The Development and Evaluation of a Gut-Loading Diet for Feeder Crickets
Formulated to Provide a Balanced Nutrient Source for Insectivorous
Amphibians and Reptiles

by
Lydia Attard

A Thesis
Presented to
The University of Guelph

In partial fulfillment of requirements
for the degree of
Masters of Science
In
Animal and Poultry Science

Guelph, Ontario, Canada
© Lydia Attard, March, 2013

ABSTRACT
In captivity the diversity of prey items for obligate insectivores is limited and nutritionally
inadequate, leading to nutrient deficiencies. Zoological institutions utilize gut-loading, an insect
supplementation technique, to compensate for these nutrient shortcomings.
This study developed a gut-loading diet (GLD) to enhance the nutritive quality of the
domestic house cricket (Acheta domestica) for insectivorous amphibians and reptiles, with the
requisite that it also met cricket foraging and palatability needs.
Gut-loaded cricket analysis established its effectiveness such that the targeted level of most
nutrients required by the end consumers were met after consuming the diet for 24 hrs (Ca:P of
1.127; vitamin A (retinyl acetate) level of 12,607 IU/kg; vitamin E level of 342 IU/kg and a
linoleic fatty acid level of 4.62%), peaking at 2 days for some and remained above targeted
amounts for at least 4 days. A list of cricket gut-loading optimization husbandry procedures has
also been recommended.
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CHAPTER 1
INTRODUCTION
Insectivorous amphibians and reptiles in captivity are typically limited to consuming very few
insect species. One of the most commonly used and commercially available is the domestic
house cricket (Acheta domestica) (Allen and Oftedal 1982; Barker et al. 1998; Anderson 2000;
McClements et al. 2003; Hunt Coslik et al. 2009). Fundamentally, the nutritive value of insects
is a function of the diet they consume and environmental factors to which they are exposed. As a
result, differing diets, temperatures and locales will produce different nutritional analytical
results for insects of the same species (Allen and Oftedal 1982, 1989). In general, however,
insect species contain inadequate levels of calcium and several other nutrients required by their
insectivorous consumers (Allen and Oftedal 1982; Bernard and Allen 1997; Barker et al. 1998;
Anderson 2000; Finke 2003; Finke et al. 2005; Hunt Coslik et al. 2009). As a result,
insectivorous amphibians and reptiles in zoological institutions are prone to nutrient deficient
diseases such as osteomalacia, lingual squamous metaplasia (“short tongue syndrome”) and
metabolic bone disease (Bernard et al. 1991; Allen et al. 1993; Allen et al. 1996; Bernard and
Allen 1997; Finke 2003; Pessier 2007; Hunt Coslik et al. 2009; Li et al. 2009).
Zoological institutions have a responsibility to administer feeding programs which ensure that
nutritional deficiencies do not develop. This includes supplementation techniques that
compensate for known shortcomings in the nutrient composition of feeder insects. Gut-loading is
one such technique which is commonly used to enhance the nutritive quality of feeder insects. It
has mainly been applied to enhance their mineral composition (mainly calcium) but recently
other nutrients such as vitamins A and D, carotenoids and unsaturated fatty acids have been
augmented using this technique (Allen and Oftedal 1989; Bernard and Allen 1997; Anderson
1

2000; Hunt et al. 2001; Finke 2003; McClements et al. 2003; Finke et al. 2005; Schlegel et al.
2005; Hunt Coslik et al. 2009; Li et al. 2009).
Essentially, gut-loading offers a nutrient dense diet to an insect prey species. This diet is
comprised of a specific array and concentration of nutrients which compensates for known
inadequacies in the cricket’s whole body nutrients. As a result, after sufficient ingestion of the
diet, the insect’s gastrointestinal tract is filled such that a distended crop and full mid gut is
maintained. The nutrients present, therefore, are not designed to be absorbed by the insect but to
be retained in its gastrointestinal tract and hence, delivered to the end consumer once they have
consumed the insect. As a result, the insect’s nutritive composition is comprised of both the
insect’s whole body nutrients and the retained diet. The gut-loaded insect is expected to provide
a balanced nutrient package to the end consumers which, in many instances and for the specific
purpose of this study, are insectivorous amphibians and reptiles (Allen and Oftedal 1989; Hunt et
al. 2001; Finke 2003; Finke et al. 2005).
Despite the use of this supplementation technique, nutrient deficiencies still persist in target
species fed gut-loaded insects. This may be due to a variety of reasons including the inconsistent
methodologies used when gut-loading, as well as the nutrient composition of the gut-loading
diets (GLDs) themselves. Recent investigations on a few of the commercially available GLDs
have shown that they fall short of their advertised claims for nutrient delivery (Finke et al. 2005).
Such dietary inconsistencies may impair growth or even cause illness in the animals consuming
the inadequately gut-loaded insect. The manufacturer of the GLD plays a very important role in
maintaining diet quality and consistency and hence, ultimately, the health of the animal the diet
was intended for. As a result, it has been recommended to periodically test GLDs to ensure that
established nutrient level specifications, as well as advertised gut-loading abilities, are met
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(Ward and Crissey 1997; Finke et al. 2005). Indeed, Finke et al. (2005) have gone as far as
recommending that zoological institutions formulate their own nutrient-provisioned GLDs for
cricket consumption accompanied with scheduled periodic nutrient analyses. Based on this
recommendation, as well as the inconsistent success of commercially available GLDs and the
nutritional deficiency diseases still being diagnosed in captive insectivorous amphibians and
reptiles, this study was initiated to develop a new GLD appropriate to the Toronto Zoo
collection.
Certain dietary aspects must be taken into consideration during the formulation of a new diet
to enhance the nutritive quality of domestic house crickets (Acheta domestica) so that upon its
sufficient ingestion, each cricket would be a balanced nutrient package for insectivorous
amphibians and reptiles. Potential cricket nutrient inadequacies with respect to insectivorous
amphibians and reptiles require determination. Initially these can be established by comparing
nutrient compositional analyses performed on fasted cricket samples with those of other
investigators. The resulting nutritional values would then be compared to insectivorous
amphibian and reptile nutrient requirements. Finke (pers. comm., September 2005) and other
investigators (Hunt Coslik et al. 2009) recommend that the estimated nutrient requirements for
both insectivorous amphibians and reptiles should be assumed to be the same and are generally
based on estimates determined for reptiles, since less work has been done on amphibians. Once
the nutritional limitations of the cricket itself have been identified, the GLD can be formulated to
address these deficiencies. A key aspect of this approach is an understanding of the relative
amount of diet that can be ingested by the cricket as a function of its body weight, since this will
determine the concentrations of supplemental nutrients that must be included in the diet so as to
result in an overall balanced nutrient profile in the gut-loaded feeder cricket. A 1.67 cm cricket
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was chosen as a representative of crickets for diet formulation as it is roughly mid-size between a
juvenile and an adult. Although metric units are more appropriate to a scientific report,
commercially crickets are described in imperial measure, so a 1.67 cm cricket would be
designated as two-thirds of an inch, which would typically represent the 4-6 instar stage of
development. Consequently, the resulting cricket nutrient limitations and the estimated 12%
cricket gut-loading capacity on a dry matter basis of 1.67 cm crickets could then be used as a
baseline from which to design the GLD. Formulation would include appropriate levels of the
established potentially deficient nutrients.
In an effort to improve palatability and to maximize diet consumption by crickets the
ingredients used to formulate the diet should be mainly plant based so as to offer food and hence,
nutrients, in a form which would be similar to what they would consume in the wild (Hunt et al.
2007). In addition, the plant based diet could also supply some vitamin A precursors, i.e.,
carotenoids, and perhaps other nutrients which may also be similar to the natural diet of the end
consumer, especially for those consuming mainly herbivorous/omnivorous insects (Hunt et al.
2007; Li et al. 2009). Another advantage of basing the diet on primarily plant based ingredients
is that it could have a longer shelf life than those formulated using animal based components.
In order to further optimize the cricket’s gut-loading ability and to improve experimental
procedures, methodologies employed during previous gut-loading studies by other researcher
should be assessed to discover any procedural variability or other problems which may
contribute to inconsistent results and low GLD consumption.
Consequently, by taking these many factors into consideration during the formulation of the
cricket GLD and during cricket feeding the cricket’s consumption ability and hence, gut-loading
could be optimized. Many of the findings could then be used to develop cricket gut-loading
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optimization recommendations, which could accompany the new GLD, ensuring the delivery of
an optimal nutrient package and a high quality diet to the end consumers, the insectivorous
amphibians and reptiles.
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CHAPTER 2
LITERATURE REVIEW
2.1

Overview
Obligate insectivores in their natural habitats consume a wide variety of insect species,

particularly at times of greatest nutritional need (e.g., reproduction, egg production, growth and
development of young) (Allen and Oftedal 1982). Ideally, zoological institutions should mimic
the wild diets by offering a variety of insect species for consumption. This would hopefully
ensure that all the insectivore’s nutrient requirements are provided for. Unfortunately, the
diversity of prey items available for captive husbandry is limited to very few insect species and
often to two, crickets (Acheta domestica) and mealworms (Tenebrio molitor) (Allen and Oftedal
1982; Barker et al. 1998; Anderson 2000; Browne 2000; McClements et al. 2003; Hunt Coslik et
al. 2009) (Table 2.1).

Table 2.1 Possible reasons for the scarcity of available feeder insects and for factors
contributing to their limited use.
1. In some regions, crickets (Acheta domestica) and mealworms (Tenebrio
molitor) are the only insects that are legal due to fears of potential pest
problems (Browne 2000).
2. For most zoos, being able to purchase a steady supply of various insect
species would be quite expensive and/or difficult to obtain with any
consistency.
3. Propagating a variety of insect species, consistently in-house has its own
challenges and expenses. These include space for housing, costs to maintain
proper environments and husbandry rearing costs.
4. To ensure the adequate delivery of required nutrients one must dispense and
ensure the consumption of a variety of insect prey species in appropriate
combinations. This of course presents many challenges.

The reliance of captive insectivores on only one or two insect species likely makes them more
6

prone to nutritional deficiencies such as calcium, vitamin A and D deficiencies with the potential
to cause disease such as osteomalacia, lingual squamous metaplasia (“short tongue syndrome)
and metabolic bone disease (Bernard et al. 1991; Allen et al. 1996; Bernard and Allen 1997;
Finke 2003; Pessier 2007; Li et al. 2009; Hunt Coslik et al. 2009). Since most of the animals at
particular risk of developing these deficiencies feed solely on live animals, the flexibility of
using other sources, such as artificial diets, to provide a more balanced nutrient profile is also
limited because these are typically not palatable (Bernard and Allen 1997; McClements et al.
2003). Consequently, a procedure must be established whereby the number and species of feeder
insects offered optimizes the sufficient delivery of required nutrients. As a first step, the
nutritional value of each feeder insect needs to be ascertained. Secondly, the nutrient
requirements of insectivorous amphibians and reptiles must be established. Dietary
deficiencies/excesses can then be determined for each insect species and compensation for these
dietary inadequacies, using a combination of feeder insects, can then be attempted.

2.2

Insect Nutrient Composition
Nutrient compositional analyses performed on invertebrates used in zoo feeding programs are

commonly limited by a lack of funds. Researchers, therefore, have concentrated on what are
thought to be the most critical nutrients required by insectivores. These include protein, energy
content and the levels and ratio of calcium (Ca) and phosphorus (P) (Barker et al. 1998; Finke
2002, 2003; Finke et al. 2005). Calcium and P have always been of primary concern because
diets using invertebrates are deficient in an absolute or relative Ca level (e.g., by having a low
Ca:P ratio) causing depressed reproductive performance as well as crippling diseases such as
rickets, osteomalacia and metabolic bone disease (Trusk and Crissey 1987; Allen et al. 1993;
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Allen 1997; Barker et al. 1998; Hunt et al. 2001; Finke et al. 2005; Hunt Coslik et al. 2009).
Recently, Finke (2002, 2004) compiled comprehensive nutrient composition analyses of many
commercially available insect prey species. In general, insect species are inadequate nutrient
packages on their own because they lack several nutrients, with Ca being among the most critical
(Bernard and Allen 1997; Barker et al. 1998; Finke 2003; Finke et al. 2005) (Table 2.2).
Fundamentally, the nutritive value of insects is a function of the diet they consume and
environmental factors to which they are exposed. As a result, differing diets, temperatures and
locales will produce different nutritional analytical results in insects of the same species (Allen
and Oftedal 1982, 1989). Despite these potential nutrient discrepancies, the reported nutritional
values can still be used to establish baseline nutrient concentrations of the species analyzed.

Table 2.2 Insect nutrient compositional trends (Adapted from Barker et al. 1998.)
1. Insects and other invertebrates in general contain high levels of protein,
although a portion may be chemically bound within the exoskeleton. Chitin
(measured as NDF) comprised ~15% of DM in most species.
2. Insects (with the possible exception of pinhead crickets) are a poor dietary
source of Ca and possess inverse Ca:P ratios.
3. Larval stages contain significantly more fat than adults. Crickets which do
not have a larval form had higher fat as adults than nymphs.
4. Insects are a poor dietary source of preformed vitamin A
5. Most insects sampled met the dietary vitamin E recommendations for
domestic mammalian carnivores (20-80 IU/kg DM).
6. All invertebrates sampled contained adequate levels of Cu Fe, Mg and Zn to
meet dietary requirements, based on domestic animal recommendations;
only Mn levels may have been deficient.

2.3

Nutrient Requirements of Insectivorous Amphibians and Reptiles
Insect nutrient compositional values can be compared to the nutrient requirements of

insectivores. Any nutrient inadequacies can then be ascertained. To determine the precise
8

requirement for a specific nutrient, traditional studies supply a range of intakes to either cause a
deficiency or toxicity. These types of studies must be performed under controlled conditions,
manipulating just one nutrient at a time. Information from these studies is limited for
insectivorous amphibians and reptiles (Ward and Crissey 1997). Consequently, they have been
largely extrapolated using National Research Council (NRC) requirements for rats and
occasionally cats, and to a lesser degree from studies performed on carnivorous reptiles (Allen
and Oftedal 1982, 1994; NRC 1995; Ward and Crissey 1997; Finke 2002, 2003). Even though
rats may have more in common nutritionally with amphibians and reptiles it must be kept in
mind that endothermic and exothermic animals differ in their energy demands. The amount of
energy required by exotherms is comparably less and therefore, one is likely to underestimate
their nutrient requirements due to their decreased food intake. In reality, the quality of food they
consume must be more nutrient-dense (i.e., a higher nutrient content per unit of energy), thus
compensating for their low intake (Finke 2002, 2003; Finke et al. 2005). The use of cat nutrient
requirements, on the other hand, will be used sparingly since according to Finke (pers. comm.,
September 2005) requirements for cats report some nutrients which have not necessarily been
based on controlled experimental studies. Cats are also nutritionally and metabolically unusual
due to their strict carnivory. Finke (pers. comm., September 2005) also indicates that they require
and/or tolerate various levels of certain vitamins and essential amino acids which most other
mammals do not. For example, dietary levels of vitamin A toxic to rats are not so for cats (Case
et al. 2011). The cat, therefore, may not be the best model. Although, using the nutrient
requirements of other species is not ideal, it provides a basis from which to derive the values
since information regarding the nutrient requirements of insectivorous amphibians and reptiles is
lacking.
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Another avenue from which insectivorous nutrient requirement information has been obtained
is from improved veterinary diagnostic techniques and an aging captive insectivore population.
Certain medical physiological/nutritional conditions have been identified such as metabolic bone
disease in water dragons, thiamine deficiencies in Puerto Rican crested toads, vitamin A
deficiencies in chameleons and Wyoming toads, as well as vitamin D deficiencies in leopard
geckos and green iguanas (Bernard et al. 1991; Allen et al. 1996; Finke 2003; Li et al. 2009;
Hunt Coslik et al. 2009). Furthermore, as recommended by Finke (pers. comm., September
2005) and other investigators (Hunt Coslik et al. 2009), the use of estimated nutrient
requirements for both insectivorous amphibians and reptiles will be assumed to be the same and
will be based on estimates determined for reptiles since less work has been done on amphibians.
Consequently, through the collective discoveries of both the nutritional and medical
communities, nutritional measures to prevent dietary mediated medical conditions can be
implemented. This can be achieved by establishing nutrient requirements and compensating for
the deficiencies/excesses through their diet.

2.4

Methods of Cricket Nutrient Supplementation
Domestic house crickets (Acheta domestica) are an important, commonly used food source

for many insectivorous amphibians and reptiles kept by zoos and hobbyists. This occurs because
a consistent commercial supply is always available and, for the most part, reasonably priced.
However, like other commercially available insect species, crickets contain inadequate levels of
calcium and several other nutrients required by their consumers (Allen and Oftedal 1982;
Bernard and Allen 1997; Barker et al. 1998; Anderson 2000; Finke 2003; Finke et al. 2005; Hunt
Coslik et al. 2009). Accordingly, since there is a limited number of feeder insect species
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available, zoological institutions have a responsibility to administer feeding programs
which attempt to ensure that nutritional deficiencies do not develop. This includes
supplementation techniques that compensate for known shortcomings in the nutrient composition
of their feeder insects. Two techniques which have been commonly used to enhance mineral
composition (mainly calcium) of feeder insects are dusting and gut-loading.

2.4.1

“Dusting”

“Dusting” involves coating the feeder insect with a nutrient powder prior to being fed to the
insectivore. While theoretically effective over the short term for terrestrial insectivores, this
method can provide variable results. The amount of “dust” that adheres to the insect depends on
the characteristics of the powder (such as particle size and electrostatic properties), the size of the
animal and the time between dusting and consumption, since “grooming” by the coated insect
will remove the supplement over time. This is especially true of the cricket (Trusk and Crissey
1987; Hunt et al. 2001; Finke 2003; McClements et al. 2003; Finke et al. 2004; Hunt Coslik et
al. 2009). Adult crickets are able to clean themselves of 50% of a dusting supplement within 2.5
minutes (Li et al. 2009; Sullivan et al. 2009). Dusting agents containing high levels of calcium
may also adversely affect the palatability of the insect, and certain nutrients may not be available
in a form suitable for dusting (Bernard and Allen 1997; Finke 2003). Many researchers have
concluded that dusting crickets is an ineffective method of improving their Ca:P ratio (Trusk and
Crissey 1987; Finke 2003; McClements et al. 2003). For example, in one study 100 crickets were
dusted with 1/8 tsp of supplement which was 11% Ca and 3.2% P (Trusk and Crissey 1987).
After dusting, 10 g cricket samples were collected at intervals of 5 min, 3 hrs and 22 hrs.
Samples analyzed for each time period yielded disappointing results since the Ca:P ratio was still
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below the desired 1:1. The low amount of supplement used was possibly to increase palatability,
but this may have facilitated its removal via grooming by the cricket. Other researchers have
been more successful. For example pinhead and juvenile crickets that were sampled immediately
after dusting with a high calcium supplement (39%) showed a desirable Ca:P ratio (McClements
et al. 2003; Schlegel et al. 2005). However, many crickets would not be consumed right away so
this benefit would not persist. Such studies highlight the problem of supplement removal by
grooming over time (Trusk and Crissey 1987; Hunt et al. 2001; McClements et al. 2003; Finke
2003; Finke et al. 2004).

2.4.2

Gut-loading

The second supplementation technique, gut-loading, is the most utilized, tending to be more
consistent and significantly more successful than the “dusting” technique (Allen and Oftedal
1989; Finke et al. 2005; Hunt Coslik et al. 2009). It offers a nutrient-dense diet to an insect prey
species so that after sufficient ingestion, its gastrointestinal tract is filled. Its nutritive
composition, therefore, is comprised of both the insect’s whole body nutrients and the retained
diet within its gastrointestinal tract. Depending on the diet formulation, the gut-loaded insect is
expected to be nutritionally balanced with respect to the predator’s needs, thus providing it with
its complete nutritional requirements (Allen and Oftedal 1989; Finke et al. 2005). The insect
therefore, becomes a balanced nutrient package for the animal being fed, not through the
absorption of the diet but through its retention in the gastrointestinal tract (Hunt et al. 2001;
Finke 2003; Finke et al. 2005). Gastrointestinal tract capacity may vary among insect species and
as a result, the relationship of dietary nutrients and nutrients in the bodies of insects may be
species specific (Allen and Oftedal 1989; Allen 1997).
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2.5

Factors Affecting Cricket Gut-Loading
Gut-loading has been heavily researched with the primary emphasis being on achieving a 1:1

Ca:P ratio (Allen and Oftedal 1989; Anderson 2000; Hunt et al. 2001; Finke 2003). Many
researchers have had inconsistent success achieving this ratio, most probably due to
inappropriate experimental methodologies. This variability in results probably represents a
failure to appreciate the influence of several physiological and behavioural key factors on food
intake by crickets and hence, gut-loading success. These factors include insect age (e.g., crickets
in their last week of life do not feed readily), insect size (weight), moisture source and
environmental factors such as temperature since intake is positively correlated with ambient
temperature, as well as pattern of feeding, transit time of ingesta and fecal excretion (Trusk and
Crissey 1987; Allen and Oftedal 1989; Allen 1997; Bernard and Allen 1997; Ward and Crissey
1997; Anderson 2000; Hunt et al. 2001, 2003; Finke 2003; Finke et al. 2005; Schlegel et al.
2005). Other factors affecting success are diet palatability, diet particle size and the length of
time required to consume the diet to sufficiently gut-load. One other very important factor, often
ignored by researchers is the cricket’s developmental stage (i.e. the insect’s growth stage within
its instar). Consequently, all these factors must be considered during the implementation of the
gut-loading technique so as to ensure its success.

2.5.1

Cricket Size (weight)

Initially the potential benefits of gut-loading may be calculated by knowing the weight of the
insect so as to calculate the capacity of its gastrointestinal tract and hence, estimate its potential
nutrient value if gut-loading is successful (Finke 2002, 2003). On a dry matter (DM) basis, many
researchers have found that the gastrointestinal tract contents of crickets, as a percentage of body
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weight, decrease with increasing body size (Hunt et al. 2001; Finke 2003; Finke et al. 2005).
This could also be due to the smaller crickets gut-loading to their maximum faster than their
larger counterparts. The larger crickets may not have ingested to full gastrointestinal tract
capacity before they were sampled for testing (Hunt et al. 2001). There could be other
explanations yet to be investigated. According to Finke (pers. comm., September 2005) the gut
loading contents represent ~ 11-13% of adult cricket DM weight and ~13-15% of nymphal
cricket DM weight.

2.5.2

Moisture Source

High calcium diets have a lower palatability when compared to produce used as a water
source. McClements et al. (2003) achieved limited gut-loading success but reported that it was
difficult to do this with any consistency. Besides temperature variations within the 11 animal
buildings tested at the Brookfield Zoo, Chicago, the researchers also cited that the consumption
of the diet may have been compromised due to an insufficient moisture source at some of their
experimental locations. This is consistent with other studies which used produce rather than a
fresh water source (Trusk and Crissey 1987; Bernard and Allen 1997; Ward and Crissey 1997).
Crickets feeding on a high calcium gut-loading diet have lower calcium levels when produce is
used as a moisture source compared to those using fresh water.

2.5.3

Environmental Factors

In regards to the possible effects of temperature, Hunt et al. (2001) found that achieving a 1:1
Ca:P ratio with an 8% Ca diet was extremely difficult, even under laboratory conditions at
ambient temperatures of 23-41oC. McClements et al. (2003) had better results with respect to Ca
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and P concentrations at temperatures above 26.7oC but experienced limited success at lower
temperatures. The critical upper temperature limit for many insects is between 40-45oC (Daly et
al. 1998). Ghouri and McFarlane (1958) found that an ambient temperature greater than 38oC
was lethal to Acheta domestica. Low temperatures can also cause reduced feed intake resulting in
sub-optimal Ca:P ratios (Ward and Crissey 1997). Crickets prefer temperatures between 26-32oC
(Finke et al. 2004). Other researchers suggest that temperatures between 28 and 35oC are optimal
(Ghouri and McFarlane 1958).Therefore, exposure to the higher or lower temperatures during the
experiments may have adversely affected gut-loading by hampering ingestion of the diet.
Conversely, crickets exposed to temperature ranges between 26-29oC did achieve a 1:1 Ca:P
ratio (Allen and Oftedal 1989).

2.5.4

Diet Palatability and Diet Particle Size

Diet palatability is a major factor in regard to its influence on gut-loading, since if the crickets
refuse the diet to a certain degree they may not gut-load sufficiently. Palatability is dependent in
part on the types of nutrients/ingredients used to formulate the diet. The effect of the diet’s
physical form i.e., particle size was another important factor given attention. Anderson (2000)
tested a high Ca diet and was unsuccessful in achieving a 1:1 Ca:P ratio. One possible factor
contributing to food consumption variability among the dietary treatments was the physical form
of the diet as it was coarsely ground. The researcher also cited that factors such as diet
palatability, not enough test replicates and small sample sizes may also have added to the lack of
success. Other investigators have also reported that crickets, especially the very young (i.e., the
first few instars which are smaller in size and have smaller mouth parts), prefer finely ground
diets over those that are coarse or pelleted (Allen and Oftedal 1989; Bernard and Allen 1997;
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Anderson 2000; Finke 2003; Finke et al. 2005).

2.5.5

Time Required to Gut-Load Sufficiently

Researchers have shown that gut-loaded crickets on an 8% (Allen and Oftedal 1982; Trusk
and Crissey 1987; Allen and Oftedal 1989) or a 9.07% (Hunt Coslik et al. 2009) calciumfortified diet will improve their Ca:P ratio only after feeding on the diet for 2-5 days (8% Ca
diet) or 2-4 days (9.07% Ca diet). The ratio reaches optimal levels (1:1) at 2-3 days (8% Ca diet)
or 2-4 days (9.07% Ca diet) and then begins to fall after day 5 (8% Ca diet) or day 4 (9.07% Ca
diet). Consequently, 48 hours on this type of diet is typically sufficient time to maximize the
calcium content of crickets (Allen and Oftedal 1989; Hunt Coslik et al. 2009).
One drawback of these high calcium diets is that they are not designed to provide optimal
nutrient levels for cricket growth or reproduction. Extended consumption of these diets,
therefore, especially due to the high Ca content, may lead to high cricket mortality, especially of
hatchlings and low reproduction (Finke et al.2005). Consequently, rotating insects onto the diet
and feeding them out on a regular basis (between 2-4 days after gut loading) is critical (Allen and
Oftedal 1989; Bernard and Allen 1997; Hunt et al. 2001; Finke et al. 2005).

2.5.6

Cricket Growth and Development

Another key factor possibly influencing diet intake by crickets is the cricket’s developmental
stage. Like all other arthropods, insects have an exoskeleton which is the covering of the body
wall. It has two functions, it provides sites for muscle attachment and also protection utilizing an
outer layer made of hardened plates called sclerites (Castner 2000). The insect “skin” is made up
of chitin and protein. Chitin is a modified polysaccharide composed of N-acetylglucosamine
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subunits, so unlike other structural polysaccharides such as cellulose in plants it contains
nitrogen (Bernard and Allen 1997; Finke 2002). Physically its function is analogous to that of the
protein keratin, which is found in nails and bone. This “skin” is not entirely hard since the
sclerites are separated by seams, sutures and by larger membranous areas such as between body
segments. These permit a greater range of flexibility, allowing for movement (Castner 2000).
Insects differ from other arthropods by having 3 body parts - the head, thorax and abdomen.
They are also characterized by having 3 pairs of legs, usually two pairs of wings, a head usually
with a pair of antennae and a pair of compound eyes, a tracheal system for gas exchange and
gonoducts which open at the end of the abdomen (Barnes 1987; Castner 2000).
Insects develop from an egg to an adult by passing through a series of stages. The process of
undergoing physical changes from one life stage to the next is known as metamorphosis.
Crickets undergo a hemimetabolous or incomplete (gradual) metamorphosis. Eggs are laid and
hatch out into the immature forms called nymphs. The metamorphosis involves a partial change
in appearance from the juvenile (nymph) to the sexually mature adult. Nymphs, therefore, are
structurally similar to adults except in the less developed wings and genitalia (Daly et al. 1998;
Castner 2000). These changes are achieved through moulting. This involves intervals during
growth whereby parts of the exoskeleton are digested and a new larger cuticle is deposited. The
actual act of shedding the “skin” is known as ecdysis. This occurs at certain points as the insect
grows. The growing insect, therefore, is restricted in size by the old exoskeleton which is at its
maximum expansion. The new exoskeleton is laid down beneath the old and is highly wrinkled
such that it leaves room for expansion after ecdysis (Daly et al. 1998).
The onset of moulting is dependent on certain stimuli. External stimuli, such as a pattern of
changing temperatures, or light, or internal cues, such as stretching of the abdomen after feeding,
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are received by the brain and cause the release of prothoracicotropic hormone (PTTH). This is
the first step in the complex process leading to a moult (Woodring 1983; Daly et al. 1998). The
developmental stages of the insect between moults are known as instars. Crickets (Acheta
domestica), for example, undergo at least seven instars before they become adults. The instar is
the growth phase of the insect. The time spent within each instar varies among species, with
environmental (temperature, humidity) conditions, as well as the availability and quality of food
(Ghouri and McFarlane 1958; Woodring 1983). For example, A. domestica at 35oC develop
faster than those exposed to 28oC. In addition females develop more rapidly than males at 33oC
(Ghouri and McFarlane 1958). Development from one instar into another involves their growth,
with the end of an instar marked by ecdysis (Woodring 1983).
The timing of a moult for the house cricket appears to start at the initiation of feeding and is
dependent on achieving a critical weight. Critical weight gain is dependent on a variety of factors
such as food quality and availability. If these are not adequately provided, food consumption
may decrease followed by delayed growth (Woodring 1983). Starvation, prior to reaching critical
weight, for example, delays the onset of ecdysis, generally by the number of fasting days. This is
true as long as water is present. It seems that the cricket uses the water in part to substitute what
it does not receive in food, but will make up for the lack of food once it is offered. Weight loss,
therefore, is minimal when crickets are starved as long as water is present and the starvation
period is not of long duration. Consequently, it appears that at least part of the critical weight
gain on foodstuffs can be substituted by water in order to reach the critical weight required
to commit to a moult (Woodring 1983).
Crickets are intermittent feeders and begin feeding about 6 hours after moulting and continue
up until mid-instar. During this time they feed every couple of hours filling portions of their
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digestive system such that they maintain a distended crop and a full midgut (Figure 2.1). After

Figure 2.1 Cricket Digestive System -crop and midgut within the outlined area (Fox, 2001).

they reach this mid instar and as long as they have achieved their critical weight gain they stop
eating and the moulting process begins with the PTTH being released soon after (Woodring
1983) (Figure 2.2). The duration of each instar is contingent on how quickly it grows and attains
its critical weight gain which, as mentioned previously, is dependent on the amount and quality
of food available. It is also influenced by temperature and humidity. Ghouri and McFarlane
(1958) have shown that the duration of each nymphal instar is dependent on temperature (Table
2.3). High temperatures accelerate development (Ghouri and McFarlane 1958; Castner 2000). In
addition, the first few instars are characterized by being of shorter duration than the later instars
and higher temperatures increase the number of nymphal instars i.e., 6-7 at 28oC and 7-8 at 35oC
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Present Instar
Mid Instar
Previous Instar

Next Instar

Moulting

Moulting

Growth Phase

Reduced
Consumption

Reduced
Consumption

Figure 2.2 Stages of development within the cricket instar. Ingestion of food and water only
occurs during the growth phase.

Table 2.3 Instar duration and stage at two temperatures
(adapted from Ghouri and McFarlane (1958)).
Instar Stage 28oC
Instar Duration (Days)
1st
4-6
nd
2
4-10
3rd
5-9
th
4
6-12
th
5
6-13
6th
5-14
th
7
6-12
8th
8-9
th
9
Adult

35oC
Instar Duration (Days)
3-5
3-5
2-11
3-4
3-4
3-5
4-6
5
5
Adult

(Ghouri and McFarlane 1958). Again this has implications with respect to how much time the
insect has to ingest a diet.
The cricket’s developmental stage may be a key factor possibly influencing diet intake by
crickets. Accordingly, when crickets are at the end of an instar then presumably ingestion would
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have decreased or ceased. Consequently, this ingestion suspension may explain some of the
inconsistencies in consumption, i.e., gut-loading ability, experienced by the previously
mentioned researchers (Anderson 2000; Hunt et al. 2001; McClements et al. 2003).
This has many implications since if the crickets delivered by the supplier are at the end of their
instar they will not ingest the gut-loading diet sufficiently and its potential as a vehicle to deliver
nutrients to the end consumer will not be fulfilled. In addition, since the duration of each instar is
temperature dependent in that high temperatures accelerate development then this could restrict
the amount of time the cricket has to ingest a gut-loading diet, especially since the delivered
crickets may not always be at the beginning of an instar. (Ghouri an McFarlane 1958).
Cricket consumption potential, on delivery, therefore, may vary and may be limited to less
than what is required to properly gut-load. This could be aggravated by the feeder program’s gutloading duration especially if it is only for 2 days. Instar stage, therefore, needs to be assessed
and taken into consideration. Some factors which may indicate that the crickets are approaching
the end of their instar are if many shed exoskeletons are observed as a result of moulting coupled
with decreased consumption compared to previously recorded potential consumption. Feeder
programs should record the amount of diet consumed and note the amount of sheds present. In
this way one can better predict the possible nutritive quality of the crickets being fed to the end
consumer. The end consumer may suffer various nutritive deficiencies affecting their growth and
reproductive success if the crickets that are delivered do not properly gut-load, particularly if this
occurs over successive deliveries. One solution could be to refrain from feeding off crickets
which indicate that they are at the end of an instar. On moulting they could then be properly gutloaded and fed off, provided that they have not grown too large for the insectivore.
Due to these many cricket gut-loading factors, a simple analysis of dietary components
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may not be effective in predicting nutrient content. Evaluating the diet must be determined
through the analysis of the “vehicle” in which the retained diet is being transported to the end
consumer, the gut-loaded cricket. Only then can one be sure that the intended nutritional package
is making it to the end consumer (Ward and Crissey 1997). In the final analysis, the best method
to judge the success of the diet and the supplementation technique used is by looking at the
growth rates, reproductive success and overall health of the end consumer, the insectivorous
amphibian and/or reptile (Allen and Oftedal 1989).

2.6

Composition of Gut-Loading Diets
Many commercial high calcium dry cricket diets are available to increase the insect’s calcium

content. Calcium-fortified dry diets are recommended over wet diets for supplementing crickets
with sufficient calcium to meet the needs of insectivores, since wet diets do not contain a high
enough concentration of calcium to meet the estimated amphibian and reptile requirements
(Allen 1997; Finke et al. 2004; Finke et al. 2005; Browne 2000; Li et al. 2009). Dry diets are
typically formulated primarily to provide calcium in sufficient amounts for insectivorous
amphibians and reptiles and hence, other nutrients may or may not be adequately included (Ward
and Crissey 1997). Finke et al. (2005) tested four such commercial diets which made claims
suggesting that their diets were good sources of calcium. Through experimentation he found that
only one actually managed to effectively gut-load crickets adequately such that their calcium
content increased sufficiently to meet the nutrient requirements of insectivorous amphibians and
reptiles. Analysis of the diets also found that some fell short of their nutrient level specifications,
especially that of calcium. His findings, therefore, leave all other commercial diets suspect. Such
dietary inconsistencies may cause deficiency problems and subsequent illness manifesting in the

22

animals consuming the inadequately gut-loaded insect. The manufacturer of the diet plays a very
important role in maintaining diet quality and consistency and hence the health of the animal the
diet was ultimately intended for (Finke et al. 2005). Similarly it has been suggested that the diet
should be thoroughly mixed after shipment and before being offered for gut-loading, as nutrients
may have separated such that they would not be as available throughout the diet (Bernard and
Allen 1997). It has been recommended that institutions should periodically check the gut-loading
diet’s composition to ensure that established nutrient level specifications are met (Ward and
Crissey 1997; Finke et al. 2005). Alternatively, institutions should formulate and assemble their
own nutrient provisioned gut-loading diet for cricket consumption accompanied with scheduled
periodic nutrient analysis (Finke et al. 2005).
Gut-loading has also played a role in supplying other nutrients besides Ca. There are reports
of the use of gut-loading to enhance vitamin A and vitamin D content of crickets fed to geckos
and chameleons (Finke 2003). Li et al. (2009) have incorporated vitamin A, unsaturated fatty
acids and spirulina (a source of several micronutrients, particularly carotenoids) into cricket gutloading diets and have increased the growth rate, as well as doubled the feeding strike success of
Wyoming toads (Bufo baxteri) suffering from squamous metaplasia syndrome due to vitamin A
deficiency. Browne (pers. comm., July 2005) confirms that this diet has also improved the
growth and condition of anurans including Ranids and Hylids, as well as Dendrobatids and
Bufonids. Recently, Hunt Coslik et al. (2009) have successfully gut-loaded crickets with
appropriate levels of both Ca and vitamin A using a GLD for a period of two to four days for Ca
and two to at least seven days for vitamin A with a diet containing 9.07% Ca and 429 ug vitamin
A/g. The level of vitamin A used to obtain this positive result was estimated using requirements
for carnivores, as well as from work done on Puerto Rican crested toads (Bufo lemur) where a
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high treatment dose of 0.8 ug vitamin A palmitate/g body wt. remedied a squamous metaplasia
syndrome while a lower dose (0.04 ug vitamin A/g body wt./week) provided maintenance needs.
Both doses were administered using oral supplementation which required handling. Hunt Coslik
et al. 2009 were able to achieve a maintenance level through gut-loaded crickets, thereby,
minimizing stress to the animals. These, and many other studies, have provided valuable
information regarding Ca loading for insects and to a lesser degree, information as to the level of
other nutrients that should be present in diets designed for gut-loading (Finke 2002, 2003; Hunt
Coslik et al. 2009). Following the same principles, zoo nutritionists and veterinarians may be
able to use insects to deliver a wide range of compounds including the delivery of carotenoids
and medicines such as anthelminthics to captive insectivores (Finke 2003; Ogilvy et al. 2012).

2.7

Diet Formulation

2.7.1

Nutrients of Particular Concern

It is important to consider nutritional composition in formulating and evaluating diets. Certain
nutrients are of particular concern because they are required at appropriate levels by the end
consumer and since they are deficient in the body of the gut-loading insect they must be
incorporated into the gut-loading diet either through the ingredient components or being
specifically added. The effects of the levels of some of these added nutrients on the diet must
also be evaluated during its formulation since high levels or unbalanced levels relative to other
nutrients could have a negative effect such as reducing the diet’s shelf life or stability of specific
nutrient components. At least equally important is that their addition could decrease gut-load
success by reducing the palatability of the GLD for the cricket. Consequently, the addition of an
appropriate level of certain nutrients to meet the requirements of the end consumer must be
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balanced with minimizing the negative effects on other properties of the diet.

2.7.1.1

Calcium and Phosphorus

Calcium is a mineral which has a primary role in bone structure, it is also necessary for
normal neuromuscular function, intracellular signalling, blood clotting and the activation of
certain enzymes (Frye 1997; Fujita and Palmieri 2000; Heaney 2003). Phosphorus is another
important bone element and is also involved in many biological activities. Calcium metabolism
is directly affected by the relationship between dietary calcium and phosphorus. Most vertebrates
have a skeletal Ca:P ratio of 2:1 (with a range of 1:1 to 2:1) and for proper Ca homeostasis this
should also be reflected in the diet (Frye 1997; Liesegang et al. 2001; Huang et al. 2003; Knotek
et al. 2003; Koelemeyer 2003; Ullrey 2003; Zotti et al. 2004). The body strives to maintain a
normal Ca:P value such that if a diet is low in Ca or low relative to P the body removes Ca from
the blood plasma to meet specific tissue needs, then from calcified tissues, especially bone. If the
diet offered continues to be Ca deficient or has an inverse dietary Ca:P ratio then the calcified
tissues will continue to be depleted and ultimately altered. Bones weaken resulting in
deformities, fractures and fibrous reinforcements (Frye 1997; Koelemeyer 2003; Zotti et al.
2004). For example, normal plasma Ca (104-136 mg/l) concentrations have been found to be
tightly regulated in green iguana (Iguana iguana) (except in females during egg production when
they rise (900 mg/l)) and do not respond to dietary changes until the skeletal stores have been
severely compromised (Frye 1997; Fujita and Palmieri 2000; Koelemeyer 2003; Ullrey 2003;
Allen and Ullrey 2004). Plasma phosphorus concentrations are not as precisely regulated,
varying with diet, age, sex, etc. (Fujita and Palmieri 2000; Ullrey 2003).
Vertebrate bone contains ~ 99% of the body’s Ca (Fujita and Palmieri 2000; Huang et al.
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2003). Bone is a dynamic mineralized connective tissue with mechanical, protective and
metabolic functions (Frye 1997; Ullrey 2003; Hernandez-Divers et al. 2005). It is made up of
cells and an extracellular organic matrix produced by osteoblasts. Mineralization begins at
distinct crystal nucleation sites in this matrix with the addition of Ca and phosphate (Pi) as bone
crystals (hydroxyapatite) grow. Osteoclasts are involved in demineralization, releasing Ca and P
ions that are used to mineralize other bone-forming sites and assist in maintaining plasma and
soft-tissue Ca and P concentrations. Bone formation and remodelling are a consequence of the
coordinated action of osteoblasts and osteoclasts (Ullrey 2003; Seeman and Delmas 2006).
Consequently, the supply of both Ca and the associated P needed to maintain an adequate
amount of these elements in the bone and plasma must be provided in the diet. The quantities
absorbed depend on both the absolute amounts and the bioavailabilities of Ca and P in the diet,
the latter being primarily determined by the ability of the intestine to absorb them (Frye 1997;
Liesegang et al. 2001; Zotti et al. 2004).
From the perspective of an insectivorous amphibian or reptile, crickets appear to contain all
necessary minerals in sufficient quantities except for Ca (Barker et al. 1998; Finke 2002).
Crickets have an exoskeleton whose main building block is chitin and lack adequate amounts of
calcium for the vertebrate species which consume them (Allen 1997; Finke 2003). Calcium
deficiency can be further exacerbated by the level of P in the diet. Since these two minerals are
closely related, a deficiency or an excess of one will interfere with the proper utilization of the
other (McDowell 1992). A typical adult cricket has a Ca:P ratio of only ~ 0.15:1. Pinhead
crickets, however, could have higher Ca levels but their Ca range is quiet variable (0.05-6.9%)
(Barker et al. 1998). Since a dietary ratio of 1:1-2:1 is the usual recommendation for birds,
mammals, amphibians and reptiles, such food sources are clearly insufficient (Allen and Oftedal
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1989; Allen et al. 1993; Hunt et al. 2001). Further research is needed on Ca demands of egg
production in both birds and reptiles as higher levels may be required (Allen and Oftedal 1989;
Allen et al. 1993).
Studies of wild insect nutrient composition show both seasonal variation and variations
between different populations of the same species living in the same general area. In general,
insect mineral composition largely reflects the geographical location of their food sources mainly
due to geological differences (Bilby and Widdowson 1971; Finke 2002). Insectivores in the wild
supplement their diet by using behavioural mechanisms which seek-out high mineral insect
species or those which were feeding on mineral rich sources, or perhaps by consuming soil along
with the insect (Bilby and Widdowson 1971; Allen and Oftedal 1982; Allen et al. 1993; Allen
1997; Hunt et al. 2001; McClements et al. 2003). In captivity, if the diet is deficient in Ca or has
an inverse Ca:P ratio and supplementation is not provided then captive insectivores may show
abnormal bone development and associated diseases, as well as depressed reproductive
performance (Allen et al. 1997; Barker et al. 1998; Hunt et al. 2001).
Reptiles and amphibians whose diets are consistently low in calcium must depend upon
homeostatic measures to maximize Ca absorption and attempts to conserve stores of body Ca.
Dietary Ca, vitamin D3, parathyroid hormone (PTH), calcitonin, as well as, several other
substances appear to alter the state of these Ca stores (Allen et al. 1993). The interaction of these
elements in general mammalian terms is shown in figure 2.3. However, reptiles and amphibians
may benefit from some unusual Ca regulatory systems. Some lizards possess well-developed
endolymphatic sacs which contain Ca carbonate (Allen et al. 1993). These sacs are paired
structures in the ventral neck region of some lizards, particularly gekkonid lizards (Allen et al.
1993). The endolymphatic sacs of geckos seem to be reduced in size after egg formation or egg
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Figure 2.3 Regulation of calcium and phosphorus balance (Case et al. 2011).

laying, supporting the idea that Ca is mobilized for egg shell formation and to supply Ca during
reproduction (Allen et al. 1993). It is not understood why they are not found in all egg-laying
lizards (Allen et al. 1993). Amphibians, such as ranid and hylid frogs, have similar
structures called paravertebral lime sacs. They are bilateral and found along but not continuous
with the vertebral column (Allen et al. 1993). Hormonal (parathyroid and gonadal hormones), as
well as many environmental factors such as lunar cycle, temperature, photoperiod, ultraviolet
light, transpiration and chemical composition of habitat water are known to be related to marked
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fluctuations in amphibian Ca serum absorption and excretion (Allen et al. 1993). For example,
Ca excretion will increase in frogs kept in deionised water while Ca uptake and loss can occur
through transpiration and can influence Ca homeostasis (Allen et al. 1993). Lime sacs may also
play a role in the regulation of acid-base balance in amphibians by supplying carbonate in
response to respiratory acidosis (Allen et al. 1993).
Another piece of the puzzle is the relationship between UVB, vitamin D and Ca. Very little is
known about species differences concerning these relationships. Ca absorption may be impaired
due to inadequate dietary levels of vitamin D and/or UVB exposure (which is needed for
epidermal vitamin D synthesis) (Allen et al. 1993). Different reptile species have differing
nutritional abilities, in this regard some may be inefficient or even totally incapable of using
dietary sources of vitamin D and require UVB for vitamin D synthesis while others can obtain
sufficient Ca and vitamin D for growth through their diet (Allen 1997; Finke 2003).
Calcium carbonate is used extensively in cricket diets and although economical and easy to
formulate may not be the best choice in terms of nutrient availability. According to Shaw (pers.
comm., August 2005), calcium from Ca lactate would likely be more readily absorbed. However,
it is only 13% elemental calcium and there is likely a limit to the amount that can be added to the
diet, this would also be true for Ca gluconate which contains 9% Ca. According to Shaw (pers.
comm., August 2005) and other investigators (Finke 2003; Finke et al. 2005), ground egg shells
(36% Ca) are being researched as a more balanced source of Ca carbonate than purified or rock
forms. Some minerals, such as iron, tend to be much higher than necessary in cricket diets due to
the use of rock minerals such as limestone as sources of Ca carbonate. Using a more balanced Ca
source such as egg shells or precipitated (analytical) grade Ca carbonate which is 39% Ca may
provide a better mineral profile (Finke et al. 2005).
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The general recommendation is for palatable gut-loading diets to contain 5 - 8%, or 50 to 80 g
calcium/kg diet. If this is derived from calcium carbonate (400 g calcium/kg by weight), these
diets, should be supplemented with 125 to 200 g Ca carbonate/kg diet in order to be effective as
a feeding source for reptiles and amphibians (Allen and Oftedal 1989; Hunt et al. 2001; Finke
2003; Finke et al. 2004). Although, 8% diets are more commonly used, Finke (pers. comm.,
September 2005) suggests that diets containing 6-7% Ca should be more than adequate for gutloading. Higher calcium levels may also interfere with the absorption of Mg, Zn, Mn and
possibly Cu (Allen and Oftedal 1989; Hunt et al. 2001; Finke 2003; Finke et al. 2004). Finke
(pers. comm., September 2005) has also indicated that higher Ca levels may also reduce
palatability and increase cricket mortality. Finke (2003) recommends supplementing calcium
within a range of 32 to 51 g/kg diet depending on the size of the cricket. As a result of this Ca
review, it seems reasonable to explore the use of lab grade Ca carbonate (which is 99% pure and
contains 39% Ca by weight) in the production of a diet which contains a target level of 7% Ca.

2.7.1.2

Fat Soluble Vitamins

Nutrients must be presented in a form which is acceptable to the end consumer. According to
Finke (pers. comm., September 2005) many gut-loading diets contain vitamin A and D as fairly
large, hard, dry particles, mainly because they were coated to provide protection against
denaturing during the diet formulation process. These modified vitamins were intended for
vertebrate diets where particle size is less crucial. As a result, these hard, large beadlets may be
sorted out by the crickets and not consumed. Consequently, the form of vitamins used to make
up insect gut-loading diets requires assessment to ensure proper consumption. New formulations
of both these vitamins are available and have been found to be readily consumed by insects.
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Finke (pers. comm., September 2005) suggests using spray-dried forms. These vitamin forms are
first dissolved in a solvent and then misted on the dry portion of the diet while mixing
thoroughly. These spray-dried forms are not as stable, so the finished diet needs to be stored in
the refrigerator or freezer. These new vitamin forms require consideration with respect to their
inclusion in the gut-loading diet.

2.7.1.2.1

Vitamin A

Vitamin A is required for many important functions of the body such as vision, cellular
differentiation processes especially of the epithelia and growth (NRC 1985; McDowell 2000).
Recently, vitamin A deficiency in amphibians has been diagnosed through the occurrence of
squamous metaplasia of mucus secreting glands of the tongue associated with “short tongue
syndrome”. It has been identified in various species such as Wyoming toads (Bufo baxteri),
Puerto Rican crested toads (Bufo lemur), Kihansi spray toads (Nectophrynoides asperginis) and
Panamanian golden frogs (Atelopus zetecki) (Pessier 2007; Hunt Coslik et al. 2009). In addition,
vitamin A deficiency may also play a role in decreasing skin quality (hyperkeratosis),
reproductive success and effective immune function with respect to infectious diseases
(McDowell 2000; Hunt Coslik et al. 2009). Recently studies have shown that Wyoming toads in
the wild have much higher levels of vitamin A in their liver than those in captivity. In fact
captive toads exhibiting the “short tongue syndrome” have only 5% of the liver vitamin A level
found in their wild healthy counterparts (Li et al. 2009). Vitamin A requirements established for
wild and domestic carnivores, as well as for rats, range from ~2333-750,000 IU/kg DM (Allen
and Oftedal 1994, 2003; NRC 1995; Ferguson et al. 1996; Barker et al. 1998; Abate 2003;
AAFCO 2010). High levels of vitamin E have been shown to interfere with vitamin A
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absorption. As a result, vitamin A levels may have to be adjusted depending on the amount of
vitamin E present (NRC 1995; Finke 2003). In surveys of invertebrate vitamin levels, all insects
sampled fell below the required vitamin A levels estimated for insectivores, indicating that
insects may be a limited dietary source of this nutrient (Barker et al. 1998; Hunt Coslik et al.
2009). Cricket vitamin A values ranged from 300-900 IU/kg DM (Finke 2002). Insects
apparently have no systemic requirement for preformed vitamin A (Allen and Oftedal 1982),
since they can convert various carotenoids to either retinal or 3-hydroxyretinal for use as a visual
pigment (Allen and Oftedal 2003; Finke 2003). Retinoids are found almost exclusively in the
insect’s eyes and the levels are relatively low. Insects, therefore, are unlikely to be a
quantitatively significant source of preformed vitamin A for most insectivores (Finke 2003,
2004). Hunt Coslik et al. (2009) added vitamin A palmitate to a commercial gut-loading diet
(GLD) and achieved 429 ug retinol/g diet on a dry matter basis. The crickets gut-loaded
successfully, having a desired concentration of 12 ug retinol/g cricket for a period of 2 to at least
7 days (Hunt Coslik et al. 2009). Finke (2003) recommends a supplemental range of 5,270 –
8310 ug retinol/kg diet (27,700 IU/kg) depending on the size of the cricket. In comparison to the
amount suggested by the NRC for rats, an increase of 50% is recommended for vitamin A which
is higher than that for many other nutrients because vitamin A deficiency has been described in
reptiles and because of the high level of vitamin E recommended (NRC 1995; Finke 2003).
Wild caught insects also contain a spectrum of carotenoids, including beta-carotene, lutein
and zeaxanthin sequestered from their food plants (Finke 2003, 2004). The carotenoids in wildcaught insects may provide a source of vitamin A for some insectivores and may play a role in
immune function, colouration and protection from UV light–induced damage (Finke 2003;
Ogilvy et al. 2012). The degree with which reptiles may absorb particular carotenoids is
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uncertain (Finke 2003; Hunt Coslik et al. 2009). Further investigations are also required to
determine which reptiles and amphibians have the enzyme required to convert beta carotene and
other potential precursors to vitamin A (Finke 2003; Hunt Coslik et al. 2009). In summary, while
the addition of carotenoids to gut-loading diets may be beneficial, the appropriate carotenoids
and levels for supplementation have still to be determined (Finke 2003; Hunt Coslik et al. 2009).

2.7.1.2.2

Vitamin D

Vitamin D can be obtained from two sources: dietary or through endogenous
photobiosynthetic production (Frye 1997; Ferguson et al. 2003, 2005; Heaney 2003; Koelemeyer
2003; Ullrey 2003; Mader 2006). The relative importance of the two sources, i.e., dietary vs
endogenous, varies among reptile species (Frye 1997; Ferguson et al. 2005; Mader 2006). The
dietary forms of vitamin D include the plant form referred to as vitamin D2 (ergocalciferol)
which is commonly available from vegetation, fungi and yeasts. Not all vertebrates can utilize
this form, perhaps because of the lower affinity of the plasma vitamin D binding protein for this
vitamin form than for vitamin D3 (Holick 2004; Ullrey 2003; Ferguson et al. 2005). The other
dietary form, vitamin D3 (cholecalciferol), is of animal origin, and is commonly manufactured in
the skin and readily used by most vertebrates (Holick 2004; Ferguson et al. 2005). There are only
a few good natural food sources of vitamin D3, such as oily fish like cod and salmon (Ullrey and
Bernard 1999; Holick 2004).
The endogenous photobiosynthetic animal form of vitamin D3 (cholecalciferol) is
endogenously synthesized by a sequence of photobiochemical events whereby the dermal and
epidermal conversion of 7-dehydrocholesterol to precholecalciferol then to cholecalciferol
requires ultraviolet irradiative exposure between 290-315 nm (Holick 1995). In vitro and in vivo
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studies have shown that many lizards have a regulatory mechanism which protects against
overproduction of endogenous vitamin D3 to toxic levels and hence, the reptiles will only
synthesize as much vitamin D3 as required. Consequently, a dietary deficiency in the absence of
UV radiation may be amplified further by their inability to maintain large stores which would
carry them through periods of little to no appropriate UV light exposure (Ferguson et al. 2003,
2004; Mader 2006).
Vitamin D3 (cholecalciferol) is one of the precursors of the hormone-like biologically active
form of vitamin D, calcitriol, which interacts with its nuclear receptors in the intestine, kidneys
and bone to regulate Ca metabolism, homeostasis and bone health (Figure 2.3). Specifically,
when circulating Ca levels fall it acts directly to promote the uptake of Ca at the gut lining by
increasing the production and activity of transport proteins in the mucosa of the small intestine
where Ca can then be transported into tissues to participate in essential intracellular processes
(Frye 1997; Oftedal et al. 1997; Liang and Fraser 1999; Ferguson et al. 2003; Heaney 2003;
Holick 2004; Koelemeyer 2003; Ullrey 2003; Ferguson et al. 2005). Consequently, it increases
Ca blood concentrations to achieve homeostatic levels. It is generated by the activity of PTH
within the kidney. In concert with PTH, it also enhances flux of Ca out of the bone (Frye 1997;
Heaney 2003; Koelemeyer 2003; Ullrey 2003; Ferguson et al. 2005).
Unfortunately, many sun-basking reptiles suffer from osteomalacia and rickets, conditions of
Ca and vitamin D3 deficiency (Bernard et al. 1991). Vitamin D3 deficiency in these animals may
occur because they have not been exposed to the correct wave length of UV radiation (UVB)
and/or they are not exposed for appropriate lengths of time (Bernard et al. 1991; Holick 1995).
Vitamin D2/D3 perform many regulatory functions in unicellular organisms and throughout
animal evolution (Holick 2011), however, Vitamin D, like preformed vitamin A, is apparently
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required in small amounts by insects presumably because vitamin D does not play a role in bone
regulation (Allen and Oftedal 1982). Cricket tissues, therefore, do not contain detectable levels
of vitamin D3 and thus it should be supplemented in gut-loading diets, depending on the quality
and quantity of ultraviolet light available and the responsiveness of the target insectivore to
dermal synthesis versus dietary supply (Finke 2002). For lizards exposed to little if any UV light,
cholecalciferol dietary supplementation has been shown to have a positive effect on bone
mineralization in leopard geckos (Eublepharis macularius) but not in giant day geckos
(Phelsuma madagascariensis) or in the green iguana (Iguana iguana) (Bernard et al. 1991; Finke
2003). Similarly supplemental D3 was also ineffective in improving reproductive success in the
Panther chameleon (Chamaeleo (Furcifer) pardalis) and only high-intensity UV light improved
egg hatchability (Ferguson et al. 1996; Finke 2003).
In summary, very little is known about species differences concerning the relationships
among UVB, vitamin D and Ca in zoo animals. Ca absorption may be impaired due to
inadequate levels of vitamin D and/or UVB (which is needed for vitamin D synthesis) (Allen et
al. 1993). Different reptile species have differing nutritional abilities. Some may be inefficient or
incapable of using dietary sources of vitamin D and, therefore, require UVB for vitamin D
synthesis, while others obtain sufficient Ca and vitamin D for growth through their diet (Allen et
al. 1993; Allen 1997; Finke 2003). Although it may not be effective for all species, vitamin D3
supplementation would appear to be sensible given the wide variation in the quantity and quality
of light sources for captive reptiles (Finke 2003). Oral supplementation of vitamin D3 is tricky
for some reptile species since they can develop hypervitaminosis D if they consume more than
they require (Ferguson et al. 2003, 2005). Unlike the mechanisms which are in place to prevent
excessive formation of vitamin D3 and its precursors through the dermal UV irradiation route
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there are no such mechanisms in place for the oral route. Therefore, care should be taken not to
orally over-supplement (Holick 1995; Ferguson et al. 2003, 2005). Finke (2003) recommends
that vitamin D3 should be supplemented at a level between 190 – 300 ug cholecalciferol/kg diet
depending on the size of the cricket and the quantity and quality of UV light that the insectivore
is exposed to and the particular species being fed.

2.7.1.2.3

Vitamin E

Vitamin E plays an important role as a fat soluble antioxidant (NRC 1995), however, there is
not much information on the requirements of vitamin E for amphibians and reptiles (Hunt Coslik
et al. 2009). The fat content (DMB) of crickets (14.4-22.1%) is higher than the 5% minimum fat
recommended for rat diets (NRC 1995; Finke 2002). With a 5% fat diet, the NRC recommends
adding 18 mg/kg diet of vitamin E. The NRC recommends higher levels of vitamin E for high fat
diets and an additional increase for those found to have high levels of unsaturated fat. Most
insects, including crickets are high in both types of fat (Finke 2002). Among all insects tested,
adult crickets had some of the highest values of vitamin E at 42 mg/kg DM (Finke 2002, 2004).
However, due to the high fat content found in crickets, Finke (2003) still recommends a higher
level, so the level of Vitamin E in the gut-loading diet should be 140 mg RRR-α-tocopherol/kg
diet. His recommendation is lower than the range suggested by a previous researcher (Dierenfeld
1989, 1994) which reported a deficiency in zoo animals after performing vitamin E analyses and
suggested that their diets contain 50-200 mg vitamin E/kg diet.
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2.7.1.3
2.7.1.3.1

Water Soluble Vitamins
Thiamine

Thiamine functions in oxidative decarboxylation and other oxidative reactions (NRC 1995).
Generally speaking, it is unlikely that the natural ingredients in most diets supply the spectrum of
B vitamins at the levels recommended for most vertebrates (Finke 2003).Crickets are deficient in
thiamine with respect to NRC requirements for rodents in which increased dietary carbohydrate
levels require an increase in thiamine supply (Finke 2002, 2004). Although cricket thiamine
levels are low when compared to the estimated amphibian and reptile requirements, one must
keep in mind that these estimates were based on values for rats (Finke 2002). Since high
carbohydrate diets are commonly used to feed rats then correspondingly this would mean an
increased thiamine requirement. Consequently, since the NRC requirement for thiamine is based
on diets containing 63-72% carbohydrate for rats and insects contain little carbohydrate, it is
unclear whether animals fed insects would require additional thiamine or even the level
suggested for rats (Finke 2003). However, the fundamental role of thiamine derived cofactors in
the intermediary metabolism of all animals implies that some must be provided. Finke (2003)
recommends supplementing thiamine within a range of 21-31 mg/kg diet depending on the size
of the cricket.

2.7.1.3.2

Pyridoxine

Other members of the B vitamin group, Pyridoxine and its related forms pyridoxal and
pyridoxamine, function as co-enzymes in amino acid, glycogen and fatty acid metabolism (NRC
1995). For both rats and poultry, the pyridoxine requirement increases with increasing levels of
dietary protein intake (NRC 1995; Finke 2003). For this reason a higher level of 50% is used for
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pyridoxine given the high protein content of crickets (Finke 2003). Finke (2003) recommends
supplementing pyridoxine within a range of 10-20 mg/kg diet depending on the size of the
cricket.

2.7.1.4

Protein

Protein concentrations in insect species are relatively high ranging from 40-70% on a dry
matter basis. Expressed on an as fed basis, cricket nymphs contain more moisture and
consequently, less protein than adult crickets (Hunt et al. 2001; Finke 2002, 2003). Most insect
protein is readily available, with protein quality values similar to, or slightly higher than those of
fish meal or soybean meal (Finke 2002). Estimates of protein concentration are commonly
expressed as “crude protein” and based on organic nitrogen content multiplied by 6.25 (which
assumes protein is 16% nitrogen) (Bernard and Allen 1997; Finke 2002). However, many insects
contain quantities of non-protein nitrogen from sources such as chitin due to the Nacetylglucosamine sub-unit of the chitin polymer. The low extractability of nitrogen (N) from
this sub-unit, as well as the lack of mechanisms for its use in protein synthesis makes this N
unavailable to most insectivores. Some, however, have an intestinal chitinase while others may
rely on gut micro-organisms to produce these enzymes (Bernard and Allen 1997). Chitin may be
a significant energy source in diets of animals possessing chitinase (Barker et al. 1998). For
example, it has been reported that chitin digestibility in three small mammal species was up to
20% (Allen and Oftedal 1989). Although certain lizards have chitinase present in their
gastrointestinal tracts, there is no evidence that the N released can contribute to the protein
available for absorption (Bernard and Allen 1997; Ward and Crissey 1997). For those animals
lacking chitinase, this indigestible component may be important to gut function and nutrient
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absorption (Barker et al. 1998). Truly available protein for most insectivores, therefore, may be
overestimated by the crude protein value (Bernard and Allen 1997; Finke 2002).
Analysis of insect cuticles showed that chitin represents only 25-40% of the dry weight of the
cuticle while protein was over 50% (Finke 2002). Chitin, an integral part of the insect
exoskeleton, can be estimated by determining the ADF (acid detergent fibre) fraction corrected
for ash (Bernard and Allen 1997). ADF probably represents both chitin and bound protein, since
chitin is structurally similar to cellulose (Finke 2002). Chitin contains about 7% N, therefore,
each 1% of ADF (presumed to be chitin) contains the equivalent of 0.4% crude protein (1 x 0.07
x 6.25) (Bernard and Allen 1997). Therefore, the corrected protein value for adult crickets is
60% DM (Barker et al. 1998; Finke 2002).
Crickets contain adequate quantities of protein and also appear to be good sources of
indispensable amino acids (tryptophan, histidine, isoleucine, leucine, lysine, methionine
(cysteine), phenylalanine (tyrosine), threonine, valine and arginine). In some insects methionine
and arginine are at levels which are insufficient to meet estimated insectivore requirements
(Finke 2002, 2003). According to Finke (pers. comm., September 2005) methionine is among the
most toxic of the amino acids (AA) if fed in excess, so over supplementation needs to be
avoided. Arginine may also be important when fed to uricotelic species such as birds and
reptiles, since they have a limited ability to synthesize arginine via the urea cycle (NRC 1995;
Finke 2002, 2003). Crickets, however, appear to have both AA in sufficient quantities (Finke
2002, 2003). The levels and quality of cricket protein, therefore, are generally sufficient with
respect to the estimated requirements of the insectivorous amphibians and reptiles they are being
fed to (Barker et al. 1998; Finke 2002, 2004).
It is also important that the protein provided by the gut-loading diet must also be in
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appropriate amounts and of good quality with respect to the needs of the actual crickets
themselves. Many researchers have shown that diets in which protein content is low and/or
contains disproportionate amounts of AA will have a depressing effect on ingestion and growth
(Harper et al. 1970; Gietzen et al. 2007). The degree of this effect is dependent on the type and
degree of disproportion and on the nutritional and physiological state of the animal (Harper et al.
1970).
To survive, all organisms must maintain a full complement of the AA that are the precursors
for protein synthesis and play significant roles in metabolic functions of the body (Tome 2004;
Gietzen et al. 2007). Nearly half of the AA present in protein cannot be synthesized or stored in
metazoans. These are the indispensable amino acids (IAA) which must be obtained through
dietary means (Gietzen et al. 2007). For generalist herbivores and omnivores rejection of an
inadequate diet and selection of a complete food (or at least one containing a complementary
IAA profile) must provide a full supply of IAA in a timely fashion or general protein synthesis is
halted and degradation exceeds synthesis (Gietzen et al. 2007).
Food preference and hence, intake behaviour of rats has been shown to be influenced by the
protein content or AA composition of the diet (Peng et al. 1972; Harper and Peters 1989). Food
intake is depressed if the diet contains protein levels which are either in the deficient range or
raised to excess or if one or more IAA is lowered to a range of deficiency or if the AA pattern of
the diet is altered so the proportions of IAA deviate appreciably from the proportions in which
they are required (Peng et al. 1972; Johnson and Anderson 1982; Elkin et al. 1985; Harper and
Peters 1989; Tome 2004). Observations suggest that protein intake and selection are controlled
through mechanisms that enable the rat to recognize when the amount of protein consumed is
inadequate or excessive and if the diet contains appropriate proportions of IAA (Harper and
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Peters 1989). These inadequate diets are associated with altered plasma and brain AA patterns.
These changed patterns have been implicated as the source of a signal to a food intake control
center in the brain thought to involve the highly excitable anterior prepyriform brain cortex
(Peng et al. 1972; Elkin et al. 1985; Gietzen et al. 2007).
Generally, animals reject diets that lead to indispensable AA depletion or deficiency. This
behaviour is adaptive, as continued IAA depletion is incompatible with maintenance of protein
synthesis and survival (Gietzen et al. 2007). The behavioural strategies for dealing with limiting
amounts of IAA include cessation of meal ingestion, altered food choice, foraging for foods that
will complement or correct the deficiency, development of a learned aversion to a deficient or
imbalanced diet in order to avoid that food in the future and memory for the taste, smell or place
associated with the inadequate food (Harper and Peters 1989; Gietzen et al. 2007). Similarly,
along with the behavioural regulation of food intake, other mechanisms exist which will increase
conservation of AA or increase AA degradation, all of which are also dependent on the degree of
dietary AA disproportion (Harper and Peters 1989).
It has been shown that invertebrates such as mealworm larvae (Tenebrio molitor) share the
same spectrum of IAA as vertebrate species (Davis 1975). Consequently, the regulatory
principles of vertebrate AA and IAA may also apply to invertebrates.

2.7.1.5

Fat and Fatty Acids

Fat functions as a concentrated energy source, as well as a source of EFA. It also aids in the
absorption of fat soluble vitamins and may enhance diet acceptability for some vertebrates (NRC
1995; Barker et al. 1998). Crude fat content varies greatly ranging from 4-55% DM among the
insect species which have been studied and may vary substantially within species depending on
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their developmental states, i.e., reproductive state, season, age/life stage or sex (Bernard and
Allen 1997; Barker et al. 1998). Generally, crickets are high in fat including unsaturated fat with
cricket nymphs containing more moisture and less fat than adult crickets on an as fed basis (Hunt
et al. 2001; Finke 2002, 2003, 2004). Insect species also have variable fatty acid profiles
although all species contain significant quantities of both linoleic and linolenic acids (Finke
2002, 2004). Both these fatty acids are considered essential as they are products of plants and
cannot be synthesized by animals (McDowell 2000). Overall, crickets appear to contain
appropriate levels of the essential fatty acids required by insectivorous amphibians and reptiles
(Finke 2002, 2004). However, due to the high fat content of crickets which includes unsaturated
fats, amphibians and reptiles may require higher levels of vitamin E than if they were fed a low
fat diet i.e. with less than 5% fat (see section 2.7.2.3) (Finke 2002).
Li et al. (2009) suggest that the low melting point poly- and highly- unsaturated fatty acids
(PUFAs and HUFAs) are used by animals in low temperature environments (e.g., Wyoming
toad) to prevent the reduced membrane fluidity and decreased function of cell walls and other
fatty organelles. However, high amounts of these fats in the diet can immobilize, cause morbidity
or kill crickets (Browne 2000; Li et al. 2009). Care must also be taken with respect to the
amounts and quality of the fats used so as to ensure that dietary ingredients are thoroughly mixed
and that the diet does not clump.
In addition, formulated diets which are high in unsaturated fatty acids are susceptible to
oxidation (Finke 2002). This reduces palatability and hence food consumption in vertebrates and
may also have the same effect on cricket consumption unless an appropriate level of an
antioxidant such as vitamin E is added (Finke 2002). As oxidation takes place during the drying
and storage of these diets, suitable protocols must be in place to manage the assembly and
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storage of the diet by the manufacturer and the zoo.

2.7.2

Nutrients of Particular Concern Sum-up

In conclusion, the nutrient composition of the cricket is deficient in some of the
aforementioned nutrients with respect to insectivorous amphibian and reptile nutrient
requirements. Consequently, after careful assessment of the recommended values established by
various insectivorous amphibian and reptile researchers and estimates for more conventionally
fed species, the required level of each of the nutrients will be incorporated into the gut-loading
diet. In addition, due to the plant based nature of the new gut-loading diet, it is hoped that some
useful carotenoid vitamin A precursors will also be contributed (Ogilvy et al. 2012).
Accordingly, a gut-loading diet should not only be formulated to contain the required nutrients
for the end consumers in combination with the nutrients contained in the body of the cricket but
must also be balanced in the short term from the crickets’ point of view so as to maximize feed
intake (gut-loading). Once sufficiently consumed, the nutrients in the formulated gut-loading diet
retained in the cricket’s gastrointestinal tract, coupled with the nutrients of the cricket body, will
hopefully meet the requirements of the end consumers. Accordingly, this optimal balanced
nutrient package will promote their growth, development and reproduction (Allen and Oftedal
1994; Allen 1997; Ward and Crissey 1997; Barker et al. 1998; Finke 2002). This study,
therefore, will attempt to use gut-loading to test the transport of not only Ca but also the other
nutrients of concern required by insectivorous amphibians and reptiles.
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CHAPTER 3
AIMS AND OBJECTIVES
The purpose of this study is to develop, assemble and evaluate a new cricket gut-loading diet
(GLD) specifically formulated to supplement nutrients which, from an insectivorous
amphibian/reptile perspective, are missing or are at low levels in the bodies of 1.67 cm (twothird inch) domestic house crickets. After sufficient ingestion, the nutrients retained in the
cricket’s gastrointestinal tract, in combination with the cricket’s own body nutrients, should
provide an optimal nutrient package for insectivorous amphibians and reptiles. The development
and assemblage of the new GLD will involve the selection of nutrients/ingredients based on two
objectives applied using three criteria. The first objective is to ensure that the mixture of
ingredients incorporated deliver sufficient nutrient variety and amounts in physically/chemically
absorbable forms so as to offset any inadequacies in the nutrient value of the cricket body. The
cricket and ingredient nutrients combined, therefore, would meet the estimated nutritional and
physiological requirements of the insectivorous amphibians and reptiles. The second objective is
to create a GLD which would optimize cricket ingestion and hence, gut-loading. This will be
accomplished by ensuring that the physical form and the nutritive provisions of the diet meet
with the foraging and palatability requirements of the vehicle of delivery, the cricket.
The effectiveness of this new diet will be assessed by determining the nutrient composition of
gut-loaded crickets over time to determine the length of time required for them to optimally gutload and to measure how long the benefits of gut-loading last. Only through this analysis can we
be certain that the package being offered and consumed by the insectivorous amphibians and
reptiles contains all the nutrients in the amounts intended with respect to the estimated nutrient
requirements of these end consumers (Ward and Crissey 1997).
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In order to further optimize the cricket’s gut-loading ability and to improve the
experimental procedures of this study certain aspects of the current internal cricket delivery
protocol at the Toronto Zoo, as well as methodologies employed during previous gut-loading
studies by other researchers will be evaluated to discover any procedural variability or other
problems which may have contributed to inconsistent results and low GLD consumption. The
behavioural aspects of feeding should also not be ignored, (Allen and Oftedal 1994; Ward and
Crissey 1997; Barker et al. 1998). These findings will then be listed as recommendations to
standardize cricket handling and feeding procedures zoo-wide so as to optimize gut-loading to
ensure the delivery of an optimal nutrient diet to the insectivorous amphibians and reptiles.
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CRICKET GUT-LOADING OPTIMIZATION AND DIET DEVELOPMENT
CHAPTER 4
4.0
4.1

MATERIALS AND METHODS
Animals Used

Cricket nymphs Acheta domestica approximately 1.67 cm (two-third inch, 4th to 6th instar) in
length which on average weighed 0.23 g with a range of 0.14 g to 0.27 g, were obtained from
Straits Aqualife Ltd., Scarborough, ON, or Best Bug and Feeders, Markdale, ON.
The specific size of the cricket being tested was chosen as it was the one most consistently
supplied and is commonly used at the Toronto Zoo. From a gut loading perspective, this midsize
cricket was well suited for our purposes in that the consumption results and nutrient profiles
obtained could be used to extrapolate those of other cricket sizes, both smaller and larger.

4.2

Experimental Tank Set Up
All experimental tank replicates were randomly arranged in the research lab such that overall

they would be as similar as possible with respect to their exposure to environmental factors such
as temperature, humidity, air movement and light. All experimental tanks were glass aquaria
which had the following dimensions: width 45.7 cm x height 45.7 cm x length 91.4 cm. The lids
were made of metal mesh fly screen to prevent escapes but also to allow for air movement. Each
tank was equipped with sixteen flats (cardboard egg cartons) (30.5 cm x 30.5 cm) to provide
cover for resting and moulting and to increase the tank’s surface area so as to reduce cannibalism
(Ghouri and McFarlane 1958). They were set up vertically in the tanks rather than stacked
horizontally to prevent the accumulation of feces and debris and to provide a cleaner living area
for the crickets. The top of the egg cartons were at least 15.2 cm from the top edge of the tank to
46

reduce escapes. Eight egg cartons were placed at either end of the tanks leaving a 30.5 cm
uncovered area in the middle (Figure 4.1). This clear area was used for placement of a

Figure 4.1 Egg carton arrangement.

thermometer/hygrometer (Taylor 1452 indoor/outdoor thermometer with humidity, Taylor
Precision Products, Las Cruces, NM, located in the middle or on the right side of the tank,
adjacent to the egg cartons at the top end of the tank), a dangling thermostat sensor lead (the end

Thermometer/Hygrometer
Thermostat sensor
Food
Dish

TE
Water Dispenser

BE

Figure 4.2 Arrangement of thermometer/hygrometer, thermostat sensor, water dispenser
and feed dishes (TE - Top Edge, BE - Bottom Edge).
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of which was ~ 7 cm from the bottom of the tank), a water dispenser (generally located on the
left side of the tank) and food dishes (Figure 4.2). Fasting experimental tanks had no water or
food dishes. Egg cartons, a dangling thermostat sensor lead and the thermometer/hygrometer
were the only items in the tank.
All experiments were carried out with temperatures between 26 to 29oC at the bottom of the
experimental tanks, and 29 to 34oC at the top of the egg cartons. Consequently, a temperature
gradient was provided with higher temperatures at the top of the tank which the crickets could
access by being in the top portion of the egg cartons. This was important as the crickets could
choose their optimal temperature. These temperatures were maintained through the use of two 75
watt ceramic heat lamps/tank (Ceramic Infrared Heater Coral CRE 10008, Tempco Electric
Heater Corp., Ceramic Infrared Heater Division Plant II, Wood Dale, IL) (Figure 4.3). These
were screwed into light fixtures (Infra-red Brooder 250 watts Max., Canarm Agricultural

Figure 4.3 Ceramic heater tank set up.

Ceramic Heater (pink bulb)

Products, Canarm Ltd., Brockville, ON) attached to a helix thermostat (Model DBS-1000, Helix
Control Systems Inc., Vista, Ca) whose sensor was positioned in the middle of the tank ~ 7 cm
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from the bottom of the tank as noted previously. The two heat lamps were positioned at the
center of both ends of the tank.
The relative humidity for most experiments was always below 40% and usually 20%.
Temperature and humidity were recorded daily using the thermometer/hygrometer in each
experimental tank. A photoperiod of 12:12 (light:dark) was provided via light fixtures attached to
timers. Experimental crickets in this study were offered distilled water ad lib in 1 L cricket water
dispensers (Boreal Laboratories Ltd., St. Catharines, ON) with a 15.24 cm diameter base.
Pebbles were put into the trough to prevent drowning.

4.2.1

Tank Cleaning

The tanks were cleaned daily using a 10 cm putty knife. This was used to scrape the tank
bottoms to remove all the debris, i.e., fecal material, dead crickets, moults, etc. so as to minimize
debris consumption and maintain hygienic conditions. Cleaning involved removing the
thermometer/hygrometer, food dish(es) and the water dispenser, and then removing the front end
eight egg cartons from the tank. The egg cartons were carefully removed to ensure that all
crickets remained in the tank. The egg cartons at the back end were then moved towards the front
of the tank and the exposed back portion of the tank floor was cleaned with the 10 cm putty
knife. The egg cartons were then moved back to their previous location and the remainder of the
tank floor was cleaned. Once completed, the remaining egg cartons, water dispenser,
thermometer/hygrometer and food dish(es) were put back. The debris collected was then
weighed and the amount of sheds recorded. Cleaning was performed after scheduled samples had
been collected. Cleaning was alternated between tanks and hence, the sampling was also
alternated so that tanks were all accessed similarly, so as to minimize bias.
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4.3

Experimentation
All cricket samples, ingredients, dishes, etc., under 200 g were weighed using a Cole Parmer

#11111-06 scale (A and D Co. Ltd. ., Cole-Parmer Canada Inc., Montreal, QC). Any item
weighing more than 200 g was weighed using a Vicon #16755555 Acculab Bench Scale
(Sartorius Group, Sartorius Mechatronics Corporation, Bohemia, NY).

4.3.1

Fasted Cricket Analyses

The aim was to establish the nutrient composition of fasted 1.67 cm domestic house crickets
(Acheta domestica), with empty gastrointestinal tracts, since after “gut loading”, all increased
nutrient value on a dry matter basis is presumed to be due to the diet retained in the gut.
Two 650 g samples of 1.67 cm crickets were removed from the cricket shipment delivered to
the Wildlife Nutrition Centre (WNC) at the Toronto Zoo and placed into the fasting tank where
they fasted for 24 hours to evacuate their gut contents prior to subsampling and submission for
subsequent analysis.

4.3.1.1

Analysis 1

Three 60 g cricket subsamples were collected in 3 x 3.6 g plastic bags. They were then
refrigerated for cooling to slow their activity and then counted to calculate the average cricket
weight. They were then frozen at -20oC and sent for analysis at Daco Laboratories Ltd. (Stratford
Agri Analysis), Stratford, ON.
The samples were analysed using Daco Laboratories’ Type 4 package using wet chemistry
techniques to determine Dry Matter (DM), Crude Protein (CP), Calcium (Ca), Phosphorus (P),
Acid Detergent Fibre (ADF), Neutral Detergent Fibre (NDF) and Crude Fat. The analytical
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methods used are summarized in Table 4.1.

Table 4.1 Analytical methodology utilized for cricket samples.

Component

Method

DM (Moisture)

AOAC 935.29
Before July 2010 : AOAC 984.13
Starting July 2010 : AOAC 990.03
AOAC 968.08 (D)
No methods available but similar to AOAC 968.08 (D) and 975.03 (C)
Before April 2009 : AOAC 973.18 (Tecator Application Note
1978.06.19 FA/AC AN 03/78 Daco Laboratories Ltd. communication
with Cornell University)
Starting April 2009: ANKOM Method 5 08-16-06
Before April 2009 : Tecator Application Note 1978.06.21 FA/AC An
06/78 Daco Laboratories Ltd. communication with Cornell University
Starting April 2009 : ANKOM Method 6 08-16-06
AOCS Ba3-38

CP
Ca
P
ADF

NDF
Crude Fat

4.3.1.2

Analysis 2

After fasting for 24hrs two 185 g cricket samples were then collected in 2 x 3.6 g plastic bags.
They were then frozen at -20oC and sent for Vitamin A analysis at the Diagnostic Center for
Population and Animal Health, Michigan State University, Lansing, MI. The samples were
analyzed for vitamin A by wet chemistry. The procedure used was carried out using accredited
AOAC methodology as provided through pers. comm. from Justin Zyskowski (lab technician
manager of DCPAH) (Appendix Table 10).

4.4

Experiment #1: The Role of Particle Size in Diet Intake
This study determined the particle size range most palatable to 1.67 cm domestic house

crickets (Acheta domestica) so that this range could then be applied to the new GLD to optimize
consumption.

51

Particle size palatability was determined by comparing the consumption amounts of six
particle sizes: 1 mm, 0.841 mm, 0.595 mm, 0.425 mm, 0.297 mm and 0.212 mm of ingredient L
(crushed rabbit pellets (Masterfeeds, London, ON)). These sizes were chosen as they were
deemed to be representative of the size range of commercial wheat flour and other cricket GLD
ingredient particle sizes without being too fine (Allen and Oftedal 1989; Finke 2003; Finke et al.
2005). This ingredient was assumed to be chemically homogenous at all particle size levels.
Twenty-nine 250 g samples of ingredient L were placed on a Canadian Standard Sieve series
(W.S. Tyler Co. of Canada LTD. St. Catharines, ON) with mesh sizes of 12 (1.7 mm), 18 (1
mm), 20 (0.841 mm), 30 (0.595 mm), 40 (0.425 mm), 50 (0.297 mm) and 70 (0.212 mm). Each
sample was thoroughly shaken for 6 minutes to obtain 350 g of each of the 6 particle sizes for
experimentation.
Six tanks were used, each containing six particle size dishes per tank such that each dish
contained 50 g of one of the six mesh sizes (mm) 18, 20, 30, 40, 50 and 70. The six particle size
dishes (8.75 cm in diameter x 2.5 cm in height) were arranged diagonally across the open area in
the middle of the tanks (Figure 4.2). Food dishes were labelled on the bottom with the particle
size of the diet it contained, so as to identify the product in the event that more than one dish was
entirely consumed. The marked dishes would then enable the investigator to identify which
ingredient was in which dish so that the consumption could be recorded and, hence, replenished
if the experiment was to be continued. The top end (TE) and the bottom end (BE), as well as the
other placements in between, were rotated such that all dishes were systematically arranged to
ensure that each dish occupied each position over the 5 tanks (Table 4.2). In general, therefore,
the dishes were similar with respect to their exposure to environmental factors such as
temperature, humidity, air movement and light. As a result, variation in the overall consumption
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of each particle size due to environmental conditions and location bias was minimized.

Table 4.2 Particle size dish arrangement.
Dish
Position

#1
(Top)

#2

#3

#4

#5

#6
(Bottom)

Tank 1
Tank 2
Tank 3
Tank 4
Tank 5
Tank 6

18
20
30
70
50
40

20
30
40
18
70
50

30
40
50
20
18
70

40
50
70
30
20
18

50
70
18
40
30
20

70
18
20
50
40
30

4.4.1

Cricket Allocation into the Experimental Tanks

Upon the cricket shipment’s arrival at the WNC, four cricket shipment containers at a
time were emptied into the collection tank. Once emptied a 60 g sample of 1.67 cm crickets was
collected in a 3.6 g plastic bag and then a 100 g sample of crickets was allocated into each of the
6 tanks. This was repeated twice until each tank had a total of 300 g of 1.67 cm crickets and three
60 g samples had been collected to verify cricket size, i.e., weight. This mode of cricket
allocation, therefore, ensured that the crickets within each delivery box were represented in each
of the tanks thus reducing bias due to cricket size variation. The three 60 g cricket samples were
refrigerated for cooling to slow them down and then counted to calculate the average weight of
the delivered crickets.

4.4.2

Food Presentation Protocol

The 6 particle sizes of ingredient L (crushed rabbit pellets) were offered on delivery to mimic
the present zoo cricket feeding protocol. At 9 am of each experimental day, the contents of each
dish was stirred to evenly distribute the particle sizes in the dishes. Since the dishes used were of
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small diameter, it was thought that the crickets may be consuming the top portion of the dish
contents and hence, remasticating this portion instead of masticating/consuming lower portions
of the dish. Stirring the contents should, therefore, overcome this effect. The crickets then
continued to feed on the particle sizes offered for approximately 71 hrs after which time the
dishes were collected and weighed to determine the consumption of each particle size. The
debris from each tank was also collected and weighed.

4.5

Experiment #2: Dish Location
The aim of this study was to further investigate the importance of dish position to cricket

ingestion optimization, a factor discovered during the previous experiment.
Six tanks were used during this experiment. The method employed to collect cricket samples,
as well as for cricket tank allocations from the cricket shipment was similar to that used in the
previous particle size experiment (see section 4.4.1) which ensured that the crickets from each
cricket shipment box were equally represented in each of the samples and each of the tanks thus
reducing bias due to cricket size variation. Consequently, a 300 g sample of 1.67 cm crickets
were allocated into each tank from the shipment. One tank was used to fast crickets for 24 hrs to
evacuate their gut contents, after which time, three 60 g cricket samples were collected,
refrigerated for cooling to slow them down and then counted to calculate the average cricket
weight of the crickets being used for the experiment. The remaining 5 tanks were the treatment
tanks which contained 5 ingredient dishes per tank. A total of 25 dishes (8.75 cm in diameter x
1.25 cm in height) were used such that each dish contained 30 g of ingredient L (crushed rabbit
pellets). The 5 dishes/tank were arranged diagonally across the open area in the middle of each
tank (Figure 4.2). The top end (TE) and the bottom end (BE), as well as the other placements in
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between were rotated such that all dishes were systematically distributed so that each dish
occupied each position over the 5 tanks. In general, therefore, they were similar with respect to
their exposure to environmental factors such as temperature, humidity, air movement and light.
As a result, the overall consumption of each particle size due to environmental condition bias
was minimized. The dish positions were numbered 1-5. #1-Top Edge (TE), #2 next to TE, #3 is
the middle dish, #4 next to BE, #5 Bottom Edge (BE) (Figure 4.2). The dishes were collected
and weighed to determine consumption of the ingredient per dish after 26 hrs, 50 hrs and 74 hrs.

4.6

Experiment #3: Ingredient Palatability Treatments
Ingredient palatability was determined by comparing the consumption amounts of sixteen test

ingredients. Five ingredients were tested per experiment such that four ingredients were grouped
core ingredients (A, F, G and K) with the fifth being a new test ingredient. Those ingredients
which were comparably well consumed by 1.67 cm domestic house crickets (Acheta domestica),
i.e., both individually, and in combination with the other ingredients in their experimental group,
were then chosen for possible incorporation into the new GLD.
Upon arrival at the WNC, three 60 g cricket samples were collected in three 3.6 g plastic bags
and refrigerated for cooling to slow them down and then counted to calculate the average weight
of the delivered crickets. Each treatment (except for treatment 3A) had one tank which was used
to fast crickets for 24 hrs to evacuate their gut contents, after which time, three 60 g cricket
samples were collected, refrigerated for cooling to slow them down and then counted to calculate
the average cricket weight of the crickets being used for the experiment. The method employed
to collect cricket samples, as well as for cricket tank allocations was similar to that used for
experiment #1 (see section 4.4.1) which ensured that the crickets from each cricket shipment box
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were equally represented in each of the samples and each of the tanks. Ingredients were offered
on delivery to mimic the present zoo cricket feeding protocol with the exception of treatment 3A.
Ingredient dishes were labelled on the bottom similar to Experiment #1 (see section 4.4).

4.6.1

Treatment 3-1 Benchmarking Ingredient Palatability

This preliminary experiment was performed to determine the consumption amount of an
ingredient known to be very well consumed by crickets, crushed rabbit pellets. The consumption
of this ingredient would then be used as a benchmark representing the maximum potential cricket
consumption and used to compare the consumption of the test ingredients during the selection of
highly palatable ingredients. At this time, this ingredient was itself not included as a test
ingredient because it was made up of many components and, at this stage of the selection
process, test ingredients were limited to only individual ingredients. This was done in an effort to
simplify the GLD formulation. This ingredient, however, was included as a test ingredient later
on in the selection process when it was then identified as ingredient L.
Three tanks were employed during the experiment. Three hundred g of 1.67 cm crickets were
allocated into each tank from the cricket shipment. One tank was the fasting tank. The remaining
two tanks were the treatment tanks. These contained one ingredient dish per tank. Therefore a
total of two dishes (18.75 cm in diameter x 0.625 cm in height) were used such that each dish
contained 150 g of ingredient L. The dish was positioned in the middle of each tank against the
right side of the tank touching the top edge of the egg cartons with the water dispenser against
the left side with the thermometer/hygrometer located in the middle of the two. After 26 hrs and
50 hrs, the dishes were collected and weighed to determine consumption of ingredient L per dish.
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4.6.2

Treatment 3A Ingredient Palatability Testing

The aim of this study was to test the palatability of ingredients A, B, C, D and E. Five tanks
were employed as treatment tanks which contained five ingredient dishes per tank. The five
ingredient dish arrangement was similar to that of Experiment #2 (see section 4.5).
Each ingredient dish (8.75 cm in diameter x 1.25 cm in height) contained 14 g of one
ingredient. Five hundred g of 1.67 cm crickets were allocated into each tank from the shipment.
The crickets fed on the ingredients and the dishes were collected and weighed to determine
consumption of each ingredient per dish at 24 hrs, 48 hrs and 72 hrs. At each of these times, the
tanks were cleaned, i.e., debris was removed to minimize its consumption and maintain hygienic
conditions. The debris was also weighed.

4.6.3

Treatments 3B to 3G Ingredient Palatability Testing

The aim of this study was to test the palatability of ingredients H, L, M, N, O and P,
compared to four core ingredients A, F, G and K (Table 4.3). Six tanks were employed during
the experiment. Three hundred g of 1.67 cm crickets were allocated into each tank from the
shipment. One tank was the fasting tank. The remaining 5 tanks were the treatment tanks which
contained 5 ingredient dishes per tank. The dish arrangement per tank was similar to that of
Experiment #2 (see section 4.5).
Therefore, a total of 25 dishes (8.75 cm in diameter x 1.25 cm in height) were used such that
each dish contained 20 g of one ingredient (15 g per dish for treatment 3B). After 26 hrs, 50 hrs
and 74 hrs, the dishes were collected and weighed to determine the consumption of each
ingredient per dish. When an ingredient looked as though it may be consumed before the
experiment terminated, more was added to each dish holding that ingredient per tank. To
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eliminate bias due to fresh ingredients the amount added was the same for all dishes of that
ingredient.

Table 4.3 Ingredients tested for palatability per treatment.
Treatment
3B

3C

3D

3E

3F

3G

3H
3I
3J

4.6.4

Comparison Ingredient(s)
A (Full fat soy flour)
F (Red lentil flour
G (Sweet potato flour)
K (Spirulina flake)
A (Full fat soy flour)
F (Red lentil flour
G (Sweet potato flour)
K (Spirulina flake)
A (Full fat soy flour)
F (Red lentil flour
G (Sweet potato flour)
K (Spirulina flake)
A (Full fat soy flour)
F (Red lentil flour
G (Sweet potato flour)
K (Spirulina flake)
A (Full fat soy flour)
F (Red lentil flour
G (Sweet potato flour)
K (Spirulina flake)
A (Full fat soy flour)
F (Red lentil flour
G (Sweet potato flour)
K (Spirulina flake)
L (Crushed rabbit pellets)
L (Crushed rabbit pellets)
L (Crushed rabbit pellets)

New Ingredient
H (Alfalfa crumbs)

L (Crushed rabbit pellets)

M (Wheat shorts)

N (Dehydrated alfalfa meal)

O (Ground wheat flour)

P (Ground oat flour)

K (Spirulina Flake)
R (Pure Source Spirulina powder)
S (Ziegler Spirulina flake)

Treatments 3H to 3J Ingredient Palatability Testing

The aim of this study was to test the palatability of ingredients K, R and S, compared to
ingredient L (Table 4.3). Four tanks were employed during the experiment. Three hundred g of
1.67 cm crickets were allocated into each tank from the shipment. One tank was the fasting tank.
The remaining three tanks were the treatment tanks. These contained two ingredient dishes per
tank. Therefore, a total of six dishes were used such that for treatment 3I each dish contained 70
g of one ingredient. For treatments 3H and 3J, 70 g of ingredient L and 40 g of ingredient S were
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used because the latter ingredient was not as dense and hence, due to dish size constraints, these
amounts were altered. Each dish was of the following dimensions 18.75 cm in diameter x 0.625
cm in height. The two dishes per tank were positioned at the top edge of the egg cartons, i.e.,
touching the egg cartons on either side of the thermometer/hygrometer. The water dispenser was
opposite the thermometer/hygrometer, against the egg cartons on the other side. The dishes were
collected and weighed to determine consumption of each ingredient per dish after 26 hrs and 50
hrs.

4.7
4.7.1

Ingredient and Diet Nutrient Analysis:
Ingredient samples analyzed at Agri-Food Laboratories (Guelph, ON):
1 x 100 g samples of ingredients A, C, D and E were submitted for analysis by wet
chemistry for CP, Ca, P and Fat (Table 4.4).

Table 4.4 Analytical methodology utilized for ingredient samples by Agri-Food Laboratories.

Component

Method

DM (moisture)
CP
ADF and NDF
Crude Fibre
Ca and P
Fat
FAH
Fatty Acids

AOAC 930.15
AOAC 990.03
AOAC 973.18
AOAC 962. 09
AOAC 985.01
AOAC 920.39
AOAC 954.02
AOAC 996.05

7 x 100 g samples of ingredient K, 3 x 100 g samples of ingredient Q and 1 x 200 g
sample of each of the following ingredients R, S, T, U, V were collected and submitted
to the lab. These ingredients were then analysed using their AFL TMR Excel Basic
package which analysed the ingredients by wet chemistry for DM, CP, Ca, P, ADF,
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NDF, Crude Fibre and Fat (Table 4.4). For three of the samples submitted, a fatty acid
profile by wet chemistry was also included (Table 4.4).
1 x 200 g sample of ingredient L was collected and submitted to the lab. This
ingredient was analysed by wet chemistry for amino acids using HPLC via pre-column
derivatization with phenylisothiocyanate (Bidlingmeyer et al. 1984; Heinrikson and
Meredith 1984; Cohen and Strydom 1988).

4.7.2

Ingredient and diet samples analyzed at Daco Laboratories Ltd. ((Stratford Agri
Analysis), Stratford, ON):
2 x 70 g samples of each of the following ingredients A, C, F, G, H, I and J were
collected and submitted to the lab. These ingredients were then analysed using their
Type 4 package which analysed the ingredients by wet chemistry for DM, CP, Ca, P,
ADF and NDF (Table 4.5). In addition, they were also analysed for Crude Fat and
Crude Fibre (Table 4.5).
2 x 100 g samples of ingredient L were collected and submitted to the lab. These
ingredients were then analysed using their Type 4 package which analysed the
ingredients by wet chemistry for DM, CP, Ca, P, ADF and NDF. In addition, they were
also analysed for Crude Fat (Table 4.5).
3 x 100 g samples of each of the following ingredients A and G were collected and
submitted to the lab. These ingredients were then analysed using their Type 4 package
which analysed the ingredients by wet chemistry for DM, CP, Ca, P, ADF and NDF. In
addition, they were also analysed for Crude Fat and Crude Fibre (Table 4.5).
Once assembled 3 x 100 g samples of each of the 2 diets (GLD and the low Ca insect
diet) were submitted for analysis using their Type 4 package which analysed the diets
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by wet chemistry for DM, CP, Ca, P, ADF, and NDF (Table 4.5). A few nutrients of
the GLD were re-analysed using 100 g samples. These were analysed by wet chemistry

Table 4.5 Analytical methodology utilized for ingredient and diet samples.

Component
DM
(moisture)
CP
Ca
P
ADF

NDF
Crude Fat
Fatty Acids
Crude Fibre
Vitamin A
Vitamin E
Beta Carotene

Method
AOAC 935.29
Before July 2010 : AOAC 984.13
Starting July 2010 : AOAC 990.03
AOAC 968.08 (D)
No methods available but similar to AOAC 968.08 (D) and 975.03 (C)
Before April 2009 : AOAC 973.18 (Tecator Application Note 1978.06.19
FA/AC AN 03/78 Daco Laboratories Ltd. communication with Cornell
University)
Starting April 2009: ANKOM Method 5 08-16-06
Before April 2009 : Tecator Application Note 1978.06.21 FA/AC An 06/78
Daco Laboratories Ltd. communication with Cornell University
Starting April 2009 : ANKOM Method 6 08-16-06
AOCS Ba3-38
AOAC 969.33/963.22
AOCS Ba6a-05
AOAC 992.04
AOAC 992.06
AOAC 941.15

using the Type 2 analysis package which analysed the diets for CP, Ca and P (the
methods used were the same as for their Type 4 package) (Table 4.5).

4.8 Diet Assembly
In order to provide enriched levels of vitamins A, D and E, pyridoxine and thiamine, a premix
was prepared using ingredient G as the carrier. This ingredient was chosen because its small
particle size allowed for better distribution when subsequently mixed with the other diet
ingredients. The concentration of the vitamins in the ingredient G premix was 40x the required
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level per kg in the final cricket diet so that the inclusion of 0.5 kg of vitamin-fortified ingredient
G premix in a 20 kg batch of final product would provide the target level of each vitamin. The
vitamin premix including 1 kg of the carrier ingredient G and the vitamins A, D, E, B1 and B6
were mixed using a Twin Shell Dry Blender, (Patterson-Kelley Co. Inc. East Stroudsburg PA).
The final diet assembly included the selected dietary ingredients, the calcium and the vitamin
premix. These were mixed using a Hobart Bowl Mixer, Hobart Food Equipment Group Canada,
Toronto, ON.

4.8.1 Assembled Diet Particle Size
The GLD and the low Ca insect diet particle size distributions were estimated by analytical
sieving using Canadian Standard Sieve series (W.S. Tyler Co. of Canada LTD. St. Catharines,
ON). Samples were sieved using a Ro-Tap testing sieve shaker (Model Rx-29, W.S. Tyler Co. of
Canada, St. Catherines, ON) for 5 minutes per sample (United States Pharmacopeia and National
Formulary 2007) and fractions weighed by analytical balance (Sartorius Model B120 S, Sartorius
GmbH, Gottingen, Germany)

4.9

Statistical Analysis:
Statistics calculated using Minitab Student Release 14 Software, Minitab Inc., USA.

Differences among treatment groups were evaluated using the one-way ANOVA, followed by
Tukey post-hoc analysis.
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4.10

RESULTS AND DISCUSSION

Many insectivorous amphibians and reptiles in zoological institutions are still being
diagnosed with nutritional deficiency diseases (Bernard et al. 1991; Bernard and Allen 1997;
Allen et al. 1993, 1996; Finke 2003; Pessier 2007; Hunt Coslik et al. 2009; Li et al. 2009). This
is most probably due to the reliance of these institutions on a very limited number of feeder
insect species which, in most cases, are nutritionally inadequate with respect to insectivorous
amphibian and reptile requirements (Allen and Oftedal 1982; Bernard and Allen 1997; Barker et
al. 1998; Anderson 2000; Finke 2003; McClements et al. 2003; Hunt Coslik et al. 2009).
Consequently, many have attempted to remedy these inadequacies by employing
supplementation techniques such as gut-loading. This is one of the most commonly used
techniques and has been mainly employed to enhance the nutrient quality of the domestic house
cricket (Acheta domestica), one of the most commercially available and commonly used feeder
insect species. This study set out to formulate a new diet and cricket gut-loading optimization
recommendations, due to the inconsistent success of this supplementation technique which may,
in part, be due to the commercially available GLDs themselves and the inconsistent
methodologies employed when gut-loading.

4.11

Factors affecting gut-loading optimization

Gut-loading success relies heavily on the cricket’s ability to ingest a diet. This ability must be
optimized so as to ensure that its gut-loading capacity is maximized and the cricket’s role as a
nutrient vehicle is realized. There are many factors which influence a cricket’s optimal gutloading ability and if they are not taken into consideration during cricket feeding then the success
of the gut-loading nutrient supplementation technique may be compromised. Consequently,
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before experimentation began on determining GLD particle size and diet palatability with respect
to ingredient selection, cricket behavioural and physiological factors that might influence a
cricket’s optimal gut-loading ability were investigated. The extent of gastrointestinal tract fill is
influenced by a number of factors that include the pattern of feeding, transit time of ingesta, fecal
excretion, insect age, insect size (weight) and the insect’s stage of development within its instar
(see Chapter 7) (Trusk and Crissey 1987; Allen and Oftedal 1989; Finke et al. 2005).

4.11.1

Cricket Age and Size

Cricket age was considered since crickets in their last week of life do not feed readily (Trusk
and Crissey 1987), consequently, nymphs were used for each of the experiments.
Cricket size was another consideration. Wherever possible, the study was designed to mimic
the existing Toronto Zoo protocol for feeder cricket procurement so as to obtain a realistic
picture of the nutrient potential of the crickets currently being delivered and gut-loaded. As a
result, this information could then be used to provide the basis upon which the zoo’s
insectivorous amphibian/reptile feeding protocols would be developed. The Toronto Zoo buys
their crickets from two suppliers, however, the suppliers are not the growers and, although the
crickets used for the experiments could have been bought from the grower directly, this was
decided against so as to mimic the existing situation. The zoo’s cricket delivery protocol was,
therefore, inadvertently assessed such that potential problems were noted and were taken into
consideration when performing the experiments and subsequently when preparing the zoo’s
husbandry protocol with regard to the ordering and purchasing of feeder crickets.
The following examples outline some of the potential problems discovered that were used to
formulate a decision on the optimal cricket size to use for the experiments. Growers, as well as
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suppliers usually sell their stock by the linear size of the cricket and the number of that particular
size required by the purchaser, i.e., 500 1.27 cm (half inch) crickets, 1000 1.9 cm (three-quarter
inch) crickets, 2000 1.67 cm (two-third inch) crickets, etc. The size usually reflects the
developmental stage and hence, the age of the cricket. For example a 1.9 cm cricket usually
denotes the last instar before maturity while a pinhead cricket is in its first instar. During the
course of this study, cricket deliveries were less consistent in size and on many occasions,
especially over recent years, smaller sizes were delivered than what had been ordered, e.g., 1000
1.27 cm crickets were substituted for 1000 1.9 cm crickets. Consequently, the reliable supply of
commercial crickets was also inadvertently investigated. The size discrepancies with respect to
what is bought and what ultimately arrives might be due to the recent cricket virus, a speciesspecific parvovirus presumed to be a densovirus. Commonly known as a ‘cricket paralysis virus’,
it decimates the stock such that large numbers, especially of the older instars, are not as available
(Coote 2004). In addition, husbandry factors may influence the size of a cricket at a particular
age. For example, crickets exposed to higher than optimum temperatures often develop faster but
remain smaller than those exposed to optimum temperatures (Castner 2000). Another problem is
that although both the growers and suppliers sell their crickets by number and linear measure,
they package them by weight. Generally a 1.9 cm cricket weighs ~0.3 g. Consequently, a box of
1000 1.9 cm crickets should weigh at least 300 g minus the weight of the box. If the crickets
supplied are 1.27 cm crickets they will generally weigh much less than 300 g since crickets of
this size are not as heavy. As a result, the buyer will usually be short ~100 g of crickets. This has
to be taken into consideration when obtaining crickets for an experiment as in many cases if one
relies only on the number of crickets of a certain size to be in a shipment, the delivery may be
less than what was originally ordered especially if the sizes sent are smaller and
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hence, the experiment may be jeopardized. Therefore, weight rather than size should be the
measurement of choice when deciding which crickets to use in an experiment since the age of the
cricket is difficult to determine. This is difficult given that the supplier sells the crickets using a
linear measurement. As a precaution, therefore, so as to avoid experimental difficulties and to
make allowances for any possible size inconsistencies in the shipment, more crickets should be
ordered than actually needed. Consequently, the crickets specifically utilized for this study were
1.67 cm (two-third inch, 4th to 6th instar) crickets being somewhere between 1.27 – 1.9 cm
crickets and more importantly on average generally weighed 0.23 g and ranged between 0.14 g
and 0.27 g dependent on what is delivered by the supplier.The delivery of this cricket size was
more consistent than other sizes with respect to weight and hence, was a better and a more
realistic measure of what actually arrived. In the future the gut-loading results obtained for this
midsize cricket could also be used to extrapolate those of other sizes.
Cricket size, specifically weight, must be considered to implement the potential benefits of
gut-loading, since during the GLD formulation, cricket weight is used to calculate the capacity of
its gastrointestinal tract so as to include the appropriate amount of deficient nutrients (Finke
2002, 2003). On a dry matter basis, many researchers have found that the gastrointestinal tract
contents of crickets, as a percentage of body weight decreases with increasing body size (Hunt et
al. 2001; Finke 2003; Finke et al. 2005). According to Finke (pers. comm., September 2005) the
gut loading content represents ~ 11-13% of adult cricket DM weight and ~13-15% of nymphal
crickets DM weight. For the purposes of this study the GLD was formulated for a 1.67cm (twothird inch) cricket with a conservative estimated gut-loading capacity of 12% on a dry matter
basis.
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4.11.2

Other Factors Affecting Gut-Loading Optimization Based on Methodology
Assessments

In addition to the consideration of these cricket physiological factors, and to further optimize
the cricket’s gut-loading ability, methodologies employed during previous studies by other
investigators were also examined. These assessments were completed to improve and remedy
any procedural variability which may have contributed to inconsistent results and low GLD
consumption. Some aspects were found to be inconsistent with the needs of the cricket and,
therefore, compromised the cricket's ability to optimally ingest the diet and hence, maximally
gut-load. These included the moisture source offered and environmental temperature and
humidity ranges the crickets were exposed to during experimentation.

4.11.2.1

Moisture Source

For this study a constant provision of distilled water as opposed to using produce
or other types of moisture sources was chosen. A decision confirmed by many investigators,
since water has been considered an important factor in promoting food consumption (Trusk and
Crissey 1987; Bernard and Allen 1997; Ward and Crissey 1997). This is especially true for diets
that are high in dry matter and contain high levels of Ca since crickets must maintain their
moisture levels. In addition, due to the poor palatability of high Ca diets, produce offered as a
water source may be consumed in preference to the actual diet (Allen and Oftedal 1989; Bernard
and Allen 1997; Ward and Crissey 1997). Consequently, distilled water was used in the
experiments (rather than tap water) so that no additional nutrients were consumed by the
crickets.
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4.11.2.2

Environmental Conditions

Low temperatures cause reduced feed intake resulting in sub-optimal Ca:P ratios (Ward and
Crissey 1997). In contrast, high temperatures cause an increased rate of development (Ghouri
and McFarlane 1958; Castner 2000). Crickets prefer temperatures between 26-32oC (Finke et al.
2004). Other researchers suggest that temperatures between 28 and 35oC are optimal (Ghouri and
McFarlane 1958). All experiments in this study were carried out with temperatures ranging from
26 to 29oC at the bottom of the experimental tanks and 29 to 34oC at the top of the egg cartons.
Consequently, a temperature gradient was provided with higher temperatures at the top of the
tank that the crickets could access by being in the top portion of the egg cartons. This was
important as the crickets could choose their optimal temperature.
Ghouri and McFarlane (1958) reported that for the domestic house cricket (Acheta domestica)
the relative humidity should be kept low, around 50% . This drier environment was chosen since
it was the lowest at which no clustering of the insects around the water source was observed and
it more closely approximated the natural conditions under which the insect lives. There was also
no danger of food spoilage (Ghouri and McFarlane 1958). In fact, the relative humidity for most
experiments in this study was between 40% and 20%. This range was selected as humidity levels
between 30 and 50% decrease the reproduction of dust mites, mould, bacteria and airborne
viruses (Arundel et al. 1986). No ill effects were observed when the humidity levels were below
30%.
Consequently, in an effort to optimize the cricket’s ability to consume the GLD, the
physiological and environmental parameters discerned were standardized throughout the
experimentation of this study. This included treatments involving particle size preference and
ingredient selection based on palatability. This ensured that ingestion was maximized since the
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testing of particle sizes and ingredients and their subsequent selection/rejection with respect to
GLD incorporation was based on comparing experimental consumption amounts. As a result, the
increased or decreased consumption of a particle size or ingredient would be due to their
preference/palatability and not due to other factors influencing consumption. These standardized
parameters were also included in the cricket gut-loading optimization recommendations.

4.11.2.3

Physical Form of the Diet - Diet Formation Structured to Optimize Cricket Diet
Gut-Loading

As mentioned previously, gut-loading success relies heavily on the cricket’s ability to
ingest the diet which is influenced by many factors. The physical form of the diet i.e. particle
size is another factor that was considered during the initial phase of the GLD design since it also
impacts ingestion ability and optimization.
Crickets, in general, prefer finely ground diets over those that are coarse or pelleted (Allen
and Oftedal 1989; Finke 2003). The smaller particle size facilitates and maximizes cricket
ingestion, especially by emergent and developing crickets with their smaller mouth parts
(Bernard and Allen 1997; Anderson 2000; Finke et al. 2005). Larger particles would require
more energy to consume since they would have to be masticated into smaller particles before
consumption. These findings, as well as particle size assessments of other diets, determined that
particle sizes: 18 (1 mm), 20 (0.841 mm), 30 (0.595 mm), 40 (0.425 mm), 50 (0.297 mm) and 70
(0.212 mm) should be tested since they were deemed to be consistent with flour particles and
were also representative of other cricket GLDs (Allen and Oftedal 1989; Finke 2003; Finke et al.
2005). Treatments, therefore, were conducted to determine the optimal particle size/range most
palatable to 1.67 cm crickets. This size range could then be applied to the new GLD so as to
maximize the cricket’s consumption. The experiments revealed that all of the tested particle sizes
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were equally preferred by the 1.67 cm crickets, whether they were in favoured locations or not
(Table 4.6). The importance of food dish position will be discussed in section 4.11.3.
Accordingly, the 18-70 range in particle sizes should be applied to the new GLD and it is hoped
that it will add to its palatability, improving consumption and reducing waste. In the future, due
to the diet’s consistency, it could also be used as a “dusting agent” to coat the crickets, prior to
feeding. This could be useful as some researchers have suggested that a combination of both gutloading and dusting (another nutrient supplemental technique), may be necessary to achieve a
Ca:P ratio that meets or exceeds 1:1 (McClements et al. 2003; Schlegel et al. 2005).
Another benefit of having all ingredients ground to similar small particle sizes is that it
facilitates the uniform mixing of the diet into a homogeneous blend. Nutrients, therefore, which
were specifically included in the GLD for the end consumer, would be readily available in
appropriate amounts throughout the diet (NRC 1995). The smaller uniform particle size also
limits the cricket’s ability to sort out particles by using their visual, olfactory, or gustatory cues
to consume preferred items over others. This is especially true for the juveniles which, due to
their smaller mouth parts, have a better ability to sort through material which is of different sizes.
A uniform small particle sized diet will maximize the GLD’s benefits by ensuring that the cricket
sufficiently ingests each nutrient. It is expected that the significant nutrients would be retained in
the GIT in the proportions specified such that the whole cricket nutrient package would meet the
estimated requirements of the end consumer as originally intended.
A final benefit, of the smaller particle sizes, is that it may improve the digestibility of the diet
by the end consumers since there is more surface area exposed to digestive enzymes even though
initially it is within the cricket. Unfortunately, there are some potential drawbacks to a fine
particle size. It can increase rates of nutrient degradation by increasing exposure to oxygen and
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Table 4.6 Particle size palatability over a 71hr period, highlighted areas indicate dishes closest to the egg cartons.

* Average
Consumed
(g)

† Average
Consumed
of Dishes
Closest to
Egg
Cartons

† Average
Consumed
of Dishes
Not Close
to Egg
Cartons

Tank 1

Tank 2

Tank 3

Tank 4

Tank 5

Tank 6

Consumed
(g)

Consumed
(g)

Consumed
(g)

Consumed
(g)

Consumed
(g)

Consumed
(g)

18

15.62

11.55

6.68

4.49

3.72

3.21

7.55

13.59

a

4.53

b

20

5.4

23.14

21.26

2.87

4.82

6.85

10.72

22.20

a

4.99

b

30

3.85

10.4

19.28

3.03

10.05

19.57

11.03

19.43

a

6.83

b

40

3.51

3.95

7.5

4.64

24.98

18.53

10.52

21.76

a

4.90

b

50

5.88

2.87

3.28

20.82

16.6

5.75

9.20

18.71

a

4.45

b

70

25.5

4.04

3.74

20.57

5.6

2.91

10.39

23.04

a

4.07

b

Total

59.76

55.95

61.74

56.42

65.77

56.82

59.41

118.71

Sieve
Size

29.77

* No significant differences between the consumption of different particle sizes, i.e., no particle size was
favoured over another (P>0.05).
† Different superscripts indicate significant differences between the consumption of dish contents at different locations (P<0.05).
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by releasing enzymes responsible for autocatalytic processes (NRC 1995). It may also increase
cricket mortality by obstructing the spiracles (Schlegel et al. 2005). As a result, it is critical that
the gut-loaded crickets are quickly fed off to their recipient species after optimum gut-loading is
achieved to minimize these negative effects (Allen and Oftedal 1989; Bernard and Allen 1997;
Hunt et al. 2001; Finke et al. 2005).

4.11.3

Dish Location - Diet Placement to Optimize Cricket Diet Gut-Loading

During the particle size palatability experiment another important behavioural and
physiological factor to optimize gut-loading was discovered and, although not implemented
during this study’s methodology, it has been included in the gut-loading optimization
recommendations. The positioning of ingredient dishes near sheltered areas in the experimental
tanks was found to be an important contributor to increasing ingestion.
Researchers working with rats have found that they, like many other animals, exhibit wall
seeking behaviour in that they tend to restrict their activity to sheltered areas, moving along
edges, rather than out into the open (Brubaker 1975). Crickets also appear to exhibit this trait.
For example, they were observed to visit the dishes closest to the egg cartons, i.e., dish positions
#1 and #6, more often than the four middle dishes that were further away from the egg cartons.
This was supported by the greater amounts consumed in those two dishes over all the
experimental tanks (Table 4.6). This is possibly because these dishes provide a more sheltered
environment perceived as being safer by the crickets.
Another experiment was performed to further investigate whether cricket diet consumption
can be increased or decreased depending on the placement of the food dish. It utilized a
homogenous diet, rather than one which had been separated into various particle sizes. As
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before, dishes positioned in preferred locations, i.e., those closest to the egg cartons in dish
positions #1 and #5, were observed to be visited more often than the three middle dishes that
were further away from the egg cartons (Figure 4.4). The contents of the dishes that were closer

1
5

Figure 4.4 Crickets visit dishes in position #1, #4 and #5 more frequently.

to the sheltered areas, which afforded more secure conditions, were generally found to be better
consumed than those which were in more open locations (Table 4.7). Statistically during the first
26 hrs, the contents of the dish in position #5 were consumed more than the similarly consumed
contents of the dishes in positions #1, #4 and #3 with that of #2 being the least preferred.
Therefore, the expectation that the dishes in positions #1 and #5 would have similar and higher
consumption amounts than those of the three middle dishes was not observed. This may have
been due to their appetite which was probably increased during their shipment and was at
elevated levels during this time period and hence, their motivation to eat outweighed their drive
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Table 4.7 Consumption amounts of ingredient L to illustrate importance of food dish placement.

CONSUMPTION

~26 hrs
Average
Consumption
(g)

~50 hrs
Average
Consumption
(g)

~74 hrs
Average
Consumption
(g)

~98 hrs
Average
Consumption
(g)

~122 hrs
Average
Consumption
(g)

1

7.5 a

11.3 a

14.2 a

15.8 a

17.2 a

2

4.8 b

6.8 b

8.5 b

9.7 b

11.1 b

3

5.4 a, b

7.8 b

9.8 b

10.8 b

12.1 b

4

6.5 a, b

9.0 a, b

11.2 a, b

12.0 a, b

13.2 a, b

5

11.1 c

16.5 c

20.0 c

24.8 c

27.3 c

Avg. Total Intake
(g)

35.4

51.3

63.7

73.1

81.1

Dish Position

At each time period different superscripts indicate significant differences between consumption amounts (P<0.05).
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to seek out secure locations. At the 50 hr time period the data show a significant preference for
the contents of the dish in position #5 and even that of the dish in position #1 although there is
some statistical similarity between the consumption amounts of the contents of the dishes in
positions #1 and #4 with the contents of the dishes in positions #3 and #2 being least preferred.
At this 50 hr time period the crickets were probably more focused and less motivated by hunger
and hence, security once again became a priority. Even though the contents of the dishes in
positions #1 and #5 were expected to be consumed in preference to the three middle dishes, the
dish in position #4 for all the time periods following the first 26 hrs was consumed to the same
degree as that of the dish in position #1 with the contents of the dishes in positions #3 and #2
being the least preferred. However, upon closer inspection it was discovered that the dish in
position #4 was in a shadow thus affording it more security. In addition, the dish in position #4
was the closest to the dish in position #5 the location at which the contents were the most
consumed. As a result, this proximity may have had an additional effect, causing more crickets to
visit and consume the contents of this dish on their way to the dish in position #5 and due to the
shadow, they remained consuming its contents because of the security it offered. The data show
a similar trend as observed at 50 hrs for succeeding time periods, however, a preference for the
contents of the dish in position #1 over that of the dish in position #4 becomes more evident as
time passes.
Consequently, the cricket's natural behaviour to seek out secure locations can be employed to
increase the comfort level of the animal and thereby, provide more security where the food is
offered. As a result, the benefits of maximum gut-loading would be more likely realized.

75

4.12

Diet Formulation to Optimize Cricket Diet Palatability

4.12.1

Gut-Loading Diet Ingredient Selection using Three Criteria

Diet palatability is another factor that was considered because of its profound effect on gutloading success. Diet palatability is dependent on a number of dietary elements including diet
nutrient/ingredient palatability which is mainly influenced by the types of nutrients/ingredients
incorporated (Bernard and Allen 1997).
Each of the ingredients ultimately incorporated into the GLD were selected based on two
objectives: that in combination the nutritional contribution of each ingredient to the final diet
compensated for any cricket whole body nutrient inadequacies and that each ingredient was
highly palatable to the crickets, thus optimizing ingestion and meeting cricket foraging
requirements. In practice, these two objectives were applied by being divided into three criteria.
Although the first and third criteria pertain to the first objective the three criteria were generally
implemented in this numerical sequence to manage costs due to expensive analyses.

4.12.1.1

First Criterion

The first criterion was to ensure that the mixture of ingredients incorporated in the final diet
delivered sufficient variety and amounts of target nutrients in physically and chemically
absorbable forms that they compensated for any inadequacies in the nutrient value of a 1.67 cm
(two-third inch, 4th to 6th instar) domestic house cricket (Acheta domestica) body. This was
accomplished through the diet’s retention in the cricket’s GIT. The cricket and ingredient
nutrients combined, should meet the estimated nutritional and physiological requirements of the
end consumers for these target nutrients in a reasonably balanced way. The nutrient Ca was
particularly targeted as it was to have a specific value of 7% in the completed diet.
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4.12.1.2

Second Criterion

The second criterion was employed to create a GLD which would optimize cricket ingestion
and hence, gut-loading. This was accomplished by ensuring that the physical form and the
nutritive provisions of the diet met with the foraging and palatability requirements of the vehicle
of delivery, the cricket. It was implemented through the comparison of ingredient consumption
amounts.

4.12.1.3

Third Criterion

The third criterion, which is an aspect of the nutrient profile approach of the first objective,
involved the elimination of potential ingredients based on their poor amino and fatty acid
profiles, basically the target nutrients not considered in the first criterion.
All three criteria were important, however, the first and third criteria’s ingredient nutrient
assessments and comparisons were critical as they determined which ingredients had
comparatively better nutritional composition with respect to the requirements of the
insectivorous amphibians and reptiles, as well as those of the cricket. As a result, the GLD would
not only be formulated to contain the required nutrients for the end consumers in combination
with the nutrients contained in the body of the cricket but would also be sufficiently balanced
from the crickets’ point of view so as to maximize palatability and gut-loading. Appendix Table
6 summarizes the stepwise elimination process involving the three selection criteria used to
arrive at the final palatable and nutritious ingredients.

4.12.1.4

First Criterion - Cricket Nutrient Inadequacies

One of the initial steps taken to implement the first criterion was to establish cricket nutrient
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inadequacies with respect to the end consumers. These inadequacies were determined by first

29.9

Adult
Cricket e
Adult
Cricket f

Adult
Cricket c

26.8
73.2 76.5
67.1

Nymph
Cricket f

% DM
% Moisture
% CP
Arginine
Met+Cys
% Ca

Nymph
Cricket d

Cricket
Nutrients

1.67 cm
Cricket a
1.67 cm
Cricket b
Nymph
Cricket c

Table 4.8 Cricket nutrient composition.

31.0

0.08

77.1
67.2
4.10
1.44
0.12

66.8

0.18

1.29

69.2
66.6
4.06
1.53
0.13

%P

0.72

1.1

0.86

0.79

Ca:P
ADF

0.11
9.3

0.11
9.6

0.21

1.63
0.6

73.2
64.9

0.14

0.21

0.96

0.99

0.78

0.14
10.2

0.14
9.4

0.27
0.7

(ADF-N)

NDF
% Crude Fat
Linoleic
Linolenic
Vitamin A IU/kg

20.4

51.5

14.4
4.80
0.18
140

17.3

16.4
9.8

471

Vitamin D3 IU/kg
Vitamin E IU/kg

(ADF-N)

22.08
22.1
7.44
0.19
240

13.8

19.1
22.8

811

831.17
41.7

71

64.07

81

Vitamin B1
0.8
1.2
mg/kg
Vitamin B6
7.6
7.5
mg/kg
a
Three 60 g fasted cricket samples (average weight 0.21 g) analyzed at Daco
Laboratories Ltd.
b
Two 185 g fasted cricket samples analyzed at the Diagnostic Center for Population
and Animal Health Michigan State University
c
Adapted values (Finke 2004)
d
Adapted values (Allen and Oftedal 1994)
e
Adapted values (Bernard and Allen 1997)
f
Adapted values (Barker et al. 1998)
Bolded values indicate this study’s focus nutrients
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obtaining cricket compositional values through nutrient analyses performed on fasted cricket
samples. These were compared to those obtained by other investigators (Table 4.8). The resulting
nutritional values were then compared to insectivorous amphibian and reptile requirements.
These requirements were determined through the comparison of values obtained by various
nutritional and medical researchers, as well as the National Research Council (NRC)
requirements for rats and the Association of American Feed Control Officials (AAFCO)
requirements for cats (Bernard et al. 1991; NRC 1995; Allen et al. 1996; Finke 2003; Hunt
Coslik et al. 2009; Li et al. 2009; AAFCO 2010). Based on recommendations made by Finke
(pers. comm., September 2005) and other investigators (Hunt Coslik et al. 2009), it was assumed
that the estimated nutrient requirements for both insectivorous amphibians and reptiles is similar
and were mainly based on estimates determined for reptiles since less work has been done on
amphibians (Table 4.9). The nutrient requirements of insectivorous amphibians and reptiles were
than compared with the nutrient values of the fasted crickets and the deficiencies calculated.
Basically, crickets are low in calcium, vitamins A, D and E. Other researchers have also
reported low levels of the vitamins B1 and B6, as well as linoleic and linolenic fatty acids (Allen
and Oftedal 1994; NRC 1995; Ferguson et al. 1996; Finke 2002, 2003; Abate 2003; Allen and
Oftedal 2003; AAFCO 2010). These results, and the estimated 12% cricket gut-loading capacity
based on a dry matter weight, were then used as a baseline from which to design the new GLD.
Its formulation, therefore, would include appropriate levels of the established deficient nutrients.
Consequently, through the establishment of cricket nutrient inadequacies with respect to
insectivorous amphibian and reptile requirements, as well as through the assessment of nutrient
profiles of various cricket diets and supplements (Appendix Table 1, 2 and 3), the proximate
component, fibre fraction and specific nutrient ranges listed in Table 4.10 were established to be
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Table 4.9 Recommended Nutrient Requirements.
Recommended Nutrient
Levels
(DM)
% CP
Carbohydrates
%Ca

Captive
Carnivorous
Reptiles a
30 – 50
<20
0.8 – 1.0

NRC b

%P
% Crude Fibre
% ADF
% Crude Fat
% C18:2 n-6
Linoleic
Vitamin A (Preformed
Vit A - retinyl acetate)
IU/kg
Vitamin D3
(Cholecalciferol) IU/kg
Vitamin E IU/kg
Vitamin B1 mg/kg
Vitamin B6 mg/kg

AAFCO
c

Reptiles Green
d
Iguana
e

Panther
Chameleo
nf

Chameleon

6,500 –
12,350

16.67

30.0

0.56

1.0

0.5 – 1.0

0.33

0.8

0.6
6 – 10
10 – 18

10 – 15
1

5.56
0.67

9.0
0.5

3
1

5000 – 10,000

2555.5 9000 –
750,000

2086.9 - 8000
3290.7

6,500 –
12,350

500 – 1000

1111.1 75010,000
30
30
4.44
5.0
6.67
4.0

912 –
1440
25.03
2.5-3.7
1.2-2.4

6,500

100 – 300
1-5
1-4

a

Adapted values (Allen and Oftedal 1994)
Adapted values on a DMB based on 10% moisture (NRC 1995)
c
Adapted values (AAFCO 2010)
d
Adapted values (Finke 2003)
e
Adapted values (Allen and Oftedal 2003)
f
Adapted values (Ferguson et al. 1996)
g
Adapted values (Abate 2003)
b
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g

26
3.25.1g/kg

1.1

150
5.0
6.0

Table 4.10 Proximate components, fibre fractions and specific nutrient ranges for
ingredient acceptance and diet formulation.
Component
CP
Crude Fat
α - Linoleic (18:2 n-6)
α - Linolenic (18:3 n-3)
Crude Fibre
ADF
NDF
CHO
Ca
Vitamin A
Vitamin D
Vitamin E
Vitamin B1
Vitamin B6

Acceptance Levels
<20% or 18-24%
3-6% (low levels recommended to prevent them
from meeting their energy requirements before gut
loading sufficiently)
1%
0.03 – 1.39%
5-9% (<10% is similar to other cricket diets)
<9%
<9%
45% (many cricket GLD diets are between 40%62% Appendix Table 1 and 2))
7%
8000< IU/kg
1000 – 50,000 IU/kg
2000 IU/kg
5-31 mg/kg
4-50 mg/kg

used as bench marks for comparison to either accept or reject the ingredient being evaluated.
Accordingly, if the evaluated ingredient’s nutrient profile was not within or close to the
prescribed proximate component, fibre fraction and specific nutrient ranges, or if the ingredient
in question could not achieve these ranges when combined with other ingredients, it was
rejected. These ranges were also used as a guideline from which to design the diet, i.e., the
ingredients finally selected would be incorporated to obtain the nutrient ranges listed.

4.12.1.5

First Criterion – Ingredient Selection - Nutrient Ingredient
Analysis Comparisons

Twenty-two ingredients were tested for possible diet incorporation (Table 4.11). At this stage
ingredients I, J and Q were removed from the selection process based on ingredient nutrient
assessment comparisons which did not include AA and FA profiles as per the First Criterion
(Tables 4.12, 4.13 and Appendix Table 6). C, D R, M and S were at this stage partially ruled out
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after applying the First Criterion, however, it was felt that they should undergo the Second

Table 4.11 Ingredients tested for possible diet incorporation.
A (Full fat soy flour) – original ingredient – selected to provide a good source of protein and fat
B (Ground flax flour) – original ingredient – selected to provide essential fatty acids
C (Carrot flour) – original ingredient – selected to provide vitamin A and carotenoids
D (Bran flour) – original ingredient – selected to provide a good source of protein
E (Rice flour) – original ingredient – selected to provide a good source of protein
F (Red lentil flour) – selected to provide an excellent source of non-fat, highly digestible protein, and for
its complex CHO to provide energy over long periods
G (Sweet potato flour) – selected to provide vitamin A and carotenoids
H (Alfalfa crumbs) – selected to provide a good source of protein and for its favourable Ca:P ratio
I (Oat groat flour) – selected to provide a good source of protein and for its favourable Ca:P ratio
J (Barley flour) – selected to provide a good source of protein and for its favourable Ca:P ratio
K (OSI spirulina flake) – selected because it is a good source of protein with indispensable amino acids as
well as essential fatty acids, also good for Vitamin A, E and beta carotene and
perhaps other carotenoids
L (Crushed rabbit pellets) – selected to provide a good source of protein and for its favourable Ca:P ratio.
This ingredient is also known to be very well consumed.
M to P – are components of Ingredient L. They were selected to evaluate whether any were contributing
singly to the high palatability of this ingredient or whether it was due to a combination of the
components.
Q to V – were selected to assess whether they were superior to Ingredient K
M to P - M (Wheat shorts), N (dehydrated alfalfa meal), O (Ground wheat flour), P (Ground oats flour)
Q to V - Q (Nobleton Feed Mill Ltd. Spirulina powder), R (Pure Source Spirulina powder), S (Zeigler Spirulina
flake), T (World Wide Aquatics Spirulina flake), U (World Wide Aquatics Spirulina + flake), V (World Wide
Aquatics Spirulina 20+ flake)

Criterion. Ultimately, they too would be ruled out mainly due to the First Criterion (Table 4.12,
4.13 and Appendix Table 6). Ingredients T, U and V were also ruled out after the First Criterion
despite having relatively good nutrient profiles (Table 4.13). Their elimination was based on the
supplier’s recommendation, who could not guarantee the consistency of their nutrient profiles, as
well as their cost which exceeded that of Ingredient K (Appendix Table 6).

4.12.1.6

Second Criterion – Ingredient Selection Based on Consumption Comparisons
(Palatability Treatments)

Most of the remaining ingredients were rejected because they did not meet our second
criterion which involved the selection of highly palatable ingredients. Such ingredients were
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Table 4.12 Nutrient values of ingredients A, C, D, E, F, G, H, I, J, K, L and M.
Ingredient
Analysis
DM Basis

A*

a

A **

96.81
0.11
0.62

C*

a

90.10
0.20
0.19
8.83
12.05

C **

D **

E **

87.74
0.32
0.24

93.46
0.07
1.32

97.68
0.03
0.21

F*

a

89.90
0.03
0.38
2.51
7.40

a

G*

89.85
0.25
0.27
5.85
7.29

H*

a

91.05
1.24
0.53
16.47
25.65

I*

a

89.10
0.06
0.49
3.14
10.61

J*

a

DM %
% Ca
%P
% ADF
% NDF
% Crude
Fibre
% Crude
Protein

93.05
0.18
0.47
6.29
10.80

88.15
0.65
0.38
5.73
20.37

37.67

41.29

8.33

10.26

15.77

13.81

29.09

9.41

31.74

14.31

10.84

% Fat
% Linoleic
(C18:2 n-6)
% Linolenic
(C18:3 n-3)

23.11

20.42

1.39

3.92

5.93

2.13

0.84

1.45

1.76

3.65

1.76

K **

b

92.02
0.22
0.59
1.41
6.23

L **

b

M

c

93.64
1.13
0.78
19.85
39.05

0.07
0.95
9.00
33.00

45.90

16.85

17.40

6.10

3.15

4.00

1.37

2.20
0.27

* Analysed at Daco Laboratories Ltd.
** Analyzed at Agri-Food Laboratories
a Values are an average of 2 samples
b Values are an average of 3 samples
c Values are from an Ingredient Label
A (Full Fat Soya Flour), C (Carrot Flour), D (Bran Flour), E (Rice Flour), F (Red Lentil Flour), G (Sweet Potato Flour), H (Alfalfa
Crumbs), I (Oat Groat Flour), J (Barley Flour), K (O.S.I. Spirulina), L (Crushed Rabbit Pellets), M (Wheat Shorts Flour)

83

Table 4.13 Nutrient values of ingredients K, Q, R, S, T, U and V.
Ingredient
Nutrient
Values (DM)
(Agri-Food
Labs)
% Protein
% Fat

Ka

K

Ka

Kc

Qa

R

S

Tb

Ub

Vb

45.90

49.18 44.91

46.66

67.76

64.56

42.20

51.32

51.64 51.28

6.10

10.20

6.95

0.76

1.8

9.56

10.92

11.3

4.56

10.97

% C18:2 n-6
2.20
Linoleic
% C18:3 n-3
0.27
Linolenic
% MUFA
3.51
% PUFA
3.53
% Crude Fibre 1.37
0.89 1.24
1.17
1.17
0.83
3.08
0.62
0.55 0.66
% Ca
0.22
0.17 0.21
0.20
0.14
0.20
2.88
2.37
2.45 2.48
%P
0.59
0.60 0.61
0.60
1.10
1.05
1.47
1.69
1.74 1.79
% ADF
1.41
0.76 3.58
1.92
1.75
2.42
6.22
1.50
1.66 1.10
% NDF
6.24
2.92 4.52
4.56
3.14 12.53 26.31 10.61 9.22 7.90
a Average of three samples
b Average of two samples
c Average of all K samples
K (Spirulina - OSI), Q (Nobleton Feed Mill Ltd. Spirulina Powder), R (Pure Source Spirulina
Powder), S (Zeigler Spirulina Flake (2%)), T (Worldwide Aquatics Spirulina), U (Worldwide
Aquatics Spirulina +), V (Worldwide Aquatics Spirulina 20+)

assumed to optimize ingestion maximizing gut-loading. It was assumed that an ingredient of high
palatability would be better consumed. An ingredient which was poorly consumed was attributed
to low palatability rather than one having a high nutrient value which could contribute to a
decrease in consumption as a result of reaching satiation. The probability of having a high
nutrient value test ingredient was basically ruled out through the first criterion ingredient nutrient
assessments.
The degree of palatability was assessed by performing palatability ingredient treatments
which compared the amounts of each test ingredient consumed with the bench mark ingredient
(L) for consumption potential. This ingredient was very well consumed whether it was offered
84

on its own or in combination with other ingredients. Those ingredients that were ingested
relatively well compared to ingredient L, remained in the selection process. It was assumed that
each highly palatable ingredient would transfer this quality when in combination with other
ingredients to formulate a highly palatable diet. Consequently, it was hoped that the diet would
be readily consumed and would be retained in the GIT sufficiently such that, coupled with the
cricket’s whole body nutrients, it would provide the end consumers with their nutrient
requirements (Table 4.14).
When comparing palatability experimental consumption amounts, the following assumptions
were made:
a) the average weight of the fasted cricket samples obtained for each experiment were the same
such that there were no differences in consumption due to cricket size
b) all experimental crickets were at the same stage of development within their instar (i.e., in a
growth phase, and hence, there was no reduction in their appetite). The importance of this to gutloading will be discussed further in Chapter 5
c) by applying the established standardized cricket physiological, behavioural and environmental
parameters to optimize gut-loading, it was assumed that these factors were the same for all
crickets used. These factors were assumed to have no effect on consumption such that the
consumption amount results for each experiment was due to ingredient palatability alone.
During the experimentation a number of different ingredients were offered in separate dishes.
The combinations offered were designed to be in the final formulation. How each of the
ingredients were consumed in combination with the others was important, in that diets deficient
in certain AA or perhaps other nutrients would not be well consumed. Therefore, by offering the
ingredients together, albeit in separate dishes, it was hoped that all required nutrients would be
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Table 4.14 Consumption amounts of individual ingredient and selected ingredient combinations.
300 g 1.67 cm Crickets
Trtmt 3D
Trtmt 3E

Consumption

Trtmt 3Ab

Trtmt 3B

Trtmt 3C

Time
Period

Mazuri
1st 24 hrs
(35.33 g)
then
Ingredients
A, B, C, D
and E

Ingredients
A, F, G, K
with
Ingredient
H

Ingredients
A, F, G, K
with
Ingredient
L

Ingredients
A, F, G, K
with
Ingredient
M

Average
Fasted
Cricket
weight
0.20 g

Average
Fasted
Cricket
Weight
0.20 g

24 hrs

9.84 g

48 hrs

17.18 g **

72 hrs

25.51 g

26.14 g
Ingredient
H – 3.30 g
38.12 g
Ingredient
H – 4.4 g
47.4 g ++
Ingredient
H – 4.87 g

42.0 g *
Ingredient
L – 13.29 g
69.4 g
Ingredient
L – 26.1 g
89.4 g
Ingredient
L – 34.8 g

Trtmt 3F

Trtmt 3G

Trtmt 3-1

Ingredients
A, F, G, K
with
Ingredient
N

Ingredients
A, F, G, K
with
Ingredient
O

Ingredients
A, F, G, K
with
Ingredient
P

Average
Fasted
Cricket
Weight
0.20 g

Average
Fasted
Cricket
Weight
0.22 g

Average
Fasted
Cricket
Weight
0.19 g

Average
Fasted
Cricket
Weight
0.23 g

Consumption
Potential
(Bench
mark)
Ingredient
L
Average
Fasted
Cricket
Weight
0.21 g

34.15 g *
Ingredient
M – 10.25 g
56.15 g
Ingredient
M – 18.0 g
72.05 g
Ingredient
M – 23.7 g

12.09 g *
Ingredient
N – 1.57 g
17.99 g
Ingredient
N – 2.9 g
24.89 g
Ingredient
N – 4.2 g

23.54 g *
Ingredient
O – 3.14 g
38.24 g
Ingredient
O – 6.0 g
47.44 g
Ingredient
O – 8.0 g

16.62 g *
Ingredient
P – 3.32 g
25.42 g
Ingredient
P – 5.8 g
31.62 g
Ingredient
P – 7.4 g

b Adjusted consumption amounts from 500 1.67 cm crickets/tank to 300 1.67 cm crickets/tank
* Adjusted from 26 hrs consumption to 24 hrs consumption
** Adjusted from 20 hrs consumption to 24 hrs consumption
++ Adjusted from 27 hrs consumption to 24 hrs consumption
A (Full Fat Soya Flour), B (Ground Flax Flour), C (Carrot Flour), D (Bran Flour), E (Rice Flour), F
(Red Lentil Flour), G (Sweet Potato Flour), H (Alfalfa Crumbs), L (Crushed Rabbit Pellets), M (Wheat
Shorts Flour), N (Dehydrated Alfalfa Meal), O (Ground Wheat Flour), P (Ground Oats Flour)
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47.35 g *

72.49 g

available and hence, consumption would be optimized. Consequently, the averages of each test
ingredient’s consumption/treatment, as well as the average total consumption of all the
ingredients/treatment, were compared over specified time intervals.
This study was designed to answer the question of why a previously formulated GLD had not
performed as intended. The crickets on that diet, failed to sufficiently gut-load and had decreased
in weight while on the diet. As a result, the first five ingredients tested during the palatability
treatments, i.e., ingredients A, B, C, D, and E, were from the failed diet which had been
deconstructed into its component ingredients. This was done to determine whether the crickets’
failure to gut-load was due to a palatability issue with one or more of the dietary ingredients
since at this stage it was assumed that from a nutrient perspective the diet profile met all the
initial requirements.
The relative consumption results were as follows: ingredients C = D > A > B > E. Ingredients
B and E were poorly consumed. Consequently, A was retained for further selection testing while
B and E were removed due to low palatability (Table 4.14, 4.15 and Appendix Table 6).
Ingredients C and D had been partially rejected due to ingredient analysis comparisons (First
Criterion) but had been included in the Second Criterion set of experiments just to observe their
consumption value. Consequently, although they were relatively well consumed their poor
nutrient levels compared to other ingredients justified their elimination (Table 4.12, 4.15 and
Appendix Table 6). At this stage of the selection process, C was replaced by G due to nutrient
analyses (Table 4.12 and Appendix Table 6).
Unfortunately, the consumption of the combined ingredients (i.e., A, B, C, D, and E) cannot
be compared to those of other experiments as these crickets had been fed for 24hrs on a Mazuri
cricket diet before the experiment began (Table 4.14). These animals may have been sated on
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this diet over the first 24hr period and hence, by the time they were used in the experiment their
appetite had plateaued. However, due to the many gut-loading experiments performed on the
original diet, the assumption that certain ingredients were unpalatable was correct as the diet had
definite palatability issues, especially as demonstrated by the low consumption of ingredients B
and E (Table 4.15). This compromised experimental design was discontinued in all subsequent

Tank 4
Consumption (g)

Tank 5
Consumption (g)

9.5

10.5

11.5

11

10.60

9
14
14
4.5

8
14
14

7.80

14.00

c

13.70

c

5.5

7
14
12.5
2.5

10.5
7.5
14
14
3.5

7.5
14
14

5

4.20

50.5

46.5

49.5

53

52

Average of
component
consumed

Tank 3
Consumption (g)

Ingredient B
Ingredient C
Ingredient D
Ingredient E
Total Consumption
After 88hrs

Tank 2
Consumption (g)

Cumulative Amount
Consumed (g)
Ingredient A

Tank 1
Consumption (g)

Table 4.15 Consumption amounts of ingredients A, B, C, D and E after feeding for 88 hrs.

a

b

d

50.30

Different superscripts indicate significant differences in consumption amounts (P<0.05)
A (Full Fat Soya Flour), B (Ground Flax Flour), C (Carrot Flour), D (Bran Flour), E
(Rice Flour)

experiments by offering the experimental feed material on delivery or after a fasting period to the
crickets.
The next palatability test was done using ingredients A, F, G, H and K. This combination of
ingredients were consumed relatively well except for H which was removed (Table 4.14 and
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Appendix Table 6). Ingredient F was also not well consumed but was not rejected at this stage of
the selection process as the potential nutrients it offered, especially with respect to protein
quality, merited its continued inclusion (Table 4.12 and Appendix Table 4 and 6). Therefore,
further testing used the ingredient group combination of A, F, G, K and a fifth ingredient, that
would be the new test ingredient.
The following ingredients N, O, P and R were each included as the fifth ingredient and
subsequently discarded due to comparatively poor consumption (Table 4.14, 4.16 and Appendix
Table 6). It is also interesting to note that the total consumption of all ingredients for each of the
experiments of the discarded ingredients was also comparatively low, most likely due to the
ingredients in question (Table 4.14 and 4.16). It may be that these ingredients are nutrient rich

Table 4.16 Consumption amounts of individual ingredient and selected ingredient combinations.
1.67cm Cricket Consumption
Consumption
Time
Period

Treatment 3C

Treatment 3H

Treatment 3I

Treatment 3J

Ingredients A, F, G, K
with Ingredient L

Ingredient L and
Ingredient K

Ingredients L and
Ingredient R

Ingredients L and
Ingredient S

Average Fasted Cricket
Weight – 0.24 g
49.02g *
Ingredient R – 0 g

Average Fasted Cricket
Weight – 0.17 g
43.02g *
Ingredient S – 17.72 g

88.32g
Ingredient R – 0.1 g

76.82g
Ingredient S – 29.17 g

Average Fasted Cricket
Weight – 0.20 g
24 hrs

42.0 g *
Ingredient K – 12.18 g

Average Fasted Cricket
Weight – 0.15 g
36.46g *
Ingredient K – 11.45 g

48 hrs

69.4g
Ingredient K – 20.9 g

69.03g
Ingredient K – 24.6 g

* Adjusted from 26 hrs consumption to 24 hrs consumption
A (Full Fat Soya Flour), F (Red Lentil Flour), G (Sweet Potato Flour), K (Spirulina – OSI),
L (Crushed Rabbit Pellets), R (Pure Source Spirulina Powder), S (Zeigler Spirulina Flake
(2%).

such that the crickets were satiated and hence, continued consumption was unnecessary, in which
case, our assumption that decreased consumption of an ingredient implied that it was unpalatable
may be false. The crickets, therefore, may have gut-loaded sufficiently. Unfortunately, the
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ingredients N, O and P did not undergo any nutrient analyses. However, after examining the
analyses listed on their ingredient label (Appendix Table 5) and the analysis of ingredient R
(Table 4.13), these ingredients were most likely not nutrient rich and hence, attributing their
decreased consumption to low palatability was probably correct. However, low consumption
may also imply that there may be some missing or excess nutrients (i.e., unbalanced nutrients
within the core ingredient combination of A, F, G and K) which may be limiting an increase in
consumption of one or a combination of these four to make up for the poorly consumed test
ingredient.
Another point of interest is that hunger may also influence consumption in that all ingredients,
regardless of their degree of palatability, were comparatively consumed more during the first 24
hrs after delivery than during any other time period (Tables 4.14 and 4.16). All delivered crickets
arrive in some semi-fasted condition due to being shipped with a small number of potatoes or
carrots which were mainly included as a moisture source. Consequently, without their normal
diet and the stress incurred during shipment, a state of starvation is experienced, the degree of
which increases depending on the duration of the shipment. The produce arrives at various states
of consumption indicative of the shipment duration and the degree of starvation especially since
on many occasions the produce included has been almost completely consumed. It was
concluded that when crickets are offered food after undergoing some degree of “fasting”, their
consumption increases and hence, once they approach satiation, it decreases. This could also
indicate that they were approaching the end of an instar. Another interesting observation was that
by 72 hours, intake had declined significantly for most of the experiments which may indicate
satiation and/or that the 1.67 cm crickets were probably ready to moult. At this instar, moulting
takes place probably every 5 days or so dependent on the temperature, humidity levels, as well as
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food and water quality and availability. During this time, the noted reduction in intake was also
accompanied by an increasing number of shed skins in the debris, indicating that many of the
crickets may have been approaching the end of their developmental stage. This could in fact be
the case since the cricket size ordered and delivered should all be of one age class.
At this point, ingredients A, F, G, K, L, M and S were still part of the selection process for
diet incorporation. However, M and S were subsequently rejected. M was selected for testing
because it was one of the components of ingredient L thought to perhaps be contributing to
ingredient L’s high palatability. However, M had very high levels of NDF and an unfavourable
Ca:P ratio compared to L, as revealed by the ingredient label (Table 4.12). Even though it was
well consumed, ingredient L was better consumed and the group ingredient consumption with L
was also greater than the M combination group of ingredients (Table 4.16). As a result, M was
eliminated from further selection testing (Appendix Table 6). Ingredient S was selected for
testing to observe if it was superior to ingredient K. From the ingredient analysis S appeared
superior to ingredient K except for its very high levels of NDF and, even though it was
comparably well consumed, it was removed due to its high cost (Table 4.12 and Appendix Table
6). Consequently, ingredients A, F, G, K and L were submitted for the final round of testing.

4.12.1.7

Third Criterion – Ingredient Selection – Final Round - Amino and
Fatty Acid Profile Comparisons

The ingredients remaining in the selection process were then evaluated for their amino acid
and fatty acid profiles. Due to financial restrictions, most of the comparisons were made through
the use of Raw Material Compendium (1994) book values and not of actual analyses. The
potential amino acid and fatty acid profiles of the ingredients being assessed for diet
incorporation were examined so as to discard those with potentially poor profiles which may
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have adverse implications due to food regulation factors in that diets, deficient in certain amino
acids or perhaps other nutrients would not be well consumed.
The levels and quality of cricket protein are sufficient with respect to the estimated
requirements of insectivorous amphibians and reptiles (Barker et al. 1998; Finke 2002, 2004).
This includes methionine and arginine which in some insects are at lower levels than required.
The protein within the GLD must also be in appropriate amounts and of good quality with
respect to cricket palatability. Many researchers have shown that diets for which protein content
is low and/or contain a disproportionate amount of an amino acid (AA) will have a depressed
effect on ingestion and growth (Harper et al. 1970; Gietzen et al. 2007). The degree of the effect
is dependent on the type and degree of disproportion and on the nutritional and physiological
state of the animal (Harper et al. 1970).
Consequently, the evaluation of the test ingredient’s amino acid profiles, i.e., the variety and
level of each amino acid, determined whether the ingredients met generally with insectivore
amphibian and reptile nutrient requirements. If not, they were rejected. It was assumed that the
amino acid requirements of the end consumers would also translate to a diet which would
contain a balanced amino acid profile for the cricket, thus increasing its palatability and
optimizing its ingestion.
After the implementation of the third criterion, ingredient F was removed mainly due to its
poor AA profile in comparison to that of ingredient A (Table 4.17). It was also high in fibre, as
revealed by the ingredient analysis (Table 4.12). Ingredient A could contribute all the nutrients
that ingredient F had been selected for and was better consumed (Appendix Table 4 and 6). It
had a better AA profile containing the required AA (especially the IAA), as well as higher FA
levels.
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Table 4.17 Amino and fatty acid levels for ingredients A, F, G, K and L.
Ingredient

A
(Full fat
soy flour)

F
(Red lentil
flour)

G
(Sweet
potato flour)

K
(SpirulinaOSI)

L
(Crushed
rabbit pellets)

% AA

Avg

Avg

Avg

Avg

Avg

Green Iguana
Diet % DM*

Carnivorous
Reptiles %DM**

Lysine

2.31

1.44

0.16

3.70

0.60

1.40

0.80

Methionine

0.53

0.19

0.06

1.87

0.18

0.45

Cysteine

0.56

0.28

0.08

0.77

0.03

Met + Cys

1.07

0.47

0.14

1.98

0.60

0.95

0.75

Threonine

1.52

0.85 B

0.18

3.98

0.36

0.95

0.70

Tryptophan

0.50

0.21 B

0.05

1.14

0.24

0.15

Isoleucine

1.87

0.97 B

0.17

4.51

0.54

1.00

0.50

Leucine

2.84

1.79

0.25

6.90

0.95

1.75

Valine

1.86

1.15 B

0.22

5.11

0.70

1.20

Histidine

0.94

0.70

0.07

1.28

0.37

0.50

Arginine

2.75

1.89

0.19

5.52

0.83

1.40

Glycine

1.43

0.96

0.16

2.82

0.63

Serine
Glycine +
Serine

2.00

1.39

0.15

4.01

0.53

3.34

2.60

0.31

5.42

Phenylalanine

1.90

1.15

0.19

3.54

0.61

Tyrosine
Phe +
Tyrosine

1.21

0.63

0.12

3.72

0.35

3.18

1.82

0.33

5.22

Aspartic Acid

4.18

2.56

0.58

7.81

0.99

Glutamic Acid

6.56

3.60

0.44

11.50

2.52

Proline

2.01

0.99

0.15

3.17

0.92

Alanine
% Fatty
Acids

1.55

0.96

0.20

5.87

0.64

Linoleic Acid

9.73

0.42

Recommended Nutrient Levels

1.00

0.90
0.90

1.60

Linolenic Acid
1.48
0.09
Shaded areas indicate lower than requirement as per Iguana Diet
B indicates that the value is low but within 10%.
Amino Acid Values
Ingredient A – Values adapted from the average of NRC, INRA, Protector, ACV, Nehring, Feedstuff, ADAS, Souci, WPSA, CVB,
Mideast and SETNA (RMC 1994).
Ingredient F – Values adapted from the average of INRA, Protector, DLG, ACV, Nehring, Souci, CVB and SETNA (RMC 1994).
Ingredient G – Values adapted from the average of INRA, ACV, CVB and SETNA (RMC 1994).
Ingredient K – Values adapted from the average of Protector (RMC 1994) and Typical analysis (Li et al. 2009) http://www.spirulina.com/SPBNutrition.html
Ingredient L – Average of 2 analyses completed by Agri-Food Laboratories
Fatty Acid Values
Ingredient A: Linoleic Value adapted from the average of NRC, INRA, Protector, ACV, ADAS, Souci, CVB and SETNA (RMC 1994).
Linolenic Value adapted from the average of Protector, ADAS, Souci and CVB (RMC 1994).
Ingredient F: Linoleic Value adapted from the average of ACV, CVB and SETNA (RMC 1994).
Linolenic Value adapted from CVB (RMC 1994).
* Adapted values (Allen and Oftedal 2003) - %Protein = 26 for hatchlings and young (22% may be adequate for subadults, 15-17%
for non-reproductive Adults) For lower protein diets, AA levels should be adjusted to maintain the same ratio to dietary protein as in
the 26% protein diet.
** Minimum nutrient levels (Allen and Oftedal 1994)
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Consumption of an ingredient is determined by its degree of palatability. This degree is
dependent on a combination of factors:
a) Particle size, in that for 1.67 cm (two-third inch) crickets, sizes similar to flour (1 mm to
0.212 mm) are better consumed than larger sizes (Allen and Oftedal 1989; Bernard and
Allen 1997; Anderson 2000; Finke 2003; Finke et al. 2005).
b) Nutrient quality is another factor which could also influence consumption, in that crickets
may employ mechanisms which perceive that ingredients are nutritionally balanced, for
example, they may consume an ingredient in larger quantities if the protein level is
adequate and has a balanced amino acid profile over one that has very high levels of
protein and an unbalanced amino acid profile, especially of the IAA (Peng et al. 1972;
Johnson and Anderson 1982; Elkin et al. 1985; Harper and Peters 1989; Tome 2004).
c) Location such that crickets will consume an ingredient better if it is offered in a sheltered
area.
d) Crickets will initially consume more of an ingredient if they have undergone some degree
of fasting.

4.13.2

Selected Ingredients

After undergoing the ingredient selection experimentation, four ingredients A, G, K
and L met all three selection criteria in that they were determined to be highly palatable and
provided most of the necessary nutrients at appropriate levels when combined, thus nutritionally
complementing the cricket’s whole body nutrients by making up for some nutrient inadequacies
with respect to insectivorous amphibian and reptile requirements (Table 4.18 and Appendix
Table 6).
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Ingredient A has a fairly good nutrient profile albeit a poor Ca:P ratio and a high NDF level.
Its high fat value is expected to offset the low fat levels of the other ingredients. Ingredient G has
a favourable Ca:P ratio (almost 1:1), as well as suitable levels of ADF and NDF. Ingredient L
Table 4.18 Nutrient values of ingredients for new gut-loading diet on a DM basis.

% Moisture
DM
CP
Ca

8.43
91.57
36.97
0.19

Ingredient
G a, c
(Sweet
Potato
Flour)
9.30
90.70
8.10
0.23

P
Crude Fibre
ADF
NDF
Fat
C18:2n6
C18:3n3
Vitamin A IU/Kg

0.62
6.32
6.90
9.87
19.57

0.19
4.27
6.40
6.87
0.6

Ingredients

Ingredient
A a, c
(Full Fat
Soya Flour)

Ingredient
K b, c
(SpirulinaOSI)
6.36
93.64
44.91
0.21

Ingredient
L a, d
(Crushed
Rabbit
Pellets)
12.35
87.65
16.85
1.125

0.775
12-15
19.85
39.05
3.15

Nutrient
Ranges for
Ingredient
Acceptance

18-24%
7% in order
to achieve
Ca:P>1

0.61
1.24
3.58
4.52
4.56
2.20
0.27
2,300,000 *

11,000 e

Vitamin D IU/Kg

120,000 *

2000 e

1000-50,000

Vitamin E IU/Kg

149 *

50 e

2000

5-9%
<9%
<9%
3-6%
1%
0.03-1.39%
8000<

a Daco Laboratories Ltd.
b Agri Food Laboratories
c Average of 3 samples
d Average of 2 samples
e Value listed is from Ingredient label
* Adapted values (Li et al. 2009) - http://www.spirulina.com/SPBNutrition.html

has a good Ca:P ratio and although its crude fibre levels are high it does provide some vitamins
A, D and E. These three ingredients A, G and L are plant based and may contain nutrients similar
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to what crickets would consume in the wild, thus improving palatability and maximizing
consumption (Finke 2002; Hunt et al. 2007). In addition, the plant based diet could also supply
some vitamin A precursors such as carotenoids and perhaps other nutrients which would be
available to the end consumer. The gut-loaded cricket, therefore, would contain nutrients similar
to the natural diet of the end consumer (Hunt et al. 2007; Li et al. 2009). The fourth component,
ingredient K is aquatic-plant and marine based. It has favourable crude protein values which are
expected to offset the low values of the other ingredients. Its fat levels including EFAs, as well
as the ADF and NDF levels were also within a suitable range. This ingredient was incorporated
to provide EFAs including linoleic and linolenic, as well as carotenoids and other nutrients
which could be beneficial to amphibians and reptiles.
There are a number of potential disadvantages with using natural products over semi-purified
ones. The nutrient composition of the diet may change depending on various factors that
influence the composition of individual ingredients. Factors such as soil type, environmental
conditions, fertilizer/pesticide use, harvesting practices, storage procedures and milling methods,
could alter the nutrient varieties and their concentrations which could compromise the quantity
and quality of the diet ingested and hence, the insectivorous amphibians and reptiles, the
consumers of the “gut-loader” (NRC 1995). However, most of the ingredients making up the
new GLD are mainly organically grown with very little pesticide or chemical use. As part of the
cricket gut-loading optimization recommendations, a scheduled analysis of the diet will also be
implemented to ensure its nutrient concentration.
Another disadvantage of natural ingredient diets is that they may have a lower bioavailability
of nutrients than semi-purified diets. Factors that may affect bioavailability are the chemical
form of the nutrients, as well as elements which could bind nutrients (such as tannins and
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phytates), nutrient interactions, processing effects, etc. It has been suggested, therefore, to
incorporate significant nutrients at higher concentrations, i.e., above the minimal requirements
but below toxic levels (NRC 1995). In addition, many wild insect species are known to sequester
compounds from their food-plants that cause them to be unpalatable or toxic. Through ingredient
palatability testing this was also taken into consideration during the ingredient selection process
(Bernard and Allen 1997; Finke 2002). Consequently, the natural vegetable, grain and marine
based ingredients selected to make up the diet are not expected to contribute any significant
adverse effects.

4.13.3

Added Nutrients

In addition to the four dietary ingredients, other nutrients, including calcium, vitamins A, D,
E, B1 and B6, were also incorporated at appropriate levels to meet the nutrient requirements of
the insectivorous amphibians and reptiles. The following final nutrient levels incorporated were
based on the NRC requirements for rats, AAFCO requirements for cats, other nutritional and
medical investigations and nutrient overages as appropriate to meet insectivorous
amphibian/reptile requirements (Allen and Oftedal 1994; NRC 1995; Ferguson et al. 1996; Allen
and Oftedal 2003; Abate 2003; Finke 2002, 2003; AAFCO 2010).
The new cricket diet contains 7% Ca in the form of lab grade calcium carbonate (99% pure)
containing 39% Ca by weight. High levels of Ca have a negative impact on palatability for
crickets (Finke 2003). Consequently, the GLD has been formulated to contain the minimum
amount of Ca needed to meet the requirements of the end consumers. The New GLD will also
contain 67, 000 IU of uncapsulated Vitamin A (retinyl acetate)/kg diet. Finke (2003)
recommends a 50% overage of vitamin D due to poor bone mineralization and bone fractures in
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captive reptiles. This GLD will have 12000 IU vitamin D (cholecalciferol)/kg diet. It will also
contain 2000 IU vitamin E (α-tocopheryl acetate (natural form))/kg diet. This concentration will
also compensate for the amount of fat in the GLD and the cricket body. Both thiamine (B1) and
pyridoxine (B6) were also added as they are considered low in crickets and probably the
ingredients since most sources of these vitamins are principally from animal products. 50mg/kg
diet of vitamin B1 and of vitamin B6 was added based on work done by other researchers and the
NRC for rats and AAFCO for cats (Allen and Oftedal 1994, 2003; NRC 1995; AAFCO 2010).
More thiamine was added than recommended because of its instability (Tables 4.8, 4.9 and 4.19).

Table 4.19 Form and supplier of nutrients.

Nutrients

Ca

Vitamin A

Vitamin D

Vitamin E

Form

Supplier

GLD
Nutrient
Levels

Calcium Carbonate
USP/FCC

Fisher Scientific

7%

Sigma –Aldrich,
St. Louis, MO

67,000 IU/kg

Sigma – Aldrich,
St. Louis, MO

12,000 IU/kg

Sigma – Aldrich,
St. Louis, MO

2000 IU/kg

Uncapsulated
Retinyl Acetate
(concentration is
2,800,000 IU/g)
Cholecalciferol
Crystalline
(concentration is 4x107
IU/g, 25mg D3 in 1ml
Chloroform, ~100,000
IU ml)
(+)–A-Tocopherol
Acetate from natural A
(concentration is ~1360
IU/g)

Vitamin B1

Thiamine Hydrochloride

Vitamin B6

Pyridoxine (formula
weight is 285.64)
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US Biochemicals
Corp., Cleveland, Ohio
FW 285.64
US Biochemicals
Corp., Cleveland, Ohio
FW 285.64

50 mg/kg

50 mg/kg

4.3

Diet Formulation and Assembly
The gut-loading diet was formulated to the specifications listed in Appendix Table 7. A

second (low Ca insect) diet was also formulated to the same specifications as the first, except
that no supplementary calcium was added (Appendix Table 8). This diet was to be used as a
control in subsequent experiments to determine whether or not there was an increased mortality
or decreased consumption due to decreased palatability as a result of the high Ca levels in the
new GLD. The low Ca insect diet will also be fed to sustain captive herbivorous insect colonies.
Crickets, may be used as feeder insects for various predaceous insectivore invertebrates, i.e.,
mantids (Mantidae), assassin bugs (Reduviidae) and giant water bugs (Belostomatidae). This was
done because it has been shown that cricket mortality increases with increasing dietary Ca levels
and hence, the high calcium GLD is not intended to provide long-term nutrition and may lead to
insect mortality (Allen and Oftedal 1989; Bernard and Allen 1997; Hunt et al. 2001; Finke et al.
2005). It may also have an effect on arthropod predators consuming crickets gut-loaded on a high
Ca diet.
The GLD and the low Ca insect diet were assembled by first formulating a premix of the
items required in small amounts, i.e., the vitamins. The vitamins A, D, E, B1 and B6 were first
added to 1 kg of ingredient G. This ingredient was selected as a carrier because its small particle
size would facilitate better distribution during mixing. Initially, the required amounts of each of
the vitamins in liquid form, i.e., A, D and E were coarsely mixed in a zip-lock bag with 200g of
the carrier. The bag contents were kneaded by hand until well combined. The pyridoxine and
thiamine hydrochloride were dry powders and were added directly to the sweet potato flour,
along with the premixed A, D and E ingredient G flour. The combined mix was then placed in a
Twin Shell Dry Blender for thorough mixing and blended for 10 minutes. Subsequently 0.5 kg of
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the vitamin enriched premix was incorporated into each 20kg batch of the final diet which
included the four selected ingredients and the calcium for the GLD and without the added
calcium for the low Ca insect diet. For each diet, all the ingredients were mixed in a Hobart bowl
mixer for 15 minutes. By separating the vitamins and minerals, using a carrier, the destruction of
vitamins by oxidative reactions catalyzed by minerals was minimized, weighing errors and
clumping of ingredients were also avoided, ensuring a homogeneous distribution of these
micronutrients and indeed all the nutrients. This mixing method complied with NRC (1995)
mixing procedures. During mixing the specific directions outlined were followed in an effort to
obtain maximal homogeneity which is dependent on the duration of mixing, particle size, particle
density, mixer speed and mixer size. All these factors were taken into consideration while
assembling the GLD so as to minimize particle separation due to density differences, physical
form and tendency to static electrical charges that can develop in mixers (NRC 1995). Another
important consideration which was discovered through experience was to ensure that a properly
sealed mixing container was used to minimize the loss of ingredient material due to the fine
particulate nature of the dietary ingredients.
After being assembled, thoroughly mixed and before being used in the experiments, both diets
were analyzed to ensure that the ingredients specified had been incorporated in the appropriate
amounts in that the various nutrient values intended for the combined ingredients had been
reached (Tables 4.20 and 4.21).
The particle size range of the GLD and the low Ca insect diet was also determined,
establishing that the main portion of both diets’ particle size range was within the palatable range
tested, i.e., within the 1 mm to 0.212 mm range (Figure 4.5). Approximately 82.1% of the GLD
and 82.3% of the low Ca insect diet fell within this range. The remaining 17.7% and 17.9%
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Table 4.20 Nutrient values of the new cricket gut-loading diet with calcium on a DM basis.
Cricket Gut-Loading Diet Formulated for Insectivorous Amphibians and
Reptiles (with Ca)
Diet Nutrient Values
Average
Nutrients
Calcium %
Phosphorus %
ADF %
NDF %
Crude Fibre %
Crude Protein (Nx6.25) %
Vitamin A IU/Kg
Beta Carotene IU/g
Vitamin E IU/Kg
Fat %
Omega 6 %
Omega 3 %

6.34 *
0.48*

6.53 *
0.48*

8.7
15.6
8.07
22.3*
58000
21.0
2071.1

8.8
15.8
8.10
22.65*
67000
30.6
2235

5.2
2
0.5

4.2
2.5
0.7

6.995 *
0.505 *
8.6
15
8.30
22.25 *
63000
28.1
2086
4.4
3
0.4

Intended
Amounts

6.72
0.49
8.70
15.47
8.16
22.36
62666.67
26.57
2130.70
4.60
2.50
0.53

Formula
7.02
0.469
7.669
14.5
22.37
67765.1
2199.3
4.867

All analyses completed by Daco Laboratories Ltd. (*Average of 2 samples).

Table 4.21 Nutrient Values of the low Ca insect diet without added calcium on a DM basis.
Intended
Amounts

Low Ca Insect Diet (without added Ca)
Nutrients
Calcium %
Phosphorus %
ADF %
NDF %
Crude Fibre %
Crude Protein (Nx6.25) %
Vitamin A IU/Kg
Beta Carotene IU/g
Vitamin E IU/Kg
Fat %
Omega 6 %
Omega 3 %

Diet Nutrient Values
0.56
0.54
0.57
0.56
10.90
11.00
18.80
19.00
9.15
8.91
24.40
24.20
43000.0
47000.0
0
0
21.10
23.80
2175.40
2458.50
4.9
5.20
2.90
2.70
0.70
0.90

All analyses completed by Daco Laboratories Ltd.
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0.55
0.57
10.70
18.70
9.00
24.50
54000.0
0
24.80
2294.60
5.10
3.20
0.60

Average
0.55
0.57
10.87
18.83
9.02
24.37

Formula
0.50
0.56
9.18
17.37

48000.00
23.23
2309.50
5.07
2.93
0.73

81157

26.79

2633.9
5.83

Figure 4.5 Diet particle size distribution a,b
a

194 g GLD sieved, 192.04 g recovered: recovery = 99.0%
190 g Low Ca insect diet sieved, 187.82 g recovered: recovery = 98.8%
Fractional percentages expressed on the basis of recovered weight.
b

respectively fell below the 0.212 mm particle size which, due to the small size, may also be
palatable to the crickets but particle size testing did not include these smaller sizes.
Approximately 83% of the low Ca insect diet and 88% of the GLD were in the 0.595 mm in
diameter (30 Canadian Standard Sieve) range or smaller, with 21% of the low Ca insect diet and
25% of the GLD falling in the 0.425 mm particle size diameter (40 Canadian Standard Sieve),
the particle size at which most of the diet was sieved to compared to the other sizes.
Consequently, the addition of the fine particulate Ca to the low Ca insect diet, to formulate the
GLD, acted as a dilution factor causing a slight shift of the GLD particle size towards one of a
smaller diameter.
The shelf life of a diet partly depends on the environmental conditions of the storage area
(NRC 1995). The diets were stored in the refrigerator/freezer at temperatures <4oC to minimize
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any nutrient deterioration or spoilage and hence, maintain nutrient stability which generally
decreases as temperature and humidity increase. During use, care was also taken to ensure that
condensation did not develop in the container which could have induced diet contamination
(Allen 1997; Finke 2003).
In summary, four ingredients were chosen for diet incorporation through a three criteria
selection process. This process determined which ingredients were most palatable and nutritious
when combined and hence, nutritionally complemented the cricket’s whole body nutrients by
making up for any nutrient inadequacies with respect to insectivorous amphibian and reptile
requirements. The first objective selected ingredients based on the comparison of each
ingredient’s nutrient components. These were obtained through ingredient analysis, as well as
through comparisons of AA and FA profiles using mainly the RMC (1994) book values. The
second objective was employed after standardizing various cricket behavioural, physiological
and environmental factors for each experiment so that comparisons of ingredient consumption
amounts could be made. Consequently, comparisons of consumption, i.e., the amounts of each
ingredient consumed/experiment, as well as the total amount of ingredients
consumed/experiment over time were completed and those having the highest consumption
amounts were chosen. The ingredients assumed to be the most palatable would expectedly
transfer this quality to the diet when all the ingredients were combined during the GLD
formulation and assembly. It was assumed that high palatability would increase the probability of
gut-loading sufficiently. Cricket nutrient inadequacies were determined through nutrient analyses
of fasted cricket samples and their comparison with insectivorous amphibian and reptile nutrient
requirements. The estimated 12% gut-loading capacity of a 1.67 cm domestic house cricket was
also used to calculate the amounts of the deficient nutrients required for addition, as well as the
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amounts of each of the selected ingredient to add to make up an insectivorous amphibian/reptile
nutritionally balanced and cricket palatable GLD. Throughout the experimentation process,
various cricket gut-loading optimization techniques were discovered or were obtained and/or
improved through the methodology assessments of other investigators. These cricket gut-loading
optimization recommendations have all been listed as a companion to the GLD (Appendix Table
9).
Although the preliminary GLD nutrient analyses look promising in that our intended nutrient
ranges were realized and the crickets appear to consume the selected ingredients very well.
Experimentation was required to determine if the level of consumption continued to be sufficient
once the diet was fed as a whole (i.e., the selected ingredients and the added nutrients, especially
the calcium). Consequently, discovering whether or not the crickets gut-load on the diet
sufficiently (i.e., whether the cricket is adequately enhanced, as well as the length of time this
enhancement lasts with respect to providing the required nutrients to the end consumers) could
only be determined by nutrient analyses on gut-loaded crickets. This GLD evaluation will be
investigated in Chapter 5.
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EVALUATION OF THE NEW CRICKET GUT-LOADING DIET
CHAPTER 5

5.0

5.1

MATERIALS AND METHODS

Animals Used:
See section 4.1

5.2

Experimental Tank Set Up:
See section 4.2

5.3

Experimentation
Unless otherwise stated, all cricket samples, ingredients, dishes, etc. less than 200 g were

weighed using a Cole Parmer #11111-06 scale (A and D Co. Ltd., Montreal, QC). Any items
weighing more than 200 g were weighed using a Vicon #16755555 Acculab Bench Scale,
(Sartorius Group, Sartorius Mechatronics Corporation Bohemia, NY).
The diets were offered on delivery to mimic the present zoo cricket feeding protocol. Where
stated, for some experiments the crickets were fasted for ~24 hours after delivery before being
gut-loaded to increase ingestion. At 9 am of each experimental day, contents of each dish were
stirred to remix the remaining diet.
Each food dish (18.75 cm in diameter x 0.625 cm in height) was positioned in the middle of
the tank on the right hand side opposite the water dish. The thermometer/hygrometer was located
in between the water dish and the food dish.
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5.3.1

Experiment #1 – Diet Palatability Treatments 1A, 1B, 1C and 1D

The degree of diet palatability was determined by comparing the cricket consumption of three
diets. Diet A was ingredient L which was included as a bench mark for comparison since through
previous experimentation it exemplified the cricket's maximum consumption potential. Diet B
was the low Ca insect diet and Diet C was the new cricket high Ca GLD.
Ten tanks were used during each of the four treatments of this experiment. The method
employed for cricket sampling and cricket tank allocations, for each of the four treatments, were
similar to that used in section 4.4.1 except that upon the cricket shipment’s arrival at the WNC,
six cricket shipment containers at a time were emptied into the collection tank. Accordingly,
each of the ten tanks had a total of 300 g of 1.67 cm crickets and three 60 g samples of 1.67 cm
crickets had been collected from the shipment. This mode of cricket sampling and allocation
ensured that the crickets from each shipment box were equally represented in each of the
samples and in each of the tanks, reducing bias due to cricket size variation. The three cricket
samples were initially refrigerated for cooling to slow them down and then counted to calculate
the average weight of the delivered crickets.
One of the ten tanks employed for this experiment was the fasting tank which was used to fast
300 g of 1.67 cm crickets from the shipment for 24 hrs to evacuate their digestive tracts. After
the fasting period, three 60 g cricket samples of crickets were collected in 3.6 g plastic bags.
These were refrigerated for cooling to slow them down and then counted to calculate the average
fasted cricket weight. These were then frozen at -20oC and stored for analysis (see section
5.3.2.1).
The remaining nine tanks were the treatment tanks. These were arranged in a 3 x 3 array, i.e.,
three rows of three tanks each, so as to reduce environmental condition variation. Each tank
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contained one food dish, resulting in a total of nine dishes, each containing 100 g of one of the
three test diets (Table 5.1). After a period of 24 hrs and again after 48 hrs the dishes were
collected and weighed to determine the amount of each diet consumed. The crickets used in
Treatment 1D were fasted for an additional 24 hr after delivery before being offered the diets.

Table 5.1 Experimental tank and diet arrangement.
Row
1
2
3

Tank #1 – Diet A
Tank #4 – Diet C
Tank #7 – Diet B

Tank # and Diet
Tank #2 – Diet B
Tank #5 – Diet A
Tank #8 – Diet C

Tank #3 – Diet C
Tank #6 – Diet B
Tank #9 – Diet A

Diet A (Ingredient L), Diet B (Low Ca insect diet) and Diet C (New high Ca GLD)

After the 48 hr period, one 100 g sample of crickets from each of the treatment tanks was
collected and refrigerated for cooling to slow them down and then counted to calculate the
average weight of the crickets/tank. These were then frozen at -20oC and stored for analysis (see
section 5.3.2.1). Food and water were then removed from each tank so as to fast the remaining
crickets for 24 hrs to evacuate their digestive tracts. After the fasting period one 60 g sample of
crickets per tank was collected and refrigerated for cooling to slow them down and then counted
to calculate the average fasted cricket weight/tank. This was performed to observe the crickets’
weight loss compared to the crickets fed for 2 days. The samples were then frozen at -20oC and
stored for analysis (see section 5.3.2.1).

5.3.2

Experiment #2 – Gut-loading Treatments 2A, 2B and 2C – Cricket
Consumption Comparisons and Nutrient Analysis

This experiment was carried out to determine the nutrient composition of crickets being fed
the new high Ca GLD over time so as to establish the length of time required to optimally gutload the crickets and how long the benefits of gut-loading last.
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Upon the cricket shipment’s arrival at the WNC, four cricket shipment containers at a time
were emptied into the collection tank. Once emptied a 60 g sample of 1.67 cm crickets was
collected in a 3.6 g plastic bag and refrigerated. This was then followed by the allocation of 70 g
of crickets into the fasting tank and 100 g of crickets into each of the three treatment tanks. This
was repeated four times (the 4th allocation consisted of an additional 20 g of crickets) until the
fasting tank had a total of 300 g of crickets, each treatment tank had a total of 420 g of 1.67 cm
crickets and three 60 g samples had been collected. This mode of cricket sampling and
allocation, ensured that the crickets within each delivery box were represented in each of the
samples and in each of the tanks, reducing bias due to cricket size variation. The three cricket
samples were refrigerated for cooling to slow them down and then counted to calculate the
average weight of the delivered crickets.
Four tanks were employed during the experiment. One tank was the fasting tank which was
used to fast 300 g of 1.67 cm crickets from the shipment for 24 hrs to evacuate their digestive
tracts. Following this fasting period, three 60 g samples of crickets were collected and
refrigerated for cooling to slow them down and then counted to calculate the average fasted
cricket weight. They were then frozen at -20oC and stored for analysis (see section 5.3.2.1).
The three remaining tanks were the treatment tanks which contained one diet dish/tank with
each dish containing 150 g of Diet C. The crickets used in Treatment 2A were fasted for 24 hrs
after delivery before the diet was offered. Once the diet was made available, one 60 g sample of
crickets per tank was collected in 3.6 g plastic bags after 24 hrs, 48 hrs, 72 hrs and 96 hrs. At
each time period, the samples collected were refrigerated for cooling to slow them down and
then counted to calculate the average cricket weight. This was performed to compare the weight
gain of crickets feeding for 1, 2, 3 and 4 days. Once counted, all samples were then frozen at -
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20oC and stored for analysis (see section 5.3.2.1). The dishes were also collected and weighed at
each time period to determine consumption of diet C. The debris from each tank was
collected and weighed.

5.3.2.1

Analysis of Proximate Nutrient Components and Fibre Fractions of Crickets

Samples of 1.67 cm crickets collected for analysis weighed 60 g or 100 g. Most were 60 g in
weight. This was chosen because in many cases it was the minimum sample size required for
analysis and also allowed for a minimal stocking density of the experimental tanks so that it
reduced cricket overcrowding and cannibalism. On average, a 1.67 cm cricket weighs between
0.23 g with a range of 0.14 g to 0.27 g.
Each sample of crickets was bagged up in a 3.6 g plastic bag and frozen at -20oC. Once all
samples were collected, they were shipped frozen (with ice packs) to the Diagnostic Center for
Population and Animal Health (DCPAH), Michigan State University, Lansing, MI for analysis.
All cricket samples were analyzed by wet chemistry (Table 5.2). Methodologies for some of the

Table 5.2 Analytical methodology utilized for proximate nutrient component and fibre fraction
analysis of the crickets.

Component
DM
CP
Crude Fibre
Crude Fat
Ca
P
Vitamin A
Beta Carotene
Vitamin E
Fatty Acid
Profile

Method
AOAC 930.15
AOAC 992.15
ANKOM Method 1 - Filter Bag Technique - AOAC Ba 6a-5
(Rev E 4-13-11) - same digestion solutions as AOAC 962.09
AOAC 954.02
Pers. comm. from Justin Zyskowski (Appendix Table 10)
Pers. comm. from Justin Zyskowski (Appendix Table 10)
Pers. comm. from Justin Zyskowski (Appendix Table 10)
Pers. comm. from Justin Zyskowski (Appendix Table 10)
Pers. comm. from Justin Zyskowski (Appendix Table 10)
Pers. comm. from Justin Zyskowski (Appendix Table 10)
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analytical processes were carried out using accredited AOAC methodology (pers. comm. from
Justin Zyskowski lab manager of DCPAH, June 2012) (Appendix Table 10).

5.3.3

Statistical Analysis

Statistics calculated using Statistical Analysis System (SAS) Institution Inc. (SAS users
Guide version 5 Ed.), Box 8000, Cary, NC, USA.
Differences within treatment groups, indicated by alphabetical superscripts, were evaluated
using a one-way analysis of variance and in order to investigate feed consumption the data for
each trial were analyzed by an analysis of variance using the General Linear Model procedure of
the SAS for the response variable feed consumption. Feed consumption means were separated
using Tukey’s test and significance was accepted at P < 0.05. This is appropriate for time = 24
hrs and time = 48 hrs.
In order to investigate the effect of each trial on feed consumption, the data were considered
by a one way analysis of variance where each diet was analysed separately across the trials as
indicated by numerical superscripts. The analysis of variance utilized General Linear Model
procedure of the SAS for the response variable feed consumption. Feed consumption means were
separated using Tukey's test and significance was accepted at P < 0.05. This is appropriate for
time = 24 hrs and time = 48 hrs.
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5.4

RESULTS AND DISCUSSION

Gut-loading is one of the most commonly used dietary supplementation techniques employed
by zoological institutions. It attempts to deliver nutrients in appropriate amounts to animals
which have historically not been able to obtain their necessary nutrients through a conventional
diet.
The initial phase of this research involved the formulation of a new GLD for insectivorous
amphibians and reptiles in zoological institutions through the supplementation enhancement of
one of the most common food items, the domestic house cricket (Acheta domestica). The dietary
ingredients incorporated contained the provision of required nutrients which were expected to be
retained in the GIT of the cricket, the vehicle of nutrient delivery. The retained nutrients and the
cricket whole body nutrients combined were expected to provide an optimal nutrient package for
the end consumers. This of course was dependent on the sufficient ingestion of the diet by the
cricket. The GLD was designed within the restrictions posed by the cricket's nutrient
composition and perhaps more importantly with the cricket's gut-loading /consumption ability.
Gut-loading/consumption constraints include palatability (a function of the amount and
quality of nutrients), gut fill capacity and environmental conditions. Diet palatability is one of the
most important, affecting cricket ingestion optimization and gut-loading success. Accordingly,
this was accounted for during the formulation of the diet in the previous set of experiments and
hence, the nutrients/ingredients incorporated to formulate the diet were added to offset the
cricket’s inadequate nutrient composition, as well as their consumption limitations. For example,
the possible effect of poor palatability was countered through the selection of highly palatable
ingredients. The optimal physical form of the diet i.e. particle size was also determined. In
addition, throughout this study’s experimentation, the methodologies employed have been
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inclusive of various factors which optimize cricket ingestion. Many of these have been identified
through the reports and investigations of other researchers (Allen and Oftedal 1989; Allen 1997;
Bernard and Allen 1997; Anderson 2000; Hunt et al. 2001; Finke 2003; Finke et al. 2005). These
factors include cricket age, cricket size, temperature and humidity ranges, as well as the moisture
source. Others were discovered inadvertently through the previous phase of experimentation
within this study. One such factor was the cricket’s developmental stage within its instar and its
importance to ingestion. This element was further investigated through a set of experiments and
its importance will be discussed in this chapter.
Behavioural, physiological and environmental factors affecting cricket feeding, revealed in
the previous experiments, were standardized and implemented for this set of experiments in an
effort to optimize ingestion of the intended amount of the specified nutrients in the GIT. In this
way, the provision of adequate amounts of all the nutrients estimated to be required by the end
consumer could be accomplished.

5.5

Gut-Loading Diet Palatability Assessment
The evaluation of the newly formulated GLD is the main focus of this chapter. Even though

the diet was well consumed in its component form (minus the calcium and other added
nutrients), the palatability of the combined diet required assessment especially with the inclusion
of the calcium, as this nutrient alone lowers palatability. The palatability is of utmost importance,
since if the diet is not consumed in the calculated amounts, the benefits of gut-loading to balance
the nutrient package of the cricket would not be realized. Accordingly, proceeding to the next
stage in the diet evaluation process without first determining its palatability and thus incurring
the cost of the gut-loaded cricket nutrient analyses would not be prudent.
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The GLD’s success was first determined through consumption amounts to discover the
combined form of the diet’s palatability. The consumption amounts of the crickets on the new
GLD were compared to other diets, one of which was previously used as an ingestion benchmark
in that it represented the cricket’s maximum consumption potential and hence, played the same
role for this set of experiments. The other diet was the low Ca insect diet which was formulated
without any added Ca. Diets high in Ca have been shown to reduce palatability and consumption.
Cricket mortality has also been shown to increase with increasing dietary Ca levels (Allen and
Oftedal 1989; Bernard and Allen 1997; Hunt et al. 2001; Finke et al. 2005). The low Ca insect
diet was used as a control to determine the effect of high Ca dietary levels on cricket diet
consumption and cricket mortality. The low Ca insect diet was also designed to feed and sustain
captive herbivorous insect (crickets, etc.) colonies which, in some cases, may also be used as
feeder insects for various predaceous insectivore invertebrates such as mantids (Mantidae),
assassin bugs (Reduviidae) and giant water bugs (Belostomatidae). The possible negative effects
which may be incurred by herbivorous insects feeding on a high Ca diet or insectivore predators
consuming crickets gut-loaded on a high Ca diet would be prevented. This initial diet assessment
determined how well the new GLD (C), as well as the low Ca insect diet (B) were consumed
compared to our consumption benchmark diet ingredient L (A) for each experimental treatment.
In order to base diet palatability on consumption amounts some assumptions were made.
Reduced consumption was assumed to be due to poor diet palatability which could have been
caused by many factors, such as an imbalanced nutrient profile, e.g., low quality protein with
unbalanced IAA, high levels of unpalatable ingredients (such as calcium), and therefore, not due
to achieving satiation on a nutrient rich diet. In addition, it was also assumed that the transit time
of ingesta was slow enough that upon achieving expected levels of diet consumption, i.e., over
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65% of the consumption of diet A, the nutrients intended for gut-loading consumption would be
sufficiently retained in the GIT and thus would not have a rapid passage rate. This has practical
implications when feeding the gut-loaded cricket to its intended consumer. If the transit time of
ingesta is rapid, the GLD retained in the GIT could disappear before the cricket is consumed by
the intended predator.
For each experimental treatment (Table 5.3) the new GLD (C) was statistically the least
consumed compared to the “benchmark” diet (A) which had the highest consumption levels. This
was most probably due to its low palatability, incurred through the high levels of calcium in the
diet compared to the others. The low Ca insect diet (B) was consumed at an intermediary level
between diet A and C in treatments 1a and 1c. However, in treatments 1b and 1d, diet B was
equally preferred as diet C. It was also similarly preferred as diet A in treatment 1d. These diet
consumption similarities were probably due to the crickets’ appetite or lack thereof and will be
discussed in the next section. In spite of the poor consumption of the new GLD (C) it was felt to
be palatable and fairly well consumed in that the expected minimum consumption of at least
65% of the consumption of diet A was attained. Consequently, once the crickets achieved this
level of consumption they were then thought to have gut-loaded sufficiently and thus justified the
costs of analysis and continuation to the next stage in the dietary evaluation process.

5.5.1

Importance of Determining the Cricket’s Stage of Development

On closer inspection, however, when comparing consumption amounts of each diet amongst
the treatments, a curious trend appeared whereby the consumption amounts of each of the diets
were much higher for some treatments than for others. Through researcher expertise this trend
had been observed and identified in previous experiments and was attributed to cricket
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Table 5.3 Cricket weights and diet consumption amounts to determine diet palatability.
Tanks

1.5.9

2.6.7

Diet

A
(Crushed Rabbit Pellets)

B
(Low Calcium Insect Diet)

Treatment Trtmt 1A Trtmt 1B Trtmt 1C Trtmt 1D Trtmt 1A Trtmt 1B Trtmt 1C
Avg. Fasted
Cricket Wt.
0.24
0.21
0.24
0.18
0.24
0.21
0.24
(g)
Stage of
Development
E, M
E, M
G, F
G, F
E, M
E, M
G, F
within its
instar †
Avg. Cricket
Wt. (g) after
0.26
0.25
0.29
0.24
0.28
0.26
0.30
feeding on
diet for 2 days
Avg. Fasted
Cricket Wt.
(g) after
0.24
0.22
0.27
0.24
0.25
0.24
0.27
feeding on
diet for 2 days
Avg. Wt. (g)
0.02
0.03
0.02
0
0.03
0.02
0.03
loss due to
retention?
Avg.
Consump. (g)
after ~24 hrs 23.3 a,1
25.3 d,1
47.9 f,2
61.1 i,3
18.9 b,4 20.2 e,4
40.4 g,5

3.4.8
Max. potent.
benchmark
consump.
(Ingredient L)
Trtmt 1D Trtmt 1A Trtmt 1B Trtmt 1C Trtmt 1D Trtmt 3-1
C
(High Calcium GLD)

0.18

0.24

0.21

0.24

0.18

G, F

EM

E, M

G, F

G, F

0.27

0.27

0.26

0.30

0.27

0.25

0.24

0.22

0.26

0.23

0.02

0.03

0.04

0.04

0.04

55.5 ij,6

16.1 c,7

19.5 e,7

34.0 h,8

50.9 j,9

Debris Avg. Debris –
(g)
20.5
Avg. Cumul.
Consump. (g) 38.6 k,10
after ~48 hrs

Debris –
28.4

Debris –
27.9

Debris –
33.8

Debris –
20.3

Debris –
26.6

Debris –
18.2

Debris –
22.3

Debris –
22.9

Debris –
24.8

Debris –
19.2

Debris –
24.8

51.4 n,11

78.5 p,12

107.2 s,13

32.1 l,14

41.3 o,14

66.0 q,15

103.7 st,16

26.3 m,17

37.6 o,18

56.6 r,19

93.1 t,20

Debris –
21.9

Debris –
27.2

Debris –
29.7

Debris –
38.7

Debris –
17.5

Debris –
20.1

Debris –
21.0

Debris –
26.7

Debris –
18.2

Debris –
20.5

Debris –
21.2

Debris –
25.1

Debris Avg.
(g)

0.21

47.35*

72.49

* Adjusted from 26hrs consumption to 24hrs consumption
L (Crushed Rabbit Pellets)
† E – possible instar end (many sheds (M)), G – possible growth phase (few sheds (F))Different superscripts indicate significant
differences (P<0.05). Alphabetical superscripts indicate dietary consumption comparisons within treatments at 24 hrs and at 48 hrs,
numerical superscripts indicate dietary consumption comparisons across treatments at 24 hrs and at 48 hrs.
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development. Throughout most of the experimentation, the developmental stage of the crickets
utilized was constantly being assessed. These observations highlighted the importance of
determining the cricket’s stage of development within its instar, i.e., whether or not it was in its
growth phase.
Virtually all insects develop from an egg to an adult by passing through a series of stages
called instars. Crickets will go through 6-8 instars before becoming an adult (Ghouri and
McFarlane 1958). As they go from one instar into another they moult, shedding their
exoskeleton. Optimal food consumption occurs during the growth phase of the instar (Ghouri and
McFarlane 1958; Woodring 1983; Daly et al. 1998). Growth occurs between moults. Crickets
begin feeding about 6 hours after moulting and continue until mid-instar. After they reach this
mid instar and as long as they have achieved their critical weight gain, they stop feeding and the
moulting process begins (Woodring 1983). These abstinence periods could have a negative effect
on gut-loading success, especially as the cricket reaches the end of the instar. The decision as to
whether or not crickets were used in an experiment was dependent on this stage of development.
If the crickets delivered were the same age then presumably they would moult at the same time.
Upon moulting a decreased food intake would be evident. However, if the crickets delivered
were not all in a similar stage of development within their instar, then the diet consumed would
be dependent on the percentage in a growth phase. As a result, the delivered crickets used for
experimentation were those which had a high percentage in a growth phase. Generally, this was
established over the first 24 hours after a cricket delivery using two indicators. The first was the
amount of sheds in the experimental tanks over the first 24hrs. Many sheds (M) indicated that
many crickets were moulting and were at the end of an instar (E), while few sheds (F) indicated
that many were in a growth phase (G). The other indicator used was the amount of diet
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consumed, compared to the maximum potential benchmark consumption level previously
established in chapter 4 of this study through Treatment 3-1.
This set of treatments (Table 5.3), therefore, illustrates the significant effect of the
developmental stage on consumption. Accordingly, comparing consumption amounts within an
experiment treatment confounded the interpretation of our findings since even though our
comparative level of consumption was achieved for the GLD within each treatment, i.e., at least
65% of the consumption of diet A, it only implied that the new GLD was sufficiently palatable
compared to the other two diets during this time period and hence, had not established that it had
been sufficiently ingested which was required to progress to the next experimental stage.
Consequently, in order to establish sufficient consumption of the GLD, the developmental
stage of the crickets had to be assessed using the two indicators. The crickets used in treatments
1A and 1B had many sheds (M) in the debris indicating that most of the crickets were probably
at the end of an instar (E) (Table 5.3). This was confirmed by the low levels of diet A consumed
over a 24hr period for each of these two experiments, i.e., less than 65% compared to the
consumption of the previously established maximum potential benchmark consumption level.
This was also confirmed by the low levels of each diet consumed for each of these experiments
compared to the consumption amounts of the respective diets in treatments 1C and 1D. Most of
the crickets used in treatments 1C and 1D were in a growth phase (G), as indicated by the low
number of sheds (F) in the debris. Their diet A consumption levels were also comparable to the
consumption amounts of the previously established maximum potential benchmark consumption
level indicating that diet A had been sufficiently ingested for these experiments. The other diets
were also consumed adequately since they were consumed within at least 65% of the maximum
potential benchmark consumption level. It should also be noted that the crickets of treatment 1D
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had been additionally fasted for 24hrs after delivery before the diets were offered to increase
ingestion. As a result, this additional fasting period may have contributed to the desired effect in
that the crickets of treatment 1D had much higher consumption levels. Consequently, treatments
1C and 1D illustrated that the new GLD was able to be sufficiently consumed provided that the
crickets were in the growth phase of their instar.
The decline in ingestion by crickets at the developmental end of an instar may explain some
of the inconsistent gut-loading success experienced by many researchers (Allen and Oftedal
1982; Trusk and Crissey 1987; Allen and Oftedal 1989; Anderson 2000; Hunt et al. 2001;
McClements et al. 2003; Finke 2004; Finke et al. 2005; Hunt Coslik et al. 2009). This has many
implications since if most of the crickets delivered by the supplier are at the end of their instar
they will not have ingested the gut-loading diet sufficiently and their potential as a vehicle to
deliver nutrients to the end consumer would not be fulfilled.
However, can we infer that the crickets were sufficiently gut-loaded with the new GLD just
because they consumed larger amounts, i.e., even if the level of consumption was comparable to
the established maximum potential consumption amount as previously assumed? Cricket weight
increased after consuming the diets over a two day period for all the experiments with those of
treatments 1C and 1D having numerically greater weight gains (Table 5.3). However, were these
gains due to the retained diet, an increased water intake, tissue development or perhaps a
combination thereof? Most of the average fasted cricket weights show an increase after gutloading on the three diets for two days compared to the fasted cricket weights before gut-loading
began, which could have been due to tissue development. The crickets used in treatments 1C and
1D had numerically greater weight gains than those of treatments 1A and 1B. For most of the
experiments the average weight loss due to possible retention was highest for the crickets
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ingesting the GLD. However, the weight losses could be due to diet or water retention. Another
curious pattern is the higher level of debris for diet A over the other two diets for treatments 1C
and 1D, i.e., the treatments in which the crickets were not apparently being affected by decreased
ingestion due to their developmental stage. This may indicate that the crickets on diet A had a
faster passage rate of ingesta than those fed the other two diets. This may also explain some of
the increased levels of consumption of this diet over the other two. Accordingly, was the earlier
assumption concerning the transit time of ingesta valid since even though the larger weight
losses for the crickets consuming the GLD may have been due to a slower passage rate of ingesta
caused by the higher levels of Ca, but they may also have been due to a greater water retention
again possibly caused by the higher levels of Ca in this diet?
This set of experimental treatments also investigated cricket mortality since high Ca diets
have been shown to decrease longevity. Over the two day experimental period no appreciable
difference was observed in the number of cricket deaths between the crickets feeding on diet B,
the low Ca insect diet, compared to those feeding on diet C, the high Ca GLD as demonstrated
by the similar weights of the debris collected for each experimental tank. Even so, for a thorough
exploration of the effects of the GLD Ca level on cricket mortality, experimentation of a longer
duration, i.e., of at least 4 days of gut-loading, maybe required.
In conclusion, having exhausted all the low cost avenues by which to ascertain that the GLD
was sufficiently palatable to be consumed to a previously established benchmark level and that it
had been adequately retained for the crickets to gut-load successfully, we could then proceed to
the next stage in the diet evaluation process.
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5.6

Evaluating the Effectiveness of the Gut-Loading Diet
The final step in the evaluation process to assess the effectiveness and success of this new

GLD was determined through the nutrient composition of the gut-loaded cricket over time. This
established the length of time required to optimally gut-load and measured how long the benefits
of gut-loading last. This confirmation ensured that the weight gained through diet consumption
was due to its appropriate retention in the GIT and not just to tissue development or water
retention. Only through this nutrient analysis could we be certain that the package being offered
and consumed by the insectivorous amphibians and reptiles contained all the nutrients in the
amounts intended with respect to their estimated nutrient requirements.
This set of treatments also investigated the effect of hunger on consumption and hence, when
gut-loading should begin, a factor preliminarily examined via Treatment 1D (Table 5.3). Juvenile
crickets are continually developing, therefore, it is important to gut-load them as soon as
possible. It would be best to gut-load the crickets before they entered mid instar i.e., before the
moulting process began thereby avoiding a reduction in intake. However, as observed through
most of the previous chapter’s set of experimentation, the crickets consumed comparatively more
of the food offered during the first 24 hrs after delivery than during any other time period (Tables
4.14 and 4.16). This increase in consumption may be a useful tool to optimize ingestion.
Delivered crickets arrived in some semi-fasted condition due to being shipped with a small
number of potatoes or carrots (included as a moisture source). Consequently, without their
normal diet and the stress incurred during shipment, a state of starvation exists, the severity of
which increases depending on the duration of the shipment. It appeared that when crickets were
offered food after undergoing some degree of “fasting” their consumption increased and this
maximized their gut-loading potential. Consequently, for some of the experimental treatments
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the crickets were fasted for a further 24 hrs after delivery to increase consumption and optimize
their gut-loading ability.
The crickets used in treatment 2A were in a growth phase as indicated by the low number of
sheds in the debris and their consumption amounts which were comparable to the established
maximum potential benchmark consumption level (i.e., over the 65% minimum level after gutloading for 24 hrs Table 5.4). In order to maximize gut-loading, these crickets had also
undergone a further 24 hr fasting period, in addition to the one experienced during shipment
before the GLD was offered. The target minimum Ca:P ratio was achieved after they had been
gut-loaded for only one day, reaching a maximum level after two days and although it did
decrease over the next two days, the levels were still above the minimum.
The target linoleic value was exceeded even before they began gut-loading. This indicated
that the crickets had this nutrient as part of their whole body nutrients. This also concurred with
other researcher findings (Finke 2004). The levels then increased over the next few days,
indicating effective gut-loading. These increased levels continued even in the fasted crickets
which had gut-loaded for four days, suggesting that the fatty acid may have become part of the
cricket tissue.
The minimum target vitamin A levels were achieved, again after gut-loading for only one
day, and these continued rising until the fourth day at which time they decreased but were still
above the target minimum.
The vitamin E levels, however, exceeded our target maximum after gut-loading for only one
day. The levels of this vitamin’s addition to the diet may be too high in that it may interfere with
vitamin A absorption in the end consumer (NRC 1995; Finke 2003). The anti-oxidant ability of
this vitamin and its presence at these higher levels may compensate for cricket fat and especially
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Table 5.4 Nutrient and consumption amounts to determine gut-loading success.

Dry Matter Basis

Fasted Day 1
Cr Avg Avg

Day 2 Day 3
Avg Avg

Day 4
Avg

%Dry Matter

24.2

23.3

24.03 23.9

24.2

% Moisture

75.8

76.7

75.97 76.1

75.8

Experiment
Experiment
Maximum
Experiment #2Ba
1Db, c
#2Ca
Potential
Benchmark
Target Consumption
Growth Phase
Growth Phase
Instar End
Amounts Experiment
b
3-1
Fasted
Day 1
Day 1 Day 2 Day 1 Day 2 Day 3 Day 4 Day 1 Day 2
Cr Avg
Avg
Avg
Avg Avg
Avg
Avg Avg Avg Avg
23.57
23.17
23.2
22.73
20-30
24.7
24.6
26.567
76.43
76.83
76.8
77.27
70-80
75.3
75.4
73.433

% Crude Protein

79.7

75.23

69.23 66.77

65

73.3

% Calcium

0.0917 1.1112 1.5857 1.1338 1.3922 0.3918

% Phosphorus

1.0392 0.9856 0.9212 0.8175 0.8717 0.8786

Ca:P

0.088

1.127

1.721 1.387

1.597

0.446

% Crude Fibre

10.47

9.33

9.5

8.53

10.5

Experiment #2Aa, c

Experiment
Developmental
Stage

Growth Phase

10.33

60-70

1.4152

11.33

11.27

12.43 15.13

16.3

16.6

% Linoleic

4.78

4.62

4.87 5.83

6.02

6.43

1

% Linolenic
Vitamin A
(Retinyl Acetate)
(IU/kg)
Beta Carotene
(IU/g)

0.0076 0.02

0.034 0.035

0.044

0.03

<333

12607

18672 29694.7 22170.7 6202.3

<0.42

<0.42

<0.42 <0.42

<0.42

342.3

561

527.07 185.47

516.4

1.676

0.8371
1.168

1.249 1.224 1.038

0.730

10.33

% Crude Fat

Vitamin E (IU/kg) 7.3

0.6112

0.8446
1.0-1.6
10-15

<0.42

64.667

14.5
5.39
0.04

8000<
3.19
100-300

20012.7

<0.42
502.8

Cumulative
44.1
92.0 136.5 174.2
47.35*
50.9 93.1
Consumption
Amounts (g)
31.5**
* Adjusted from 26 hrs consumption to 24 hrs consumption
** Adjusted from 420g 1.67 cm crickets to 300 g
a
420 g 1.67 cm Crickets
b
300 g 1.67 cm Crickets
c
Crickets used in this experiment had been fasted for an additional 24 hrs after delivery before food was offered
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5637

51.0
36.4**

84.1

110.0 126.7 22.5
16.0**

34.4

unsaturated fat levels (NRC 1995; Finke 2002). The amounts of vitamin E added need to be reexamined to assess whether they should be altered.
The beta carotene levels were surprising, as a higher level in the region of 3.19 IU/g was
expected once gut-loading began, especially since the analytical values obtained for the GLD
averaged 26.57 IU/g on a DM basis (Table 4.20). After much discussion with the lab performing
the analysis, however, we were still unable to substantiate the gut-loaded cricket analytical
results for this nutrient. They remain questionable and hence, this nutrient will require further
gut-loading experimentation and subsequent analysis for proper assessment. Other carotenoids
may also be included in future analyses since these may be valuable for some brightly coloured
amphibians (Ogilvy et al. 2012).
The next three treatments (one of which was treatment 1D) were added to reinforce the
importance of the cricket’s developmental stage to gut-loading success (Table 5.4). As
mentioned earlier, the crickets used in treatment 1D had undergone the additional 24 hr fasting
period after delivery before being offered the diet in order to increase ingestion. The crickets
used in treatments 1D and 2B were in a growth phase as indicated by few sheds in the debris and
their consumption amounts which were well over 65% of the established maximum potential
benchmark consumption level. Both experiments had similar nutrient values to treatment 2A at
the two day gut-loading period. Crickets in treatment 1D were only analyzed at this time period
due to financial constraints. This time period was chosen based on reports of other researchers
who found that cricket gut-loading potential was usually maximized after two days of gutloading (Allen and Oftedal 1989; Bernard et al. 1997; Hunt et al. 2001; Finke et al. 2005). The
crickets of treatment 2C, which had been shipped to the Diagnostic Center for Population and
Animal Health for analysis, were delayed during shipping and hence, due to their decomposed
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condition on arrival, could only be analyzed for moisture, Ca and P. However, the crickets used
in this treatment gut-loaded adequately in that their Ca levels were similar to those of treatments
2A and 1D, albeit numerically lower but still above the target values which continued over the
four day gut-loading period. Treatments 2A and 1D for which the crickets were additionally
fasted for 24 hrs had higher Ca:P ratios than those of treatment 2B which were not additionally
fasted. The fact that the analyses performed were on decomposed crickets may also be
confounding the results. The effects of fasting on gut-loading, therefore, require further
investigation.
The crickets used for treatment 2C were not in a growth phase but at the end of an instar as
indicated by the large number of sheds in the debris and the lower consumption, i.e., much lower
than 65% of the established maximum potential benchmark consumption amount. The cricket
consumption levels were also lower than those of the other three experiments. This was
confirmed by the nutrient levels reached after a two day gut-loading period which were below
the minimum intended values for the Ca/P ratio and for vitamin A. After two days of gut-loading
the nutrient values analyzed were also well below those reached by the crickets in treatments 2A,
1D and 2B, which were in a growth phase after an equivalent period of gut-loading. This
emphasizes the point that for gut-loading to be successful, crickets must be in the growth phase
of their instar.
In conclusion, the GLD was consumed sufficiently after following the gut-loading
recommendations to optimize consumption. This was especially true once the developmental
stage of the crickets being gut-loaded had been determined. As a result, the analysis verified the
success of the new GLD in that the combination of the cricket whole body nutrients and the diet
retained in the gastrointestinal tract contained all the nutrients (except vitamin E and beta
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carotene) in the amounts targeted with respect to the estimated nutrient requirements of the
insectivorous amphibians and reptiles. These values also illustrated that the target levels for most
nutrients were achieved after gut-loading for only 24 hrs and that the benefits of this technique
were realized over the full four day gut-loading period. The nutrient levels attained, remained
above target levels and above the estimated requirements of the end consumers throughout the
duration of the experiment.
The GLD, in combination with the recommended gut-loading methodology, has more
consistent success and is an improvement over other previously tested diets. Those researchers
who were able to achieve required nutrient levels through the gut-loading supplementation
technique, reported that the required levels were reached, albeit inconsistently, after at least two
days of gut-loading and remained at these levels for a further one to two days of gut-loading,
after which the nutrient levels dropped below the required amounts (Allen and Oftedal 1989;
Anderson 2000; Finke 2004; Finke et al. 2005; Hunt Coslik et al. 2009). They recommended that
it was critical to rotate crickets onto the diet and to feed them out on a regular basis (i.e., between
2 to 4 days after gut loading). The crickets consuming the new GLD could be used for feed after
one day of gut-loading and could continue to be fed off over a maximum of four days of gutloading. This could be extended to five days dependent on further testing. The final proof of the
new GLD’s success will be assessed by its effects on growth, reproduction and health of the
insectivorous amphibians and reptiles consuming the gut-loaded crickets.
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CHAPTER 6
SUMMARY
These experiments were undertaken to aid in preventing the development of nutrient
deficiency diseases still currently being diagnosed in insectivorous amphibians and reptiles held
in zoological institutions. The main reason for these nutrient disorders are the diets being offered
which consist of a limited variety of feeder insect species, most of which are inadequate with
respect to specific nutrients required by the insectivores. To resolve this problem the gut-loading
supplementation technique was employed to enhance the nutritive quality of one of their most
commonly used and commercially available feeder insects the domestic house cricket Acheta
domestica. Due to the inconsistent success of commercially available diets a new gut-loading
diet was formulated for 1.67 cm domestic house crickets having an estimated 12% gut-loading
capacity.
The gut-loaded cricket is our nutrient vehicle, delivering all the required nutrients to the end
consumer. Consequently, we are working within the restrictions posed by the cricket’s nutrient
composition and perhaps more importantly by the cricket’s gut-loading/consumption ability.
Gut-loading success relies heavily on the cricket’s ability to ingest the supplementation diet.
Optimizing this ability would ensure that the cricket’s gut-loading capacity is maximized and
hence, the cricket’s role as a nutrient vehicle for the intended consumers would be realized.
There are many factors which influence a cricket’s optimal gut-loading ability and if these are
not taken into consideration during cricket feeding then the success of the gut-loading nutrient
supplementation technique may be compromised.
Consequently, throughout this experimentation, the methodologies employed
have been inclusive of various factors which optimize cricket ingestion and maximize gut-
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loading. Many of these have been identified through the reports and investigations of other
researchers (Allen and Oftedal 1989; Allen 1997; Bernard et al. 1997; Anderson 2000; Hunt et
al. 2001; Finke 2003; Finke et al. 2005). Consequently, cricket behavioural and physiological
factors, as well as their environmental requirements have been standardized and implemented
throughout the experiments. These include cricket age, cricket size, temperature and humidity
ranges, as well as the moisture source. Others were discovered inadvertently during the course of
our experimentation. One factor was the significance of positioning feed dishes near sheltered
areas to increase ingestion. Another was the importance of the cricket’s developmental stage
within its instar in that optimal consumption occurs during the growth phase of the instar (Ghouri
and McFarlane 1958; Woodring 1983; Daly et al. 1998).
Accordingly, many of these factors, including the standardized handling and feeding
procedures that were implemented during the GLD formulation and during cricket feeding were
used to develop cricket gut-loading optimization recommendations to ensure the production of an
optimal nutrient package and hence, a high quality diet. These cricket gut-loading optimization
recommendations have been listed as a companion to the GLD (Appendix Table 9). A routine
program to assay nutrients has also been added to the recommendations so as to verify the diet’s
composition (Bernard and Allen 1997). This new GLD will be put into light impermeable foil
bags which have been nitrogen flushed before sealing so as to reduce its deterioration and hence,
maintain palatability and nutrient stability. Once the sealed container has been opened the
remaining diet will be stored in a refrigerator and used within 180 days of opening (NRC 1995).
The development and assemblage of the new GLD involved the selection of ingredients
through two objectives (implemented using three criteria). The first objective was to ensure that
the mixture of ingredients incorporated in the final diet delivered sufficient variety and amounts
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of target nutrients in physically and chemically absorbable forms that they compensated for any
inadequacies in the nutrient value of a 1.67 cm domestic house cricket. Following the diet’s
recommended ingestion period, the nutrients retained in the gut-loaded cricket’s GIT, combined
with the cricket’s own body nutrients provide the end consumers with a complete nutrient
package, meeting their nutritional and physiological requirements. The second objective was to
design a GLD which would optimize cricket ingestion and hence, gut-loading. This was
accomplished by ensuring that the physical form and the nutritive provisions of the diet met with
the foraging and palatability requirements of the vehicle of delivery, the cricket.
During diet formulation, the physical form (particle size) of the diet was one factor which was
considered to ensure optimal ingestion of the diet. As a result the diet has been finely ground to
small particles sizes (0.212 mm - 1 mm) similar to flour in consistency, since crickets generally
prefer finely ground diets over those that are coarse or pelleted (Allen and Oftedal, 1989).
Nutrient/ingredient palatability was probably the most important characteristic considered to
optimize ingestion. It is mainly influenced by the types of nutrients/ingredients incorporated
(Bernard et al. 1997; Anderson 2000). Twenty-two ingredients were evaluated for possible diet
incorporation. Some were ruled out because of compositional limitations after completing
ingredient nutrient assessments via analysis, as well as through a review of available amino and
fatty acid book values (Raw Material Compendium (RMC) 1994). However, most were
eliminated because they did not meet the second objective. This was assessed by performing
palatability ingredient treatments comparing the amount of each test ingredient consumed.
Through these treatments, four ingredients met both selection objectives in that they were
determined to be highly palatable and provided most of the necessary nutrients at appropriate
levels when combined. Three of the ingredients were plant based. The fourth component was
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aquatic-plant and marine based. This fourth component was incorporated mainly to provide an
appropriate supply of essential fatty acids (EFAs) and other nutrients such as carotenoids which
could be beneficial to the end consumer. The formulated diet offers many improvements over
other diets mainly due to the plant based ingredients included. The rationale behind this was to
offer nutrients to the cricket which would be similar in nutrient profile to the food it would
consume in the wild. This would hopefully improve palatability and thereby, maximize
consumption (Hunt et al. 2007). In addition, the plant based diet could also supply some vitamin
A precursors, i.e., carotenoids, and perhaps other nutrients which may also be similar to the
natural diet of the end consumer, especially for those consuming mainly herbivorous/omnivorous
insects (Hunt et al. 2007; Li et al. 2009). It may also prove beneficial to include some of the
carotenoids in future diet formulations designed for brightly coloured frog species (Ogilvy et al.
2012). Another advantage of this primarily plant based diet is that it is thought to have a longer
shelf life than those formulated using animal based ingredients.
In addition to the four primary dietary ingredients, other nutrients, including Ca, vitamin A,
D, E, thiamine, and pyridoxine were also incorporated in an attempt to meet the nutrient
requirements of the insectivorous amphibians and reptiles. The final nutrient levels were based
on the National Research Council (NRC) requirements for rats, the Association of American
Feed Control Officials (AAFCO) requirements for cats, investigations by various researchers and
nutrient overages as appropriate to meet insectivorous amphibian/reptile requirements (Allen and
Oftedal 1994; NRC 1995; Ferguson et al. 1996; Abate 2003; Allen and Oftedal 2003; Finke
2002, 2003; AAFCO 2010). Since no specific dietary requirement levels are available for
amphibians and reptiles, the actual supply of these nutrients necessary for good health remains to
be elucidated.
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The vitamins were added via a premix, based on general insectivorous amphibian and reptile
requirements, specific premixes can be prepared for insectivores whose requirements are
subsequently found to differ from the generic values used. The diet base can be used with a
variety of premixes allowing nutrient flexibility with respect to the formulation of the GLD for
the end consumer.
A second diet without any added Ca was also formulated. This low Ca insect diet was used as
a control in the experiments and helped establish that there was a decrease in consumption by the
crickets feeding on the GLD most probably due to its decreased palatability as a result of the
high Ca levels in the diet. It also determined that there was no increase in cricket mortality for
the duration of the experiments by the crickets consuming the GLD. However, the high calcium
GLD is not intended to provide long-term insect nutrition and its prolonged use may lead to
insect mortality. Consequently the low Ca insect diet will also be fed to sustain, rather than gutload, the zoo’s captive herbivorous insect colonies e.g., cockroaches (Blattodea), etc. which in
some cases may then be used as feeder insects for various predatory insectivore invertebrates
(Allen and Oftedal 1989; Bernard and Allen 1997; Hunt et al. 2001; Finke et al. 2005). After
some discussion it was decided that in future the low Ca insect diet would be formulated without
the addition of the supplementary vitamins since like the calcium, the insects do not require these
nutrients in high concentrations. Consequently, in order to keep the cost of this diet to a
minimum, the vitamins will not be added and although the other ingredients will be the same, an
appropriately modified formulation will be applied.
Once the new GLD was formulated and assembled, it was first evaluated by assessing its
degree of palatability. This was achieved after following the gut-loading optimization
recommendations and ensuring that it had been sufficiently consumed when compared to the
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maximum potential consumption benchmark.
The effectiveness and success of this new GLD was verified by determining the nutrient
composition of gut-loaded crickets over time. This established the length of time required for
them to optimally gut-load and measured how long the benefits of gut-loading last. This
confirmation ensured that the weight gained through diet consumption was due to its appropriate
retention in the GIT and not just to tissue development or water retention. The analysis verified
the success of the new GLD in that the combination of the cricket whole body nutrients and the
diet retained in the gastrointestinal tract contained all the nutrients in the amounts intended
(except for vitamin E and beta carotene) with respect to the estimated nutrient requirements of
the intended consumers, the insectivorous amphibians and reptiles. These values also illustrated
that the target nutrient levels were achieved after gut-loading for only 24hrs. The benefits of this
technique were realized over the full four day gut-loading period in that the nutrient levels
attained remained above target levels and hence, above the estimated requirements of the end
consumers throughout the duration of the experiment.
Consequently, this GLD in combination with the recommended gut-loading methodology
achieved more consistent success and was an improvement over other previously tested diets.
Researchers who achieved the required nutrient levels were only able to do so for a period
between 2-4 days of gut-loading (Allen and Oftedal 1989; Anderson 2000; Finke 2004; Finke et
al. 2005; Hunt Coslik et al. 2009). The crickets consuming the new GLD could be used for feed
after one day of gut-loading and could continue to be fed off over a maximum of four days of
gut-loading which may be extended with further testing. Continued experimentation is required
to examine the new GLD’s effects on growth, reproduction and health of insectivorous
amphibians and reptiles consuming the gut-loaded crickets.
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Appendix
Table 1 Diet and supplement nutrient levels of selected products.
Nutrient Levels Based Timberline
Cricket TZ Reptile/Amphib
Mtc
a
on DM
Village
Dusting
Cricket
Diet b
Supplement c
Flour b
% CP
Carbohydrates
Ca
P
% Crude Fibre
% ADF
% NDF
% Crude Fat
% MUFA
% PUFA
% C18:2 n-6
Linoleic
% C18:3 n-3
Linolenic
Vitamin A
(Preformed Vit A retinyl acetate) IU/Kg
Vitamin D3
(Cholecalciferol)
IU/Kg
Vitamin E IU/Kg

20.8
1.1
0.83
6.2

8.8

High Ca
Cricket
Flour b

High Ca
Mazuri
Cricket Diet b

Reptical

Reptovit

d

d

32.10
20.0

9.1
8.3

24.4
48.04
8.02
2.56

10.3
31.81
23.99
0.34
4.9

26.03
61.74
1.19
0.56

22.27
58.29
7.43
0.45

21.22
51.23
11.06
0.76

5.68
1.57
0.19
0.03

0.83

6.25
1.37
1.4

5.06
1.11
1.07

3.54
1.15
0.17
0

0.13

0.03

1.39

1.06

0.09

6174.77

405715.48

96.97

75.42

14228.81

270,315.0

500,000.0

44.26

40,526.0

12,500.0

0.42

47.04

30.03

474.87

5.53

a

Analysis based on 3 samples from Finke (M.D. Finke, PhD, email communication, July 2005).
Analysis from University of Guelph Lab Services, Guelph, ON
c
Analysis from Ralston Purina Lab
d
Adapted values (Baer 1994)
Timberline - Timberline Cricket Power Food from Timberline Fisheries Inc., Marion, IL
Cricket Village Diet – Wilsonville, ON
TZ Reptile/Amphib Dusting Supplement – Toronto Zoo, Toronto, ON
Maintenance Cricket Flour - Nobleton Feed Mills Ltd. ON
High Calcium Cricket Flour - Nobleton Feed Mills Ltd. ON
Mazuri High-Ca Cricket Diet (5M38) - Richmond, IN
b
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4.04

19.62

Appendix

Table 2 Nutrient levels of three analyzed diets (Li et al. 2009).

% Moisture
% CP
% Ca
%P
% Crude Fibre
% Crude Fat
% C18:2 n-6 (Linoleic)
% C18:3 n-3 (Linolenic)

Enrichment Diet
74.15
17.72
0.59
0.29
1.7
3.15
0.95
0.19

Vitamin Diet
75.26
16.76
0.73
0.36
1.7
2.47
0.815
0.07
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Control Diet
75.22
16.62
0.68
0.27
1.7
2.46
0.848
0.07
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Table 3 Amino acid values of cricket diets and amphibian/reptile supplements.

AA %
Mazuri
Mtce Cricket
High Ca
(DM)
High Ca
Flour
Flour
Lysine
1.25
1.48
1.27
Methionine
0.47
0.42 B
0.36 B
Cysteine
0.53
0.42
0.33
Met + Cys
1.0
0.84
0.69
Threonine
0.85 B
1.02
0.82
Tryptophan
Isoleucine
0.87
1.20
1.07
Leucine
1.66 B
2.06
1.76
Valine
1.02
1.33
1.18 B
Histidine
0.51
0.70
0.51
Arginine
1.51
2.11
1.80
Glycine
1.40
1.17
0.98
Serine
1.04
1.33
1.16
Glycine + Serine
Phenylalanine
0.95
1.33
1.14
Tyrosine
0.59
0.83
0.69
Phe + Tyrosine
Aspartic Acid
2.21
2.86
2.45
Glutamic Acid
3.78
5.18
4.50
Proline
1.36
1.35
1.16
Alanine
1.21
1.25
1.07
*AA %ages calculated using 602.3mg total AA (Li et al. 2009)
** Adapted values (Allen and Oftedal 2003)
Shaded numbers indicate lower than recommended for an Iguana Diet
B - indicate that it is lower but within 10%
Mazuri High-Ca Cricket Diet (5M38) – Richmond, IN
Maintenance Cricket Flour - Nobleton Feed Mills Ltd. ON
High Calcium Cricket Flour - Nobleton Feed Mills Ltd. ON
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Cricket
Village
1.34 B
0.56
0.59
1.15
1.02

TZ
Amph/Rep
Suppl
4.69
1.67
1.77
3.44
3.96

0.98 B
1.83
1.20
0.46 B
1.76
2.05
1.20

3.96
7.82
5.01
3.13
6.26
5.11
5.21

1.07
0.63

5.01
3.34

Reptivite*
8.77
3.45
5.31
8.76
3.45
3.45
1.78
8.77
3.45
1.78
8.77
7.09
1.78
1.78
3.45

Green Iguana
Diet
Recommended
Levels **
1.4
0.45
0.95
0.95
0.24
1.0
1.75
1.20
0.50
1.40

0.90
0.90
1.60

2.17
4.15
1.83
1.59

7.20
25.34
9.18
5.63

8.77
24.71
3.45

Cricket Village Diet – Wilsonville, ON
TZ Amphibian/Reptile Supplement – Toronto Zoo, Toronto, ON
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Table 4 Consumption of ingredients A, F, G, K and L over 72hrs.

Average Ingredient
Consumption (g) As Fed

24hrs

48hrs

72hrs

Full Fat Soya Flour (A)
Red Lentil Flour (F)
Sweet Potato Flour (G)
Crushed Rabbit Pellets (L)
Spirulina - OSI (K)

5.72
1.48
9.32
13.29
12.18

8.9
2.3
14.7
26.1
20.9

10.6
2.9
19.5
34.8
25.2

Total Average
Consumption

42.0

72.9

92.9

Appendix

Table 5 Ingredient label nutrient levels of three ingredients.

Ingredient Analysis Dehydrated Alfalfa Ground Wheat Ground Oat
As Is Basis
Meal
Flour
Flour
% Ca
1.39
0.04
0.05
%P
0.26
0.46
0.37
% ADF
32.2
3.4
14.0
% NDF
41.4
13.2
28.0
% Crude Protein
13.0
10.5
11.0
% Crude Fat
2.5
1.7
4.0

143

Appendix

Table 6 Progression of Ingredient Selection.
Reason For Elimination

Ingredient

Removal Due to Ingredient Nutrient
Assessment Comparisons
(First Criterion)

Removal Due to Cost of Ingredient

Removal Due to
Ingredient Palatability
Tests Based on
Consumption
Comparisons
(Second Criterion)

Full Fat Soya Flour
(A) – Original
Sweet Potato Flour
(G)
Spirulina - OSI (K)
Crushed Rabbit
Pellets (L)
Carrot Flour (C) Original

Bran Flour (D) –
Original
Oat Groat Flour (I)
Barley Flour (J)

Nobleton Feed Mills
Ltd. Spirulina Powder
(Q) – Tested to
possibly replace K.
Worldwide Aquatics
(WA) Spirulina (T),
WA Spirulina+ (U)
and WA Spirulina
20+ (V)- Tested to
possibly replace K.
Ground Flax Flour
(B) – Original
Rice Flour (E) –
Original
Alfalfa Crumbs (H)

Removal Due to
Amino and Fatty Acid Profile
Comparisons
(Third Criterion)

Selected

A
G
K
L
– well consumed but basically a
poor nutrient mix. Replaced by
ingredient G because it had a better
profile wrt CP (slightly higher),
ADF (lower) and NDF (lower), with
a similar Ca:P ratio.
– high in fibre and even though it
was not analysed for this nutrient it
was the main reason for its removal.
– poor source of protein and poor
Ca:P ratio
– poor source of protein and very
high level of NDF even though it
had a favourable Ca:P ratio.
– high levels of protein, poor Ca:P
ratio and fat levels were very low.
– basically good nutrient profile,
especially the Ca:P
ratio. However, the supplier could not
recommend it due to nutrient
inconsistency and its higher costs
compared to ingredient K.
B – Poorly consumed
E – Poorly consumed
H – Poorly consumed
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Dehydrated Alfalfa
Meal (N) – Tested to
possibly replace L.
Ground Wheat Flour
(O) – Tested to
possibly replace L.
Ground Oats Flour (P)
- Tested to possibly
replace L.
Pure Source Spirulina
Powder (R) - Tested
to possibly replace K.
Wheat Shorts (M) –
Tested to possibly
replace L.

Zeigler Spirulina
Flake (S) - Tested to
possibly replace K.

N - Poorly consumed

O - Poorly consumed

P - Poorly consumed
– high levels of protein and NDF,
poor Ca:P ratio and low fat levels.
- high levels of NDF and
unfavourable Ca:P ratio but well
consumed. However, Ingredient L
had a better profile and was better
consumed. Ingredient M was,
therefore removed.
– well consumed with a basically
good nutrient profile, especially the
Ca:P ratio. It did, however, have
high NDF levels.

R- Poorly consumed

It was mainly removed because of its high
cost.

Red Lentil Flour (F)

F
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Table 7 New gut-loading diet formulation calculations (with calcium).

Ingredients
%
As Fed

Weight
{kg)
(As Fed)

Protein (g)

Fat (g)

ADF (g)

NDF (g)

Ca (g)

P (g)

Full Fat Soya
Flour (A)

11.78

117

39.55

20.94

7.37

10.57

0.19

0.67

Sweet Potato
Flour (G)

19.13

190

14.0

1.08

10.96

11.91

0.39

0.32

Vit A
(IU/kg)

Vit D
(IU/kg)

Vit E
(IU/kg)

Vit B1
(mg/kg)

Vit B6
(mg/kg)

Spirulina (K)

26.01

258.25

109.08

14.49

3.36

14.82

0.52

1.39

Crushed Rabbit
Pellets (L)

27.79

276

40.71

7.73

48.02

94.53

2.72

1.88

Calcium

15.11

150

Vitamin A

0.0022

0.022

Vitamin D

0.0121

0.12

Vitamin E

0.1480

1.47

Thiamine

0.0056

0.056

Pyridoxine

0.0050

0.05

100

992.968

203.3

44.2

69.7

131.8

63.8

4.26

61600000

12000000

1999200

50.0

56.0

992.968

20.48

4.46

7.02

13.28

6.43

0.43

62036.24

12084.98

2013.36

50.35

56.40

1

22.37

4.87

7.67

14.5

7.0

0.47

67765.1

13201

2199.3

55.0

61.6

20

3

<9

<9

7

67 000

12 000

2 000

50

50

18 to 24

3 to 6

<9

13 to 15

7

Total
Average As
Fed
Average Dry
Matter basis

Target Level
Target Level
Range

60
61600000
12000000
1999200
0.05
0.056
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Table 8 Low calcium insect diet formulation calculations (without added calcium).

Ingredients
%
As Fed

Weight
{kg)
(As Fed)

Protein (g)

Fat (g)

ADF

NDF

Ca (g)

P (g)

Full Fat Soya
Flour (A)

13.88

117

39.55

20.94

7.37

10.57

0.19

0.67

Sweet Potato
Flour (G)

22.54

190

14.00

1.08

10.96

11.91

0.39

0.32

Spirulina (K)

30.64

258.25

109.08

14.49

3.36

14.82

0.52

1.39

Crushed Rabbit
Pellets (L)

32.74

276

40.71

7.73

48.02

94.53

2.72

1.88

0

0

Vitamin A

0.0026

0.022

Vitamin D

0.0142

0.12

Vitamin E

0.1744

1.47

Thiamine

0.0066

0.056

Pyridoxine

0.0059

0.05

100

842.968

203.3

44.2

69.7

131.8

3.83

4.26

61600000

12000000

1999200

50.0

56.0

842.968

24.12

5.25

8.27

15.64

0.45

0.51

73075.13

14235.42

2371.62

59.31

66.43

1

26.79

5.83

9.18

17.37

0.505

0.56

81157

15810

2633.9

65.87

73.78

Target Level

20

3

<9

<9

67 000

12 000

2 000

50

50

Target Level
Range

18 to 24

3 to 6

<9

13 to 15

Calcium

Total
Average As
Fed
Average Dry
Matter basis

Vit A
(IU/kg)

Vit D
(IU/kg)

Vit E
(IU/kg)

Vit B1
(mg/kg)

Vit. B6
(mg/kg)

0
61600000
12000000
1999200
0.05
0.056
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Table 9 Cricket gut-loading optimization recommendations.

Holding/feeding Tanks
• Cricket holding/feeding containers should be set up as close as possible to the animals they will be fed to. This will
minimize movement stress and temperature/humidity variation. It will also allow the animals to feed longer, right
up until they are moved into the predator’s container. As a result an optimum nutrient package would be provided
to the end consumer.
• The holding area should be relatively quiet with as little disturbance as possible since loud noises and a lot of
activity could decrease consumption.
• Food and water dishes should be offered in sheltered areas – provide cover (i.e. egg flats) over dishes where
possible.
• Gut-loading crickets should never be offered produce as this basically defeats the purpose of gut-loading. The
produce may also have been grown using pesticides which may, therefore, harm the crickets and perhaps their
intended consumers. For pinheads to 1/8 crickets offer a 2 day supply of the GLD on the floor of the container to
facilitate consumption. Check daily and add additional food as required. For ¼ to adult crickets offer a 2 day
supply of the GLD in dishes. Stir the dish contents daily to prevent food particle sorting. After 2 days discard the
remaining food and offer another 2 day supply.
• Use distilled water or dechlorinated water ad lib. For ¼ to adult crickets use a 1L water dispenser with pebbles in
the trough to prevent drowning and to facilitate cleaning. Cleaning of the water dispenser and its replenishment
should be done as required before the water in the trough becomes foul. For very young nymphs i.e. pinhead to 1/8
crickets a green scrub pad (cut to the inside diameter of the dish) should be used to prevent drowning and to
facilitate daily cleaning.
• A temperature gradient should be maintained with temperatures of 26-29oC at the bottom of the holding tanks to
29-34o C at the top of the egg flats. These temperatures can be maintained through the use of two 75 watt ceramic
heaters/tank and a Helix thermostat whose sensor is located approximately 3” from the middle of the bottom of the
tank.
• Relative Humidity should be maintained below 50% and preferably between 20-40%. To decrease humidity
increase ventilation by using a fan. For increased humidity decrease air circulation by decreasing air movement via
a piece of plastic or cloth over the lids, etc.
• Each cricket holding tank should be equipped with a sufficient amount of egg flats to maximize surface area and
minimize cannibalization.
• Clean ¼ to adult cricket holding tanks daily to minimize debris/fecal consumption and to maintain hygienic
conditions.
• After 4 days clean out the container and replace the egg flats to have it ready for the next cricket delivery.
Cricket Feeding Suggestions
• The crickets in most cricket shipments have experienced some degree of fasting before they arrive at their
destination. The cricket’s appetite can be increased by prolonging the duration of fasting for another 24hrs. An
additional benefit is that their gut contents will be evacuated such that when the GLD is offered they will retain
only the diet and perhaps water in their gastrointestinal tracts and hence, no other nutrients. They may, therefore,
achieve a sufficient gut-loading nutrient level earlier than if fasting was not extended.
• If possible, gut-load crickets which are in a growth phase and not at the end of an instar. This could be determined
within 24 hrs of delivery dependent on the number of sheds present and the amount of diet consumed. If they are
found to be at the end of an instar they should be fed the low Ca insect diet until they enter the growth phase. Once
this phase is reached gut-loading can then begin.
• Before offering them to the end consumers allow them to feed on the GLD for at least 1 day and no longer than 4.
• If possible, at the same time everyday collect the crickets to be fed off to the end consumers. Once they have been
fed off then clean, stir food dish contents or feed/water the crickets as required. This will minimize cricket
disturbance and optimize gut-loading and will result in being able to offer an optimal nutrient package to the end
consumers.
Diet Storage and Use
• Once the sealed diet container has been opened, the remaining diet should be stored in a refrigerator/freezer <4oC
to minimize nutrient deterioration and used within 180 days of opening. Once the container is half full, the
remaining diet should periodically be thoroughly mixed before feeding so as to minimize nutrient separation. Care
should also be taken to ensure that condensation does not develop in the container which could induce diet
contamination (Allen 1997; Finke 2003).
• A program to assay nutrients should also be implemented to routinely verify the composition of the diet.
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Table 10 Analytical methodology utilized for nutrient component analysis of
crickets.
Nutrient Components
Analytical Methodology
Samples are weighed out as received and saponified with potassium
Vitamins A, E and
hydroxide in ethanol to reduce vitamin esters to the alcohol form. The
Beta-carotene
vitamins are extracted from the saponication mixture using hexane in a
liquid-liquid extraction. The hexane is evaporated and the residue is resolubilized in methanol. The resulting preparation is analyzed by HPLC
using reversed phase chromatography on a C18 column.
The lipid sample is dissolved in hexane and esterified using methanolic
Fatty Acids
HCl at 75 C for 2 hours. The solution neutralized using a potassium
carbonate solution. The hexane layer is removed then dried with sodium
sulfite and analyzed by gas-liquid chromatography. The preparation of
fatty acid methyl esters is based on a method described by Sukhija and
Palmquist. A Supleco Sp2560 column is used in gas chromatography to
separate the fatty acids using the temperature program described in Griinari
et al. (1998). Individual fatty acid identity and concentration is determined
by comparison to lipid reference standard GLC-463 (Nu-Chek Prep, P.O.
Box 295, 109 West Main St.,Elysian, MN 56028 U.S.A.)
Minerals

Digestion
All solid samples were acid digested with nitric acid. Nitric acid was added
to each sample at a ratio of 0.5g of samples to 5mL of acid. The samples
were then digested in a 100°C oven for 14hr. in a closed cell, Teflon lined
digestion vessel. The digests were diluted with 18MΩ water to a ratio of
0.5g of sample to 25g of final solution. This preparation yielded a 50 time
analytical dilution.
Analysis
200 uL of each digest and blood sample was pipetted and diluted with 5mL
of a solution containing 0.5% EDTA and Triton X-100, 1% ammonia
hydroxide, 2% propanol and 20ppb of scandium, rhodium, indium and
bismuth as internal standards. An Agilent 7500ce Inductively Coupled
Plasma – Mass Spectrometer (ICP-MS) was used for the analysis. The
ICP-MS was tuned to yield a minimum of 8000 cps sensitivity for 1ppb
yttrium (mass 89), less than 1.0% oxide level as determined by the 156/140
mass ratio and less than 2.0% double charged ions as determined by the
70/140 mass ratio. Each element was calibrated using a 4 point linear curve
of the analyte:internal standard response ratio.
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