foods meet the same safety
and transparency standards applied to other emerging protein
sources.

Toward an Integrated Governance Framework for
Earthworm Based Foods

The development of earthworm based foods requires a
governance framework that integrates ecological science,
Indigenous rights, food safety regulation, and ethical research
practices. Because ecarthworms occupy a dual role—as
keystone soil organisms and as culturally significant beings
in many Indigenous knowledge systems—governance must
extend beyond conventional food safety paradigms. An
integrated approach ensures that commercialization proceeds
responsibly, equitably, and in alignment with both ecological
and cultural priorities.

Principles for Integrated Governance

A responsible governance framework for earthworm based

foods should be grounded in four overarching principles:

e Ecological stewardship, recognizing earthworms as
ecosystem engineers whose mismanagement can cause
significant environmental harm (Frelich et al., 2006;
Eisenhauer, 2010).

* Indigenous sovereignty, ensuring that Indigenous rights,
knowledge systems, and governance structures shape
research and commercialization pathways (United
Nations, 2007; Battiste & Henderson, 2000).

* Food safety assurance, including substrate regulation,
contaminant monitoring, allergenicity assessment, and
standardized processing protocols (van der Fels et al.,
2018).

e Ethical innovation, emphasizing transparency, benefit
sharing, and avoidance of biocultural appropriation (Posey
& Dutfield, 1996).

These principles provide a foundation for policy development
and industry standards.

Institutional Mechanisms
To operationalize these principles, governance frameworks
should include:

Co Governance Structures

Formal mechanisms for shared decision making between
Indigenous communities, researchers, and regulatory bodies.
These may include advisory councils, Indigenous led ethics
boards, or co management agreements (Smith, 2012).

Environmental Safeguards

Policies requiring:

»  species specific ecological risk assessments

*  containment standards for vermiculture facilities

e restrictions on outdoor rearing in sensitive ecosystems
*  monitoring and reporting of accidental releases

These safeguards reduce ecological risks associated with non
native earthworm species (Frelich et al., 20006).

Substrate and Contaminant Regulation
Regulatory standards should define:

* approved substrate lists

e contaminant thresholds

e traceability requirements

*  waste management protocols

Such measures align with existing frameworks for insect based
foods and ensure consumer protection (van der Fels et al.,
2018).

Knowledge Protection Protocols

Governance must include mechanisms to protect culturally

sensitive knowledge, including:

e FPIC requirements

e community controlled data governance

e restrictions on publication of sacred or confidential
knowledge

These align with UNDRIP and Indigenous data sovereignty
principles (United Nations, 2000; First Nations Information
Governance Centre, 2014).

Policy Alignment and Cross Sector Coordination
Effective governance requires coordination across:

e food safety regulators (e.g., Health Canada, EFSA)
e environmental agencies

* Indigenous governments and knowledge holders

*  research institutions

* industry associations

Cross sector coordination ensures that ecological, cultural, and
economic considerations are addressed simultaneously rather
than in isolation. This integrated approach mirrors emerging
governance models for other novel proteins and biocultural
resources (Halloran et al., 2018).
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Pathways for Responsible Innovation

A responsible innovation pathway for earthworm based foods

should include:

»  pilot projects co designed with Indigenous communities

» transparent safety and ecological assessments

*  community defined benefit sharing agreements

*  public education and ethical marketing

e iterative policy development informed by ongoing
research

Such pathways ensure that commercialization proceeds
cautiously, adaptively, and in alignment with community
values and ecological realities.

Synthesis and Final Recommendations
The development of ecarthworm based foods presents a
rare opportunity to align sustainable protein innovation
with ecological stewardship, Indigenous rights, and ethical
governance. Because earthworms occupy a dual role—as
keystone soil organisms and beings with cultural significance in
many Indigenous knowledge systems—any commercialization
pathway must be grounded in a holistic governance framework
that integrates science, policy, and community leadership.

Integrating Ecological, Cultural,

Dimensions

A responsible governance framework must simultaneously

address:

* Ecological integrity, recognizing ecarthworms as
ecosystem engineers whose mismanagement can cause
soil degradation, altered nutrient cycling, and biodiversity
loss (Frelich et al., 2006; Eisenhauer, 2010).

* Indigenous sovereignty, ensuring that Indigenous
communities maintain authority over their knowledge,
lands, and biological resources (United Nations, 2007;
Battiste & Henderson, 2000).

* Food safety assurance, including substrate regulation,
contaminant monitoring, allergenicity assessment, and
standardized processing protocols (Health Canada, 2022).

and Regulatory

Ethical research practices, emphasizing co governance, FPIC,
and protection of culturally sensitive knowledge (Smith, 2022;
First Nations Information Governance Centre, 2014).

These dimensions cannot be treated as separate domains;
they must be woven together into a coherent governance
architecture.

Recommendations for Policy and Practice

Based on the evidence and ethical considerations outlined
throughout this manuscript, the following recommendations
support responsible development:

Establish Clear Novel Food Pathways

Regulators should develop explicit guidelines for earthworm
based foods, including:

e substrate standards

e contaminant thresholds

» allergenicity testing

e processing and labelling requirements

Such clarity will reduce uncertainty and support responsible
innovation (Health Canada, 2022).

Implement Ecological Safeguards

Environmental agencies should require:

»  species specific ecological risk assessments

e containment standards for vermiculture facilities
*  monitoring for accidental releases

These measures prevent ecological harm and align with best
practices for managing non native earthworm species (Frelich
et al., 2006).

Support Indigenous Led Governance

*  Governments, researchers, and industry actors should:

* adopt FPIC as a baseline requirement

e ensure Indigenous co governance in research and
commercialization

* implement benefit sharing agreements

* respect Indigenous data sovereignty frameworks such as
OCAP® (First Nations Information Governance Centre,
2014; Robinson, 2010)

This ensures that innovation proceeds in ways that uphold
Indigenous rights and community priorities.

Promote Ethical Marketing and Public Education

Industry actors should avoid exoticization, cultural
appropriation, and exaggerated environmental claims. Instead,
marketing should emphasize:

e sustainability

e nutritional value

e transparency

e cultural respect

Responsible communication builds consumer trust and
supports long term market development.

Invest in Research and Infrastructure

Priority areas include:

» standardized rearing protocols

* automation in vermiculture

*  substrate safety and contaminant control

*  sensory science and product development

* long term toxicological and allergenicity studies

These investments will strengthen the scientific foundation for
commercialization.

A Pathway Forward

Earthworm based foods hold significant promise as part
of a diversified, sustainable protein portfolio. Their low
environmental footprint, compatibility with circular economy
systems, and versatility in culinary applications make them
attractive candidates for future food systems. Yet their
ecological importance and cultural significance demand a
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governance approach rooted in humility, respect, and shared
authority.

A responsible pathway forward requires:

e co development with Indigenous communities
*  robust ecological and food safety safeguards

e transparent regulatory frameworks

*  cthical commercialization practices

When these elements are integrated, earthworm based foods
can contribute meaningfully to sustainable, just, and culturally
grounded food futures.

Section VI. Synthesis, Future Directions, and Conclusion
General Synthesis of Findings

Earthworms represent a promising yet complex frontier in
sustainable protein development. Their biological efficiency,
low environmental footprint, and compatibility with circular
economy systems position them as a compelling alternative
protein source in an era of escalating ecological and food
system pressures. At the same time, their ecological importance
as soil engineers and their cultural significance within many
Indigenous knowledge systems demand a governance approach
grounded in humility, respect, and shared authority.

From an ecological perspective, earthworms offer substantial
advantages: high feed conversion efficiency, minimal land
and water requirements, and the ability to transform organic
waste into nutrient rich biomass and vermicompost. These
attributes align with global sustainability goals and provide
opportunities for decentralized, low resource food production.
Yet the same traits that make earthworms valuable also make
them vulnerable to misuse. Their introduction into new
environments can disrupt soil horizons, alter nutrient cycling,
and displace native species, underscoring the need for robust
ecological safeguards (Frelich et al., 2006; Eisenhauer, 2010).

Culturally, earthworms hold deep significance in many
Indigenous knowledge systems, where they are understood
not merely as biological resources but as beings embedded in
relational ecologies, seasonal cycles, and medicinal traditions.
Ethical development therefore requires more than consultation;
it requires co governance, free, prior, and informed consent
(FPIC), and protection of culturally sensitive knowledge
(Smith, 2012; Battiste, 2013; Posey & Dutfield, 1966). These
commitments align with the United Nations Declaration on
the Rights of Indigenous Peoples (UNDRIP) and emerging
national frameworks for Indigenous data and knowledge
sovereignty (United Nations, 2007).

From a regulatory standpoint, earthworms currently occupy a
grey zone. Clearer guidance on substrate standards, contaminant
thresholds, allergenicity testing, and labelling requirements is
essential for responsible commercialization. Lessons from the
insect protein sector demonstrate that transparent regulatory
pathways accelerate innovation while protecting consumers
and ecosystems (EFSA, 2016).

Culinary and market dimensions further shape the feasibility
of earthworm based foods. Their sensory versatility—ranging
from whole preparations to protein isolates—supports diverse
product development pathways. Early markets such as
nutraceuticals, specialty foods, and sustainable protein blends
offer feasible entry points, while powdered and fermented
formats may help overcome consumer resistance. Yet long term
market success will depend on ethical marketing, transparent
communication, and avoidance of cultural appropriation or
exaggerated environmental claims.

Taken together, the evidence suggests that ecarthworms
could become a meaningful component of future sustainable
protein portfolios—but only if developed within a governance
framework that integrates ecological science, Indigenous
sovereignty, food safety regulation, and ethical research
practices. Responsible innovation requires co development
with Indigenous communities, rigorous ecological and safety
assessments, transparent regulatory pathways, and culturally
respectful commercialization strategies.

Earthworms offer real potential, but their development
must proceed with ecological humility, cultural respect, and
social responsibility. When these principles guide research,
policy, and market development, earthworm based foods can
contribute to more resilient, just, and sustainable food systems.

Global Opportunities and Comparative Policy Analysis
The development of earthworm based foods will unfold
unevenly across global regions, shaped by cultural norms,
regulatory environments, ecological contexts, and economic
priorities (Figure 6). A comparative analysis reveals both
opportunities and constraints that will influence where and
how earthworm based foods gain traction.

Europe: Strong Regulation, Slow Adoption

The European Union has one of the most stringent novel food
regulatory systems in the world. While this ensures high safety
standards, it also slows innovation. Earthworms would require:
»  full novel food dossiers

e allergenicity and toxicology data

*  validated production protocols

e environmental risk assessments

Given the EU’s cautious stance toward insects, earthworms
may face similar delays (van Huis et al.,, 2013. However,
Europe’s strong sustainability agenda and interest in circular
economy models could create long term opportunities.

Southeast Asia: Cultural Familiarity and Early Market
Potential

Several Southeast Asian countries have long traditions of
consuming earthworms in medicinal and culinary contexts
(Belluco et al., 2013). This cultural familiarity, combined with:
e robust fermentation traditions

e existing vermiculture industries

* flexible regulatory environments

e positions the region as a likely early adopter.
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Small scale enterprises could emerge rapidly, especially in
fermented products and nutraceuticals.

Africa: Opportunities for Decentralized Protein Production

In parts of sub Saharan Africa, earthworms are used in

traditional medicine and as fishing bait. Their potential for:

e low resource protein production

e soil restoration (Hutton, 2025)

* integration into agroecological systems Saharan et al.,
2025)

» aligns with regional food security priorities (van Huis et
al., 2013).

However, regulatory frameworks remain underdeveloped, and
ecological safeguards will be essential.

North America: Innovation Capacity and Indigenous

Governance

Canada and the United States have strong research capacity

and growing interest in sustainable proteins. However:

* regulatory uncertainty

e limited cultural familiarity

e strong Indigenous governance frameworks mean that
commercialization must proceed carefully. In Canada,
UNDRIP implementation and Indigenous data sovereignty
principles will shape research and market development
(Government of Canada, 2013). In USA see Fonte et al.
(2023)
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Figure 6: Earthworm contributions to global yields. a Relative
contribution of earthworms to yield (% of total) of a cereal
grains (i.e., grass species), and b legume yields. Grains
considered include wheat (7riticum), rice (Oryza), maize
(Zea), and barley (Hordeum). Legumes considered include
grain legumes (soybean Glycine max; dry beans Phaseolus
vulgaris; broad beans Vicia faba; cowpeas Vigna unguiculata;
pigeon peas Cajanus cajan; chickpeas Cicer arietinum; lentils
Vicia lens; lupines Lupinus, and other pulses) as well as forage
species, alfalfa (Medicago sativa) and clover (Trifolium spp.).
Darker shades of green indicate stronger estimated earthworm
impacts (modified from Fonte et al., 2023).

Latin America: Biodiversity and Biocultural Considerations
Latin America’s rich soil biodiversity and Indigenous
knowledge systems offer opportunities for earthworm based
innovation. Yet the region also has a history of bioprospecting
and resource extraction (Robinson, 2010). Governance
frameworks must prioritize Indigenous sovereignty and
ecological protection.

Roadmap for Industry Development (2025-2040)

A strategic roadmap can guide responsible development of
earthworm based foods over the next 15 years. This roadmap
integrates technological, regulatory, ecological, and cultural
milestones.

Phase I (2025-2030): Foundations and Pilot Projects Key

priorities:

»  establish standardized rearing and processing protocols

e develop substrate safety and contaminant testing
frameworks

*  conduct allergenicity and toxicology studies

*  launch Indigenous led pilot projects

*  develop powdered and fermented prototypes

*  secure early regulatory approvals

This phase focuses on building scientific credibility and ethical
foundations.

Phase II (2030-2035): Scaling and Market Diversification

Priorities include:

* automation of vermiculture systems

e expansion into nutraceuticals and functional foods

* development of protein isolates and hydrolysates

* integration into blended protein products

e creation of regional co governance bodies

e ecological monitoring programs for containment and
biosecurity

By this stage, earthworm based foods could enter mainstream
specialty markets.

Phase III (2035-2040): Integration into Sustainable Food

Systems

Long term goals:

e incorporation into national protein strategies

* Indigenous led enterprises and co managed supply chains

»  global regulatory harmonization

*  integration into climate resilient agriculture

e development of circular economy hubs linking waste
streams to protein production

By 2040, earthworms could be recognized as a legitimate,
ethically governed component of sustainable protein portfolios.
Concluding Reflections on Biocultural Ethics and
Sustainable Protein Futures

Earthworms invite us to rethink the ethics of food innovation.
They challenge the assumption that sustainability is purely
a technical problem and remind us that food systems are

embedded in cultural, ecological, and relational worlds.
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Three overarching insights emerge:

Ecological Humility

Earthworms are not simply raw materials; they are ecosystem
engineers whose mismanagement can cause profound
ecological harm. Sustainable protein transitions must therefore
be grounded in ecological humility and precaution (Eisenhauer,
2010).

Biocultural Respect

Indigenous knowledge systems offer deep insights into
earthworms’ ecological roles and cultural significance. Ethical
development requires:

» respect for Indigenous sovereignty

e protection of culturally sensitive knowledge

e co governance and benefit sharing

Biocultural ethics must guide innovation, not follow it.

Shared Futures

Earthworm based foods illustrate a broader truth: sustainable
food systems require collaboration across cultures, disciplines,
and governance systems. When ecological science, Indigenous
knowledge, and ethical innovation converge, new possibilities
emerge for resilient, just, and regenerative food futures.

Earthworms may be small, but the questions they raise are
large. Their development as food is not merely a technical
challenge — it is a test of our capacity to build food systems
that honour both the Earth and the peoples who steward it.
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