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Global socioeconomic systems exacerbate disparities that leave a disturbing proportion

of the human population malnourished, making conventional food sources such as

animal livestock unsustainable at global scales. Edible insects have the potential to

solve both malnourishment and the unsustainability of conventional livestock agriculture.

The sustainability and accessibility of farmed, edible insects, however, depends on

their feed source. Future expansion of farming rests on developing locally available and

affordable insect feeds. This article presents a literature review of studies which evaluate

the performance of edible crickets (Orthoptera) in response to alternative feed sources

such as weeds and the byproducts of agricultural and food industries. For each insect

species evaluated, we analyze measurements of feed and insect performance, feed

composition, effects of diet on cricket growth and survivorship, as well as other sources

of performance differences. The aim of this review is to assess the current state of

alternative feed research for farmed crickets and to provide guidelines for future studies

on alternative feeds.

Keywords: edible insects, food waste, sustainable farming, nutrition, regenerative agriculture, protein

INTRODUCTION

As of 2020, 690 million people, 8.9 percent of the world’s population, are hungry (FAO, 2020) and
the world’s demand for animal protein is increasing at an alarming rate (Delgado et al., 2001;
Steinfeld et al., 2006). The realization that systems producing conventional livestock provide a
poor solution to the problems of malnourished communities harks back to a 1975 publication
by Meyer-Rochow, who advocated the use of insects as food and feed and suggested FAO and
WHO take up that idea (Meyer-Rochow, 1975). Current systems producing conventional livestock
provide a poor solution to the problems of malnourished communities. Not only do conventionally
farmed livestock demand environmentally and economically expensive feed crops, but the land
degradation caused by livestock rearing and low conversion efficiencies render them an unrealistic
resource for impoverished communities (Gerber and FAO, 2013).

The dominant discourse of “food security” results in conventional technocratic solutions
which rely on increasing conventional agricultural production and the short-term distribution of
fortified foods (Patel, 2009; Sampson et al., 2021). These interventions by governments and NGOs
present malnutrition in terms of access to nutritional, physical, and economic wellbeing, but avoid
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discussion of the social control of food systems and divert
attention from structural inequities of power that reproduce
malnutrition (Patel, 2009; Misra, 2018).

An enormous shift in global food infrastructure is warranted
to address these concerns. By establishing food systems
which are thoroughly sustainable (culturally, environmentally,
politically, economically, etc.), malnourished communities can
feed themselves while subverting structural inequities of power
that produce malnourishment. There is now growing interest in
entomophagy, or insect-eating, as an alternative food source for
animal and humans. This is because insects can convert feed to
protein and micronutrients with impressive efficiency.

Entomophagy presents an opportunity to substitute
conventional livestock with insect minilivestock (van Huis
et al., 2013; Magara et al., 2021). Studies examining the
substitution of animal protein with insect protein are promising.
Insects have been shown to be good sources of vital nutrients,
including proteins, lipids, fatty acids, iron, and vitamin B12
(van Huis et al., 2013; Makkar et al., 2014; Sánchez-Muros et al.,
2014; Akhtar and Isman, 2018; Magara et al., 2021). Dehydrated
crickets have been shown to have 55–69% protein, 6–27%
fat, and 8–12% fiber, and 3–9% ash composition, and contain
at least 18 amino acids, including 8–9 essential amino acids
(Chakravorty et al., 2014; Ghosh et al., 2017; Escamilla-Rosales
et al., 2019). Insect production has also been shown to be more
sustainable than conventional livestock in terms of greenhouse
gas emissions (Oonincx et al., 2010; Oonincx and Boer, 2012;
van Zanten et al., 2015), energy (Oonincx and Boer, 2012), land
(Oonincx and Boer, 2012; Sánchez-Muros et al., 2014; Salomone
et al., 2017), water (Sánchez-Muros et al., 2014; Salomone
et al., 2017), feed conversion efficiency (van Huis et al., 2013),
carbon footprint (Sánchez-Muros et al., 2014) and overall global
warming potential (Vauterin et al., 2021).

Perhaps the most exciting potential of insects as food and
feed is their ability to convert weeds as well as agricultural
and food industry byproducts into high value substances (Van
Peer et al., 2021). Insects provide an opportunity to support
malnourished communities with inexpensive, locally sourced
waste resources and reduce the growing issues of food waste
(Parfitt et al., 2010; Mbow et al., 2019). Thus, minilivestock could
provide a sustainable, immediate, short-term opportunity to
address malnutrition outside of current, unsustainable structures
of food production. Edible insects also provide an opportunity
for a more sustainable food system in the global north where
ecological devastation caused by feed crop production and an
overabundance of biological waste and greenhouse gas emissions
is widespread (Caro et al., 2014).

One challenge to the adoption of edible insect farming as
a means of food and nutrition security is sourcing sustainable,
low cost feed, especially in countries where hunger is most
prevalent (Halloran et al., 2018). Edible insects have been shown
to possess the potential to be reared successfully on organic
side streams, especially compound side streams that respect
their dietary requirements (Van Peer et al., 2021). However, a
comprehensive, specific review of the effects of sustainable side-
stream feeds on the growth and survival performance of crickets
has yet to be undertaken. Research on feed can ensure that

insect farming is accessible across all socioeconomic situations
and scales of production. Here we review 21 research studies
that focus on sustainable alternatives to commercial feeds for
insects with a specific interest in Orthopterans. Alternative feeds
include byproducts of agricultural and food industries, as well
as locally available weeds and post-consumer food sources. We
summarize the methods in this body of research, including
the commonly measured insect species, treatment diets, feed
measurements, and insectmeasurements.We also summarize the
effects of feed source, composition, and environmental factors
on insect growth and survival performances. We synthesize
general characteristics of higher performing feeds and discuss
the potential and requirements of sustainability for rearing
edible insects.

AIM OF THE STUDY

This paper carries out an in-depth study of the literature on edible
Orthoptera performance when raised on weeds, agricultural
and food industry byproducts. The study consolidates current
knowledge of the field and identifies common practices and
requirements for rearing edible insects on alternative feeds.

The purpose of this study is to focus future insect feed
practices toward weeds and agricultural and food industry
byproducts, and to provide guidance enabling future in-depth
studies can more specifically identify the feed requirements for
sustainably reared edible insects.

METHODS

A literature search updated to June 2021 was performed
on Google Scholar. The search terms used consisted of the
following: edible insects, edible orthoptera, edible cricket, feeds,
alternative feed, organic waste, side-stream, byproducts, weeds,
agriculture, food industry, insect feed. Publications conducted
in English from 1962 through 2021 were considered. Articles
listed in the references of selected publications were also
considered for inclusion. The criteria for inclusion were studies
which investigated: the effect of organic side-stream, byproduct,
and/or wastes-sourced diets on Orthoptera growth, survival,
conversion efficiency, and/or nutritional composition; the effects
of organic side-stream diets varying in nutritional composition
on Orthoptera performance; time-based variations in feeding
regimes on Orthoptera performance; the effects of organic side-
stream supplementation of conventional diets on Orthoptera
performance; the optimization of Orthoptera feed composition;
and the impacts of feed on the sustainability of Orthoptera
farming operations. Studies were also considered for addition
that were suggested through the contribution of reviewers.

Figure 1 demonstrates a flowchart for the search and inclusion
process. The initial search yielded 79 papers, for which the titles
and abstracts were gathered, and the full papers read when
relevant. Out of these, 48 papers were excluded as they did not
meet the inclusion criteria. The remaining 31 papers were read
through and an additional 10 were excluded because they did not
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FIGURE 1 | Flowchart of the search and inclusion process.

evaluate a species of Orthoptera or did not collect data on cricket
performance. A total of 21 papers were included in this review.

While many of the studies included heterogeneous parameters
and data, enough were shared that the following data were
extracted and compiled for the purpose of this review: insect
species studied, treatment diets, feed plan, feed source, feed
category, feed composition, feed measurements, crude protein,
carbohydrate, and crude fat compositions of feeding regimes,
insect measurements, insect life stage/duration of study, mean
final weight (g), and final survival. A list of all the raw data for
each study is presented in Supplementary Material 2.

SUMMARY

Insect Species
Of the insect species of Orthoptera examined
(Supplementary Table 1), the most common species by far
is Acheta domesticus Linnaeus, 1758, followed by Gryllus

bimaculatusDe Geer, 1773, and Teleogryllus mitratus Burmeister,
1838, referred to by its synonyms Teleogryllus testaceus Walker,
1869, and Gryllus mitratus Burmeister, 1838, and Gryllus

testaceus Walker, 1869 (Figure 2). There was one study for each
of the following species: Valanga nigricornus Burmeister, 1838,
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FIGURE 2 | Frequency of Orthoptera species across studies.

Xenocatantops humulis Serville, 1838, and Scapsipedus icipe
Hugel and Tanga, 2018 (Figure 2).

Treatment Diets
The number of treatment diets varied from 2 to 18
(Supplementary Table 1). The composition of control diets
consisted either of commercial chicken feed, commercially
available cricket feed, or dog food (Supplementary Table 1). The
alternative feed diets were determined by local vegetable and
animal side-stream resources and varied widely in composition.
The level of processing of alternative diets also varied from
freshly harvested vegetables to processed grains and grocery
store waste filtrate (Supplementary Table 1).

The feeding model for alternative feed treatments can
be divided into two plans: commercial feed supplemented
simultaneously with weeds and/or agricultural and food industry
byproducts, and feed consisting completely of weeds and/or
agricultural and food industry byproducts. The frequency of
implementation of these two feeding plans was nearly equal
(Supplementary Table 1).

The feed sources can be divided into five categories, in order
of frequency: agricultural product, agricultural byproduct,
animal byproduct, commercial feed, weeds, food waste
(Supplementary Table 2; Figure 3). Food waste is defined
as post-consumer vegetables and vegetable byproducts of food

such as heterogeneous post-consumer waste and vegetable and
fruit scraps such as waste from open markets, supermarkets, food
service providers, food distributors, and wholesale food vendors.
The availability of waste from this source is proportionally
smallest within the food production chain; however, the high
quality of marketable products makes is a valuable feed source
(Van Peer et al., 2021). Weeds refer to uncultivated plants
which grow in undesired locations, such as roadsides, fallow
land, fields, and wastelands. Agricultural byproducts are pre-
consumer vegetable products produced in the process of farming
or food processing, as well as plant parts not sold to consumers,
such as rice/wheat bran, barley mash, and mung bean sprout
residue. Most organic residues are produced at this primary
production level and thus present a promising resource for
cricket feed, however they may need to be processed from
their raw form to present suitable feed (Van Peer et al., 2021).
Agricultural products are the primary vegetable products, both
processed and unprocessed such as vegetables, fruits, roots,
grains, flours. Animal byproducts are the byproducts of animal
agriculture and meat production such as blood meal, fish offal,
liver powder, and chicken manure. These have all been shown
to provide excellent sources of protein, vitamins, minerals, and
lipids (Van Peer et al., 2021). Feed sources varied both within
individual studies, with multiple experimental diets composed
from a variety of feed sources, and within single diets, with
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FIGURE 3 | Frequency of feed sources across all diets. AgB, agricultural byproduct; AgP, agricultural product; An, animal byproduct; Cm, commercial feed; FW, food

waste; W, weed.

many individual experimental feeding regimes composed from
multiple sources (Supplementary Table 2; Figure 3).

The nutritional composition of the feeds varied widely. The
composition (as percent of dry matter) across all diets ranged
from 5.2 to 95% crude protein, 1.3 to 69.1% carbohydrate, and
0.1 to 19.3% crude fat, with respective averages of 22.8, 46.3, and
5.1% (Supplementary Table 2).

Feed Measurements
The most common feed macronutrient parameters considered
were crude protein (CP), crude fat (CF), ash, and carbohydrate,
in that order (Figure 4). Crude fat content was also found under
the synonym of ether extract, which refers to the extraction
method for determining crude fat content (Saha et al., 2010),
as well as crude lipid or total oil content, although these
designations may use alternative extraction methods producing a
different composition of substances. Carbohydrate content is also
referred to as starch content (Vaga et al., 2019, 2020), considered
an underestimate of carbohydrate content as it encompasses
a smaller array of carbohydrate fractions (Saha et al., 2010).
Other frequently recorded parameters included dry matter, crude
fiber, phosphorus, calcium, potassium, nitrogen, acid detergent
fiber (ADF), neutral detergent fiber (NDF), manganese, copper,
iron, gross energy, vitamin C, vitamin A, sodium, magnesium,
and zinc. The following were only recorded in one study:
total organic content, cholesterol, phytosterol, ergosterol, total
sterols, vitamins B-carotene, E, K, B1-9, niacin, pantothenic
acid, riboflavin, thiamin, choline, total fatty acids, fatty acid
composition, nitrogen free extracts, starch, soluble nitrogen,
ammonia, pH, and soluble CP.

Insect Measurements
All studies included parameters with which to measure insect
growth and development, with most studies recording mortality
or survival rates as a function of experimental feeding regime
(Figure 5). Insect final survival ranged from 0 to 100% across
studies (Supplementary Table 3) with an average of 53%.
Mean weight and weight gain were also recorded frequently
(Figure 5). The mean final weight across all studies ranged
from 1.39 to 0.03 g (Supplementary Table 3), with an average
of 0.45 g for all insect species. Less commonly observed were
growth index/rate, CP, efficiency conversion of ingested food
(ECI), biomass accumulation, feed conversion ratio (FCR),
final weight, development time, feed intake, dry matter (DM),
crude fat (CF), ash, fiber, weight yield, and water consumption
(Figure 5).

The following were only recorded once: longevity, mortality
between sexes, duration of preoviposition, oviposition, and
postoviposition, developmental duration, body length, daily egg
load, lifetime fecundity, egg eclosion period, egg hatchability
(Magara et al., 2019), quantity of feed consumed, mean
body length, cost of feeding, carbohydrate (Bawa et al.,
2020), P-FCR (protein feed conversion ratio), individual size
(Dobermann et al., 2019), feed conversion (mg/eggs), egg
production (daily) (Fuah et al., 2015), mean consumption of
individual food ingredients ratios and nutrient intake, dry
weight food consumption, percent food assimilation, ending
biomass, ending percentage adults, live weight, dry weight
(Morales-Ramos et al., 2020), energy (Harsányi et al., 2020),
protein conversion efficiency (Lundy and Parrella, 2015), initial
weight (Megido et al., 2016), feed consumption (Miech et al.,
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FIGURE 4 | Frequency of feed nutrients measured across studies. ADF, acid detergent fiber; C, carbohydrate; CF, crude fiber; CP, crude protein; DM, dry matter;

NDF, neutral detergent fiber.

FIGURE 5 | Frequency of insect measurements across studies. CF, crude fiber; CP, crude protein, DM, dry matter; ECI, efficiency conversion of ingested food; FCR,

feed conversion ratio.
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2016), microbial counts and relative abundance (Ng’ang’a et al.,
2020), maturity period (Oloo et al., 2020), nitrogen efficiency,
phosphorus content, total fatty acids (Oonincx et al., 2015),
developmental rate, glycoalkaloid concentrations, fatty acid
content and composition (Sorjonen et al., 2019), daily DM intake,
and periodic FCR (Vaga et al., 2019).

Life Stage and Duration
The timing of insect developmental stages varied widely, ranging
from the onset of experimental feeds at <24 h old, to starting
experimental diets at 4 weeks of age (Supplementary Table 1).
The duration of experimental feeding regimes also varied widely
from 28 days (Megido et al., 2016) to 168 days (Oonincx et al.,
2015).

DISCUSSION

Feed Category Effect on Insect
Performance
Food Waste Diets
Pure food waste diets had an average crude protein content of
17% DM and an average final survival of 6%. Diets which were
supplemented in part with food waste had an average crude
protein content of 23% DM and a 77% average final survival
(Supplementary Tables 2, 3).

The following food waste diets resulted in the highest
final survival (75% or greater) and greatest mean final weight
for both A. domesticus and G. bimaculatus in order from
greatest to least final survival: turnip rape (high protein),
turnip rape (medium protein), and turnip rape (low protein)
(Supplementary Table 3). All 3 of these diets are supplemented
and consist of Patton (1967) diet 16 in which the soybean meal
(major protein source) was replaced by turnip rape (Brassica
rapa). These three diets have between 15 and 30.5% crude
protein, and are mixed diets composed of commercially available
processed animal and plant products and food waste (Patton,
1967).

Of the A. domesticus reared on pure food waste diets,
processed food waste clearly yielded higher mean final weight
than unprocessed food waste. Post-processed grocery store food
waste filtrate processed through proprietary, aerobic enzymatic
digestion performed significantly better regarding both mean
final weight and survival than minimally processed post-
consumer food waste (Lundy and Parrella, 2015). This is
most likely due to the increase in accessible protein content
due to enzymatic digestion. These results imply that high
quality, processed food waste provided as supplementation to a
conventional commercial diet can yield high survival and weight
outcomes. However, lower quality, unprocessed, food waste diets
may not provide adequate nutrition to use independently.

Weed Diets
Pure weed diets had an 18% DM average crude protein content
and 18% average final survival (Supplementary Tables 2, 3). The
single recording of commercial feeds supplemented with weeds
had 85% final survival and 1.39 g mean final weight for G.
bimaculatus. The overall survival on weed diets was low, with

only the chicken feed supplemented with Commelina sinensis
(Ng’ang’a et al., 2020), and pure Ipomoea cairica (Choo et al.,
2017) diets resulting in survival > 44.4%, which yielded final
survivals of 85 and 60%, respectively (Supplementary Table 3).
Unfortunately, neither of the macronutrient compositions were
disclosed in either of these studies.

Final mean A. domesticus weight for weed-based diets were
highest only for pure Synedrela nodiflora and final mean
T. testaceus weights (>0.65 g) were highest for pure Cleome
rutidosperma, Cleome viscosa, and Commelina benghalensis
(Miech et al., 2016) (Supplementary Table 3). These four weeds
contain relatively high crude protein (16.7–22.9%) content
and were all presented to the insects fresh and unprocessed
(Supplementary Table 2).

The overall performance of Orthoptera raised on weed-based
diets suggests that a weed-based feed yields the best performance
when used as a supplementation of conventional diets. However,
weeds containing sufficiently high protein can be used as a pure
diet with satisfactory results.

Agricultural Byproduct Diets
Diets consisting solely of agricultural byproducts had an
average protein of 24% DM and an average survival of 34%
(Supplementary Tables 2, 3). Diets which included agricultural
byproducts supplemented by conventional feeds had average
crude protein content of 23% DM and an average survival of
60% (Supplementary Tables 2, 3). Of the 14 diets containing
agricultural byproducts that resulted in greater that 80% survival,
only two were pure agricultural byproduct feeds. These two were
wheat bran and pumpkin leaves and had crude protein levels of
16.18 and 24.42%, respectively (Supplementary Table 2). Both
successful feeds were agricultural byproducts that had been
processed beforehand. Wheat bran is removed from a dried
wheat seed during the milling process, resulting in a dry,
pulverized substrate. The pumpkin leaves were also dried and
pulverized into a powder, rather than being presented as fresh
leaves (Magara et al., 2019). The remaining 12 high survival
agricultural byproduct diets were all some version of Patton’s
diets 16, 15, or 13 (Patton, 1967), which again consist of a
mix of high quality, processed, animal and plant products
Supplementary Table 3).

The highest mean final weights for S. icipe were recorded
for wheat bran and pumpkin leaves (Supplementary Table 3).
The highest mean final weights for T. testaceus were recorded
in the cassava top and mung bean sprout residue diets, which
had 28.5 and 19.4% crude protein contents, respectively
(Supplementary Table 3). Both diets consisted solely of
agricultural byproducts. The highest G. bimaculatus and A.
domesticus weights were recorded for supplemented Patton’s
3, 13, 15, and 16 diets with 20.4–30.5% crude protein content
(Supplementary Table 3).

The level of processing does not seem to always correlate
with high performance. Cassava tops were fed to T. testaceus
fresh and unprocessed with great success (Miech et al., 2016),
and the lowest recorded survival for agricultural byproduct diets
was the poultry manure + wheat straw + rice silage diet which
resulted in no A. domesticus surviving to a harvestable size
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(Lundy and Parrella, 2015). Although fermented rice silage may
free up accessible nitrogen for the crickets, the relatively low
crude protein (8.8%), and high acid detergent fiber (50%) and
ash (33%) composition of this agricultural byproduct feed was
evidently not ideal. All other agricultural byproduct diets resulted
in final survival of 65% or lower (Supplementary Tables 2, 3).

Agricultural Product Diets
Pure agricultural product diets had an average crude
protein content of 27% DM and 50% average final
survival (Supplementary Tables 2, 3). Diets supplemented
with agricultural products had an average crude protein
content of 24% DM and an average survival of 64%
(Supplementary Tables 2, 3). The diets resulting in 90% or
greater final survival were as follows: Brassica rapa + dog
food, Pure Pride cricket feed + pumpkin powder, Pure Pride
cricket feed + fresh pumpkin pulp, barley mash (medium
protein), young cassava leaf flour + brown rice flour + banana,
barley mash (high protein), soybean meal, taro aerial part flour,
barley feed (medium protein). The average of crude protein
concentration for these diets was 23.8%DMwith all values falling
between 15.0 and 41.1% DM (Supplementary Table 2). Of these
9 diets, only the cassava and brown rice flour+ banana, soybean,
and taro aerial part flour consist wholly of direct agricultural
products, with the remaining 6 relying on supplementation
either dog food, cricket feed, or Patton’s 16 diet mix. The 3 high
performing pure agricultural product diets were all processed
into meals or flours before fed to the insects.

All A. domesticus mean final weights > 0.25 g were recorded
for conventional feeds supplemented with agricultural products
(Supplementary Tables 2, 3). The highest final weights were all
supplemented with cricket feed, Patton’s Diets 3, 13, 15, or 16, or
dog food (Supplementary Table 3). The highest G. bimaculatus
mean final weights were all recorded for 22.5–30.5% crude
protein variations on Patton’s 16 diet (Sorjonen et al., 2019)
(Supplementary Table 3). The highest T. testaceus mean final
weights were recorded for pure agricultural products consisting
of young cassava leaf flour with or without brown rice flour and
banana (Supplementary Table 3).

These results imply that conventional feeds supplemented
with processed or unprocessed agricultural products yield
high survival and weight gain. Agricultural products without
supplementation also have potential as feeds, but only when they
have been processed into flours, meals, etc. Feeds consisting only
of unprocessed agricultural products such as fresh vegetables and
silage result in generally low survival and weight gain.

Crude Protein
Overall, higher crude protein content yielded higher
performance until reaching saturation. Survival and weight
gain increased, and development time decreased, with an
increase in protein content in A. domesticus, S. icipe, and R.
differens (Lundy and Parrella, 2015; Magara et al., 2019; Harsányi
et al., 2020). Sixty-eight percentage of variation in A. domesticus
population viability was attributed to crude protein content
(Harsányi et al., 2020). The positive effects of high feed protein
content appear to reach saturation at protein contents higher

than 20–30%, above which result in greater mortality, lighter
weight, and longer development times (Orinda et al., 2017;
Magara et al., 2019; Oloo et al., 2020). This saturation of the
positive effects of protein was also found to be true in one
study which investigated Ruspolia differens (Serville, 1838,
Orthoptera:Tettigoniidae), implying that this effect may extend
to other Orthoptera as well (Sorjonen et al., 2020).

A high-protein diet was also found to be vital to egg
production and fecundity (Fuah et al., 2015; Magara et al.,
2019). Higher feed protein levels (16.2–56%) correlated with
shorter preoviposition periods, longer oviposition durations,
longer postoviposition durations, higher fecundity, higher egg
hatchability, and shorter egg eclosion periods in S. icipe due to
the high demand for protein compounds in ovipositing females,
as eggs are composed mostly of protein and lipids (Magara et al.,
2019). Magara et al. (2019) also found that diet protein content
caused a strong sex ratio bias in offspring, with a female-biased
sex ratio observed in S. icipe populations reared on higher protein
(16–41%) diets of wheat bran, soybean, and/or pumpkin leaf.
Higher-protein diets were also correlated with higher-protein
content in A. domesticus (Bawa et al., 2020; Oloo et al., 2020).

While FCR generally remained the same across diet
treatments (Oonincx et al., 2015; Miech et al., 2016; Veenenbos
and Oonincx, 2017), a few studies found FCR to be dependent
on diet treatment (Lundy and Parrella, 2015; Sorjonen et al.,
2019) with higher efficiency correlated with higher protein
content in the feed (Sorjonen et al., 2019; Bawa et al., 2020).
Interestingly, fermenting, or ensiling, Phleum pratense, a process
which increases soluble nitrogen, had no effect on FCR of A.
domesticus (Vaga et al., 2019, 2020).

Low-protein diets were shown to lengthen development time
compared to higher protein feeding regimes (Oonincx et al.,
2015; Magara et al., 2019; Sorjonen et al., 2019, 2020; Oloo
et al., 2020), with 68% of the effect on development rate being
attributed to crude protein content (Harsányi et al., 2020). Low
protein diets were shown to result in highermortality (Lundy and
Parrella, 2015; Magara et al., 2019; Sorjonen et al., 2019; Harsányi
et al., 2020) and cause a significant male bias (Magara et al., 2019).

In R. differens, lower feed protein content was shown to
correspond to high fatty acid content. This suggests that lower
feed protein levels necessitates an increase in volume of feed
consumed, resulting in increased carbohydrate consumption and
thus an increase in conversion of carbohydrates into fatty acids
stored in the fat body (Sorjonen et al., 2020).

Inaccessibility of protein resulted in lower survival. Lundy and
Parrella (2015) determined that the protein present in minimally
processed post-consumer food waste was inaccessible to A.
domesticus, causing high mortality. An imbalanced amino acid
profile in blood meal was also shown to result in lower growth
rates for A. domesticus and G. bimaculatus (Orinda et al., 2017).
Megido et al. (2016) found that while cashew leaves contained
an adequate nutritional composition, a cashew leaf diet yielded
extremely high mortality (94.44%) for T. testaceus due to a
negative nitrogen balance.

Sorjonen et al. (2019, 2020) recorded the highest survival
weight gain, and development time outcomes for A. domesticus,
G. bimaculatus, and R. differens for mid-to-high protein diet
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levels (17.9–30.5%) and the lowest for low protein diets (15%),
however, not all mid-to-high protein diets resulted in comparable
performance. Similarly, while the highest survival and weight
gain were found in A. domesticus fed diets containing 20–30%
protein by Patton (1967), not all diets within that range yielded
high performance. Megido et al. (2016) found that protein levels
in diets had no significant impact on protein levels in T. testaceus.
These examples of ambiguity in the correlation between feed
protein levels and insect performance may be attributed to
differences in protein accessibility and amino acid profile.

Carbohydrate
Greater feed carbohydrate content was shown to be associated
with an increase in A. domesticus survival (Vaga et al., 2019,
2020), T. mitratus and A. domesticus weight gain (Megido et al.,
2016; Vaga et al., 2019), and faster development in A. domesticus
and G. bimaculatus (Orinda et al., 2017). Higher A. domesticus
body length was recorded for a vegetable-supplemented chicken
feed diet compared to a pure control diet, which may be
attributed to increased carbohydrate levels (Bawa et al., 2020).

The studies that did not have direct correlations between
carbohydrate content and performance nevertheless had the
highest weights recorded for high carbohydrate levels (Patton,
1967; Sorjonen et al., 2019).

Crude Fat
Crude fat contents ranging from 4 to 20% were associated with
higher S. icipe survival (Magara et al., 2019) and T. mitratus and
A. domesticus weight gain (Lundy and Parrella, 2015; Megido
et al., 2016; Vaga et al., 2020). High fatty acid contents (6.4–9.5%)
were also associated with higher weight in R. differens (Sorjonen
et al., 2020).

Low concentrations of fatty acids, specifically oleic acid
(C18:1n9) and linoleic acid (C18:2n6) may have caused
higher mortality and prolonged development in A. domesticus,
suggesting that at least one of these is required in a successful diet
(Oonincx et al., 2015). These results align with the consensus that
certain lipids, specifically cholesterol, linoleic acid, and linolenic
acid are considered as essential for insect diets (Van Peer et al.,
2021).

Fiber
Overall, high indigestible fiber content in feeds was correlated to
low survival and growth in insects (Lundy and Parrella, 2015;
Orinda et al., 2017; Vaga et al., 2020). Negative associations
between crude fiber and growth were observed for crude fiber
concentrations above 20% for A. domesticus), and positive
correlations for crude fiber concentrations below 10% (Vaga et al.,
2020). Magara et al. (2019) found that higher survival rates were
associated with a slightly larger range of crude fiber content,
between 12.4 and 38.0% in the diets of S. icipe.

The ratio of crude protein to acid detergent fiber explained
28% of the variability in A. domesticus performance (Lundy and
Parrella, 2015). However, there was no correlation found between
fiber levels and T. mitratusweight gain (Miech et al., 2016). These
variations in response to fiber content may be due to the degree of

digestibility of the fiber, as well as variation in the ability to digest
fiber across species.

Supplementation
The effect of supplementing conventional diets with alternative
feeds was positive overall. Higher survival rates were documented
for A. domesticus reared on diets supplemented with alternative
feeds when compared to a control (Sorjonen et al., 2019; Harsányi
et al., 2020; Quek et al., 2020). Higher weight gain was recorded in
supplemented diets compared to control diets for G. bimaculatus
(Ng’ang’a et al., 2020) and A. domesticus (Quek et al., 2020).
Ng’ang’a et al. (2020) found that bacterial endospore counts
were lower for G. bimaculatus that had been fed chicken feed
supplemented with the local weed Commelina sinensis than on
a pure chicken feed diet. This implies that supplementation with
fresh vegetables may reduce risks from bacterial endospores.

Most cases where feed substrate had no significant impact
on weight gain were in supplemented diets (Veenenbos and
Oonincx, 2017; Morales-Ramos et al., 2020; Vaga et al.,
2020). Veenenbos and Oonincx (2017) and Ng’ang’a et al.
(2020) discovered similar survival and development time across
supplemented and pure conventional diets.

Other Sources of Growth and Development
Performance Differences
In the small group experiment of Morales-Ramos et al. (2020),
the authors found that although the control diets yielded
significantly higher survival rates compared to the experimental
diets, the macronutrient contents of all diets contained similarly
high values for crude protein, fat, and carbohydrate content.
In another study, no correlations were observed between
weight gain and feed macronutrient composition, although all
experimental diets resulted in significantly lower weight gain
than the chicken feed control (Miech et al., 2016). These
ambiguities of the relationship between feed macronutrient
content and insect performance may imply that cricket
performance cannot be explained solely by major macronutrient
composition of the diets (Oonincx et al., 2015; Miech et al., 2016;
Orinda et al., 2017; Vaga et al., 2020).

An initial explanation for such a broad range of insect
performances may be because this body of study examines a
range of Orthoptera species. Different Orthoptera, specifically
A. domesticus and G. bimaculatus, have been shown to perform
differently given the same diet (Orinda et al., 2017; Sorjonen et al.,
2019).

Sex has also been shown to have a significant effect on a
number of growth and survival parameters, with female adult
fresh weight higher than male (Kulma et al., 2019; Ng’ang’a
et al., 2020). Male A. domesticus have also been shown to have
higher crude protein, and lower lipid content than females. No
difference in fatty acid or amino acid content across sexes (Kulma
et al., 2019).

The water content of feed substrates, as well as the humidity
of the environment, have been shown to impact the growth and
development of multiple Orthoptera species. Increased water
availability from high water content vegetables was shown to
increase A. domesticus body weight and length (Bawa et al.,
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2020), and the supplementation of fresh vegetables was shown to
decrease water requirements for G. bimaculatus (Ng’ang’a et al.,
2020) and A. domesticus (Vaga et al., 2019). Higher than ideal
humidity levels have been shown to cause high mortality in T.
testaceus (Miech et al., 2016). Meanwhile, lower environmental
humidity levels have been attributed to behavioral changes in feed
consumption, in which the smaller G. mitratus species increased
consumption of fresh leaves to cope with the threat of desiccation
(Fuah et al., 2015).

Micronutrients in feed have also been shown to impact the
growth, development, weight gain, and survival. A. domesticus
fed animal product-based feeds that contained Vitamin B12
developed and grew faster, perhaps due to increased food
utilization efficiency (Morales-Ramos et al., 2020). Sterol,
manganese, and Vitamin C had strongly positive effects on
end biomass, and excessive consumption of vitamins B1 and
B5 interacted negatively with other micronutrients to reduce
biomass accumulation in A. domesticus (Morales-Ramos et al.,
2020). These results align with the fact that Vitamins B1, B2, B3,
and B5, as well as calcium, chlorine, copper, iron, magnesium,
manganese, phosphorus, potassium, sodium, sulfur, and zinc are
generally considered beneficial or essential for insects (Van Peer
et al., 2021).

The presence of other molecules in feed may reduce growth
and survival in A. domesticus. Such substances include D-ribose,
D-xylose, D- and L-arabinose and L-sorbose (Neville and Luckey,
1962), as well as trypsin inhibitors, saponin, lectin, and anti-
herbivore compounds such as glucosinolates (Quek et al., 2020).
However, the presence of lectin in broad beans was not shown to
limit the growth of the Gryllidae species R. differens (Sorjonen
et al., 2020). In the same study, potato glycoalkaloids likely
present in the feed were not shown to decrease R. differens
performance. Further study of the impact of these molecules
and compounds on Orthoptera growth and development is
vital to understanding the specific requirements for successful
alternative feeds.

Feed particles that are too large and lack uniformity have
been shown to reduce feed intake and negatively impact growth
parameters (Patton, 1967; Fuah et al., 2015). A behavioral
preference was observed for soft-textured cassava leaves over
tougher papaya leaves (Fuah et al., 2015), and for softer leaves
and fruit peels rather than drier grains (Kinyuru and Kipkoech,
2018). The source and microbial contamination of feed is also
potentially a major factor in growth and survival, as roadside
collection of forage may introduce parasites or contamination,
causing reduced survival (Miech et al., 2016).

Environmental factors dictate survival and growth
parameters. For example, A. domesticus fed identical diets
were shown to perform differently depending on group size
(Morales-Ramos et al., 2020), large-scale environments were
shown to incur greater metabolic costs (Lundy and Parrella,
2015), and temperature variation may affect mortality (Miech
et al., 2016).

Nutritional variation by developmental stage has also been
shown to significantly impact growth and survival parameters.
A number of studies have shown that there is no observed
difference in weight gain across experimental and control diets

within the first 1–5 weeks of development, after which there
is a sharp decline in weight gain observed for less nutritious
alternative feeds (Patton, 1967; Ng’ang’a et al., 2020; Oloo et al.,
2020; Vaga et al., 2020). Delaying the onset of lower-nutrient
experimental diet regimes until 1–2 weeks after hatching ensures
that the groups have equal metabolic capacity during later stages
of significant growth (Lundy and Parrella, 2015; Dobermann
et al., 2019). This phenomenon is demonstrated by the fact that
S. icipe nymphs fed protein-deficient diets yield smaller adults
(Magara et al., 2019). However, the same study also provides
evidence that S. icipe adults are more susceptible to protein
deficiencies than nymphs. The protein and fat content in crickets
have also been shown to correspond with insect age (Kinyuru and
Kipkoech, 2018). The protein content of A. domesticus has been
shown to increase with age (Finke, 2002). These results imply
overall that supplementing the diet based on developmental stage
may be a viable option for alternative feeds but may result in
smaller mean body weights regardless of what stage is exposed
to more protein-deficient diets.

Sustainability
Farming insects as food and feed has great sustainability
potential, but little research has been done to investigate
the parameters by which sustainability should be measured,
or the components necessary to produce insects sustainably.
Research into the use of weeds, agricultural, and food industry
byproducts as feed allows for an opportunity to answer these
questions, as the ability of Orthoptera species to convert waste
streams into accessible sources of nutrients is the focus of
farming sustainable insects. Sustainability concerning human
food resources encompasses an extremely broad range of
definitions, and an even broader range of methods of possible
interventions. For this paper, the sustainability of insects as a
food source will be defined by the environmental impact of feed
sources and the insect’s efficiency of feed conversion.

The feed conversion ratio (FCR) of A. domesticus is lower
than that of conventional livestock animals. The best performing
(lowest) FCR in live weight for A. domesticus range from 1.1
to 2.3 (Lundy and Parrella, 2015; Oonincx et al., 2015; Miech
et al., 2016; Veenenbos and Oonincx, 2017; Bawa et al., 2020;
Vaga et al., 2020). In regards to Gryllidae, R. differens live weight
FCR was demonstrated as low as 0.63 (Sorjonen et al., 2020).
These are significantly lower than live weight FCR values of beef
(10–12) and pork (5–6), and comparable to that of chicken (1.7–
2.5) (Feddes et al., 2002; Smil, 2002a; Lundy and Parrella, 2015).
However, the proportion of edible weight of crickets (80%) is
significantly higher than that of beef (40%), chicken, and pork
(55%) (Nakagaki and Defoliart, 1991; Flachowsky, 2002; Smil,
2002a). Thus, the edible weight FCR of A. domesticus (1.7) is less
than half of that of chicken (4.2), and a fraction of pork (10.7) and
beef (31.7) (Smil, 2002b; Lundy and Parrella, 2015). Similarly, the
dry matter edible efficiency conversion of ingested food (ECI) is
much more efficient for A. domesticus (21.1%), compared to that
of poultry (9.9%), pork (8.5%) and beef (3.6%) (Nakagaki and
Defoliart, 1991).

An increase in feed protein content has been shown
to decrease FCR and increase ECI (Oonincx et al., 2015;
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Sorjonen et al., 2019). High-protein weed and byproduct diets
resulted in high-performing live weight FCR values of 0.63–
1.5 for various edible Orthoptera (Miech et al., 2016; Sorjonen
et al., 2019, 2020; Bawa et al., 2020). These results imply
that the metabolic efficiency of Orthoptera species may be
improved when reared on sufficiently nutritious waste-sourced
feeds. In two cases, however, the live weight FCR (Miech
et al., 2016) and dry weight ECI (Morales-Ramos et al.,
2020) did not vary between diet treatments with variations in
macronutrient nutrient compositions. While this implies the
influence of parameters besides macronutrient composition on
food conversion efficiency, it also demonstrates that alternative
feed sources can produce comparable FCR and ECI outcomes to
conventional feeds.

If the successful growth and survival of crickets depends
on the quality of the feed substrate, identifying scalable, high-
quality feed sources is key to successfully integrating crickets
as a protein source. Feed sources are the major contributor of
emissions when raising animals for protein (Fiala, 2008; Lehner
and Rosenberg, 2017); therefore, the ability of crickets to be raised
on weeds and agricultural and food industry byproducts may
allow them to be both less resource-intensive, and more efficient,
than conventional meat livestock (Lundy and Parrella, 2015).
With the edible weight FCR performance of Orthoptera fed low-
quality weeds and agricultural and food industry byproducts
surpassing that of poultry, taking advantage of resources that
would otherwise be disposed of would render Orthoptera even
more sustainable. Thus, waste can be reintroduced to the
consumption cycle via the metabolic capabilities of insects and
introduced an entirely new source of human nutrition with little
to no loss of additional resources.

Another challenge to the sustainability of edible cricket
operation is establishing continuous local supply of a
nutritionally viable feed source (Van Peer et al., 2021).
While identifying waste sources with high nutritional
composition may seem difficult in terms of economic
feasibility, such feeds produced greater weight gain, length,
and protein content, which may be vital to making economical
decisions on feed composition. Of the sustainable feed sources
examined, several present viable options as resources for
mass producing Orthoptera as a human food source. Based
on the distribution of feed source types within successful
experimental diets, the most successful sources for alternative
feed are supplemented food waste, weed, or agricultural
byproducts. One challenge is that these sources may also
provide potential food resources for humans. An example
is the cassava plant (Manihot esculenta), where the raw
tops, leaves, or dried plant material has been ground into
flour and used as a feed resource. Several studies have used
cassava plant parts to great success, either as a supplement
to commercial diets, or as a pure alternative feed source
(Fuah et al., 2015; Megido et al., 2016; Miech et al., 2016).
However, cassava plants are also commonly consumed by
humans, making their use as insect feed counterproductive
if the plant parts could be used to improve the diets of
malnourished humans.

SHORTCOMINGS AND FUTURE
DIRECTIONS

There are several gaps in research and promising directions
for future study. One major problem is the lack of study
standardization. For example, the onset of experimental diets
varies from <1 day old to 57 days old (Supplementary Table 1).
This makes comparing performances in response to diet across
studies difficult, as a variation in nutritional quality throughout
the life cycle has been shown to cause differences in growth and
survival across the entire lifetime (Patton, 1967; Ng’ang’a et al.,
2020; Oloo et al., 2020; Vaga et al., 2020).

Feed measurements similarly lack standardization.
Macronutrient extraction methods are not reliably disclosed,
making it difficult to determine whether crude or pure protein
contents are presented in nutrient composition tables. This is
especially true in the case of fiber contents. Different studies may
report crude fiber, acid detergent fiber, and neutral detergent fiber
contents. Each of these fiber measurements varies in extraction
methodology and thus content, making them impossible
to compare across studies. The same problem applies to
carbohydrates, which are vaguely listed under starch or nitrogen
free extracts. Furthermore, the macro- and micronutrients
disclosed vary widely between studies. While most studies
include crude protein, crude fat, ash, and carbohydrate content
of the feed, the significance of other parameters should not
be overlooked.

While several interesting and useful feed parameters were
described, they appeared in very few studies. These include
fatty acid, vitamin, and amino acid contents, as well as
microbial diversity and abundance. The ratio of collagen to total
protein content of animal product-based feeds may be vital to
establishing appropriate amino acid composition and content of
a feed (Van Peer et al., 2021). Crickets have been shown to contain
antinutrients, specifically tannins and phytic acid (Adeduntan,
2005). Antinutrient content of crickets is thought to be associated
with allelochemicals present in plants that they feed on, but
information on this subject is limited and warrants further
investigation (Meyer-Rochow et al., 2021). Strong evidence for
the importance of these micronutrient contents to determining
growth and survival performance of Orthoptera demonstrates
that a greater number of studies should provide and disclose such
analysis of their feeds.

A lack of insect measurement standardization represents
a further barrier to successful synthesis. While most studies
examine mortality and weight, weight is listed under many
different labels such as weight gain, mean weight, individual
weight, weight yield, initial and final weight, live weight, and dry
weight (Supplementary Table 1). Even less reliably disclosed are
growth, ECI, FCR, crude protein content, and development rates.
Furthermore, investigation into bacterial endospore presence in
regards to diets and rearing environment presents an important
and little-explored aspect to cricket rearing (Vandeweyer et al.,
2017).

Misidentification of both insect and feed plant species is
another issue that arises within this body of study. Given
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the evidence that species show differences in growth, survival,
and feed conversion ratio performance, correct identification of
insect species is vital to designing feed parameters for a rearing
candidate species. Studies should follow current classification
including taxonomic synonyms (Fuah et al., 2015) and provide
rigorousmethods for the identifications, including the deposition
of vouchers.

Overall standardization and clearer disclosure of experimental
diet onset, nutrient extraction methods, feed measurements,
insect measurements, and rigorous species identification would
make a synthesis of performances across studies of edible
Orthoptera fed weeds and agricultural and food industry
byproducts much more rigorous.

CONCLUSION

This article reviews the literature on the performance of edible
Orthoptera raised on diets of weeds, agricultural and food
industry byproducts. In doing so, we provide an overview of
the common methods and practices of such studies and clarify
requirements for future directions in the field. This review
focused on 22 studies conducted between 1967 and 2020, which
represented the most relevant articles surrounding the growth,
survival, and other performance outcomes of edible Orthoptera
fed diets composed partly or wholly of alternative feeds.

The focus of the discussion was on the effects of feed
substrate and macronutrient composition on survival, weight,
development, efficiency, and nutritional outcomes of the insects.
Overall, positive trends in performance were identified with
higher crude protein, carbohydrate, and fat compositions.
However, there exists some nuance across studies as to whether
macronutrient content alone can account for differences in insect
performance. Thus, attention should be paid to other aspects of
feed composition such as vitamins, minerals, amino acids, and
fatty acids to confidently prescribe an ideal feed. Additionally,

differences in performances were observed across Orthoptera
species fed the same diet, implying that species-specific metabolic
capacities warrant consideration.

The overall performance of edible Orthoptera raised on
weeds, agricultural, and food industry byproducts is promising.
There is much evidence to suggest that organic waste resources
of sufficient quality can produce Orthoptera as successfully
as conventional commercial insect feeds. This suggests that
Orthoptera may be reared as a human food source both
sustainably and inexpensively, as feed resources could be sourced
from locally available resources. This breakthrough in sustainable
protein production for human consumption could not only
provide vital food sources to malnourished and impoverished
communities otherwise unable to feed themselves, but also
a revolution in the sustainability of conventional livestock
agriculture in developed nations.
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