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Abstract

Earthworms are a resilient group of species that thrive in a variety of habitats through feeding on
decaying organic matter, and are therefore predicted to survive an abrupt sunlight reduction
scenario, such as a nuclear winter. In this study, the feasibility and cost-effectiveness of foraging
earthworms to reduce global famine following a reduction in sunlight with or without global
catastrophic loss of infrastructure was considered. Methods for extracting worms were analysed,
along with scalability, climate-related barriers to foraging, and pre-consumption processing
requirements. Estimations of the global earthworm resource suggest it could provide three years
of the protein needs of the current world population, at a median cost of 353 USD·kg−1 dry
carbohydrate equivalent or a mean cost of 1200 (90% confidence interval: 32–8500) USD·kg−1 dry
carbohydrate equivalent. This is more expensive than other resilient food options and, moreover,
earthworms may bioaccumulate heavy metals and other contaminants, presenting a health risk.
While costs appear high, there are a number of uncertainties that remain to be addressed. In
particular, earthworm biomass distribution may be higher in specific locations. Real-world news
reports of earthworm foraging in China and Vietnam detail high yields, suggesting a targeted
approach to foraging in the most abundant regions could provide a more feasible application of
earthworms as a resilient food source.
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1 Introduction

Earthworms feed on decaying plant matter in and on the soil; it is therefore reasonable to think
they will continue to survive in the immediate aftermath of an abrupt sunlight reduction scenario
(ASRS). The co-occurence of an ASRS and global catastrophic infrastructure loss (GCIL) would
result in extreme levels of food insecurity without prior preparation. This scenario is described
fully by Denkenberger et al. [1]. In brief, a large-scale nuclear exchange could trigger a nuclear
winter, blocking out sunlight, and multiple high-altitude electromagnetic pulses, destroying
electricity grids over large areas and collapsing industry. Another combination scenario is the
blocking of the sun in the future if our energy system is very dependent on the sun (relying on
technologies such as solar and wind power). Alternative paths to this scenario exist, such as
asteroid impact, comet impact, or supervolcanic eruption for blocking out sunlight; and extreme
solar storms, coordinated cyber attack, or extreme pandemic causing people to be unwilling or
unable to come to work in critical industries for industry collapse. These latter scenarios, those
requiring two independent events, appear less likely than nuclear war [1]. However, a possible
mechanism for the dependence of events could be that in times of famine, pandemics are more
likely [2]. This is due to people’s impaired immune system, but could also be caused by people
eating more wild animals, exposing them to zoonotic pathogens [3].

Preventing global food insecurity requires planning resilient food solutions; defined by Pham et al.
[4] as “foods, food production methods or interventions that would allow for significant food
availability in the face of a global catastrophic food shock. These solutions should be well-suited for
contributing to an adequate food supply for the greatest number of people even in the worst
scenarios.” Numerous promising resilient food solutions have been proposed, such as ramping up
seaweed production [5], crop relocation, extracting edible calories from killed leaves, growing
mushrooms on dead trees, fishing [1], repurposing paper mills to produce lignocellulosic sugar [6],
crop relocation [7], and building methane single cell protein factories [8]. Resilient foods also
increase the chance that trade is maintained, which would dramatically increase the number of
people fed [7]. However, many of these are reliant on industrial processes and have significant ramp
up times. While wood gasification could possibly provide an energy source for tractors, it too is
associated with a significant ramp-up time. One advantage of earthworm foraging would be its
immediate accessibility, providing a potential short-term food source while alternatives are
developed.

Across the globe, earthworms have provided a source of nutrition for people in many societies
[9–12] as well as a safe feed ingredient for livestock [13–15]. There are also reported instances of
people earning a living from collecting and selling wild earthworms [16]. Earthworms can be
collected using basic equipment and technology. This raises the question of whether recovering
societies could source a significant fraction of their nutritional needs through foraging wild
earthworms following an ASRS with or without GCIL. To answer this, it is necessary to address the
following points:
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1. How many earthworms are there in accessible land on Earth?

2. What is the potential nutritional value of the earthworm population?

3. What methods of collecting earthworms are available and how suitable might they be for
the above mentioned scenario?

4. What would be the time and labour costs for producing nutrition from earthworms and
how do they compare to other resilient foods?

5. How confident can we be in these calculations and what limitations contribute to our
uncertainty?

Academic sources were prioritised when writing this article and it has been made clear where
uncertainties were introduced by lower quality sources. A mathematical model estimating the
availability of earthworms and costs of foraging for them was produced using Guesstimate, a
probabilistic modelling tool. This software performs Monte Carlo analysis to propagate
uncertainty of parameters in calculations and, due to the random generation of samples, the values
in the model may differ slightly from those shown below. However, they are still within an order of
magnitude and therefore do not change the general conclusions of this article. The earthworm
model in Guesstimate is publicly available online [17].

2 Materials andMethods

2.1 Estimating the global biomass and nutritional potential of earthworms

A recent study [18] suggests the abundance of earthworms varies significantly across different
environments, with the majority of sites having a wet matter abundance between 1 and 150 g·m-².
The predicted mean for the territories earthworms inhabit was 51 g·m-².

The total amount of land available for foraging earthworms can be estimated using data on land
usage from the Food and Agriculture Organization of the United Nations [19] and the analysis
available from Our World in Data [20]. Excluding uninhabitable or barren land; land covered by ice
sheets, fresh water, sand or bare rock; and urban land, where infrastructure could prevent access
to earthworms; there are 10.3 billion hectares of accessible land. This is composed of arable land,
pasture, shrub covered land, and forests [20]. The feasibility of accessing land in each subtype and
foraging earthworms will vary, as will the abundance of earthworms, but for the purposes of this
article it is assumed that all the land area is available for foraging with the mean abundance of
earthworms stated previously. The product of these two numbers gives a total earthworm biomass
of 5.3 billion tonnes.
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Estimated total earthworm biomass can be combined with dry matter content and nutritional data
to quantify the calories, protein, and fat available from worms. The dry matter content of
earthworms varies with the environmental conditions [21] and species [22], with values of 15.2%
[22], 15.7% [23], and 20% [22] present in the literature; each one represents a species of a different
ecological category [18,cf. 24,25]: Lumbricus terrestris (anecic) [25,cf. 24], Eisenia fetida (epigeic) [26,cf.
25], and Allolobophora chlorotica (endogeic) [25,cf. 24] respectively. Since the categories signify
earthworm living and feeding behaviour and thus aboveground or belowground presence [25],
taking the distinction into account for evaluating and implementing certain foraging endeavours
may be important. Nevertheless, such incorporation remains challenging: many species belong to
multiple categories [24], while proposed models for category abundances feature significant
uncertainties [27] or limitations [28], with biotic interactions between categories [27,29] and the
type of habitat [18,27,28], among others, contributing to the earthworm diversity. As a result, the
estimate remains agnostic in terms of detailed distribution of earthworm dry matter content and
nutritional value per each category, generalising the findings through the use of arithmetic mean.
Similarly, habitat is generalised to earthworm-habitable land, as per above. Considering the three
dry matter content values, a mean of 17% suggests there are 900 million tonnes of earthworm dry
matter available globally. The nutritional value of earthworms is described for earthworm meal
with dry matter crude protein content in the range of 53.8% to 72.9% [11,12,23,30] depending on the
species and the method of preparing earthworms for consumption. Taking the mean from several
nutritional values for whole earthworm dry matter of 60.7% estimates the global earthworm
nutritional protein resource is 540 million tonnes. The energy content of earthworms is less widely
reported, but a mean estimate of 4.068 kcal·g−1 of dry matter can be derived from Sun et al.’s value
for partially dried Eisenia fetida worm meal [23] and Kavle et al.’s [11] value for Eisenia andrei. The
total nutritional energy resource is 3.65 × 1015 kcal equivalent to 910 million tonnes of dry
carbohydrate. Epigeic earthworms have mean dry matter fat content of 13.7% as derived from the
literature [11,23], suggesting the total dietary fat resource of the earthworm population is 122
million tonnes. Based on World Health Organisation requirements for daily fat intake to comprise
at least 15% of daily caloric intake [31,32], earthworms could represent a significant nutritional
resource.

When compared to global nutritional requirements, these estimates indicate that the total wild
earthworm population could provide a significant supply of energy and macronutrients for
humans (Table 1). The most abundant macronutrient, relative to demand, is protein, but the fat
supplied could be of particular value following an ASRS with GCIL [33]. Each person would require
500 g of fresh earthworms to meet their daily protein requirement harvested from an average area
of 10 m2. It is necessary to establish whether this resource can be accessed by people and at what
cost.

Table 1. Estimations of the nutritional potential of the global earthworm population in relation
to the nutritional demand of the current human population.
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Global Population 8.07 billion [34,35]

Daily Protein Requirement per person 51 g [36,37]

Daily Energy Requirement per person 2100 kcal [38]

Daily Fat Requirement per person 315 kcal

Daily Global
Requirement

Potential Earthworm
Resource

Potential Days of Nutrient from
Earthworms

Protein 4.15 × 1011 g 5.44 × 1014 g 1310

Energy 1.69 × 1013 kcal 3.65 × 1015 kcal 220

Fat 2.54 × 1012 kcal 1.10 × 1015 kcal 440

2.2 Methods for extracting living earthworms from the soil and efficiency thereof

Ecologists have collected earthworms for over a hundred years, including Charles Darwin [39], the
renowned proponent of the theory of evolution through natural selection [40]. A literature search
was conducted to identify different collection methods, considering techniques used in scientific
studies, by commercial foragers, and by recreational foragers such as fisherfolk. Numerous
foraging methods have been reviewed comprehensively by Rhea-Fournier and González [41], but a
select few are discussed below after consideration of their suitability for foraging edible
earthworms following an ASRS with or without GCIL. In general terms, extraction techniques rely
on disruptive excavation of soil with physical separation of earthworms from the substrate, or
induction of surfacing behaviour in earthworms so they can be collected from the ground. Each
method was investigated until it was eliminated as a viable option or until a full Guesstimate cost
model was generated (i.e., for electroshocking [17]). The predicted time and costs incurred for
different methods have been expressed in terms of extracting the global earthworm resource
estimated above but, more practically, as a cost to provide the nutritional requirements for each
person. In general, earthworm foraging methods were immediately deemed cost-ineffective if they
were an order of magnitude more expensive than other resilient food options. To establish a
method as cost-effective, context-specific analysis would be necessary. Three quantitative factors
must be known for an estimate of the usefulness of each method:

1. The percentage of the earthworm population in the soil that can be harvested (extraction
percentage).
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2. The area of land foraged per application of a method (effective area).

3. The time taken per application of a method (cycle time).

Focusing on land areas with higher than average earthworm biomass would increase the efficiency
of foraging. Therefore, where selective collection methods may be applied, the availability of
earthworm biomass is adjusted upwards.

3 Results andDiscussion

3.1 Feasibility and cost-effectiveness of extracting earthworms from the ground

3.1.1 Mechanical sorting of soil

The simplest methods of extracting earthworms from the soil are to locate and collect worms by
manually or mechanically sieving excavated earth. Digging followed by hand sorting or
washing-sieving [42] is the reference standard method for measuring the total population size of
earthworms, with up to 100% of macroscopic earthworms collected. However, it is incredibly
labour intensive [41], so mechanical tools have been developed to accelerate the process [43]. The
depth of soil excavated varies from 0.2 to 0.5 m. Even if 100% of earthworms could be collected by
removing the top 0.35 m of soil from any given area, the total volume of excavated soil to harvest
the entire earthworm population would still be excessively high at 3.61 × 1013m3. To meet the daily
protein requirements of a single person would require sorting an average of 3.41 m3 (5120 kg) of
soil. Lin et al. recently published results on a novel specialised mechanical worm separator capable
of retrieving 83.8% of worms from 21.2 kg of substrate per minute [43]. At this rate, it would
require 5 hours to collect a person’s daily protein intake of earthworms without consideration of
the time taken to excavate and transport the soil to the sorting machine. Field trials of excavation
and soil sorting are necessary to improve the predictions of the precise costs of this method;
however, the preliminary modelling suggests sorting of soil would not be a practical method of
harvesting wild earthworms to feed a large population. Scaling up the method would require
production of a large number, at least one per five people, of mechanical earth sorters and the
removal of enormous quantities of soil. In a scenario with GCIL, it would not be feasible.

3.1.2 Worm charming or grunting

Worm charming, or grunting, is another physical technique for collecting earthworms. Rubbing a
metal ‘rooping’ iron, such as an automobile leaf spring, across the top of the stake creates
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vibrations inducing worms to surface within a 12 m radius of the stake [16]. There are numerous
reports of worm collecting competitions. Generally, participants agitate the ground and generate
vibrations with music, garden tools, or probes that cause earthworms to come to the surface [44].
It has been suggested that earthworms surface to avoid moles, with the vibrations mimicking that
of the predator [16], although this has only been reported as a causal relationship for one species of
earthworm.

The literature on worm grunting is limited, but a few authors have quantified the number of
worms surfaced from such techniques. Catania [16] describes how two professional worm grunters,
Gary and Audrey Revell, earn a living in Florida, USA by selling earthworms for fishing bait. The
distribution of surfaced worms charmed by the Revells is analysed, but time and extraction
efficiency are not listed. Mitra et al. [44] conducted a similar experiment in Apalachicola National
Forest, Florida. They did record time, but not extraction efficiency. While these studies show
promising numbers of surfaced worms, the results cannot be extrapolated for global analysis
without extraction efficiency data. At this time, there is insufficient evidence to support grunting
as a viable option for scalable, cost-effective foraging. However, the equipment required is
inexpensive, could be scavenged in large quantities from readily available sources, and requires no
electricity or mechanised power. This technique may also allow large areas of land to be foraged
quickly. If further research showed that untrained individuals were able to reach high levels of
extraction efficiency, grunting could be revisited as a foraging technique.

3.1.3 Chemical earthworm expellents

There are a wide range of chemicals, known as vermifuges, that cause earthworms to surface when
applied as a solution onto soil [41]. These include household detergent, formaldehyde, potassium
permanganate, mustard solution, onion solution, and allyl isothiocyanate (AITC) [41,45]. Household
detergents are reported to yield an order of magnitude fewer earthworms compared with the
other solutions [45]. As a known carcinogen and hazardous solution [46], formaldehyde is not
suitable for treating food. Potassium permanganate is recognised as safe for the treatment of food.
However, it is reported that worms collected from soil treated with potassium permanganate
solution disintegrate unless fixed in formalin [47], again limiting its applications for foraging.
Mustard and onion solutions are both non-toxic, but using them requires the diversion of
agricultural products away from direct food consumption. While it is reported that the application
of onion solution to soil yields more earthworms than application of formalin or AITC [48], the
mass of onion required is unlikely to be sustainable. Steffan et al. reported optimal extraction
efficiency using 700 g of fresh onions in 4 L of aqueous solution to treat an area of 0.196 m2,
yielding 16 g·m−2 of earthworms [49] equating to the cost of 223 g of onion per gram of fresh
earthworms. Even if the efficiency of this process were increased tenfold, it is unlikely to be
appropriate following an ASRS with GCIL. AITC is a synthetic version of the active compound in
mustard solution, with production dependent on industrial chemical processing, making it
unsuitable for the scenario described above.
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The effectiveness of vermifuges is recognised to vary depending on the species of earthworms
present in the soil as well as the permeability of the soil to liquid. For instance, chemical expellents
may be unsuitable for clay rich tropical soils, as low soil permeability prevents solutions from
entering earthworm burrows [41]. Therefore, predictions of their usefulness for the global
harvesting of earthworms are uncertain. Another practical consideration against the use of
vermifuges is the large volume of solutions that would be required to treat soil. Taking a rate for
vermifuge application of 20 L·m−2, a conservative lower estimate based on a range of chemical
extraction studies [48–52], and a 50% extraction efficiency suggests 400 L of solution would be
required to harvest the daily nutritional protein for each person, a potentially prohibitive mass of
fluid to transport and apply repeatedly.

Chemical expellents do not appear to be a promising solution for the large-scale foraging of wild
earthworms.

3.1.4 Electroshocking

In the academic literature, there is a long history of a technique known as electroshocking:
applying an electrical current to soil for the purpose of collecting earthworms. Academic overviews
are provided by Rhea-Fourier and González [41] and Singh et al. [45]. The basic technique requires
insertion of electrodes approximately 45 cm into the soil followed by connection to a power supply
so that current flows through the surrounding soil. The current is applied for a set period of time,
during which earthworms escape to the surface in a radius around the electrodes. Here, they can
be collected alive from the surface once the electrode is switched off or while wearing electrically
insulating gloves. A unipolar approach is simplest, with current applied through a single electrode
directly to the soil [53]. The use of both positive and negative electrodes to create a defined electric
field through the soil is also possible. An electrical octet, arrangement of four pairs of electrodes
applying voltage across the soil in multiple directions, is reported to give the highest earthworm
extraction efficiency [41,54–56]. Alternating current (AC) is preferred over direct current (DC),
necessitating either a generator for the electricity power supply or a DC to AC inverter if batteries
are used [55].

A probable benefit of electroshocking as a scalable foraging technique is the very low requirement
for operator skill, though safe product design is crucial to minimise risks of electric shocks [57]. It
can also be performed without physical or chemical disruption of the ecosystem [41], and so may be
compatible with other land usage such as growing crops.

As far as the authors are aware, no studies have been conducted with the specific purpose of
maximising the biomass of earthworms harvested using electroshocking. Therefore, estimates of
the potential yield, labour, and energy costs of this technique have been produced by extrapolating
from a number of reports (Table 2). Using the parameter ranges stated below and estimates of
earthworm abundance as described previously, we created a mathematical model for the costs of
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foraging earthworms using electroshocking. The model is publicly available through Guesstimate
[17]. This tool applies random variation and Monte-Carlo simulations to parameters in order to
generate a predicted range of outcomes. The estimated range of values for earthworm biomass
density in this model is based on Phillips et al. [18]. The upper limit of 150 g·m−2 was derived from
the authors’ own description of the data, “biomass typically ranged (97.3% of pixels) between 1 g and
150 g per m2”, with the median value of 6.16 g·m−2 used as the lower limit. It was assumed that pilot
sampling of land using digging and hand sorting/wash sieving could increase the productivity of
foraging through selection of the 50% of sites with the highest earthworm biomass density.
Examination of the raw data set indicated a log-normal distribution within this range gave the
closest fit [58].

Table 2. Input parameter ranges used in a model describing sourcing food through the foraging
of earthworms by electroshocking.

Parameter 90th
Percentile
Range

Reasoning

Extraction
percentage

10–88% Satchell did not give an extraction percentage for the total
earthworm population, but the data show electroshocking to
yield 10% of the number of worms extracted using potassium
permanganate [53]. A patent filed by Thiellemann for an
electrode octet earthworm extractor reports 87.7% of
earthworms were extracted with the equipment [56].

Effective area 0.22–2.6 m2 Weyers et al. [55] built an electroshocking device that
covered an area of at least 0.22 m2. Satchell [53] refers to
earthworms surfacing up to 3 feet from the electrode. A
circle of this radius has an area of 2.6 m2.

Cycle time 20–40
minutes

Thiellemann [56] reports a cycle taking approximately 20
minutes. Satchell gives figures for earthworms collected
after 40 minutes [53].

Electrical supply
voltage

30–480 V Thiellemann states a minimum voltage required of 30 V [56].
Weyers et al. applied an effective maximum of 480 V [55].

Electrical supply
current

0.2–4 A Rhea Fourier and González state 0.2 A as the lower effective
current for extraction [41]. Satchell maintained an upper
limit current for 4 A [53].
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Number of
electrodes
managed in series

3–10 Estimate based on unpublished reports of earthworm
electroshocking in the media [59].

Hourly wage for
labour

1.8–13.8
USD per
hour

The OECD.Stat data show the range of hourly minimum
wages in member nations was 1.8 to 13.8 USD per hour in
2022 [60] when expressed with purchasing power parity.

Length of a
working day

6–12 hours Daily rest requirements of 12 hours were assumed, as
informed by International Labour Organization data [61,62].

This model indicates predicted mean labour costs (90% CI) of 0.31 (0.0081–2.1) USD·kcal−1 of
nutritional energy, 2.3 (0.053–14.0) USD·g−1 of protein, and 1.3 (0.029–8.6) USD·kcal−1 of fat. Taking a
dry carbohydrate equivalent labour cost of 1200 (32–8500) USD·kg−1, the cost of earthworms is 1–3
orders of magnitude higher than current resilient foods listed by Denkenberger et al. [63]. It is
estimated to take a single worker an average of 17 hours to forage enough protein to meet the daily
requirements of a single person, ruling this method out as a feasible supply of dietary protein
across the globe. However, the median dry carbohydrate equivalent labour cost is 353 USD·kg−1,
with 6 hours of foraging required for one person’s daily protein requirements. While still relatively
expensive compared with most resilient foods, this suggests collecting earthworms may be more
viable if targeted to a small subset of locations.

Brief consideration can be paid to the electrical energy needs for scalable electroshocking of
earthworms. This model predicts a mean use of 2.3 MJ of electricity per g of dietary protein,
equating to approximately 340% of global electricity production in 2022, to meet global demand
for protein from earthworm foraging. The median prediction is 0.4 MJ of electricity per g of
dietary protein, or approximately 59% of global electricity production in 2022. For comparison,
production of methane single cell protein, a resilient food, requires 0.11–0.15 MJ of energy per g of
dietary protein [8]. However, the majority of this energy is from natural gas, with a smaller fraction
from electricity. As electricity supplies may have to be prioritised for the most productive activities
following an ASRS with GCIL, and there may be additional difficulties bringing large amounts of
electricity into the field, this method does not appear viable for combination catastrophes.
However, given the median electricity requirement is comparable to that of methane single cell
protein, electricity does not appear to be the bottleneck for targeted electroshock foraging in an
ASRS without GCIL.
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3.2 Climate related barriers to foragingwild earthworms

Wild earthworms represent part of a large natural ecosystem that is liable to change substantially
following an ASRS with likely ramifications on the feasibility of foraging for them as food. The
most pertinent are changes in soil temperature and precipitation levels.

3.2.1 Reduced temperature may prevent earthworm foraging

Following an ASRS, global surface temperatures are predicted to fall substantially. The degree of
global cooling caused by nuclear conflict is hotly debated, with predictions of up to an 8℃ [64]
reduction. This uncertainty precludes precise predictions of how earthworm foraging will be
affected, yet there are some general considerations.

As ‘cold-blooded’ species, the biological activity of individual earthworms is affected by the
environmental temperature [65]. Singh et al. provides a thorough review of the effects climate
change may have on earthworm populations [66]. Reynierse [65] reports that reducing the
environmental temperature for one species of earthworms from 24℃ to 10℃ did not consistently
reduce their locomotor activity after the environmental temperature stabilised. In contrast, many
individual studies have observed a reduction in the reproductive rate and physical activity of
earthworms as environmental temperature falls [67–69] (although adults of earthworm species
achieving maximum mean weight during winter have also been reported [26]). Earthworms exhibit
behavioural adaptations to cold temperatures in temperate climates mainly through burrowing
more deeply into the soil [70] to avoid freezing. Even though there are reports on freeze-tolerant
earthworm species with individuals able to survive temperatures of −20℃ [71] or lower [72], the
majority of species do not employ overwintering strategies for remaining in upper soil layers.
While some earthworm species’ cocoons containing eggs can survive freezing temperatures, adults
might not [70]. In general, significant cooling of the soil is expected to reduce the accessible
earthworm population in the topsoil. These behavioural and activity effects may also reduce the
efficiency of foraging.

Overlaying 150 Tg nuclear winter temperature predictions [64] onto earthworm biomass density
distributions [58] suggests the long-term availability of worms may be considerably lower in a
severe ASRS (Figure 1). Many of the areas with the highest earthworm biomass density, including
Canada and Central and East Asia, would suffer freezing conditions which could substantially
reduce the accessible wild earthworm resource. The ground could become too hard to break
through, preventing humans from inserting electroshock probes into the ground or digging for
worms. Additionally, earthworms may not be able to penetrate the topsoil to surface. Moreover, the
previously described risks of reduced earthworm activity would extend to this area and beyond,
including land that reaches cold but not freezing temperatures (Figure S1). These effects add a
time-sensitive aspect to earthworm foraging, though collecting worms in the early stages of a
catastrophe before temperatures drop significantly may minimise the difficulties of freezing zones.
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Figure 1: Overlap of global earthworm distribution and nuclear winter freezing zones.
Earthworm biomass is displayed, overlaid with frozen land areas (temperature < 0℃), shaded in
blue. Frozen land area is based on predicted average surface temperature for June, July, and
August following a 150 Tg nuclear conflict in the Northern Hemisphere in the month of May.
Adapted from Phillips, H.R.P.; Guerra, C.A.; Bartz, M.L.C.; Briones, M.J.I.; Brown, G.; Crowther, T.W.;
Ferlian, O.; Gongalsky, K.B.; van den Hoogen, J.; Krebs, J.; et al. Global Distribution of Earthworm
Diversity. Science 2019, 366, 480–485, doi:10.1126/science.aax4851. Adapted with permission from
AAAS. Freezing zones based on Coupe, J.; Bardeen, C.G.; Robock, A.; Toon, O.B. Nuclear Winter
Responses to Nuclear War Between the United States and Russia in the Whole Atmosphere
Community Climate Model Version 4 and the Goddard Institute for Space Studies Model. E. J.
Geophys. Res. Atmospheres 2019, 124, 8522–8543.

3.2.2 Reduced precipitation may affect earthworm abundance

Climate modelling of an ASRS predicts a reduction in precipitation [64] alongside lower
temperatures. Earthworm activity and reproduction is affected by the moisture level in soil, a
factor that will be influenced by changes in precipitation and temperature [66]. This factor
warrants consideration in future work modelling the availability of earthworms as a food source in
this scenario, though it is less important for the immediate harvest available.
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3.3 Processing earthworms for consumption

Once harvested, it is recommended to remove the soil content from the gastrointestinal tract of
earthworms before consumption. Soaking earthworms in water for 3 hours [14] or manually
expelling the gut content [12] are among suggested solutions. Several methods of earthworm
slaughter are described, including immersion in acetone [14], lyophilisation (freeze-drying),
osmotic shocking (salting or brining) and blanching [15] in 60℃ to boiling water, and eating them
fresh [12,73]. Blanching in water is technologically the simplest processing method, maintains the
highest nutritional value of earthworms, and reduces taint from coelomic fluid lysenin protein [15].
Through cold water soaking followed by blanching, earthworms can be prepared for eating
without any significant technological, labour-intensive, or costly processes. For microbiological
safety of human consumers, creation of sterilised defatted earthwormmeal is recommended. This
is obtained by several steps including: washing the earthworms in tap water repeatedly, leaving
them in the liquid until gut content excretion (in between the washing iterations), killing them by
storing at −28 ℃ in sealed plastic bags, freeze-drying, grinding, delipidating, and eventually
sterilising them in a steam autoclave at 121℃ for 20 minutes; although sterilisation is identified as
the critical control point, the specific last step may reduce the nutritional value of the end-product
[74].

3.4 Significant limitations and uncertainties

In reviewing the material available for this study, it was apparent that there are several areas of
uncertainty which could affect predictions of how suitable earthworm foraging would be as a food
source in an ASRS with GCIL. Specific examples are highlighted below with reference to whether
they suggest greater or lesser feasibility of humans using wild earthworms as a food source.

3.4.1 The dataset for global earthworm abundance is limited and may underestimate the
resource

The estimates of global earthworm abundance in this article are based on a published study by
Phillips et al. [18] and the corrected data set associated with it [75]. However, the model described in
the paper has been criticised for excluding earthworm survey data collected prior to the year 2000
[76,77]. Moreover, it has also been criticised for extrapolating from geographical point data which
may have led to underestimation of earthworm abundance [77]. Earthworm populations in the
tropics are underrepresented in the dataset, and its authors admit surprise that their model
predicts such a low biomass density in tropical areas. An illustration of the academic uncertainty is
a report by Blakemore, which concluded that the global earthworm dry biomass amounts to 4.5
gigatonnes [78], fivefold higher than the estimate calculated above. Blakemore’s figure is based on a
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series of earthworm surveys predating 1985 [79] and assumes the much larger area of earthworm
habitable land of 2.4 × 1014 m2, which may explain the discrepancy in the findings. It is possible that
future work will recognise a much higher biomass of earthworms in the tropics and possibly a
higher average biomass globally, both of which could increase the size and accessibility of wild
earthworms as a food source.

This article has not covered the potential for earthworms to be foraged specifically in areas with
very high biomass density, but they may be a cost-effective food source in these areas. More
detailed analysis accounting for the size and biomass density in local regions across the globe
would be valuable for this study. An additional area of uncertainty is the exact nutritional value of
the global earthworm population due to the heterogeneity of species, differences in reported
methods for measuring the nutritional value of earthworm samples, and inconsistencies in the
reported metrics of nutritional content. An exhaustive literature review was outside the scope of
this article, but, in the authors’ opinion, differences in the nutritional content would not be large
enough to alter the conclusions of this study.

3.4.2 Worm grunting, or charming, is promising but reliable data are lacking

The academic literature on quantifying worm grunting and charming is scarce, but these
techniques have quite a significant presence in public media. Unreviewed reports indicate that
potential earthworm yields may be very high with relatively low labour and equipment costs. The
Guinness World Record [80] for worm charming is 567 earthworms collected in 30 minutes from 3
m2 of land, and worm grunters reportedly can collect thousands of worms in a few hours [44]. With
scientific studies validating these findings and providing information on the extraction percentage
for the techniques, it would be possible to predict, and possibly recommend, the use of such
promising methods for foraging for earthworms in a disaster scenario.

3.4.3 Reports of high yields from electroshocking are unconfirmed by scientific literature

Recent media attention suggests earthworm electroshocking equipment is cheap and readily
available in China and Vietnam. Furthermore, many people claim to collect over 100 kg of
earthworms per day for slaughter and sale [59,81,82]. This yield is orders of magnitude greater
than that predicted by models based on the scientific literature. Reliable descriptions of the
equipment and context that permits such large quantities of worm biomass to be foraged could
improve predictions of the scalability of this method. If such a technique were to be recommended,
it would be necessary to establish quantitative estimates of the availability of resources such as AC
generators.
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3.4.4 Foraged earthworms may be harmful for humans

Earthworms cannot be recommended as a resilient food, intended to supply a significant
proportion of a person’s macronutrient requirements, unless proven to be safe when consumed as
a substantial fraction of the human diet. Annual consumption rates of up to 2 kg of earthworms
per person per year are reported in the literature [12]. However, if foraged earthworms were
adopted as a scalable resilient food source, annual consumption per capita could be much higher,
increasing the risk of consumers being exposed to any foodborne hazards. Food hazards are
commonly categorised as chemical (e.g. heavy metals or pesticides), biological (e.g. microbial
pathogens), or physical (e.g. extraneous material) [83]. The risk of food derived from foraged
earthworms presenting a risk to human health due to these hazard groups are addressed in turn
below.

Earthworms bioaccumulate toxic substances from the soil substrate in their body tissues [84,85].
This process is pertinent to food safety because human industrial activities have released a
number of toxic chemicals into the soil which pose a risk to human health should they enter the
food chain [86]. Removing chemical hazards, such as heavy metals, from food requires expensive
and technologically advanced techniques [87] preventing a simple mitigation strategy in an ASRS
with GCIL. The level of chemical residues in earthworms is dependent on the level of chemicals in
the soil [84,85] or substrate, suggesting the risk of this hazard to human health will vary across
different environments. It has been demonstrated that wild earthworms can contain measurable
quantities of heavy metals [84], including several which have clear maximum tolerable
concentration limits [88], e.g., mercury and cadmium. It has been recognised that even farmed
earthworms can accumulate toxic substances, such as cadmium, above safe levels for animal feed
[13]. The authors are not aware of any studies of the human health impacts of consuming a diet rich
in foraged wild earthworms. However, in the authors’ opinion, there is reasonable evidence that
such a diet could be harmful and so should not be recommended unless starvation is the
alternative.

As reported, without specific processing (i.e., creating sterilised defatted earthwormmeal), farmed
earthworms do not meet certain microbiological contamination standards for safe food [74].
Moreover, we, the authors, are not aware of any studies explicitly demonstrating that wild
earthworms can meet modern standards of freedom from bacterial, fungal, parasitic, prion, or viral
disease causing agents. Heat treatment is a common method for killing pathogens and so the
processing methods discussed previously should remove the majority of biological threats [83].
Similarly, as sterilisation, in general, is used for near complete inactivation of microorganisms [89],
sterilising methods other than the aforementioned one might be effective. Further experimental
evidence in these areas is desirable.

Modern animal husbandry and meat processing techniques include provisions to prevent physical
hazards such as bone shards, hypodermic needles, and hardware from damaged machinery
entering food or feed [83]. Small scale facilities processing foraged earthworms for human
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consumption are reported in the media. Based on previous work on the processing of farmed
earthworms into animal feed [14,15] it should be achievable to engineer a method for converting
foraged earthworms into food that is free from physical contaminants.

A large-scale nuclear war is the most likely single event to cause an ASRS with or without GCIL [1]
and could also have widespread ecological effects that make earthworms foraging unsuitable.
Nuclear detonations can disperse radioactive material [83], known as fallout, across large tracts of
land as well as starting firestorms that may induce toxic rain to fall in the surrounding area [90].
Foraging for earthworms in a contamination environment may be unsafe for workers due to the
risk of direct radiation exposure. There may also be a risk for consumers of earthworms as, while
earthworms are relatively resistant to the lethal effects of radiation, they can take up radioactive
material from their environment [91,92]. However, radiation exposure of people is expected to be
dominated by external direct doses rather than the ingested dose from irradiated food [93].

Ingestion of bioaccumulated chemical hazards is expected to present the greatest public health
risk from foraging wild earthworms for food. Further research is required to address concerns of
biological, physical and radioactive hazards, but these appear more solvable issues.

3.4.5 Foraging earthworms could reduce the future ecological and agricultural value of
land

The activities of earthworms recycle nutrients through a food web and increase soil fertility. They
are recognised to play a vital role in maintaining current agricultural production [94] and their
relation to soil quality differs across the ecological categories [25]. An ASRS would cause severe
disruption to all ecosystems on Earth, but society is likely to return to agricultural practices at
some point in the future. A sustainable food solution for people should avoid impeding future
production, and the possible effect of removing earthworms from large areas of land may warrant
consideration. The sustainability needs might be met by earthworm farming, as nutritionally
promising species such as E. andrei and E. fetida are extensively studied and utilised in
vermicomposting and vermiculture settings [95]. Due to the aforementioned freeze-tolerance of
cocoons (notably excluding E. fetida [69] and leaving E. andrei underresearched), dedicated units
might be created after an ASRS onset, provided enough cocoons are stockpiled in advance or
collected in time. Researching a food-production-optimised process for earthworm population
growth (including species selection) and evaluating the feasibility and cost-effectiveness of such a
process is out of this study’s scope, but it is worth mentioning that nutritional values in adults of
the same species might differ between wild and cultured ones [96,cf. 23].

3.4.6 Earthworms may suffer during capture, processing, and slaughter

There are considerable uncertainties regarding the capacity of whether invertebrates can suffer,
and so whether it is beneficial to alleviate pain at the time of killing [94]. It is apparent that feeding
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a substantial fraction of the human populations with earthworms would entail the collection and
slaughter of an enormous number of earthworms; thus, even a small degree of suffering per
earthworm could be deemed significant. Some authors suggest there is evidence of nociceptors
and endogenous nociception regulating chemicals in earthworms [97]. However, nociception may
be necessary for pain, but it is not sufficient according to the definition of pain given by the
International Association for the Study of Pain: “An unpleasant sensory and emotional experience
associated with, or resembling that associated with, actual or potential tissue damage”. There is a
dearth of evidence regarding earthworm sentience [98] and a full review of the literature is outside
the remit of this paper, so it will suffice to conclude that future works may want to consider the net
effect on the welfare of all species if earthworms were to be harvested for food.

4 Conclusions

Based on the current scientific evidence, the estimated global population of earthworms could be a
significant source of nutrition, especially protein, for the current human population. However,
uncertainties around cost-effectiveness and food safety remain a barrier. Many techniques for
harvesting wild earthworms are available and some have been described at length in the scientific
literature, while others are less well characterised. Extrapolating data from academic studies on
earthworm populations, neither chemical vermifuges nor electroshocking appear to be
cost-effective methods for foraging enough earthworms to meet dietary needs. The methods used
to forage wild earthworms for commercial purposes, worm grunting, and electroshocking in East
Asia may be more cost-effective than implied by the results shown here, but further research is
required to describe the efficiency of these techniques. If new data on earthworm biomass or
foraging methods suggested much greater cost-effectiveness, an in-depth analysis of
species-specific considerations would be warranted. Beyond the specific methods for foraging
earthworms, the environmental changes associated with an ASRS with GCIL, global cooling, and
radioactive pollution may reduce their effectiveness as a food source. As bioaccumulators, wild
earthworms may contain heavy metals and other contaminants beyond safe levels for human
consumption. These uncertainties should be considered in greater detail before global foraging of
wild earthworms can be recommended as a resilient food source.
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Supplementarymaterial

Table S1: Calculations

Variable key Variable name Calculation

(a) Total global earthworm
biomass

= Earthworm-habitable land area (forest,
shrubland pastures, arable) × mean earthworm
biomass density

= 1.03 × 1014 m2 [20] × 51.18 g·m-2 [18]

≈ 5.272 × 1015 g ≈ 5.3 billion tonnes

(b) Mean earthworm dry matter
percentage

= Mean of L. terrestris, E. fetida, and A. chlorotica
earthworm dry matter percentage values from
sources

= Mean of 15.2% [22], 15.7% [23], and 20% [22]

≈ 17.0%

(c) Total global earthworm dry
matter biomass

= (b) × (a)

≈ 8.962 × 1014 g ≈ 900 million tonnes

(d) Mean protein content of
earthworm dry matter

= Mean of E. andrei, E. fetida, H. euryaulos, and L.
terrestris earthworm dry matter percentage
protein composition values from sources

= Mean of 53.75% [11], 61.9%, 63%, and 64% [30]

≈ 60.7%

(e) Total nutritional protein in
the global earthworm
population

= (c) × (d)

≈ 5.440 × 1014 g ≈ 540 million tonnes

( f) Nutritional energy content of
E. fetida earthworm dry
matter

= Nutritional energy content of E. fetida
earthwormmeal / dry matter content of E. fetida
earthwormmeal
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= 2.99 kcal·g−1 / 0.906 [23]

≈ 3.3 kcal·g−1

(g) Nutritional energy content of
E. andrei earthworm dry
matter

= (Nutritional energy content of E. andrei
earthworm dry matter in kJ·hg−1) / (kJ·kcal−1

conversion factor)

= (2023.2 kJ·hg−1 [11]) / 4.184 kJ·kcal−1 [99]

≈ 483.6 kcal·hg−1 ≈ 4.836 kcal·g−1

(h) Mean nutritional energy
content of earthworm dry
matter

= Mean of E. fetida and E. andrei earthworm dry
matter nutritional energy values from sources

= Mean of ( f) and (g)

≈ 4.068 kcal·g−1

(i) Total nutritional energy in the
global earthworm population

= (c) × (h)

≈ 3.646 × 1015 kcal ≈ 3.65 × 1015 kcal

(j) Total nutritional energy in the
global earthworm population
expressed as equivalent to dry
tonnes of carbohydrate

= (i) / calories per g of carbohydrate

= (i) / 4 [100]

≈ 9.115 × 1014 g ≈ 910 million tonnes

(k) Fat content of E. fetida
earthworm dry matter

= Fat content of E. fetida earthworm meal / dry
matter content of E. fetida earthwormmeal

= 7.34% / 0.906 [23]

≈ 8.102% ≈ 8.1%

(l) Mean fat content of
earthworm dry matter

= Mean of E. fetida and E. andrei earthworm dry
matter fat content from sources

= Mean of (k) and 19.3% [11]

≈ 13.7%
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(m) Total nutritional fat in the
global earthworm population

= (c) × (l)

≈ 1.228 × 1014 g ≈ 122 million tonnes

(n) Total nutritional fat in the
global earthworm population
in kcal

= (m) × kcal content per g of fat

= (m) × 9 kcal·g−1 [101]

≈ 1.105 × 1015 kcal ≈ 1.10 × 1015 kcal

(o) Personal daily dietary fat
requirement

= Personal daily nutritional energy requirement
× proportion of energy intake recommended
from dietary fats

= 2100 kcal [38] × 0.15 [33]

= 315 kcal

(p) Personal daily protein
requirement

= Amount of protein required per day per kg of
body weight × average body weight of an adult
human

= 0.83 g·kg−1 [36] × 62 kg [37]

= 51.46 g ≈ 51 g

(q) Global daily protein
requirement of the world
human population

= World population × personal daily protein
requirement

= 8.07 × 109 [34,35] × (p)

≈ 4.15 × 1011

(r) Global daily nutritional
energy requirement of the
human world population

= World population × personal daily nutritional
energy requirement

= 8.07 × 109 [34,35] × 2100 kcal [38]

≈ 1.69 × 1013 kcal

(s) Global daily nutritional fat
requirement for the human
population

= (r) × recommended percentage of daily energy
from fat

= (r) × 15% [33]
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≈ 2.54 × 1012 kcal

(t) Potential number of days
worth of nutritional protein
there are for the world human
population in the global
earthworm resource

= (e) / (q)

≈ 1310

(u) Potential number of days
worth of nutritional energy
there are for the world human
population in the global
earthworm resource

= (i) / (r)

≈ 216 ≈ 220

(v) Potential number of days
worth of nutritional fat there
are for the world human
population in the global
earthworm resource

= (n) / (s)

≈ 435 ≈ 440

(w) Mass of fresh earthworms
necessary to meet the daily
personal protein requirement

= (p) / (d) / (b)

≈ 498.7 g ≈ 500 g

(x) Mean area of land required to
harvest the daily personal
protein requirement

= (w) / mean earthworm biomass density

= (w) / 51.18 g·m-2 [18]

≈ 9.744 ≈ 10 m2

(y) Total volume of soil excavated
to extract the global
earthworm population

= Earthworm-habitable land area (forest,
shrubland pastures, arable) × depth of soil

= 1.03 × 1014 m2 [20] × 0.35 m

≈ 3.61 × 1013 m3
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(z) Volume of soil excavated to
extract enough earthworms
to meet the personal daily
protein requirement

= (x) × 0.35

≈ 3.410 ≈ 3.41 m3

(aa) Mass of soil excavated to
extract enough earthworms
to meet the personal daily
protein requirement

= (z) × density of soil

= (z) × 1500 kg·m-3 [102]

≈ 5115 ≈ 5120 kg

(ab) Time taken to sort the mass of
soil excavated to extract
enough earthworms to meet
the personal daily protein
requirement

= (aa) / extraction efficiency of mechanical sort /
rate of mechanical sorter

= (aa) / 0.8379 / 21.2 kg·min−1 [43]

≈ 288 min ≈ 5 hr

(ac) Number of peoples’ daily
protein requirements that
could be met by a mechanical
soil sorter in a day

= Number of minutes in a day / (ab)

≈ 5.0

(ad) Ratio fresh onion required to
earthworm biomass extracted
by the vermifuge method

= Mass of fresh onion used in vermifuge /
biomass of earthworms extracted / area of land
sampled

= 700 g / 16 g/m2 / 0.196 m2 [49]

≈ 223.2 g

(ae) Volume of vermifuge solution
required to harvest a personal
daily protein requirement

= (x) / extraction efficiency of vermifuges ×
vermifuge application rate

= (x) / 0.5 × 20 L·m−2

≈ 389.8 ≈ 400 L

(af) Electrical energy to meet = Electrical energy required per g of foraged

22

https://www.zotero.org/google-docs/?zGhXHh
https://www.zotero.org/google-docs/?gVjjmE
https://www.zotero.org/google-docs/?BgeoHS


global annual protein
requirement

earthworm protein × (q) × number of days in a
year

= 2.3 × 106J [17] × (q) × 365

≈ 3.48 × 1020J

(ag) Percentage of 2022 global
electricity production
required required to supply
the global annual protein
requirement with foraging
earthworms by
electroshocking

= (af) / global electricity production in 2022 × 100

= (af) / 1.023 × 1020 J [86] × 100

≈ 340.2% ≈ 340%
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Supplementary figures

Figure S1: Predictedmean surface temperature of regions on Earth across June, July, and August
(JJA) following a large-scale nuclear weapons exchange. This scenario assumes 150 million tons of
soot injected into the stratosphere in May of the same year. The white line marks the edge of areas
where mean surface temperature will fall below 0℃. In order to provide high resolution, very high
and low values were truncated, based on Coupe, J.; Bardeen, C.G.; Robock, A.; Toon, O.B. Nuclear
Winter Responses to Nuclear War Between the United States and Russia in the Whole Atmosphere
Community Climate Model Version 4 and the Goddard Institute for Space Studies Model. E. J.
Geophys. Res. Atmospheres 2019, 124, 8522–8543.
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Figure S2: Overview of Guesstimatemodel calculations. Full model available online [17].
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