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Abstract: Since ancient times, locusts have been serious pests wreaking havoc on settled agriculture
throughout much of the world. Numerous locust practices have been developed to control infesta-
tions. This has led to most commentaries portraying locust infestations only in a negative light while
focusing on finding best management practices for suppressing locust populations and lessening
crop damage caused by swarms. Yet, locusts are also of great ecological significance in being not
only an extraordinary natural phenomenon but also major components of ecosystem nutrient cycling,
arising long before settled agriculture. Furthermore, for humans, locusts are a nutritious food source,
historically and currently being consumed directly. Locust control today should more regularly
include their harvesting. This is now more feasible, as environmentally friendly biopesticides can be
used to replace harmful organic pesticides. We focus here on the ecological significance of locusts
by using calculations based on a 1 km2 area of swarming and breeding Desert locusts, Schistocerca
gregaria, and show that the huge biomass of locust individuals contributes greatly to ecosystem
processes while also having great potential use in human nutrition, especially where there is an
urgent need for improved dietary intake and nutrition.
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1. Introduction

“Their (locusts) disappearance . . . would not interfere with any other food chain, be-
cause locusts are not the basic food of any other bird or beast. So, if we could invoke mystic
powers and say, ‘All locusts, be gone’, I don’t think this would make very much difference
to world ecology” [1]. This statement by Haskell (1971), during his John Curtis ‘Woodstock’
Lecture on International Locust Research and Control, whether spoken out of bravado or
ignorance, disregards the ecological significance of everything in nature, even locusts.

In the ancient Egyptian texts of the New Kingdom (1070–1550 BCE), locusts are
positively referred to as the might of the Egyptian army while negatively as the defeated
enemy armies, with ‘locusts’ being a metaphor for ‘multitude’ [2]. This double perspective
has a biological equivalent: locusts as an extraordinary and ecologically important natural
phenomenon yet also a harbinger of human hardship through resource loss and pestilence.
A locust outbreak in the northwestern provinces, including Egypt, in the early fourth
century is even thought to have led to an outbreak of rats (and their associated fleas)
through an abundance of food provided by locust cadavers, which would have caused a
devastating plague among the local human population [3].

A locust is a grasshopper (Orthoptera: Acrididae), normally solitarious but period-
ically displaying a massive increase in abundance, largely in response to changed and
favorable weather conditions [4]. The great population increase is often associated with
changes in its biochemistry, physiology, morphology, and behavior, known as density-
dependent phase polyphenism [5]. The changed form often becomes nomadic, causing
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major economic damage to crop plants [5,6]. Although other insect species periodically in-
crease to very high numbers and migrate, causing economic crop damage, it is the voracity
of the polyphagous locust in both the young and adult stages, combined with gregarization
and associated extremely high local biomass, that characterizes a locust plague.

Phylogenetically, phase polyphenism is not basal, with locusts arising from sedentary
ancestors and the various phase-like traits, each having evolved in different contexts [7].
These contexts include isolation and climatic conditions. However, there can be loss
of gregarization. The Desert locust, Schistocerca gregaria (Forskål), has its origin in the
Old World [8], with the gregarious gregaria subspecies in the north of Africa, Arabia,
and southwestern Asia, and the derived subspecies flaviventris, isolated in the south of
the African continent, less gregarious and very rarely swarming [9]. This is possibly an
adaptive response to climatic conditions experienced by the southern subspecies, which
found no selective advantage for gregarization [7]. While the focus here is on the Old-
World Desert locust, we recognize that there are many locusts also present in the New
World, with indications that some of these at least have been eaten by indigenous peoples.
Space precludes here the detailing of these other species in human nutrition, we strongly
recommend that further studies consider the nutritional opportunities provided by them.

Globally, there are several species of grasshoppers that currently, or at some time in
the past, have shown a tendency towards gregarization and caused economic damage
(Table S1). Many of these still do. Some species occur as different subspecies at different
geographical locations and vary in their behavior and morphology. While we generally
view locusts as having a major negative impact on human activities, they are also of great
ecological significance, having periodic and localized intense effects on local ecosystems.
These effects can ostensibly be negative, such as massive herbivore pressure on crops or
even indigenous plants, or be positive, as through deposition of nutrients to new locations.
Here, we review the ecological significance of locusts, past and present. We focus on the
infamous Desert locust, using it to sketch how locust swarms move nutrients over space
and time, specifically the cycling of nitrogen and carbon into the soil ecosystem for plant
uptake and their nutritional value as food for humans.

2. Background: Biology and Ecology of Locusts
2.1. Abiotic and Biotic Drivers of Locust Outbreaks

A combination of interacting factors is responsible for locust outbreaks. Winds of a
particular strength and direction enable adult locusts to assemble [10,11]. In dry climatic
zones, the formation of locust swarms is associated with heavy and extensive rainfall
events, as occurred on the horn of Africa and in East Africa (2019–2020). When these
adults converge on localized patches of green vegetation appearing after rains, they form
large congregations [12]. Adults then select suitable oviposition sites [13], with salinity
and soil moisture, up to 5 cm below the surface, being important abiotic variables [14]. In
areas where vegetation and oviposition resources are discontinuous, solitarious adults will
aggregate where resources are concentrated. This is to a lesser extent when resources are of
poor quality and evenly spread across the landscape [15]. Plant community characteristics
also play a major role in determining the possibility of an outbreak [16]. High rainfall
enables vigorous vegetation growth, which supports high locust population growth in dry
areas [17,18]. Once eggs have hatched, and when nymphs are densely crowded, mutual
tactile stimulation of the hind legs increases their serotonin levels [19], which leads directly
to changes in behavior and, in the following generations, to color and morphological
changes, higher appetite, and increased intensity of breeding [20,21].

2.2. Anthropogenic Drivers

Various anthropic actions can promote locust outbreaks, and there is increasing ev-
idence on the impact of human activity [22]. Environmental changes in West Africa
appear to be responsible for the increased economic importance of Zonocerus variegatus [23].
Overgrazing, by creating favorable conditions for gregariousness, is a common cause of
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outbreaks of certain species such as the Moroccan locust (Dociostaurus maroccanus) [24,25].
For some species, such as the Italian locust, Calliptamus italicus, the abandonment of culti-
vated fields can result in huge outbreaks [26]. In northern China, intensive grazing and
subsequent degradation of grasslands favor outbreaks of Oedaleus asiaticus, probably by
reducing the protein content of plants [27]. In Australia, outbreaks of Austroicetes cruciata
and Chortoicetes terminifera may have resulted from ecological changes following the intro-
duction of European livestock and agriculture [28]. In southeastern Asia, Locusta migratoria
outbreaks are normally inhibited by the humid tropical environments. However, defor-
estation in the area is adversely synergistic with drought conditions favoring swarming
and greatly elevated population levels [29]. Solitarious individuals of Schistocerca gregaria
on the Sudan Red Sea coast especially congregate in the sandy, high-nitrogen-containing,
moisture-retaining soils of wadies, and where Millet (Panicum turgidum) and the intercrop
Heliotropium arbainense are grown. These agricultural landscapes constitute <5% of the total
area but are significant sources of locust outbreaks [16].

2.3. Historical and Current Control Methods

Figure 1 summarizes some commonly used traditional and new control methods.
Current evidence suggests that before pesticides, locusts were controlled by mechanical or
other physical means. Some techniques include setting fire to roosting adults, trampling
or chasing hoppers and burying them in trenches, and plowing known locust egg beds.
These traditional methods do not require specialized equipment, are low-cost, and do not
adversely impact the environment. However, they are labor intensive, time consuming,
and often ineffective [30].
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swarms and bands.

Sodium fluorosilicate and sodium arsenate were the first chemical controls used
in India in the 1800s. Dusting and, to a greater extent, baiting were the first means of
insecticide application. In the 1940s, the organochlorines benzene hexachloride (BHC) and
dieldrin were introduced. These were applied by spraying, initially on the ground, and
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then in 1951, the first aerial application of dieldrin was trialed on a Desert locust swarm.
In the 1970s, these persistent organochlorines and alike were banned, and a global shift
towards, mainly, organophosphates, such as fenitrothion and malathion, occurred, which
are still used today in addition to a few others (benzoylurea, carbamate, pyrethroid, and
phenyl pyrazole) [31].

Later technology allowed for biological control agents, for example the protozoan,
Nosema locustae [32], and the synthesis of biopesticides, which are developed from various
strains of the entomopathogenic fungi, Metarhizium acridum [33]. These are not known to
be harmful to humans, and to date have not been detected as adverse to biodiversity or
environmental health. A major obstacle inhibiting extensive utilization of the fungi is that
locusts only begin to die five days post-spray, with maximum mortality occurring one to
two weeks post-application. Even so, the credibility of biopesticides for locust management
programs is increasingly being recognized [22,34]. While the application of pathogens
like entomopathogenic fungi and nematodes from an environmental point of view are
preferable to synthetic organic pesticides, there must be some consideration of possible
side-effects on other species, especially rare and threatened insects. This requires urgent
further assessment and monitoring.

The latest spraying technique uses a much smaller volume of liquid, referred to
as ultra-low-volume (ULV) spraying. The formulation of ULV is oil based to prevent
the small droplets from evaporating, and specialized sprayers are used to ensure the
insecticide is applied efficiently and safely. These have been designed to accommodate all
application methods and can be carried or mounted on a motor vehicle or on an airplane or
helicopter [35,36]. Recent projects have developed and begun testing Metarhizium products
in an oil form to make them suitable for ULV application [35–37]. Today, geographical
positioning systems (GPS) on ground vehicles are used for precise pesticide application,
following drone flyovers for early detection of locust swarm formation and for rapid
application of ULV sprays [37,38]. However, much research is still needed to evaluate the
effectiveness of these methods under a range of circumstances.

3. Locusts in a Changing World
3.1. The Desert Locust (Schistocerca gregaria) as an Example

The Desert locust reproduces rapidly and migrates over very long distances. It has the
genetic predisposition to exist in two forms, solitaria or gregaria [4,39]. During recessions,
solitary Desert locusts are usually restricted to the semiarid and arid deserts of Africa
and the Near East and Southwest Asia that receive less than 200 mm of rain annually.
This covers an area of about 15 million km2, consisting of about 30 countries [40]. During
the invasion periods, approximately 31 million km2 and over 60 countries are recurrently
vulnerable to Desert locust swarms, affecting up to 20% of the world’s land area [41].
For these reasons, the Desert locust is considered the most dangerous migratory pest in
the world. There is an abundance of information available on this pest, which makes
it the ideal species to use as an example for quantifying the ecological significance and
nutritional value to humans. Here, characteristics related to the Desert locust and its
swarming dynamics were used for the objectives listed in Figure 2.

Table 1 summarizes the characteristics used for calculations, acquired from a variety
of sources. It was evident from the literature that there is great variability in Desert locust
(and other species) swarm dynamics, biological characteristics, and morphological traits.
Therefore, the tables and subsequent calculations provided here serve as examples and are
subject to change according to the resources, region, and subspecies used.

For the calculations that follow, a 1 km2 area of 60 million adult Desert locusts was used.
This was based on the average density of a swarm in Kenya in 1955 and resembles average
swarm densities from other resources [42,43]. For each objective, unique assumptions
are stated, but all calculations assumed: (1) locusts lived for the average (113 days) adult
life span; (2) hopper instar stages 1 to 4 lasted 6.5 days each, and stage 5 lasted 10 days;
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(3) the swarm comprised a 1:1 ratio of males to females; and (4) hoppers were evenly
divided between the five instar stages.
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Table 1. Main parameters of the Desert locust (S. gregaria) in its swarming phase.

Factor Value

Adults

Adult body length F: 5 to 6 cm (5.5 cm)
M: 4.5 to 5 cm (4.75 cm) [43]

Adult body weight F: 3.5 g, M: 2.2 g
Avge: 2.85 [43]

Daily food consumption Own body weight [44]

Adult duration life stage Min: 75 days, Max: 150 days
Avge: 113 days [43]

Swarms

Locust density settling Avge: 60 million/km2 (patchy vegetation) [42]
(Average density settled swarm in Kenya 1955)

Flight speed Range: 3.8–4.3 m/s and 3 m/s, Avge: 3.5 m/s
= 12.6 km/h [45]

Daily flight period Min: 9–10 h, Max: 13–20 h, Avge: 14.5 h [43]

Eggs

Number of times female lays 2–3, Avge: 2 [43]
Eggs per pod (1st, 2nd and 3rd laying) 60–80 (1), 50–70 (2), 35–70 (3), Avge: 70, 60, 52.5 [43]
Eggs per generation 140 per female [43]
Egg pod density 200–500/m2 in groups, Avge: 350/m2 in groups [43]
Pod length 3–4cm [43]
Egg mortality Avge: 33% [43]
Egg weight Avge: 5.92 mg [46]
Pod weight Avge: 536.8 mg [46]

Hoppers

Number of instars 5 [43]
Nymph body lengths (mm) 7 (S1), 15 (S2), 20 (S3), 33 (S4), 50 (S5) [43]

Nymph body weights (mg) 30–40 (S1), 50–80 (S2), 120–200 (S3), 500–700 (S4), 1000–1200
(S5), Avge: 35, 65, 160, 600, 1100 [43]

Daily food consumption Own body weight [43]
Duration of stages S1–S4: 6–7 days, Avge: 6.5 days, S5: 10 days [43]
Mortality 70% (S1), 20% (S2), 10% (S3–S5) [43]
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The ecological effects of locust outbreaks are poorly researched. To sustainably manage
ecosystems affected by locust outbreaks, a clear understanding of how locusts influence
ecosystem function and structure is required. Two of the most obvious but opposing effects
are (1) locust swarms rapidly reduce plant aboveground biomass and can suppress plant
growth. (2) However, they also play an important role in nutrient cycling [47,48]. During
outbreaks, locust frass and cadavers land on the soil, and as organic detritus, they are
decomposed by microorganisms. Nutrients, such as nitrogen and carbon, are released into
the soil and are available for plant uptake [7,49]. The damage caused by a swarm of locusts
as well as the nutrients they give back will not be confined to an area. The daily distance
traveled by an adult swarm of Desert locusts is around 183 km/d, which is based on the
average flight speed and average daily flight period (Table 1). A quarter degree is equal to
30 km2, which means a swarm will move approximately 6.1 quarter degrees in a day. This
can be used to calculate how long it will take a swarm to reach a certain area on any map.

3.2. Food Consumed by 1 km2 of Adult Locusts and Their Progeny

Calculations adhered to the previously mentioned assumptions. Throughout their adult
life stage, female locusts consume more than male locusts (395 g and 249 g, respectively),
but the average of the two, 332 g, was used in line with a 1:1 sex ratio (Tables 1 and 2).
Considering each instar duration and body weight, an individual nymph was estimated to
overall consume 16.59 g of food (Tables 1 and 2). Over the entire life span of a Desert locust,
it is estimated to consume roughly 339 g of food. To put these values into perspective, using
a locust density of 60 million/km2, around 2.814 billion hoppers would be produced. This
is based on the assumptions that half of the population are female, each female will produce
140 eggs, and egg mortality is 33% (Table 1). In one generation, with mortality at each instar
accounted for, and occurring halfway through the stage, hoppers (7,941,799 kg) and adults
(18,240,000 kg) would consume 26,182 t of plant material (Table 2).

Table 2. Food consumption estimates by adult Desert locusts and their progeny in 1 km2 area of 60
million adults.

Variable Measure

Average food consumed by 1 adult locust 322 g (F: 395 g) (M: 249 g)
Food consumed by 1 nymph (all instars) 16.59 g

Average food consumed by 1 locust 338.59 g = 339 g (F: 411.59 g) (M: 265.59 g)
Number of nymphs produced by adults 2.814 billion hoppers

Food consumed by 1 km2 of adults 18,240,000 kg
Food consumed by their progeny 7,941,799 kg

Food consumed by adults and progeny 26,181,799 kg ≈ 26,182 t

We now consider the ecological value of the Desert locust in terms of its involvement
in nutrient cycling. We do this using two objectives: (1) plant food consumed by both adult
and young locusts per unit land area (1 km2), and (2) the delivery of nutrients to the same
land surface area via locust cadavers and frass.

3.3. The Value of Locust Cadavers and Frass for Nitrogen and Carbon Cycling

The effect of locust swarms on nitrogen cycling is dependent on the quantity of
nitrogen in their frass and cadavers, as well as on the time it takes to become available
to plants. Through consuming vegetation, locusts divert nitrogen from plants to the
soil, and as a result, soil mineral nitrogen can be greater than in the absence of locust
invasions [47]. However, if nitrogen is mineralized too rapidly it can be leached and lost
from the ecosystem [48]. Sometimes when locusts infest cultivated crops, such as wheat,
they may preferentially feed on broad-leaved weeds in the vicinity, which can result in a
net transfer of nitrogen from the weeds to adjacent crop plants [49].
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The response of plants to defoliation by locusts depends somewhat on the availability
of nitrogen [50]. The speed with which nitrogen in locust cadavers and frass become avail-
able affects the plants’ ability to regrow after defoliation. If nitrogen is rapidly mineralized,
it could be available to plants in the same season and aid in their recovery post locust
outbreak. Alternatively, nitrogen will be slowly available if it is immobilized or recalcitrant
and will likely favour plants that are more efficient users or better competitors for soil
nitrogen [47].

Calculations adhere to the aforementioned assumptions: data on adult cadavers
were obtained from Fielding et al. [47] and based on the species Melanoplus borealis and
Chorthippus curtipennis. Importantly, species nitrogen and carbon contents did not differ
between species cadavers. Adult locust cadaver weights were assumed to be the average
male and female body weights [43] (Table 1). Frass weights for adult Desert locusts were
averaged from two different studies, for females Hill et al. [51] and males Norris [52]. Frass
nutrient composition is dependent on diet, among other factors, and averages from the
data were used and comprised a range of diets from laboratory-raised and free-range
specimens [47]. For hoppers, it was assumed they produce the same weight of frass each
day equal to their body weight for each instar, and each stage lasted the average number
of days (Table 1). For adult locusts, all were assumed to die and contribute to cadaver
weight. For hopper frass and cadaver weight calculations, mortality was accounted for at
each stage and presumed to occur halfway through the stage to account for the spread of
deaths over time, and carbon (C) and nitrogen (N) content and mineralization were the
same as for adults [43,47]. Percentage of C in frass and cadavers was calculated using the
C/N ratio (Table 3).

Table 3. Percentages of nitrogen (N) and carbon (C) content in locust frass and cadavers and
percentages mineralized after 28 days.

Source %N C/N %C %N Mineralized %C Mineralized

Frass 2.7 16.99 45.87 10.83 27.17
Cadavers 10.7 4.3 46.01 44 44

Content of N found in locust frass was 2.7% and 10.7% for cadavers, and of that,
10.83% and 44% were mineralized within 28 days, respectively (Table 3). Carbon content
of locust frass was 45.87% and 46.01% for cadavers, and of that, 27.17% and 44% were
mineralized, respectively (Table 3). Throughout the average adult life stage, 113 days, a
female adult produces 32 g of frass and a male 23 g. Their cadavers, which are equal to
their average body weights, are 3.5 g and 2.2 g, respectively (Tables 1 and 4). A hopper
that survived all instar stages produces 16.59 g of frass (Table 4). The weight of frass
and cadavers produced by 60 million adult Desert locusts and their progeny is estimated
around 9756 t (Table 4). Of the total weight, around 276,502 kg of N and 44,475,093.50 kg
of C would be transferred (Table 4). After incubation in soil for 28 days at 15 ◦C (near the
average growing season soil temperature in central Alaska [47]), approximately 35,758 kg
of N and 1,228,562.18 kg of C would be mineralized (Table 4).
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Table 4. Weights and nutrient cycling dynamics, nitrogen (N) and carbon (C) of 1 km2 of adult Desert
locusts and their progenies.

Variable Value

Weight of frass produced by 1 adult locust F: 32 g, M: 23 g
Weight of adult cadaver F: 3.5 g, M: 2.2 g

Weight of frass produced by 1 hopper 16.59 g (S1: 0.23 g, S2: 0.42 g, S3: 1.04 g, S4: 3.9 g, S5: 11 g)
Weight of hopper cadavers (all stages) (S1: 0.035 g, S2: 0.065 g, S3: 0.16 g, S4: 0.6, S5: 1.1)

1 km2 area of adult locusts
Weight of frass from adults 1,650,000 kg

N from frass of adults, N mineralized 44,550 kg, mineralized: 4824.77 kg
C from frass of adults, C mineralized 756,855 kg, mineralized: 205,637.50 kg

Weight of cadavers from adults 17,100 kg
N from cadavers of adults, N mineralized 1829.7 kg, mineralized: 805.07 kg
C from cadavers of adults, C mineralized 7867.1 kg, mineralized: 3461.79 kg
Progeny of 1 km2 area of adult locusts

Weight of hopper frass 7,941,798 kg
N from frass of hoppers, N mineralized 214,428.55 kg, mineralized: 23,222.61 kg
C from frass of hoppers, C mineralized 3,642,902.74 kg, mineralized: 989,776.68 kg

Weight of hopper cadavers 146,671 kg
N from hopper cadavers, N mineralized 15,693.80 kg, mineralized: 6905.27 kg
C from hopper cadavers, C mineralized 67,468.66 kg, mineralized: 29,686.21 kg

Overall N, overall N mineralized 276,502.05 kg, mineralized: 35,757.72 kg
Overall C, overall C mineralized 4,475,093.50 kg, mineralized: 1,228,562.18 kg

3.4. Nutritional Value of Locusts for Human Food

Locust swarms are mostly viewed as negative events. However, from a human food per-
spective, they have great potential, with a long history of locusts used as food. Entomophagy
is the ancient practice of humans eating insects. As early as 2000 BC, there is evidence of letters
written to kings of the Middle East that reported the consumption of locusts, in particular
the Desert locust [41]. The Old Testament describes one of the first acceptable uses of insects
as food and permits the consumption of ‘the locust of any kind, the bald locust of any kind,
the cricket of any kind, and the grasshopper of any kind’ (Leviticus 11:22; [53]). Historically,
locusts were seen as a delicacy consumed by the social elite, for example, on a Neo Assyrian
palace relief slab, from the eighth century BC, skewered locusts are being presented to a royal
banquet. In William Shakespeare’s tragedy Othello, assumed to be written in 1603, locusts
are referred to as a delicacy: Othello (1,3), Iago: “The food that to him now is as luscious as
locusts shall be to him shortly as bitter as coloquintida.” Furthermore, Queen Ranavalona
II (1829–1883) of Madagascar indulged in locusts collected by her servants [41]. Even in the
New Testament, locusts were depicted as a delicacy, when John the Baptist is ‘preaching in
the wilderness of Judea,’ wearing ‘a garment of camel hair and a leather belt around his
waist’ and eating ‘locusts and wild honey’ (Matthew 3:4; [53]. Traditionally, the Khoisan of
southern Africa also ate grasshoppers and locusts, after roasting them on grills, as depicted
in a painting by Samuel Daniell in 1805 (Figure 3a) [54]. In Brazil, the Nambikwara people
consume locusts almost daily, particularly the species Rhammatocerus schistocercoides, either
hoppers in the rainy season or adults in the dry season. The locusts are toasted over charcoal
and eaten as such, mixed with fruit juices, or added to cassava flour to make a kind of bread
(Figure 3b) [55–57]. The examples could be increased as the practice was common in many
countries and civilizations.
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Figure 3. (a) ‘Khoisan engaged in roasting grasshoppers on grills’, a painting by Samuel Daniell,
1805. The Khoisan are the early indigenous peoples of southern Africa who traditionally ate insects
in their everyday diet. (Reproduction from Suid-Afrikaanse in Beeld by A. Preston. Bion Books, South
Africa (Copyright Commons)). (b) A Nambikwara woman in Mato Grosso (Brazil) toasting locusts
(photographed by E. Setz, 1992).

Despite the role of entomophagy in the history and evolution of the human diet,
nowadays, use of insects as food varies greatly across the world, yet its potential is great [58].
Many countries struggle with food shortages, with huge numbers of people dying from
starvation every day. The FAO has estimated that to feed the global population in 2050,
food production must increase by 70% [59]. Locusts can serve as a source of animal protein,
and their consumption should be promoted for environmental, health, and livelihood-
related reasons, both social and economic [60]. However, there is often abhorrence or
fear of entomophagy in many Western societies, a barrier related to cultural factors and
history, as well as a lack of information on the possible effects of introducing locusts into
food [61]. To conserve what natural habitats and associated biodiversity remain, as well as
feed an already struggling human population, a change in attitude towards entomophagy
in westernized societies is needed [62]. Nevertheless, locusts are regularly consumed
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by humans in Asia, Africa, and southern USA. In southeastern Asia, locusts are even
being farmed for food and livestock feed [63]. Desert locusts in particular are a nutritious
food source for humans, as they contain substantial proportions of proteins, fats, energy,
and minerals. Furthermore, they metabolize ingested phytosterols into derivatives with
potential health benefits for humans [64].

The combined weight of the 60 million adult locusts was 17,100 kg. Their progenies
were equally divided between weight categories of the five instar stages and together
weighed 1,103,088 kg. Data from Wahed et al. [65] were used to calculate mineral content
and chemical composition of 1 km2 of adult locusts and their progenies. The locusts they
used were mass reared in Egypt; adults and nymphs were continually bred for many
generations under laboratory conditions according to Vanden Broeck et al. [66]. These
values were compared to three other studies on the nutrient content of adult Desert locusts,
one study used specimens from commercial suppliers [67], another collected locusts from
Kenya [64], and another from Sudan [63].

According to the mineral analyses of Wahed et al. [65], mineral content was always
lower in adults than hoppers for phosphorus (8.744 and 9.135), potassium (673.278 and
782.696), calcium (3.38 and 5.07), and magnesium (1.356 and 1.824) mg/100 g. Compared
to other studies, mineral contents of adult locusts were generally lower for most minerals,
except for potassium, which varied between studies. The combined mineral weights for 1
km2 of adult Desert locusts and their progenies were: phosphorus, 102,270 g; potassium,
8,748,960 g, calcium, 56,510 g; and magnesium, 20,350 g (Table 5).

Table 5. Mineral content and chemical composition of 1 km2 adult Desert locusts and their progenies.
Adult human recommended daily intake provided in last column.

Factor
(g/km2 of Adults) Adults Hoppers Combined

Adult Recommended
Intake (g/d)

(WHO/FAO/UNU, 2004)

Phosphorus (P) 1500 100,770 102,270 0.7
Potassium (K) 115,130 8,633,830 8,748,960 4.7
Calcium (Ca) 580 55,930 56,510 1 to 1.3 (Avge: 1.15)

Magnesium (Mg) 230 20,120 20,350 0.22 to 0.26 (Avge: 0.24)
Protein 9,711,090 727,155,610 736,866,700 46 (F); 56 (M) (Avge: 51)

Fat 4,928,220 167,117,830 172,046,050 44 to 77 (Avge: 60.5)
Total Carbohydrate 509,580 50,631,740 51,141,320 225 to 325 (Avge: 275)

Fiber 1,350,900 87,143,950 88,494,850 25 to 30 (Avge: 27.5)

According to chemical content analyses on the Desert locust by Wahed et al. [65],
hoppers contained more protein, total carbohydrate, and ash than adults. For adult locusts,
these values are comparable to those reported from other studies [63,64,67]. Based on
these values, 60 million swarming adult locusts and their progenies would comprise
736,866,700 g of protein (Table 5). The carbohydrate content of both hoppers (4.59 g/100 g)
and adult locusts (2.98 g/100 g) was much lower than the recommended daily intake
values (225 to 325 g/d) (Table 5). These low values are to be expected because edible insects
generally are not good sources of carbohydrates [64]. Despite this, a 1 km2 area of adult
locusts and their progeny would contain 51,141,320 g of carbohydrates (Table 5). Adults
and hoppers had the same crude fiber content (7.9 g/100 g), which was slightly higher
than other reported values [64,67]. The combined fiber produced by a 1 km2 area of adult
locusts and their hoppers is 88,494,850 g. Crude fiber probably arises from locust chitin
and plays an important role in human digestion [68]. Adult locusts had higher fat content
(28.82 g/100 g) than hoppers (15.15 g/100 g), and values were within the range of other
reported values [61,62,65]. A 1 km2 area of adult locusts and their progeny would comprise
172,046,050 g of fat (Table 5). Fat content can vary greatly between individuals, depending
on age and diet. For humans, fats contribute to nutrition as an energy source, a supplier of
essential fatty acids, and increase the palatability of foods by adding flavor [64,67].
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3.5. Putting Things into Perspective

Throughout the world, rice and maize are among the most important crops for human
consumption, and both are severely impacted by desert locust swarms [69,70]. Dober-
mann and Witt [71] conducted a survey of 207 rice farms in China, India, Indonesia, the
Philippines, Thailand, and Vietnam. From the obtained values, the average grain yield
was 5919 kg/ha, and average nitrogen, phosphorus, and potassium (NPK) uptakes were
117, 18, and 123 kg/ha, respectively. Values were based on one or two crops grown in
1995–1996 or 1997, giving a total sample size of 391. For maize, average plant density is
70,000 plants/ha (mostly varying from 60,000 to 80,000) [72–74], with a yield of around
9500 kg/ha and average NPK uptakes of 609, 357, and 280 kg/ha, respectively [75].

The N mineralized from the frass and cadavers of a 1 km2 area (100 ha) of locusts
and their progeny could meet the N uptake requirements of around 306 ha of rice crops
and 59 ha of maize plants. The P and K released from the cadavers of locust adults and
their offspring could individually meet the nutrient requirements of about 5682 ha (for P)
and 71,130 ha (for K) of rice crops and 286 ha (for P) and 31,246 ha (for K) of maize plants.
When considering the uptake requirements of rice and maize plants for all three nutrients,
the nutrients supplied by 1 km2 area of locusts and their progeny could result in a yield of
approximately 1,811,214 kg of rice grain and 560,500 kg of maize grain.

Kenya is a country most severely affected by the recent (2019) locust breakout, with
around 70,000 ha of agricultural damage. Due to progressive changes in eating habits, rice
consumption has been increasing by up to 15% per year since its introduction in 1907 [76].
With an average per capita consumption of 20.6 kg/y, the rice yield resulting from the
nutrients mineralized by 1 km2 area of locusts and their progenies could supply sufficient
rice grain for about 87,900 Kenyans for a year. In Kenya, maize is the most important staple
for calorie nutrition [77], with per capita consumption estimated at 114 kg/y [78]. The
maize yield resulting from the nutrients supplied by 1 km2 of locusts, and their offspring
could provide sufficient maize grain for about 4900 Kenyans for a year [79].

With regards to meeting the dietary requirements of humans from consumption
of locusts, 60 million adult locusts and their progeny would meet the following daily
intake requirements: for phosphorus, 146,100 adults for a day or 400 adults for a year; for
potassium, 1,861,480 adults for a day or 5096 adults for a year; for calcium, 49,145 adults
for a day or 134 adults for a year; and for magnesium, 84,791 adults for a day or 232 adults
for a year (Table 5).

The protein content of both life stages is greater than many conventional human
foods, including chicken and beef [80]. Protein acquired from insects is of high quality,
and consequently, the protein from the Desert locust is considered a good source of animal
protein for humans [64]. Consumption of 100 adult or hopper Desert locusts will contribute
over 100% of the recommended daily intake for adult females (46 g/d) and males (56 g/d)
(Table 5). The protein from 1 km2 of adult locusts and their progeny would provide enough
protein for 14,488,366 people for a day or 39,584 people for a year, sufficient carbohydrates
to meet the daily intake needs of around 186,000 people or the yearly requirements of
approximately 500 people, the daily fiber needs of more than 3 million people or yearly
requirements of about 9000 people, and comprise enough fat content for around 3 million
adult humans for a day or 7800 people for a year (Table 5).

4. Discussion

Locust plagues have been referred to as the oldest entomological problem. These
insects have directly affected settled agriculture from its very beginnings. The earliest
known record of a locust was drawn on the wall of an Egyptian tomb, dating back to around
2400 BCE. The historical battle with locust infestations has also been widespread, with
evidence from ancient Egyptian, Chinese, Hebrew, Roman, and Greek texts [81]. Despite
years of experience, research, and technological advance, and even though invasions are
now less frequent and more rapidly controlled [22,39], these locust plagues still wreak
havoc, with the world currently facing one of the worst outbreaks in decades [82].
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The negative impacts associated with locust swarms are well documented, particularly
those affecting agricultural activities. Swarms can have a major impact on the food security
and livelihoods of affected communities, particularly the poorest. Losses to crops and
pasture can lead to severe food shortages, strong price movements in markets, insufficient
availability of grazing areas, sale of animals at very low prices to meet household sub-
sistence needs and to purchase feed for remaining animals, early transhumance of herds
and strong tensions between transhumant pastoralists and local farmers, and large human
migrations to urban areas [83]. Other economic consequences may occur at harvest, as
grain may be contaminated with insect parts and downgraded to a feed grain sold at a
lower price [84]. Furthermore, the negative income shock may have a long-term impact on
the educational outcomes (school enrollment and completion) of children living in rural
areas [85]. And of course, the widespread use of highly toxic chemical insecticides over
large areas can have significant effects on the health of human populations, their livestock
and food crops, as well as potential damage to local ecosystems and key wildlife [86,87].

However, locusts are not all bad, as they play a major role in nutrient cycling. Here,
we focus on the ecological significance of locust swarms for nutrient transfer and cycling,
providing quantitative evidence from one of the best investigated locusts, the Desert locust.
Cycling of nutrients is a critical factor in the current era of great environmental change
and soil deterioration. Today is also a time of high human population density and where
means are being sought to procure alternative sources of protein other than traditional
meat consumption. Locusts would seem to offer potential benefits.

Locust outbreaks undoubtedly affect ecosystem structure and functioning in many
ways. However, while plants experience defoliation, they also gain nutrients, and as
locusts move around, the nutrients are being shifted spatially. While the negative impacts
of locusts are well documented, especially reduction in aboveground biomass due to
feeding, the actual and potential benefits of locust swarms are seldom acknowledged. Here,
we show that a 1 km2 area of Desert locusts could produce around 36,000 kg of mineralized
nitrogen and 1,200,000 kg of mineralized carbon for redistribution within an ecosystem
and across ecosystems.

Several authors show that locusts, and orthopterans in general, play an important
trophic role [88], are stimulators of microbiological processes of decomposition and mineral-
isation of phytomass [89], can improve the productivity of grasslands in the long term [90],
and in case of outbreak, can change considerably fluxes of some chemical elements in
the herbaceous ecosystems [26]. Locust frass and cadavers are rich in nutrients, which
are transferred to the soil via decomposition by microorganisms and fungi, absorbed by
plants, increasing net ecosystem productivity [50] and ecosystem nutrient cycling through
rapid mineralization rates of nitrogen and carbon. In one area, nutrients could potentially
occur within the same season and promote recovery of the damaged crops or increase soil
health to benefit crops for the next growing season [91]. However, as locusts also move far,
and over many weeks and months, they are redistributing nutrients over space and time,
which may directly benefit local farmers who would have suffered crop loss. Although
the damage by locust swarms is devastating, the redistribution of nutrients could be from
agricultural areas to ones that are nutrient poor with threatened natural vegetation. In this
way, locusts could be viewed as conservationists of our ravaged natural ecosystems, as
well as benefiting farmers in other locations at other times.

Locusts are a highly nutritious food source for humans and animals, as they contain
significant proportions of proteins, fats, and minerals [64]. A 1 km2 area of Desert locusts
can provide enough protein to support almost 40,000 people for a year. In many countries,
locusts are already eaten every time an outbreak occurs, and yet, it has been suggested that
rather than eating them, pesticides are used.

Some of the methods used to harvest locusts during outbreaks include collecting by
hand, using large sweep nets, and pulling sheets over the vegetation they are roosting on
or with machines that can suck them up [92]. After a Desert locust outbreak in Pakistan, 10
villages harvested 1275 kg of locusts in four days from a swarm of 5 km2. The locusts were
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first boiled, then dried in the sun for a day, after which they could be stored and used to
make various appealing dishes, such as biryani, or eaten as a snack [93].

In the 1970s, the Bombay locust (Patanga succincta) was a huge problem in Thailand,
feeding on sorghum and corn [94]. After pesticide application attempts were unsuccessful,
a campaign was organized from 1978 to 1981 to harvest the locusts for consumption. This
proved so successful that the locust no longer seems a problem in Thailand [94], although
some argue that the data are inconclusive and that the locust may have been affected by
a fungus that killed a large part of the population [1,41,95]. Alternatively, locusts can be
used for feed or as fertilizer. An organization in Kenya paid farmers USD 0.45 per kg of
locusts, which were dried and crushed into a powder that was used as an organic fertilizer
or in animal feed [96]. The only serious risk associated with eating locusts is poisoning
when they have been treated with pesticides [97]. However, recent developments have
allowed for the synthesis of biopesticides, which use entomopathogenic fungi or protozoa
as biocontrol methods. Many of these, such as various commercial strains of Metarhizium
acridum, are of minimal risk to vertebrates and the environment [98]. Since locust outbreaks
are intermittent, their use in human food can only be considered as an occasional food
supplement when uncontrolled outbreaks develop into an invasion. This perspective
also bears in mind however, that locust carcasses can be dried, ground, and stored for
future needs.

We end on a note of caution. If there is extensive and intensive human consumption
of locusts, might there be erosion of the ecological value of locusts, especially in terms
of redistribution of plant nutrients? This would need to be a major research topic for
the future. However, for now, it is better that humans eat locusts than kill them with
harmful pesticides.

5. Conclusions

For many years, locusts have been viewed only in a negative light. Although they
are responsible for devastating crop losses, they also play an important role in nutrient
cycling. Due to the high concentration of nutrients in their bodies and frass, combined
with the ability to disperse over long distances over time, locusts are important for the
redistribution of nutrients across regions, often in arid nutrient-poor areas. This takes place
among many locust and grasshopper species around the world. The effects can be so large
that locust swarms can influence landscape-level ecological processes. Locusts can also be
beneficial to humans, and their consumption should be used as a mitigation measure and
to effectively prevent malnutrition, at least in times of locust outbreaks. Locust meal can be
prepared from captured individuals, dried and ground, and then stored for precautionary
use in times without locust plagues. However, there must be resolution and coordination
among locust control practitioners using pesticides and people harvesting locusts as food
to prevent poisoning from eating insects treated with pesticides. Future locust control
strategies should consider a combination of biopesticides and collecting locusts for human
consumption to the benefit of humanity and our natural ecosystems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091856/s1, Table S1: Main species of pest locusts and grasshoppers around the
world today (modified from Lecoq and Zhang 2019).
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