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ABSTRACT

NUTRITIONAL ASPECTS OF INSECTIVORY
by

Mary Eleanor Allen

Insectivorous animals may be influenced by the nutrient
composition of ingested prey items. Invertebrates were found to be
highly variable in composition: 2 - 62% fat, 7 - 11% total nitrogen,
0.3-0.9% calcium (Ca), 0.3 -1.2% phosphorus (P) and 4.4 -7.5
kcal/g, on a dry matter basis (DMB). Although live prey such as
crickets (Acheta domestica) are typically low in Ca, the levels of
Ca were increased by feeding high Ca diets. Mature fox geckos
(Hemidactylus garnoti) fed high-Ca (1.3%) crickets had significantly
higher whole body Ca levels than did geckos fed low-Ca (0.23%)
crickets, but dietary Ca had no effect on body composition of mature
Cuban tree frogs (Osteopilus septentrionalis). Growth rate, feed
intake, bone ash percentage and bone Ca percentage were greater in
growing leopard geckos (Eublepharis macularius) fed high-Ca crickets
(0.85% Ca) than in geckos fed low-Ca crickets. Vitamin D3 content
of crickets was also altered, and had an effect on bone Ca content
independent of dietary Ca effects. However, juvenile day geckos
(Phelsuma madagascariensis) experienced high mortality and bone
demineralization when maintained on the same diets as the leopard
geckos, suggesting that basking diurnal lizards may have different

nutritional requirements. A three-month calcium balance trial






revealed that leopard geckos that had been previously depleted of Ca
retained a very high percentage of ingested Ca (95%) during the
first 2 months. Thereafter retention dropped to as low as 16% among
animals on high-Ca diets (0.85% Ca), indicating repletion of body Ca
stores. Digestibility of crickets was measured in the southern
grasshopper mouse (Onychomys longicaudus,), the pygmy hedgehog

tenrec (Echinops telfairi) and the musk shrew (Suncus murinus).

Mice were selective, discarding cricket legs and heads, and had
significantly higher DM (71.0%) and nitrogen (72.8%) digestibilities
than either tenrecs or shrews. Tenrecs digested more chitin (19.8%)
than did shrews (1.8%) or mice (12.0%). The digestible energy
intake of tenrecs was extremely low (28.4 kca]/kg0‘75) by comparison
to the shrews (177 kca1/kg0~75) and mice (150 kca]/kgo-75). This
research confirms that insect nutrients affect the performance of

insectivorous animals, but all species do not respond alike.
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1. INTRODUCTION: INSECTS AS FOOD

Insectivory

The term insectivory is commonly used to describe the
consumption of a wide variety of invertebrate species, including
arachnids, annelids, crustaceans and insects. Despite an increasing
number of detailed behavioral and ecological studies of
insectivorous species (cf. Eisenberg, 1981; Redford, 1987), the
nutritional and metabolic consequences of eating insects and other
invertebrates are 1ittle known.

Insectivory is prevalent among all classes of higher
vertebrates. Many amphibians, reptiles, birds and mammals are
obligate insectivores that do not normally consume other types of
prey than invertebrates, and a large number of additional species
are facultative insectivores that consume invertebrates as available
or to supplement other food items. From a nutritional viewpoint
this distinction is important as the obligate insectivore needs to
obtain all required nutrients from invertebrates, but the
facultative insectivore does not. However, there is some evidence
that insectivorous species may supplement mineral intakes by
consuming calcareous material or soil (cf. Robbins 1983).

Relatively little is known about the nutrient requirements of
captive wildlife, and especially of insectivorous species. In order

to manage insectivorous zoo species more successfully, a better






understanding of the composition of invertebrate prey is required.
This is especially important both because many insectivorous zoo
species must be fed insects, and because available prey is usually
restricted to a few species.

Investigators have been interested in nutritional aspects of
insects and insectivory for a variety of reasons. Ecologists and
evolutionary biologists are primarily concerned about the
interrelationships between insectivores and their prey, but have
thought 1ittle about the nutrient composition of invertebrates
except in regard to energy content. Certainly invertebrates have
played an important role in vertebrate evolution. For example, the
earliest mammals that evolved from therapsid reptiles in the
Triassic were probably small (ca. 30 grams), nocturnal and
insectivorous (Crompton, 1980). Among extant mammals, the
Insectivora (8 families, 60 genera and 379 species; Nowak and
Paradiso, 1983) is often considered "primitive" because many
morphological characteristics retained by its members resemble those
of the earliest mammals (cf. Eisenberg, 1980, 1982; Nowak and
Paradiso, 1983; Crompton, 1980). The conservative, or plesiomorph,
features shared by many members of the order include small eyes,
presence of a cloaca, simple tooth structure, reduced or absent
zygomatic arch and fusion, distally, of tibia and fibula. By
contrast some mammalian insectivores exhibit highly specialized
anatomic features associated with feeding on insects, especially
social insects such as ants and termites (cf. Griffiths 1978,

Montgomery 1985, Redford 1987).






Animal nutritionists have been mostly concerned with the
nutritional composition of invertebrates or invertebrate
by-products (eg. shrimp waste meal, crab waste meal) especially in
relation to their potential use as ingredients in feeds for domestic
livestock. For example, a number of investigators have studied the
value of insects as supplemental sources of protein for livestock,
poultry and lab animals (Teotia and Miller, 1973; McInroy, 1971;
Modzelewski and Culley, 1974; McHargue, 1917; Landry, et al., 1986;
Finke, et al., 1985; DeFoliart, et al., 1982; Finke, et al., 1987).
The impetus for such investigations has usually been the desire to
develop least-cost feeds for the Tivestock industry. However, the
efficient harvest of such resources represents a formidable
challenge yet to be solved.

The nutrient composition of invertebrates is also of some
interest to human nutritionists since insect-eating (also called
entomophagy in the literature) occurs in indigenous cultures in many
parts of the third world. In such cultures insects may be an
important source of nutrients, since the average diets of people in
many under-developed countries are considered to be protein and
energy deficient by comparison to standards set by the Food and
Agriculture Organization of the United Nations. Much of the
existing, yet scant, information on insect composition comes from
studies of insects commonly eaten by human populations (Taylor,
1975; Bodenheimer, 1951; Tihon, 1946; Oliveira, et al., 1976). It
is difficult to apply these data to the study of insectivory in

animals because the analyses were often performed on cooked (fried






or boiled) insects or on insects with inedible portions (i.e. parts
not eaten by humans, such as legs, wings, heads or gastrointestinal
tracts) removed.

Data on nutritional composition of invertebrates are especially
important for management of animals in zoos. Although some
insectivorous mammal species, such as shrews, anteaters and tenrecs,
can be fed non-insect diets in captivity, this is not the case for
species of amphibians, birds, reptiles and tarsiers that must have
Tive prey to elicit a feeding response. Bats and birds that feed on
flying insects may be virtually impossible to maintain in captivity
due to the difficulty in supplying an adequate supply of flying
prey. Since live insects may be the only food offered to some
insectivorous species, nutritional deficiencies can easily arise if
the nutrient levels in the live prey are imbalanced. In addition,
insects are widely used in zoos for supplementing diets of
amphibians, reptiles, birds and mammals, either with the intent of
providing behavioral stimulation or as a supplemental source of
nutrients. Many different types of invertebrates are used in the
feeding of aquarium fishes, and are commonly considered essential
for successful reproduction (Jahn, 1977; Masters, 1975; Jocher,
1966; Gannon, 1960).

Invertebrates used as feed in U.S. zoos are typically
terrestrial. Prey species may be either cultured in the zoo or may
be obtained from a commercial supplier, and are usually limited to
crickets (Acheta domestica), mealworm larvae (Tenebrio molitor),

earthworms (Lumbricus spp.), wax moth larvae (Galleria mellonella)






and fruit flies (Drosophila spp.). European and Australian zoos

often raise a somewhat wider variety of insects for use as food,

including various species of grasshoppers, flies, cockroaches and
worms (Meaden, 1979; personal observation).

It is not uncommon for insectivorous reptiles to be fed only
crickets. For animals whose natural diets probably include hundreds
of invertebrate species, it is not surprising that problems have
been identified that are presumed to be associated with the
consumption of such a Timited diet. Two of the commonly heard
complaints about insects as food involve calcium and chitin. One of
the problems is that the insects used as food for zoo animals appear
to be poor sources of calcium (Allen and Oftedal, 1982; Zwart and
Rulkens, 1979). It has also been stated that "some reptiles fed a
diet of mealworms exclusively may develop intestinal impaction from
the accumulation of the ring-like chitinous body parts of the
larvae" (Frye, 1981).

The objectives of this chapter are to:

1. Examine data on the nutritional composition of insects and
other invertebrates, including both published information
and original results.

2. Discuss the implications of the findings relative to
expected nutrient requirements of insectivorous species.

Insect Composition

Sources of Data and Methods of Analysis

The existing data on insect composition are of variable

quality. The fact that many papers do not report specific






analytical methods makes interpretation of the values difficult.
Papers oriented toward the nutritional value of insects for human
consumption often are limited to processed material (eg. cleaned and
cooked). Interpretation of data may also be complicated if the
gastrointestinal contents of the invertebrates are included, but the
diets being consumed by the invertebrates are not reported. For the
purpose of this chapter, only data from entire, unprocessed insects
(including gut contents) that were analyzed by known and acceptable
laboratory methods were included.

Samples of live insects and other invertebrates were obtained
for analysis from a variety of sources (Table 1). Some samples were
taken from zoo collections of cultured insects, and some were from
commercial suppliers. Samples were also collected in the wild by
myself or by collaborators in California, the District of Columbia,
Kenya, Maryland, New Hampshire, Nova Scotia, and Venezuela. Freeze-
dried and frozen insects and invertebrates were also purchased from
Tocal aquarium supply stores.

The original data that are presented were analyzed in duplicate
(sample sizes ranged from 0.1 to 5.0 grams) by the following
analytical methods:

1. Dry matter - frozen or freeze-dried samples were dried to
constant weight in either forced-air convection ovens or in vacuum
ovens at 60° or 100° C, respectively. For frozen insects drying
usually took 2 days.

2. Gross energy - oven-dried samples were completely combusted in a

Parr adiabatic oxygen bomb calorimeter (Parr Instrument Co., Moline,
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IL). To correct for the formation of nitric acid during combustion,
the residue was titrated with 0.0725 N sodium carbonate.
3. Nitrogen - oven-dried samples were digested and assayed
according to the Semiautomated Method (#7.025) (Williams, 1984).
4, Chitin - oven-dried samples were digested in acid detergent
according to Goering and Van Soest (1970). Chitin was estimated
gravimetrically as the acid-detergent residue after corrections for
ash were made (see Chapter 6).
5. Fat - oven-dried samples were extracted in petroleum ether by
either Goldfisch or Soxhlet methods.
6. Ash - freeze- or oven-dried samples were burned in a muffle
furnace at 600° C overnight and the inorganic fraction was
determined gravimetrically.
7. Minerals - frozen, freeze- or oven-dried samples were digested
in nitric and perchloric acids under a perchloric acid fume hood.
Digests were analyzed for calcium, magnesium, sodium, potassium,
iron, manganese, copper and zinc by flame atomic absorption
spectrophotometry. Selenium was analyzed fluorometrically according
to Whetter and Ullrey (1978). Phosphorus was analyzed
colorimetrically according to Gomorri (1942).
Fat and Energy

Fat varies considerably depending on the species and on the
developmental state of the invertebrate, with a range of 2-62% (dry
matter basis), but most values fall in the narrower range of 5-17%
(Table 2). Some larval forms appear to have particularly high fat

concentrations, including two species frequently used in zoos,
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mealworms and waxmoth larvae. On the other hand, the larvae of
mosquitoes, midges and corn borers do not appear to be particularly
high in fat content. Low fat levels are seen in invertebrates with
a high proportion of mineral matter (ash), including crayfish and
some termites (Table 2).

There are ecological and physiological reasons for
developmental or seasonal changes in fat content in a given species
(Chapman, 1982). Many holometabolous insects accumulate fat in the
fat body during larval development so that this organ may represent
as much as 33% of the wet weight of the larva at maturity. Fat will
also accumulate in migratory insects to provide an energy store to
be utilized during flight. In other insects the fat body reserves
increase prior to diapause or other periods of quiescence (Chapman
1982). Redford and Dorea (1984) and Griffiths (1978) have noted
that mammalian predators may focus attacks on ant and termite nests
to coincide with a seasonal abundance of reproductive alates that
are high in fat content. Fat provides almost twice as much energy .
as do protein and carbohydrate, and thus the energy content of
invertebrates reflects fat content. Thus it is not surprising that
mealworm larvae are rather high in energy content. Unless the
developmental and reproductive state of the insect is accounted for
the energy and fat values should not be considered representative of

the species as a whole.
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Table 2. Proximate Analyses of Invertebrates.l

Common name DM EE TN~ ASH GE Source:
% % % % keal/g
CRUSTACEANS
'Ocean plankton' 9.0 7.5 8.75 14.8 -- ND
'White shrimp' -- 5.3 10.78 11.5 -- ND
'Brine shrimp' -- 9.4 7.17 19.6 -- ND
brine shrimp 1.0 7.0 7.73 11.3 -- ND
crayfish, Mexico 33.5 4.0 8.21 36.9 -- 1
water flea -- 6.6 8.83 10.8 -- ND
krill -- 17.4 7.66 12.5 -- ND
INSECTS
Jjunebug larvae 59.2 -- 6.80 -- -- ND
mealworm larvae 36.1 41.7 7.74 4.6 7.49 ND
42.3 35.4 8.45 3.2 6.53 2
--  34.9 8.06 3.2 -- 3
Haitian cockroach 30.3 -- 10.04 -- 5.95 ND
American cockroach 33.3 -- 10.16 5.6 5.52 ND
mosquito larvae -- 16.1 6.75 11.8 -- ND
house fly pupae -- 9.3 9.82 11.9 -- 4
-- 16.1 10.51 5.5 5
fruitfly 29.6 12.6 11.22 4.5 5.12 ND
seaweed fly 31.5 -- 11.14 -- -- ND
midge larvae -- 8.3 7.87 14.5 -- ND
termite Armitermes 26.2 -- 3.64 42.0 -- 6
termite Grigiotermes 33.7 1.5 2.99 59.9 -- 6
termite Hodotermes -- -- -- 7.8 -- ND
termite Nasutitermes -- -- 9.83 -- 4.53 ND
24.7 3.0 7.77 10.0 -- 6
Agave caterpillar 32.7 41.7 8.10 3.0 ~-- 1
corn borer larvae 27.3 17.2 9.66 2.9 5.69 ND
corn borer pupae 28.0 17.0 10.27 2.6 5.6 ND
wax moth larvae 43.9 61.5 4.92 1.8 -- ND
house cricket 29.9 17.3 10.58 6.1 5.34 ND
29.3 18.6 10.68 5.5 -~ 7
Mormon cricket 29.7 15.1 9.28 7.1 -- 8
grasshopper 30.5 6.3 12.67 5.0 5.25 9
Mexican grasshopper  -- 7.3 8.47 19.8 -- 10
caddis flies -- -- 10.98 -- 4.7 ND
OLIGOCHAETES
common earthworm 17.4 7.2 10.39 10.3 4.71 ND
11.7 6.0 9.82 7.4 -- 7
17.4 6.0 8.56 23.1 4.42 11
red earthworm 16.3 4.8 10.19 15.1 4.70 11
dung earthworm 16.4 4.4 9.82 15.7 4.73 11
12.9 6.4 10.90 5.2 -- 12
tubifex worms -- 15,1 7.38 6.9 -- ND







Table 2 (cont'd.).

1 pry matter is expressed as a percentage of fresh (1ive) weight;
all other nutrients are expressed on a dry matter basis.
2 Source refers to publication from which data were taken, as

B WN -

9.
. Sphenarium - Massieu et al. 1959
i

12.

follows:

. Cambarus sp., Aegiale hesperiaris -Massieu et al. 1951.
. Tenebrio molitor - Jones et al. 1972.

. Tenebrio molitor - Thompson and Grant 1968.

. Musca domestica - Teotia and Miller 1974.

. Musca domestica - Calvert et al. 1969.

. Armitermes euamignathus, Grigiotermes metoecus,

Nasutitermes sp. (Means for soldiers and workers) - Redford
and Dorea 1984.

. Lumbricus sp., Acheta domestica - Modzelewski and Culley

1974.
. Anabrus simplex (Means for males and females) - DeFoliart
et al. 1982.

Melanoplus femurrubrum - Bird et al. 1982.

Lumbricus terrestris, Lumbricus rubellus, Eisenia sp. -
French et al. 1957.

Eisenia foetida - McInroy 1971.

= new data (see Table 1 for species names and sampling
details).
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Nitrogen and Protein

The nitrogen content of the analyzed invertebrates (and from
published reports) does not vary, from species to species, to the
same degree that fat does (Table 2). Most species contain about 8
to 10% nitrogen (DMB), with lower values observed in cases where
nitrogen content is diluted by high fat (eg. waxmoth and some other
larvae) or high ash contents (eg. some crustaceans and termites).
Protein is usually reported in published data, on the assumption
that nitrogen can be converted to protein by multiplying by 6.25
(assuming 16% nitrogen in protein). On this basis most insects
would be calculated to contain 50 - 65% protein (DMB). The protein
content of foods is commonly determined by a method (Kjeldahl) that
liberates organic nitrogen from the sample. In the case of
invertebrates, nitrogen is liberated from other nitrogenous
constituents as well as protein. Insects and invertebrates contain
chitin (N-acetylglucosamine), a nitrogenous-containing compound (see
below). In addition, many insects contain other sources of non-
protein nitrogen, such as uric acid, which may be stored in the
insect body (Chapman, 1982). The use of the 6.25 conversion factor
will therefore lead to an overestimation of the protein content of
invertebrates. Unless chitin nitrogen and other non- protein
nitrogen of the invertebrate is known, it is not possible to obtain
an accurate protein value from nitrogen content.
Ash

Ash represents the inorganic portion of animal or plant

material. Some invertebrates have a remarkably high ash content,
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which can be attributed either to a calcareous exoskeleton (eg.
crustaceans) or to ingested soil minerals (eg. in geophagous
termites) (Table 2). The 59.9% ash value for Grigiotermes worker
termites is matched by a value of 61.0% ash in Orthognathotermes
worker termites (Redford and Dorea, 1984); by contrast other species
of termites with different food habits have much Tower ash values
(Table 2; Redford and Dorea, 1984). Inclusion of the shell also
leads to high ash values (64-89%) in whole-body analyses of clams
(Thompson and Sparks, 1978). Relatively high, but variable, ash
concentrations are seen in earthworms, presumably due to variation
in the amounts of soil in the gastro-intestinal tract at the time of
sampling. It is intriguing that detritus-feeding and filter-feeding
aquatic insects (eg. mosquito larvae, midge larvae) also tend to
have ash values that are somewhat elevated (10-15%; Table 2).
Chitin

Chitin, a structural, nitrogen-containing polysaccharide, is an
integral part of invertebrate cuticle (Figure la). It is very
similar in structure to cellulose (Figure 1b). It can be assayed by
various methods including an enzymatic procedure (Richards, 1978),
the Van Soest acid-detergent fiber method (White, 1981; Stelmock,
et al., 1985), and the Welinder method (gravimetric determination
after treatment with hot sodium hydroxide and filtration) (Welinder,
1974). When the acid-detergent fiber method is used, as in this
study, a correction for the ash content (inorganic material from the
insect body and from gut contents) is necessary.

Most insects contain about 7-15% chitin (DMB) (Table 3). The
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o= c CHy o= c cn,
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Figure 1. a. Structural representation of chitin.
b. Structural representation of cellulose.
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Table 3. Chitin content of invertebrates.l

Common name 'Chitin® Source
CRUSTACEA
crayfish 5.3 !
Crangon sand shrimp 5.8 2
Carcinus crab 8.3 2
INSECTS
Jjunebug larvae 9.4 ND
may beetle 16 2
mealworm larvae 5.3 ND
4.4 1
4.9 2
Haitian cockroach 11.2 ND
American cockroach 12.6 ND
fruitfly 27.0 ND
seaweed fly 13.7 ND
chironomid midge larvae 3.6 1
mayfly naiads 7.4 1
mayflies 8.1 2
Apoica wasp 11.4 ND
termite Hodotermes 27.0 ND
termite Nasutitermes 29.0 ND
corn borer larvae 13.1 ND
corn borer pupae 15.4 ND
dragonfly naiads 12.5 1
house cricket 9.1 ND
lubber grasshopper 9.7 ND
caddis flies 12.9 ND
OLIGOCHAETES
Common earthworm 9.2 ND

I"Chitin expressed on a dry matter basis.
2 source refers to publication from which data obtained.
1 = Windel1 (1967), using method of Richards (1951); no
further identification of species given.
2 = cited by Richards (1951); no further identification of
species given.
ND = new data, using ADF method (see text; see Table 1 for
species names and sampling details).
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somewhat lower values for mealworms and some crustaceans may be
attributable to dilution by fat and ash, respectively. The chitin
levels of the termites analyzed were remarkably high, but it is
possible that the ADF fraction included lignin and cellulose in the
gut contents of these animals. The analytical values reported for
fruit flies and chironomid midge larvae seem somewhat aberrant, and
should be replicated to confirm that they are correct.

Available data indicate that even with a chitin content of 15%,
only a small part of the total nitrogen is represented by chitin.
Assuming that chitin contains 7% nitrogen (Richards 1951), chitin
nitrogen would represent 1% nitrogen on a dry matter basis. This is
equivalent to about 6% 'protein' or about 10% of the total nitrogen
in an insect. The degree to which animals may utilize chitin and
the nutritional contribution chitin makes to some animals is
discussed in Chapter 6.

Minerals

Invertebrates do not have internal, calcified skeletons as do
vertebrates. As a consequence the calcium content of insects is
low, relative to phosphorus, compared to animals with a bony,
structural support. However, some invertebrates such as the
crustaceans may have calcified cuticles, which also contain chitin
and protein. Data on the mineral composition of invertebrates is
presented Tables 4 and 5. Some, but not all, crustaceans have high
calcium levels (3-10%). It is interesting that two products
distributed commercially as brine shrimp are very different in

calcium composition. Frozen brine shrimp were true Artemia and were
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Table 4. Analyses of the major minerals in invertebrates.l

Common name Ca P Ca:P Mg Na K K:Na Data
% % ratio % % % ratio Source
CRUSTACEANS
'Ocean plankton' 4.28 0.89 4.81 0.540 1.57 1.02 0.65 ND
'White shrimp' 5.46 0.81 6.74 0.440 0.50 0.22 0.44 ND
'Brine shrimp' 5.21 0.82 6.35 0.550 1.14 0.53 0.46 ND
brine shrimp 0.12 0.93 0.13 0.140 3.27 1.40 0.43 ND
crayfish, Mexico 9.70 1.26 7.70 -- -- -- -- 1
water flea 0.10 1.17 0.09 0.160 0.98 0.99 1.01 ND
krill 2.53 0.83 3.05 0.480 2.18 0.31 0.14 ND
INSECTS
mealworm larvae 0.07 0.60 0.11 0.115 0.06 0.71 11.05 ND
0.62 0.54 1.15 -- 0.09 0.8 9.44 2
(8%Ca) 1.01 0.76 1.33 -- -- -- -- 3
American cockroach 0.57 0.74 0.77 0.153 0.61 1.57 2.57 ND
mosquito larvae 0.79 1.07 0.74 0.210 0.39 0.52 1.33 ND
mosquito 0.82 1.24 0.66 0.332 -- -- -- ND
house fly pupae 0.93 0.88 1.06 -- 0.56 0.88 1.57 4
fruitfly 0.10 1.05 0.10 0.080 0.42 1.06 2.52 ND
seaweed fly 0.09 0.87 0.10 0.106 0.53 1.20 2.24 ND
flies 0.18 0.93 0.19 0.096 0.55 1.19 2.19 ND
midge larvae 0.41 0.96 0.43 0.195 0.89 0.66 0.74 ND
midges 0.19 0.99 0.19 0.112 0.51 1.20 2.34 ND
mayflies 0.17 1.08 0.15 0.170 -- -- -- ND
unident. Hemipteran 0.18 0.42 0.43 0.259 0.23 1.09 4.64 ND
Apoica wasp 0.11 0.33 0.34 0.068 0.15 0.89 5.76 ND
conifer sawfly larva 0.24 0.64 0.38 0.220 0.06 0.85 14.17 5
honey bee 0.15  -- -- 0.177 0.02 0.74 40.43 6
termite Hodotermes 0.34 0.57 0.60 0.100 0.60 2.36 3.90 ND
termite Nasutitermes 0.30 0.38 0.79 0.231 0.42 0.95 2.28 ND
Agave caterpillar 0.43 0.43 1.00 -- -- -- -- 1
corn borer larvae 0.23 0.64 0.36 0.120 -- -- -- ND
corn borer pupae 0.22 0.67 0.33 0.130 -- -- -- ND
wax moth larvae 0.03 0.39 0.08 0.055 0.04 0.52 14.56 ND
0.07 0.26 0.27 -- -- - - 7
spruce budworm moth 0.03 0.86 0.04 0.092 0.01 1.03 112.4 8
owlet moth 0.11 1.29 0.09 0.463 -- 1.62 -- 9
house cricket 0.18 0.86 0.21 0.105 0.50 1.27 2.55 ND
lubber grasshopper 0.31 0.72 0.43 -- -- -- -- ND
grasshopper Venez. 0.09 0.56 0.16 0.073 0.20 0.94 4.78 ND
grasshopper Canada 0.31 1.27 0.24 0.173 -- -- -- 10
grasshopper Mexico 0.29 0.83 0.35 -- -- -- -- 11
stick insect 0.30 0.96 0.31 -- -- -- -- ND
caddis flies 0.14 0.88 0.16 0.094 0.38 0.98 2.61 ND






Table 4 (cont'd.).

Common name Ca 14 Ca:P Mg Na K. ~K:Na Data
% % ratio % % % ratio Source
OLIGOCHAETES
common earthworm 1.18 0.90 1.31 0.112 0.55 1.01 1.86 ND
tubifex worm 0.19 0.73 0.26 0.090 0.46 0.79 1.72 ND
dung earthworm 0.39 0.85 0.45 -~ -- -- -- 12
1 A11 data expressed on a dry matter basis.
Sources of data as follows:

. Cambarus sp., Aegiale hesperiaris - Massieu et al. 1951

. Tenebrio molitor - Jones et al. 1972

. Mealworms maintained on 8% calcium diet - M. Allen, pers. obs.

1
2
3
4. Musca domestica - Teotia and Miller 1974.

5. Neodiprion sertifer - Larsson and Tenow 1979.
6. Apis mellifera - Levy and Cromoy 1973.

7. Galleria mellonella - Strzelewicz et al. 1987.
8. Choristoneura fumiferana - Mattson et al. 1983.
9. Noctua pronuba - Bowden et al. 1984.

10. Melanoplus femurrubrum - Bird et al. 1982.

11. Sphenarium - Massieu et al. 1959.

12. Eisenia foetida - McInroy 1971.

ND = new data (see Table 1 for species names and sampling details).
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Table 5. Analyses of trace mineral levels in invertebrates.!

Common name Fe Cu In Mn__ Se Source‘
ppm  ppm  ppm ppm  ppm

CRUSTACEANS

'Ocean plankton' 225 68 82 8.0 0.73 ND
‘White shrimp’ 198 39 55 19.0 1.73 ND
'Brine shrimp' 1335 25 55 33.0 1.21 ND
brine shrimp 402 11 62 40.0 0.69 ND
water flea 3049 39 250 73.0 1.46 ND
krill 59 66 41 4.0 1.30 ND
INSECTS

mealworm larvae 115 13 193 7.4 0.54 ND
American cockroach 5081 62 226 31.6 0.55 ND
mosquito larvae 3057 57 281 93.0 0.57 ND
mosquito 616 76 1057 70.4 -- ND
house fly pupae 465 34 275 370 -- 1
fruitfly 138 18 171 39.0 0.07 ND
seaweed fly 409 15 92 6.2 0.10 ND
flies 1099 26 182 45.6 -- ND
midge larvae 4723 44 115 62.5 0.37 ND
midges 1360 29 218 18.5 1.05 ND
mayflies 447 23 144 6.4 -- ND
unident. Hemipteran 559 43 250 56.2 -- ND
Apoica wasp 774 72 80 186.0 1.69 ND
honey bee 58 12 -- -- -- 2
termite Hodotermes 1562 30 206 31.4 0.24 ND
termite Nasutitermes 510 61 333 85.7 0.60 ND
corn borer larvae 289 24 90 18.0 0.31 ND
corn borer pupae 269 20 98 16.0 0.20 ND
wax moth larvae 44 6 43 2.5 0.66 ND
spruce budworm moth 81 15 115 5.0 -- 3
owlet moth 140 59 401 42.0 -- 4
house cricket 230 21 217 50.0 0.49 ND
grasshopper, Venez. 166 64 131 13.0 -- ND
grasshopper, Canada 331 50 200 25.1 -- 5
caddis flies 390 36 122 47.0 0.68 ND
OLIGOCHAETES

common earthworm 1786 13 359 70.5 2.15 ND
tubifex worm 1702 108 190 30.0 2.16 ND

I"ATT data expressed on a dry matter basis.
Sources of data as follows:
1. Musca domestica - Teotia and Miller 1974.
2. Apis mellifera - Levy and Cromoy 1973.
3. Choristoneura fumiferana - Mattson et al. 1983.
4. Noctua pronuba - Bowden et al. 1984.
5. Melanoplus femurrubrum - Bird et al. 1982.
D = new data (see Table 1 for species and sampling details).

N
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rather low in calcium content, but the freeze-dried shrimp from
Taiwan are apparently oceanic crustaceans that are high in calcium.

Most insects contain relatively little calcium (about 0.1-0.4%
DMB; Table 4) and have very low calcium:phosphorus ratios (about 0.1
to 0.4 Ca:P). Higher calcium values are found in mosquitoes and
house fly pupae (0.8-0.9%) but not in other dipterans examined.
Apparently, some fly pupae are known to accumulate calcium (M.
Finke, pers. communication). The relatively high calcium level
(0.6%) reported by Jones, et al. (1972) for mealworm larvae appears
anomalous unless compared to data on mealworms fed a high calcium
(8% Ca) diet (Table 4). Gut contents can clearly affect the whole-
body calcium content of invertebrates (see Chapter 2), and may
explain some of the diversity in calcium levels in Table 4.

Sodium and potassium concentrations in invertebrates are
presented in Table 4, as well as the ratio of potassium to sodium.
Sodium content of marine species appears to be higher than that of
non-marine species. Conversely, the potassium content of non-marine
insects is usually higher than the sodium content, although there
are some exceptions (Mattson and Scriber, 1987). It has been
suggested that this may be due to the fact that potassium is more
important, for phytophagous insects, as a blood cation than is
sodium, which is the important blood cation in mammals (Mattson and
Scriber, 1987).

Trace mineral levels for invertebrates are presented in Table
5. Although the iron contents of most insects are in the range of

100 - 1000 ppm (DMB), some insects appear to contain much higher
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levels. Soil feeders (such as earthworms and tubifex worms) and
aquatic detritus feeders (water fleas, mosquito larvae, midge
larvae) appear to have especially high iron concentrations (Table
5). Zinc, copper, manganese and selenium levels are also presented
in Table 5. Both crustaceans and oligochaetes appear to have
relatively high selenium levels.
Problems of Special Interest Related to this Thesis

A. Calcium

Captive insectivorous animals may develop osteodystrophic signs
when fed diets of insects unsupplemented with calcium (see Chapter
4). This is presumably due to the low calcium content and inverse
calcium to phosphorus ratio of insects used as food for zoo animals.

The inorganic matrix of the vertebrate skeleton is comprised
primarily of calcium and phosphorus. The bones and teeth contain
about 99% of the calcium and 80% of the phosphorus (Maynard, et al.,
1979). Calcium represents approximately 1 to 2% of total body
weight in vertebrates (2 to 6% on a dry matter basis), and the
skeleton acts as both a structural support and as a reservoir of
minerals (NAS, 1980). Bone is an extremely labile tissue, with
mobilization and deposition of minerals occurring in response to
physiological demands (NAS, 1980). The dietary requirements of
domestic animals for calcium vary depending on dietary phosphorus,
vitamin D status, and physiological state and are difficult to
define in absolute terms (Maynard, et al., 1979). When the ratio of
calcium to phosphorus is between 1.5:1 and 2:1 the requirements of

domestic animals usually fall between 0.2 and 1.2% of the diet, but
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higher dietary concentrations are needed by laying hens (cf. NRC,
1982; 1984a; 1984b; 1986).

Homeostasis of calcium is regulated by a number of hormones,
including calcitonin, prolactin and parathyroid (PTH) hormone.
Vitamin D, now considered to be a hormone, is also essential in
promoting adequate skeletal growth and function. The active form of
the vitamin is believed to act on the intestine to promote increased
absorption of dietary calcium. Resorption of bone mineral is also
regulated by vitamin D and PTH; PTH also regulates excretion and
resorption of calcium and phosphorus by the kidney (Miller and
Norman, 1984).

Most animals and pre-industrial age humans probably satisfied
their requirement for this vitamin (hormone) by exposure to the sun,
specifically ultraviolet light in the range of about 295 to 315
nanometers (Loomis, 1970). A precursor to vitamin D3, 7-
dehydrocholesterol, is converted to previtamin D3 in the epidermis
by the action of ultraviolet light. Previtamin D3 undergoes a
thermal conversion to vitamin D3 at 370 C. Hydroxylation of this
compound occurs first in the liver at the 25 position and
subsequently in the kidney by the action of 25-hydroxyvitamin-D-1-
hydroxylase. Similar conversions in the liver and kidney occur when
ergosterol, the plant form of vitamin D (Dp), is ingested.

With the confinement of animals in barns and cages and humans
in nursing homes, dietary sources may be critical in satisfying
vitamin D requirements (Toss, et al., 1982; Maynard, et al., 1979).

However, it is believed that some zoo animals require a source of
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ultraviolet Tight of the appropriate wavelengths (295 to 315 nm)
(Townsend and Cole, 1985). Many species of basking lizards are
typically exposed to an artificial source of UV in zoos. It is not
known whether this 'requirement' for UV exists only in the face of
Tow dietary vitamin D.

The dietary requirements of animals for vitamin D vary
depending on factors such as exposure to natural Tight, calcium and
phosphorus content of the diet, color and density of body covering
and physiological state. Dietary vitamin D requirements for
domestic animals are between 200 to 1,200 IU/kg of diet (NAS, 1987).
Domestic poultry apparently utilize vitamin D3 better than Dy
(Miller and Norman, 1984). With respect to the ability of animals
to bind vitamin D or D3 by plasma proteins, Hay and Watson (1977)
have shown that, in those species studied, reptiles and birds bound
vitamin D3 more efficiently. Perhaps because of the phylogenetic
proximity of birds and reptiles, and in light of such studies (Hay
and Watson, 1977), reptiles are thought to require vitamin D3 (Frye,
1981). Renal 25-hydroxycholecalciferol-1-hydroxylase activity has
been demonstrated in a number of species in the classes Reptilia and
Amphibia (Henry and Norman, 1975). However, Robertson (1975) and
Schlumberger and Burk (1953) have demonstrated that some

insectivorous frogs (Rana pipiens and Xenopus laevis) respond to

both vitamin Dy and vitamin D3.
It is not known how insectivorous animals satisfy their need
for calcium. Wild, birds have been observed consuming calcareous

material and it is suggested that such behavior is linked to the
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need for calcium in preparation for egg-laying (cf. Robbins, 1983).
Joshua and Mueller (1979) have suggested that domestic poultry may
have a 'calcium appetite' correlated with the demands of egg shell
formation.

It is generally believed that captive animals do not possess
nutritional wisdom with respect to selecting appropriately balanced
diets. In the wild, feeding behavior, or more specifically, the
food choices animals make, are inextricably bound with ecological,
physiological and evolutionary factors. Animals do not make correct
choices because they "know" what nutrients they need on any given
day. Rather, it is believed that, through natural selection, those
animals which selected foods that met nutrient requirements were the
ones that were successful.

One explanation for the apparently adequate intake of calcium
by insectivorous animals in the wild is that they may preferentially
select calcium-rich foods when there is a need for calcium, such as
for egg-laying, lactation or growth. There may be an innate,
physiological response which elicits specific behaviors, perhaps
only at certain times. The presence of gastroliths in the
intestinal tract of reptiles has long been known. It has been
suggested that such mineral material, including small rocks and
pebbles, may serve to mechanically disrupt the chitin in the cuticle
of consumed invertebrates thereby rendering the chitin more
accessible to digestive enzymes (Skoczylas, 1978). Phelsuma
madagascariensis (giant day gecko) have been observed eating pebbles

and mineral material contained in the substrate on which they are
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kept (Digney and Tytle, 1982; Demeter, 1976). These authors suggest
that this behavior may be related to a need for calcium, rather than
a function of reducing the insect cuticle. Digney and Tytle (1982)
observed that geckos ingesting sand or gravel were often animals
that had recently laid eggs or exhibited abnormal skeletal
development. It is a common practice to make available to Phelsuma
small containers of calcium carbonate, which the geckos have been
observed to consume (B. Demeter, National Zoological Park, personal
communication). It is not known whether this behavior is typical of
behavior in the wild or is an artifact of captivity. Studies which
correlate the consumption of such calcareous material with egg
laying or growth are needed.

Another explanation is that calcium requirements of
insectivorous species may be different from those of domestic
animals. Are there differences in ability to absorb calcium at the
level of the gut? Calcium absorption can vary markedly in domestic
animals, depending on the source of calcium and the physiological
state of the animal, Young, milk-fed animals apparently absorb more
calcium than do older animals of the same species (Roy, 1980).

A third possibility is that, while insects may typically be
poor sources of calcium, at certain times their gastrointestinal
tracts may contain sufficient amounts of calcium to satisfy
requirements of the insectivorous predator. Bilby and Widdowson
(1971) suggested that the calcium required for growth in nestling
thrushes and blackbirds may have been provided by the gut contents

of the invertebrates fed to them by their parents.
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B. Digestibility of Insects - Chitin

The extent to which chitin is digested and presumably utilized
by an insectivorous predator is not known. Relatively few studies
have been conducted comparing the digestibility of insects among
different mammalian species (see Chapter 6). The distribution of
refractory compounds in insect bodies may be important in
determining the nutrient availability of ingested insects or insect
parts. In this regard, analogies exist between the diets of
herbivorous and insectivorous mammals. Plants may contain tannins,
lignins and other polyphenolic plant defenses that deter consumption
by vertebrates and invertebrates because the compounds are toxic or
unpalatable for the consumer (Swain, 1979). Although the primary
function of tannins in plants may be to convey protection to the
plant from fungal and bacterial attack, tannins bind with and
precipitate plant proteins and digestive enzymes following ingestion
by consumers, rendering the ingested plant material less digestible.
For example, tannins and other phenolic compounds reduce the protein
(nitrogen) digestibility of forages eaten by ruminants (Van Soest,
1982).

Insect cuticle consists largely of protein and chitin
(Muzzarelli, 1977). Protein is always found associated with
cuticular chitin to which it is thought to be covalently bound
(Chapman, 1982). In insects and some other invertebrates the outer
part of the cuticle, called the exocuticle, is tanned or sclerotized
with phenolic compounds as a means of providing structural support

and protection. The inner, untanned part of the cuticle is referred
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to as the endocuticle. The protein-chitin complexes of the
exocuticle can be tanned in two different ways. Quinone tanning
results from proteins being linked directly to the aromatic ring of
N-acetyldopamine quinone, causing the cuticle to darken as
sclerotization proceeds (Chapman, 1982). Beta-sclerotization
involves the binding of proteins to the beta carbon of N-
acetyldopamine and results in a colorless cuticle. In either case,
the resultant sclerotized protein-chitin compound is highly
resistant to enzymatic or chemical attack, so much so that during
moulting, insects digest and resorb the undifferentiated cuticle but
not the sclerotized parts (Chapman, 1982).

The degree of tanning in insect cuticle depends on the species
of insect, its developmental state and the body part. Mandibles,
and portions of the legs, head and wings are usually more heavily
sclerotized (Chapman, 1982). Presumably, the chitin and protein in
the untanned part of the cuticle, the endocuticle, is potentially
available to a predator, as it is available to the insect itself
during moulting. Insects are able to digest and 'recycle' this
undifferentiated endocuticle through the action of epidermal
chitinases on the endocuticle (Chapman, 1982). For a predator
consuming an insect, the nitrogen and chitin that is part of this
tanned protein-chitin complex is presumably unavailable, whereas the
nitrogen and chitin in the endocuticle may be potentially available.
It is thus important to understand the physio-chemical properties of
insect integument, especially when evaluating the potential feed

value of an insect to a predator.
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Zoologists often suggest that certain mammals 'cannot digest
chitin', since insect parts are present in mammalian stool. As
explained above, the sclerotized portion is only one part of the
cuticle, and it probably is indigestible. It may be the sclerotized
cuticle that is reportedly seen in the stool of insectivorous
animals. Recently it has been suggested that fecal analysis may be
an unreliable method for determining prey items of insectivores,
especially if soft-bodied prey are consumed (Dickman and Huang,
1988; Kunz and Whitaker, 1983). Even though scat analysis is a
useful tool for zoological research, it may be biased by variation
in the extent of sclerotization among insect prey items.

I address these issues in the following five chapters. An
initial objective was to determine if the calcium composition of
crickets (Acheta domestica) could be increased by feeding crickets
high-calcium diets (Chapter 2). I then studied the effect of
dietary calcium on the whole body calcium content of frogs and
geckos (Chapter 3). I also examined the effect of two dietary
calcium levels and two vitamin D3 levels in immature geckos of a
diurnal species and a nocturnal species, by assessing differences in
bone composition and growth (Chapter 4). 1 attempted to better
define the calcium requirement of an insectivorous lizard (Chapter
5). I conducted a calcium balance trial using young leopard geckos
fed four different dietary calcium levels. In Chapter 6, I report
the results of an experiment with three species of small mammals fed
crickets. The objective of this study was to determine the extent

to which insectivorous mammals digest the nutrients in insects.
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2. DIETARY MANIPULATION
OF THE CALCIUM CONTENT OF FEED CRICKETS

Introduction

Crickets (Acheta domestica) and mealworm larvae (Tenebrio

molitor) are the two most commonly used species of insect prey in
U.S. zoos. They are fed to insectivorous and omnivorous mammals,
birds, reptiles and amphibians. Some captive animals, such as
frogs, geckos, flycatchers and tarsiers, may be obligately
insectivorous, so that insects or invertebrates constitute their
sole source of nutrients. There has been little research on the
suitability of crickets and mealworm larvae as the complete diet for
zoo animals. Limited information on nutrient composition indicates
that these insects are poor sources of calcium, have high
concentrations of nitrogen (protein) and, in the case of mealworm
larvae, contain high concentrations of fat (Allen and Oftedal, 1982;
Goulet et al., 1978; Jones et al., 1972; Modzelewski and Culley,
1974; Thompson and Grant, 1968; Zwart and Rulkens, 1979).

Metabolic bone disease is seen in a number of species of zoo
animals (Fowler, 1986) and is usually the result of dietary
imbalances of calcium, phosphorus and/or vitamin D. Zoo animals fed
a diet solely of crickets or mealworm larvae may show signs of
poorly mineralized bones (Allen et al., 1986; Modzelewski and
Culley, 1974). 1In an attempt to avoid this problem, zoo personnel
frequently supplement insects with a calcium source. For example,
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calcium carbonate powder or vitamin and mineral preparations may be
dusted on insects just prior to feeding. Although dusting insects
with a calcium source can increase calcium concentrations (Allen and
Oftedal, 1982) the effect will depend on the calcium content of the
supplement as well as the amount that is adhering at the time the
insect is eaten. If a cricket is not consumed within a short period
of time, it may use its appendages to groom the dust from its body.
It is not uncommon for crickets to be eaten hours after they have
been placed in a zoo cage, at which time 1ittle if any of the
supplement may remain on the crickets.

Another approach is to use insects that have been previously
maintained on high-calcium feed materials (Allen and Oftedal, 1982;
Zwart and Rulkens, 1979). Bilby and Widdowson (1971) suggested that
it was the calcium content in the guts of invertebrates which
provided sufficient calcium for nestling blackbirds and thrushes.

In a preliminary study I demonstrated that both the calcium content
and the calcium to phosphorus (Ca:P) ratio of crickets could be
altered by manipulation of the calcium content of the food eaten by
the crickets (Allen and Oftedal, 1982). The changes in mineral
levels are probably due to changes in the composition of
gastrointestinal contents. The present study was designed to
confirm these results and to define the quantitative relationship
between diet composition and resultant cricket composition. I am
particularly interested in establishing:

1. the level of dietary calcium that is necessary to

produce a cricket with a Ca:P ratio of approximately 1:1.
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2. the length of time that crickets need to be maintained
on experimental diets in order to effect this change in
calcium concentrations.

3. the site at which calcium is accumulated in crickets

fed high calcium diets.

Materials and methods

A two-way analysis of variance design (dietary treatment,
treatment duration) was used to determine the effect of dietary
calcium concentration on the whole-body calcium concentration of
adult crickets.

Crickets were fed 6 different diets (3 replicate groups per
dietary treatment) and sampled at sequential time intervals. A
basal high-calcium (8% Ca) diet (Table 6), that had been developed
and tested in cooperation with Zeigler Bros., Inc. (Gardners, PA),
was modified to produce a series of experimental diets containing 2,
4, 6, 8, 10 and 12% calcium. Calcium levels in the diets were
manipulated by replacing ground corn with varying amounts of
limestone (calcium carbonate) and were manufactured by Zeigler
Bros., Inc. Diets were ground to pass through a 2.4 mm mesh screen.
Samples of each diet were saved for subsequent analysis.

The experimental cages consisted of white plastic bins
(approximately 30 cm wide x 20 cm high x 40 cm long) with securely-
fitting 1ids. The lids included openings (20 x 30 cm) that were
covered with metal screening to allow ventilation and illumination

for the crickets. The crickets were exposed to a 12:12 photoperiod,






40

Table 6. Ingredients used in the formulation of a cricket
(8% calcium) diet.

Ingredient % by weight
Corn, ground 88
Alfalfa, dehydrated 10.0
Soybean meal,48% CP 28.7
Wheat, ground 27.0
Calcium carbonate 20.0
Dicalcium phosphate 2.0
Salt, granular 0.5
Vitamin premixl 0.25
Mineral premix 0.25
Soy oil 3.0

IThe vitamin premix contained the folTowing nutrients

per gram: 28,000 IU vitamin A, 2,800 IU vitamin D3,

132 1U vitamin E, 0.6 mg vitamin K, 6.0 ug vitamin B12,

7.1 mg vitamin B, 2.0 mg riboflavin, 35.6 mg niacin,

9.5 mg pantothenic acid, 2.0 mg pyridoxine, 1.5 mg folic acid,
99 ug biotin, 190 mg choline.

2The mineral premix contained the following nutrients

per gram: 144 mg calcium, 0.04 mg phosphorus, 4.3 mg
magnesium, 0.60 mg potassium, 84.2 mg iron, 83.3 mg zinc,
81.1 mg copper, 119 mg manganese, 0.08 mg selenium,

0.32 mg iodine.
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and ambient temperature ranged from 26° to 299 C. Six to eight
pieces of cardboard egg carton, cut into 8 cm square pieces, were
placed in each cricket bin to provide surfaces for climbing and
resting. In each bin, feed was presented in a 23 cm (diameter)
metal pan with 2.5 cm high sides which was placed on the bottom of
the cage. Every 24 hours, feed was replaced and pans were cleaned.
Distilled, dejonized water was presented in a 15 cm (diameter)
plastic petri dish lined with paper towel. The water supply of each
bin was contained in a 250 m1 Berzelius beaker inverted over the
petri dish. The flow rate of water was controlled by placing a 3 mm
wide rubber band under the 1ip of the beaker. The rubber band
served as a wick, directing the water into the petri dish.

Adult crickets were purchased from a commercial supplier
(Jiminy Cricket, Richmond, VA). An allotment of approximately 500
grams of crickets (mean weight = 0.32 grams +0.015 SE, n=30) was
placed into each of the 18 bins. Initial (0 time) cricket samples
of 50 grams were taken from each bin prior to introduction of the
feed pans. Each dietary treatment was randomly assigned to three
bins. The crickets had free access to the feed pans and were
observed feeding within 1 hour of food presentation. Subsequent
cricket samples of approximately 50 grams were removed from each of
the bins at 12, 24, 48, 72, 96 and 120 hours after introduction of
the feed pans. The crickets were placed in plastic bags and
immediately frozen at -10 °C.

Duplicate 5-10 g samples of crickets were removed from each of

the bags and weighed to the nearest 0.001 g into tared 250 ml
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Phillips beakers. The samples were digested by nitric (10 m1) and
perchloric (3 ml) acids under a perchloric acid fume hood. Calcium
determinations were performed on the wet ash, with duplicate
readings per sample, by flame atomic absorption spectrophotometry.
Phosphorus was measured colorimetrically, with duplicate readings
per sample, according to Gomorri (1942). Dry matter was determined
on duplicate 5-10 g samples by drying to constant weight in a vacuum
oven at 100 °C for two days. Feeds were assayed for dry matter,
calcium and phosphorus by these same methods.

Sites of calcium accumulation were identified by radiography of
frozen crickets (approximately 25 crickets per dietary treatment at
72 hours) with a Hewlett Packard Faxitron X-Ray unit. Crickets were
exposed for 0.2 minutes at 2 ma and 35 kvp using Kodak NMB-1 film.

Data were analyzed using a PC SAS (SAS Institute, Cary, NC)
statistical program for two-way analysis of variance (ANOVA) A
probability level of 0.05 was chosen for determining statistical
significance of observed differences. Means were compared using the
Least Significant Difference procedure (LSD) controlling the
comparisonwise error rate at 0.05. More conservative means
comparison tests were also employed but did not substantially alter
the conclusions and hence are not reported.

Results

The assayed calcium concentrations of the experimental diets
are presented in Table 7. While there was some deviation from
target calcium levels, the analyses approximate the expected range

of calcium levels (2.9 to 11.4% Ca). The deviations may stem from
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Table 7. Ca_x'lcium and phosphorus concentrations of cricket

diets
Diet %Ca %P
2% 2.92 0.76
4% 5.59 0.78
6% 7.69 0.70

1values are based on duplicate analyses and are
expressed on a dry matter basis.

some settling and segregation of ingredients during shipping,
causing sampling error. Since diets were mixed prior to placement
in feed pans, deviation of offered feed from target calcium levels
is apt to be less than the analyses in Table 7 indicate. For the
sake of convenience I will refer to diets by their target calcium
levels. The phosphorus (P) concentrations of all diets ranged from
0.66 to 0.78% P.

Both duration of treatment and type of dietary treatment had
significant effects on calcium content and on Ca:P ratio of crickets
(Figures 2 and 3; Table 8). The significant interaction of dietary
treatment and duration of treatment indicates that the change in
calcium content over time differed among treatment groups. There
were no significant dietary treatment, treatmert duration or

interaction effects for phosphorus.
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Table 8. Analysis of variance of dry matter and mineral
levels in crickets fed experimental diets
for 0 to 120 hours.

DM Ca P Ca:P

df SR pODE probTe prob. F  prob.

Dietary trt 5 2.60 .0309 34.13 .0001 0.24 .9442 21.09 .0001
Duration 6 8.27 .0001 24.33 .0001 0.58 .7419 24.33 .0001
Interaction 30 0.74 .8264 1.93 .0100 0.61 .9379 1.40 .1100

F = F Value

df = degrees of freedom

prob. = probability

Interaction = Dietary treatment x treatment duration

The Effect of Treatment Duration

Table 9 presents the means for dry matter (DM), calcium (Ca),
phosphorus (P) and Ca:P ratio as functions of the duration of
treatment. The length of time crickets were maintained on diets
appeared to have an effect on dry matter content. In general,
crickets fed for longer periods appeared to be lower in dry matter
content.

Calcium concentration in crickets also differed according to
duration of treatment. Crickets maintained for 48 to 120 hours had
higher calcium levels than did those fed for 12 to 24 hours.
Phosphorus concentrations were not affected by treatment duration.
Differences among Ca:P ratio means were similar to those among
calcium means; the ratio improved with duration of treatment from 0
to 48 hours; thereafter mean Ca:P ratio did not change

significantly. I conclude that crickets must be fed on
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experimental diets for 48 hours to reach stable Ca:P levels.

The Effect of Diet Composition

Table 10 presents the means and standard errors for dry matter,
calcium, phosphorus and Ca:P of crickets fed diets ranging from 2%
to 12% Ca for the time periods 48 to 120 hours. Crickets that had
fed for only 12 or 24 hours were excluded as they had yet to reach
stable calcium and Ca:P levels. For this data set, analysis of
variance revealed no significant differences attributable to
duration of treatment for dry matter (probability (P) = .394),
calcium (P = .923), phosphorus (P = .864) or Ca:P ratio (P = .823).
Diet had no significant effect on either dry matter (P = .319) or
phosphorus (P = .995).

In general, as dietary calcium increased, the concentration of
calcium in crickets increased (Table 10). Crickets that received 12%
Ca diets for 48 to 120 hours had a mean calcium value of 1.44% which
was significantly higher than that of any other group. Crickets fed
10 and 8% Ca diets had means of 1.06 and 1.04% Ca respectively which
were significantly lower than the 12% group but higher than the 6, 4
or 2% Ca crickets. Phosphorus concentrations did not differ among
groups (range 0.85-0.87% P). The Ca:P ratio of the 12% Ca group
(1.72:1) was significantly higher than that of any other treatment
group (Table 10). There was no difference in the ratio between the 10
and 8% Ca groups (1.31:1 vs. 1.30:1), but the 6, 4 and 2% Ca groups

had significantly lower ratios.
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Radiographic Evaluation

Radiography revealed that radiopaque material accumulated in
the gastrointestinal tracts (GIT) of crickets fed high calcium
diets. The GIT of most crickets fed diets containing 8, 10 or 12%
Ca appeared as well-defined structures (Figure 4). Crickets fed 2,
4 or 6% Ca diets had less radiodense material in the GIT, and in
most cases it was impossible to visualize the GIT (Figure 5).

Discussion and conclusions

This study has demonstrated that the calcium concentration of
adult crickets can be effectively increased by feeding diets
containing high levels of calcium if fed for a sufficient period of
time. The optimal diet to use for feeding crickets will depend on
the desired level of calcium (and desired Ca:P ratio) and the length
of time the crickets are to be maintained on the diet. While the
calcium requirements of insectivorous animals are unknown, a dietary
Ca:P ratio of 1:1 to 2:1 is the usual recommendation for birds and
mammals (NRC, 1986; Scott et al., 1982). Higher levels may be
desirable for birds producing large numbers of eggs (Scott et al.,
1982). It appears that crickets must be fed a diet containing at
least 8% calcium and that it should be fed for at least 48 hours to
achieve a Ca:P ratio of 1:1 or higher.

The diets used in this study were formulated to produce changes
in whole-body calcium levels of the insects, not to provide optimal
nutrient levels for cricket growth or reproduction. Very high
concentrations of dietary calcium were achieved by inclusion of

large amounts (up to 30%) of limestone. As it may be difficult for
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Figure 4. Radiograph of crickets fed 12% calcium diet for 72 hours.

The gastrointestinal tract is outlined as a radiopaque
structure along the midline of the cricket. The
radiopacity is presumably due to calcium contained in the
gut.
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Figure 5. Radiograph of crickets fed 2% calcium diet for 72 hours.

The gastrointestinal tract is poorly defined.
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crickets to obtain sufficient energy and nutrients from such diets,
I do not recommend that high calcium diets be fed to crickets for
prolonged periods of time. It is also questionable whether very
young crickets (e.g., "pinheads") will survive for very long on such
diets. Studies are needed on the effect of high dietary calcium on
growth and survival of young crickets.

A source of clean water may be an important factor in
consumption of food by crickets, especially with diets high in dry
matter and containing such high levels of limestone. Crickets
offered cut pieces of orange and apple in addition to an 8% Ca diet
appear to feed on the fruit more frequently than on the 8% Ca diet
(M. Allen, personal observation). The common zoo practice of
offering fruit and vegetables to crickets as a supplemental source
of water and food may undermine the benefits of diets high in
calcium. The crickets in this study only had access to the
experimental diets and water.

The physical form of the diet may also be important to food
consumption by crickets. In a preliminary study I determined that
crickets eat twice as much of either 2% or 8% calcium diets when
ground than when presented in pelleted form (3/16 inch pellets).
The effects of factors such as water source, diet form, temperature
and cricket size on food intake of crickets needs further
investigation.

As illustrated in Figure 4, the ingested calcium becomes
concentrated in the digestive tract. Thus the extent of GIT fill in

the crickets may be an important factor in determining whole-body
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calcium content. GIT fill is apt to be influenced by a number of
behavioral and physiological factors, including pattern of feeding,
transit time of ingesta and fecal excretion. GIT capacity may also
differ among diverse species of insects, so the relationship of
dietary calcium and calcium in the bodies of insects may be species-
specific.

Crickets dusted with a calcium source are apt to provide little
calcium for a predator if consumed many hours later. Similarly,
crickets fed high calcium diets prior to introduction into the cages
of predators will eventually excrete calcium from the GIT. One
solution for this problem has been investigated at the National Zoo.
Feed pans containing an 8% Ca cricket diet are placed in enclosures
housing tarsiers (Tarsius bancanus) as part of routine husbandry.
Crickets are introduced into the enclosures periodically, and
consume the high calcium diet which the tarsiers ignore. Random
samples of crickets caught at various locations in these enclosures
had mean CA:P ratios of 1.64:1 +0.26 SE (n=10). Thus, although the
tarsiers forage periodically rather than consume food at discrete
meal times, the ingested crickets contain appropriate Ca:P ratios.

In the final analysis the best method for cricket
supplementation must be judged by effects on growth, reproduction
and health of the insectivorous animals. Allen et al. (1986)
examined the effects of feeding hatchling leopard geckos
(Eublepharis macularius) with crickets that had been kept on either
Tow (1.3% Ca) or high (8.9% Ca) calcium diets. After seven months

geckos fed high calcium crickets had significantly greater bone ash
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(61.0% ash) and bone calcium (21.6% of dry fat-free bone) than did
geckos receiving low calcium crickets (27.7% ash and 17.8% Ca).
Bone integrity, as evaluated radiographically and histologically,
was abnormal in geckos fed low calcium crickets compared to geckos
fed high calcium crickets (Allen et al., 1986; M. Allen, unpubl.).
Weight gains were also significantly greater in geckos fed high
calcium crickets. Similar studies are needed with other
insectivorous species.

It is not clear whether crickets fed on high calcium diets
provide sufficient quantities of all nutrients required by
insectivorous species. Nutrients such as trace minerals, amino
acids and vitamins could still be 1imiting, but knowledge of the
nutrient composition of insects and invertebrates is very
incomplete. An insectivorous predator in its natural habitat
normally selects from a wide variety of invertebrate species. Zoos
that maintain insectivorous animals have an obligation to expand the
variety of invertebrate prey used in feeding programs as well as to
investigate ways to improve further the nutrient concentrations of

the few insect species presently available.
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3.THE EFFECT OF DIETARY CALCIUM CONCENTRATION
ON MINERAL COMPOSITION OF FOX GECKOS AND CUBAN TREE FROGS
Introduction

Animals that eat insects may be facultatively or obligately
insectivorous. For those that are compelled to consume insects
and other invertebrates without mineralized skeletons, this
feeding strategy may present some challenges for the mineral,
particularly calcium, homeostatic mechanisms of the predator.
The insect-eater in its natural habitat may obtain the required
complement of minerals in a number of ways: by diversifying its
food selection to include high-mineral invertebrate species, by
ingesting soil along with the insect, as does the anteater for
example, or by ingesting insects that feed on mineral-rich
substrates, as suggested by Bilby and Widdowson (1971).

Certainly there are documented examples of unusual
characteristics of the calcium homeostatic mechanisms of some
reptiles and amphibians. For example, some species possess well-
developed endolymphatic sacs that may be filled with calcium
carbonate. These structures are sometimes visible externally as
paired white structures in the ventral neck region in some
lizards, particularly gekkonid lizards. The sacs are continuous
with the endolymphatic system of the inner ear and were
originally thought to play a role in hearing (Ruth 1918). In
amphibians (e.g.,ranid and hylid frogs) they are sometimes
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referred to as paravertebral lime sacs. They may be found as
bilateral sacs adjacent to, but not continuous with, the
vertebral column. Dacke (1979) and others (Robertson, 1969,
1971; Schlumberger and Burk, 1953) have demonstrated that a
number of substances, namely calcium, vitamin D3, parathyroid
hormone and calcitonin, seem to influence the developmental state
of these calcium carbonate deposits. It is also believed that
the Time sacs play a role in the regulation of acid-base balance
in amphibians by supplying carbonate in response to respiratory
acidosis (Simkiss, 1968). Ruth (1918) was the first to provide a
detailed description of the structure of the endolymphatic sac in
several species of Philippine geckos. He noted that calcium-
containing material was most evident in pregnant female geckos
and indicated that the endolymphatic sacs might play a role in
eggshell formation. It has been suggested (Simkiss, 1967) that
these deposits might respond to an ovarian hormone and function
much as medullary bone functions in birds.

Some captive insectivorous animals develop osteomalacia and
depressed reproductive performance as a result of calcium-
deficient or calcium-imbalanced diets (Chapter 4). Certain
species of geckos appear to be particularly prone to the stress
imposed by a low calcium diet (R. Montali, D. Marcellini,
National Zoological Park, personal communication).

The present study was designed to investigate the effects of
two dietary calcium levels on mature Cuban tree frogs (Osteopilus

septentrionalis) (formerly classified as Hyla) and fox geckos
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(Hemidactylus garnoti, a parthenogenic species, sometimes
referred to as the Indo-Pacific gecko). These species were
selected because they are strictly insectivorous, they are likely
to have endolymphatic or paravertebral lime sacs, and they are
readily available from south-west Florida where introduced
populations thrive. Dietary calcium concentration of insect prey
(crickets) was manipulated in this study by feeding the crickets
on rations of either high or low calcium content. When fed to
crickets, an 8% calcium diet has been shown to increase the
calcium to phosphorus ratio to at least 1:1 (Allen and Oftedal,
1982; Chapter 2). The objectives of the study were:
1. To determine if these species exhibit clinical or

radiographic signs of osteomalacia when maintained

on low-calcium (unsupplemented) insect prey.

2. To determine if dietary calcium content has an effect on
total body content of calcium and phosphorus in these
species.

3. To demonstrate by radiography the response of
endolymphatic/paravertebral structures to dietary calcium

levels.

Materials and methods
Crickets

Crickets (Acheta domestica) of approximately 7 to 10

mm in length were obtained from a commercial supplier (Flukers

Cricket Farm, Baton Rouge, LA). In order to produce crickets
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Table 11. Ingredient formulation and chemical composition of
experimental cricket diets.

Low Calcium High Calcium

Diet Diet
Ingredient (%) (%)
Corn 28.6 6.7
Alfalfa meal 9.7 9.7
Soybean meal 23.7 27.8
Wheat 29.1 29.1
CaC03 1.65 19.4
Mono-dical Phos 1.8 1.9
Salt 0.4 0.4
Corn oil 2.9 2.9
MSU VTM premjx! 1.6 1.6
Se 90 premixZ 0.11 0.11
Vit E premix 0.12 0.12
Vit A premix 0.17 0.17
Vit D3 premix5 0.17 0.17
Calculated Analysis
Crude protein, % 20.1 20.1
Calcium, % 1.2 8.2
Phosphorus, % 0.7 0.7
Vitamin A, IU/kg 61,50 61,500
Vitamin D3, IU/kg 7,200 7,200
Vitamin E, IU/kg 330 330

1136,364 1U vitamin A/kg; 27,273 TU vitamin D3/kg
2200 mg Se/kg

356,818 IU vitamin E/kg

430,000 IU vitamin A/g

53,000 IU vitamin D3/g
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varying in calcium content, two bins of crickets were established
in which either a Tow (1.2%) calcium diet or a high (8%) calcium
diet were fed (Table 11). The crickets had free access to water,
and pieces of cardboard egg carton were provided for shelter and
climbing. Crickets were maintained on the diets for at least 48
hours prior to use as feed for geckos and frogs (Chapter 2).
Crickets were sampled and frozen at periodic intervals for
subsequent chemical analysis.
Geckos

Thirty adult fox geckos (ave. weight 2.7g) were purchased in
late July 1982 from a commercial supplier (Herpetofauna, Ft.
Myers, FL). The geckos were caught approximately two wee<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>