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Abstract

Half of the organic waste generated by mankind is compostable. Many of the traditional methods of food waste treatment
generate pernicious effects on ecosystems, such as leachates, greenhouse gases, pathogenic microorganisms or odors. Three
cockroach species that are widespread as live food for feeding exotic animals (mainly reptiles) due to their high growth rates,
waste consumption, production and quality of blatticompost: the Madagascar hissing cockroach (Aeluropoda insignis Butler),
the Guyana spotted cockroach (Blaptica dubia Serville) and the ivory cockroach (Eublaberus sp.) has been evaluated. Neither
the weight-length ratios (W—L) nor the body condition index (K,,) of the three species studied were statistically different
between the control and organic waste treatment groups. Average intakes per animal per day were 0.93 g in Aeluropoda,
2.22 g in Blaptica and 2.58 g in Eublaberus. Blatticompost production rates were 0.11, 0.75 and 0.52 g / animal*day, respec-
tively. Taking into account the differences in size and density of individuals, this implies an average waste consumption of
1015.9 g/m**day, of which 26.7% would be transformed into blatticompost considering the three species together. This is
equivalent to 304.8 mt/ha*month of food waste recycled, a blatticompost production of 81.4 mt/ha*month and an estimated
greenhouse gas emission savings of 817.2 mt/ha*month. Results indicate that any of the three species studied would be a
viable alternative, although the ivory cockroach (Eublaberus sp.) presents ideal characteristics. The massive use of this spe-
cies in the large-scale treatment of organic waste is proposed. Given the enormous advantages of this treatment and the zero
environmental costs (absence of invasive character) could be necessary to adapt the legislation of the European Community
to include blatticomposting as a suitable waste treatment as it is done in other parts of the world.
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Statement of Novelty

Each citizen of the earth produces 74 kg of organic waste per
year which is responsible for emitting 206 m® of greenhouse
gases (GHG) into the atmosphere, mainly CO,, CH, and NO,, if
these wastes are not processed. One of the best systems for pro-
cessing organic waste is composting, but traditional systems also
emit some GHGs. Vermiculture is another alternative, but some-
what slow. In the present work food waste consumption by three
species of cockroaches commonly used as pets in terrariums is
evaluated. This alternative has undoubted advantages on other
composting methods. Cockroaches are excellent bioconverters,
not very selective, efficient, fast acting and their compost (blat-
ticompost) is excellent. Also, with the blatticomposting GHG
emission savings are another point to consider.

Introduction

The Global Problem of Food Waste

At the current rate of human population growth, humanity
will exceed 1 billion by 2050, resulting in a 60% increase
in food demand [1]. Consequently, the waste generated
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by human activity will be between 2000 and 3400 million
tons in 30 years increasing by 70% in 2050 [2]. Therefore,
the World Bank has allocated more than $4.7 billion to
more than 340 solid waste management programs in many
countries around the world since 2000 [1].

Moreover, organic waste represents 13.8% of global
food production and the trend will be increasing so its
treatment is one of the most important sustainable devel-
opment objectives in European countries [3]. In fact, the
management of organic waste according to the World
Bank's "What a Waste 2.0" report, is crucial to achieve
healthy and sustainable human settlements [1]. In this
sense, not recycling this waste can generate serious health
problems for the population residing near landfills due to
the proliferation of pathogenic microorganisms, increased
greenhouse gas (GHG) emissions such as CO,, N,O and
CH,, infiltration of toxics into groundwater, and loss of
quality of life due to increased odors and visual impact of
landfills [4]. In addition, organic waste is responsible for
26% of GHG emissions [5].

As emerging countries industrialize and increase their
urban population, the problems associated with the lack
of treatment of food waste increase considerably. In this
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regard, 34% of the world's waste is produced by only 16%
of the highest income countries. Only these countries have
effective organic waste treatment systems, as costly col-
lection, separation and pretreatment infrastructures are
required [6]. In fact, in these countries more than one third
of their waste is recycled with techniques such as com-
posting or incineration [7]. However, this does not trans-
late into a decrease in waste because greater economic
development also leads to a much greater increase in food
consumption and a growing diversification of eating habits
[8]. In fact, in developed countries, the consumption of
meat, precooked products and packaged foods is increas-
ing in the last decades [9]. This type of food waste is more
difficult to process and therefore more harmful to the envi-
ronment [10].

Therefore, after several decades of study and hundreds
of cases analyzed, some authors conclude that developing
countries generate more food waste in the post-harvest
stages, while in developed countries the greatest losses
occur in the post-consumption stages [10]. This is due
to the lack of storage and preservation technology in the
first case and food wastage in the second. Therefore, there
is enormous margin for improvement in the treatment of
organic waste in all countries of the world regardless of
their level of economic and social development. The prob-
lem is the same for all, although treatment solutions differ
in each case [11].

In addition to these technical aspects, another impor-
tant factor that is influencing the relentless increase in food
waste in recent decades is climate change [12]. In fact, in
the medium and long term, significant losses are expected
in agriculture, since the water and thermal requirements of
many crops are making them unviable in large areas of the
planet [13]. In addition to these direct climatic factors, there
are indirect effects due to the increase in pests and diseases;
the increase in farm expenses due to a greater need for pesti-
cides, fertilizers and irrigation; the consequent abandonment
of many farms due to low profitability; changes in supply
and demand in local, national and international markets;
the gap between the problems caused by global warming
and the technical solutions proposed to mitigate it; changes
in consumption habits, etc. All these processes will further
increase organic waste levels along the entire food chain,
from the producer to the consumer and in all countries, over
the coming decades [12].

Composting with Insects as a Solution to the Waste
Problem

Due to the limitations of traditional vermiculture in hot envi-
ronments, other composting alternatives based on the use
of different insect species are being tested in many Medi-
terranean climate zones [14]. Insects have great potential

due to the enormous diversity of food adaptations they pre-
sent, their rapid growth, high reproductive rate and ability
to tolerate high levels of overcrowding. This allows them to
be reared at high densities in confined spaces. In addition,
insects generate very few GHGs [15]. Moreover, insects
are very rich in highly digestible proteins with a very good
amino acid composition. Therefore, they have been used in
animal and even human food all over the world [8]. Insects
can also be used to produce oils, lubricants, dyes, biodiesel
and various pharmacological products [16]. As pointed out
[2], humanity is facing an unprecedented biotechnological
revolution that integrates environmental stewardship, new
forms of highly productive livestock farming and the circular
economy.

One of the most commonly used insect species in com-
posting and protein production is the mealworm (Zenebrio
molitor). Traditionally, this species has been fed a diet based
primarily on cereal flours, mainly wheat, oats and barley
with vegetable supplements for hydration of the larvae.
However, some studies show that the species can degrade
wastes as diverse as plastics [17], leachates and solids
derived from the olive industry [18], organic garbage [19],
coffee grounds [20], etc. An undoubted advantage of meal-
worm is that the EEC has recently approved its use in human
food, which undoubtedly means an upturn for the increase
of its industrial exploitation [21].

Composting of miscellaneous organic wastes has also
been used extensively with the black soldier fly (Herme-
tia illucens), a species that has high temperature (~28 °C)
and lighting (intense blue-white light at least 5 h per day)
requirements for reproduction [22]. This species is ideal for
composting household waste in tropical and Mediterranean
areas due to its adaptability to heat, intense solar radiation
and high waste consumption that can exceed three times its
weight per day [23].

Although different species of crickets are usually indus-
trially bred for their protein values with a commercial diet
based on meal and vegetables, it is no less true that their
growth and transformation speed could be useful as waste
bioconverters [24]. However, the results are contradictory
in stating that they are more selective in their feeding than
other insects [25]. One of the most serious problems of
cricket exploitation is cannibalism. However, this can be
controlled with specific management and good feeding [26].
The bioremediation potential of crickets is complementary
to that of other species, since they have a great capacity to
digest residues rich in fiber that other detritivorous insects
are not very fond of [27].

Finally, cockroaches have also been used in the bioreme-
diation of organic wastes of diverse nature due to their low
trophic specificity, adaptability to a wide variety of condi-
tions, high prolificacy, voracity, no need for light and high
tolerance to overcrowding [14]. In addition, cockroaches
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are nutritionally better than other insects due to their high
protein levels, good amino acid balance and low fat content
[28]. In fact, cockroaches are suitable as bioconverters and,
therefore, mentality towards them must change and start
considering them excellent candidates for large-scale organic
waste recycling [14]. Prejudices towards cockroaches are
mainly based on the fact that they can transmit pathogenic
microorganisms, although it is necessary to clarify that these
are only present in the food they consume when they feed
in landfills or sewers [29]. When feeding on organic waste
that is only a few days old, the digestive tract of cockroaches
is capable of eliminating any pathogenic microorganisms,
generating an excellent compost, called blatticompost, which
is as innocuous as vermicompost [14].

This work proposes a general methodology to evalu-
ate different cockroach species for their capacity as detri-
tivores. The bioconversion potential of three cockroach
species widely used as live food in reptile and poultry
farming is explored. The main hypothesis of this research
is that the use of these insects for organic waste recycling
may be appropriate not only because of their transforma-
tive potential, but also because of the low management
costs they generate. Results of this paper may contribute
to the development of new research and alternatives for the
possible use of cockroaches on an industrial scale in the
future. Due to the good performance rates in the biocon-
version of food waste exposed in this work, to extend the
use of these insects in the large-scale recycling of organic
waste of a more diverse nature (industrial waste, invasive
algae of the genus Rugulopteryx, invasive freshwater spe-
cies such as water hyacinth, manure, etc.) is obligated.

Material and Methods
Cockroach Species Used

The consumption and blatticompost generation rates of
three cockroach species: the Madagascar flat hissing cock-
roach (Aeluropoda insignis Butler), the Guyana spotted
cockroach (Blaptica dubia Serville) and the ivory cock-
roach (Eublaberus sp.) is compared (Fig. 1).

The genus Eublaberus is under taxonomic discussion
because some authors consider the ivory cockroach as a
variant of the six-spotted cockroach (E.distanti), others as
the true E.distanti with the current E.distanti being a sepa-
rate species called E.bioyelli [30]. For these reasons, the
species used in this work is referred to as Eublaberus sp.
Ivory until its taxonomic identity is definitively resolved..
The three tropical species investigated were acquired from
licensed exotic animal dealers. None of them are protected
by the CITES convention, the [IUCN or the Spanish Cata-
log of Threatened Species, nor does their breeding vio-
late the Invasive Species Law (Royal Decree 216/2019, of
March 29, BOE-A-2019-4675). The species studied do not
have any invasive potential in SW Spain, since they do not
reproduce outside the terrarium or even die from desicca-
tion if they remain out of the terrarium for a long time, as
has been experimentally proven (personal observations).

Maintenance Conditions
The animals were kept in Exoterra (Www.exo-terra.com) ter-

rariums (90 xX45x90 cm) with a 15 cm substrate consist-
ing of cypress leaves (Fig. 2). Humidity was regulated by

Fig. 1 Species of cockroaches under study. A: Aeluropoda insignis (male). B: Blaptica dubia (winged males, females with vestigial wings and

nymphs). C: Eublaberus sp. Ivory (light adults and dark nymphs)
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Fig.2 Maintenance conditions of the control groups. A: Terrarium
with Blaptica dubia. Nymphs (B) and terrarium (C) of Eublaberus

sp.

Table 1 Average +standard deviation humidity and temperature
parameters over the five weeks of testing in the terrariums and con-
tainers for each species

Species Humidity (%) Temperature (°C)
Aeluropoda insignis 72.10+16.57 25.95+0.72
Blaptica dubia 83.75+6.47 27.88+0.49
Eublaberus sp. Ivory 62.31+7.36 25.46+0.39

sporadically hydrating the substrate. For temperature con-
trol, a thermal blanket was used with a timer that is activated
during the night, which is when the cockroaches remain
active. Each terrarium was maintained at the most suit-
able humidity and temperature conditions for each species
according to the information available [29]. To monitor the
environmental conditions of the terrariums, humidity and
temperature records were taken every two days and averages
and standard deviations were calculated over the five-week
experimental period (Table 1). Eublaberus sp. Ivory requires

Fig.3 Structure of stackable
boxes for testing the consump-
tion of organic waste (A), detail
of the heating cables (B) and
interior of the boxes (C)

a drier environment than the other two cockroach species.
B. dubia has higher temperature requirements and toler-
ates higher humidity. A. insignis has intermediate humidity
requirements and tolerates lower temperatures than B. dubia.
All three species were maintained in the terraria for approxi-
mately one year prior to the experiment on a mixed diet of
dog food and vegetable peelings before starting the organic
waste consumption experiments (Fig. 2). Therefore, it can be
concluded that the three species are acclimatized and did not
suffer any stress from transport and subsequent captivity, as
evidenced by the fact that they reproduced normally in the
rearing containers (Fig. 2).

In addition, three batches of 50 animals per species were
kept in 80x 60 32 cm stackable plastic boxes (www.auer-
packaging.com) (Fig. 3). The animals were in all cases adults
or big nymphs (of similar size) in the last instars stages to
avoid including small nymphs whose trophic behavior is
more selective towards a higher protein content [29]. In these
batches, feeding was based exclusively on common organic
waste such as paper napkins, fruit and vegetable scraps, meat
and fish waste, coffee grounds, cooking oil, stale bread, cere-
als, dog food scraps, guinea pig bedding scraps, cooked food
waste, grass clippings and partially composted material. All
waste was mixed using an industrial shredder and distributed
evenly among the batches. The animals were fed ad libitum,
as new material was added when they had consumed all the
feed. Feed intake, both in the control group (feed and dog
pellets) and in the group based on various organic wastes,
was weighed on precision scales. Temperature conditions
in the boxes were maintained with heating cables due to the
three-dimensional complexity of the structure (Fig. 3). As
in the breeding terraria, humidity conditions in the boxes of
the experimental batches were maintained by adding water
to the substrate. However, hydration was very sporadic, as
the stacked design of the boxes allows maintaining a very
constant humidity and temperature. In fact, the problem in
the stacked boxes is rather one of excess humidity, so that
cardboard egg cups, shredded paper and/or wood shavings
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had to be added as absorbent materials to avoid the appear-
ance of mold, which is detrimental to these insects [29].

Measured Parameters

Potential weight—length (W-L) curves [31] were performed
with the animals in the rearing terraria, covering the larg-
est possible size range (nymphs and adults) and selecting at
least 40 individuals for each species. In this way, it was eval-
uated whether the body condition of the animals changed
with the change of diet [32]. These curves were validated
for their coefficients of determination (R?), root mean square
error (RMSE), normality of the residuals according to the
Shapiro—Wilk test and homoscedasticity of the residuals
according to the Breusch-Pagan test [33]. Possible signifi-
cant differences in the W-L curves for each species accord-
ing to diet type and between species were determined by the
Kolmogorov—Smirnov test [34]. Equivalent size ranges were
used in these calculations to prevent small nymphs, excluded
from the experimental batches, from influencing the results
of statistical tests. The body condition of the animals (K,
was determined as the ratio between the observed weight
values and those expected by the W-L curves [35]. K val-
ues before and after the five-week feeding experiment for
each species were analyzed by Dunn's test [36].

Food waste consumption and blatticompost production
have been estimated at industrial scale (mt/ha) extrapolating
the data obtained in the laboratory by a simple change of
units. In addition, the current wholesale price of vermicom-
post has been taken into account as a reference and the blat-
ticompost production data was transferred to gross euros
per hectare. As the World Bank states that each citizen of
the earth generates 0.71 kg of organic waste per day [1], it
is possible to determine how much waste per inhabitant can
be processed in one hectare by blatticomposting. To estimate
the greenhouse gas (GHG) emission savings of a hectare
subjected to blatticomposting, the analyses of [37-39] and
especially the detailed complementary data of these works
were taken as reference. These parameters were also ana-
lyzed between species using Dunn's test [36].

Three samples of the blatticompost of the three cockroach
species (3 x 3) fed with organic residues were analyzed in an
agricultural reference laboratory. The parameters measured

were: Total organic matter (TOM, %), carbon—nitrogen ratio
(C/N), moisture (%), pH, Cation Exchange Capacity (CEC,
ms/cm), K (%), K,0 (%), Mg (%), MgO (%), P (%), P,0s
(%), C (%), N (%), B (mg/kg), Zn (mg/kg), Cu (mg/kg), Ni
(mg/kg) and Cd (mg/kg). The results of these parameters
were tested between species using Dunn's test [36].

Results

Both in the terrariums (control group) and in the stackable
boxes (organic waste feeding) the animals showed repro-
duction and growth rates considered standard for the three
cockroach species[29].

The weight-length relationships (W-L) of the three spe-
cies studied were not statistically different between the con-
trol group and the organic waste treatment, so both sets of
data were pooled for each species. More specifically, the
Kolmogorov—Smirnov test to determine the possible differ-
ences in W-L curves between diets gave values of D=0.231
(p-value =0.887) for A.insignis, D=0.222 (p-value=0.984)
for B.dubia and D=0.081 (p-value =0.981) for Eublaberus
sp. Once the data for both diets were pooled for each species,
there were also no differences in the W—L curves among
the three species (Table 2). Nevertheless, W—L curves
were calculated independently for each species to obtain a
higher level of precision in future studies (Table 3). In this
sense, A. insignis, due to its larger size and width, shows
slightly higher growth in weight (W) relative to length (L)
but is not significantly different from the other two species
(Fig. 4, Table 2). In relation to B.dubia, this species shows a
complete allometric overlap with Eublaberus sp. although
it reaches shorter lengths. Results indicated that the three
W-L curve models are reliable in order to estimate W using
L measurements in the three species (Table 3). The values
of the coefficient of determination R? are high (=0.98) in
B. dubia and Eublaberus sp. A.insignis shows an R?> = 0.71
which is not so high, possibly due to the great morphological
variability of this species in relation to sex and age. Despite
this, it is not necessary to perform different equations within
this species because the R? value is sufficient, there is a great
difficulty to delimit the age intervals and it is not possible
to identify externally the sex of the nymphs. The F-ratio
value of the ANOVA test shows that the variation of W with

Table 2 Results of the analysis of the differences between the W-L curves with the pooled data of both groups of diets and according to the Kol-

mogorov—Smirnov test (D)

Aeluropoda insignis

Blaptica dubia Eublaberus spp

Aeluropoda insignis -
D=0.071, p-value=0.999
D=0.071, p-value=0.999

Blaptica dubia
Eublaberus spp

D=0.071, p-value=0.999 D=0.071, p-value=0.999
D=0.023, p-value=1.000

D =0.023, p-value =1.000 -
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Table 3 Statistics of the W-L

Aeluropoda insignis

Blaptica dubia

Eublaberus sp. “Ivory”

. . Parameter
(weight-length) equations of the
three cockroach species studied W-L equation
R2
F-ratio

Residual normality
Residual homoscedasticity

W =8.26E-04* .21

W =3.93E-04*1.>32

W =4.05E-04*L>3!

0.71 0.98 0.98

57.78 #sksk 767.4] 692.3()
0.96 ns 0.97 ns 0.96 ns
1.89 ns 2.19 ns 1.64 ns

— Aeluropoda insignis — Blaptica dubia Eublaberus sp

4.5
4.0
3.5
3.0
25

2.0

Weight (g)

15

1.0

0.5

0.0
0 60

Length (mm)

Fig.4 Weight-length (W-L) relationships in the three cockroach spe-
cies studied: Aeluropoda insignis, Blaptica dubia and Eublaberus sp.
Ivory. Relative sizes are approximate

respect to L is highly significant with respect to the residual
variation with p-values < 0.001 in the three species. The Sha-
piro—Wilk test for testing residual normality showed no sig-
nificant difference (p-value> 0.05) in any of three species.
Also, the Breuch-Pagan test indicates that the residuals pre-
sent homoscedasticity in the three species (p-value > 0.05),
that is, they are similarly distributed along the length of the
specimens analyzed (Table 3). Therefore, all statistics used
indicate that the three W-L models are very reliable for the
analysis of body condition (K,,) and for the determination
of W per L in the three cockroach species.

The body condition index (K,;) did not reflect differ-
ences according Wilcoxon test in any of the three cockroach
species between the standard diet groups and the organic
waste feeding groups. As statistics were obtained W =106,
p-value =0.287 for A.insignis, W =54, p-value=0.258
for B.dubia and W =1565, p-value =0.406 for Eubla-
berus sp. However, Dunn's test shows significant differ-
ences between A. insignis and the other two species at the
end of the five-week experimental period (Fig. 5). The
statistics obtained in the comparison of the three species
were Z=— 3.126, p-value =0.001 between A.insignis and
B.dubia; Z=—- 3.060, p-value=0.001 between A.insignis
and Eublaberus sp. and Z=1.102, p-value=0.135 between
B.dubia and Eublaberus sp. As its name indicates, the
Madagascar flat hissing cockroach is a species of greater
length and width but much smaller body depth. A. insig-
nis shows somewhat lower K values (Fig. 5), but there is

16

14

12

1.0 4

o8 5

0.6 {

Aeluropoda insignis Blaptica dubia Eublaberus sp

Fig.5 Boxplots of the body condition index (K,,) for the three spe-

cies studied. The median or second quartile (Q,, thick horizontal
line), the standard deviation (outside each box) and the range of the
variable (ends of the segments) are represented. The horizontal dot-
ted line shows the isometric growth value (K, =1). Lowercase letters
show significant differences from Dunn's nonparametric post-hoc test

no significant difference between standard diet and organic
waste feeding (W =106, p-value =0.287). As K, values are
close to 1 in all three species, it follows that under experi-
mental conditions growth is practically isometric. That is
to say, none of the three species notably modifies its body
condition with respect to the standard diet (Fig. 5). B. dubia
presents the best mean body condition after the experimen-
tal period, concluding that it is the species that best adapts
to the food waste diet, although the differences with Eub-
laberus sp. are not really significant as mentioned above
(Z=1.102, p-value =0.135).

Regarding the consumption rate per animal per day
of organic residues, there were no differences between
both diet groups within each species. Wilcoxon test sta-
tistics were W =13, p-value=0.2 for A.insignis, W=19,
p-value =0.936 for B.dubia and W =44, p-value =0.968
for Eublaberus sp. However, when grouping both diet
groups as one and comparing them among the three spe-
cies, Dunn's test shows that A. insignis is significantly sep-
arated from the rest of the species by a lower consumption
of organic residues (Fig. 6). The statistics were Z=— 2.73,
p-value =0.003 between A.insignis and B.dubia;
Z=-12.992, p-value =0.001 between A.insignis and Eub-
laberus sp. and Z=— 0.039, p-value =0.484 between
B.dubia and Eublaberus sp. Considering the larger size
of the Madagascar flat hissing cockroach, the difference
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Fig.6 Boxplots of the consumption rate per animal per day in the
three cockroach species studied. The median or second quartile (Q,,
thick horizontal line), the standard deviation (outside each box) and
the range of each variable (ends of the segments) are represented.
Lowercase letters show significant differences from Dunn's nonpara-
metric post-hoc test

is even more remarkable. Again the functional similarity
between B.dubia and Eublaberus sp. in terms of organic
waste recycling is demonstrated. In fact, the consumption
of B. dubia and Eublaberus sp. is not only similar between
them, but double that of A. insignis (Fig. 6). These con-
sumption data have an impact on the daily production of
blatticompost per animal, which is higher in B. dubia and
lower in A. insignis (Fig. 7). Dunn's test showed significant
differences between A.insignis and B.dubia (Z=— 2.843,
p-value =0.002) and between A.insignis and Eublaberus
sp. (Z=-3.093, p-value=0.001), but not between B.dubia
and Eublaberus sp. (Z=— 0.033, p-value =0.487). In other
words, it can be seen again that the response of the two
smaller species is similar and that Eublaberus sp. shows an
intermediate situation in consumption and blatticompost
production. Again, there were no differences in blatticom-
post production for both diet groups within each species.

2.0

b

&
°
5 b
£ 15 a
=
©
2
2
T 1.0
[=2)
£
7]
o
o
,g 05
g
o a

0.0

Aeluropoda insignis Blaptica dubia Eublaberus sp

Fig. 7 Boxplots of blatticompost production per animal per day in the
three cockroach species studied. The median or second quartile (Q,,
thick horizontal line), the standard deviation (outside each box) and
the range of the variable (end of the segments) are represented. Low-
ercase letters show significant differences from Dunn's nonparametric
post-hoc test
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Wilcoxon test results were W =12, p-value =0.662 for
A.insignis; W =40.5, p-value =0.496 for B.dubia and
W =146.5, p-value =0.471 for Eublaberus sp.

In order to understand the overall potential of cock-
roaches on food waste recycling, blatticompost generation
and savings in GHG emissions, results of A. insignis, B.
dubia and Eublaberus sp. were pooled and expressed on
an industrial scale. According to this, an industrial cock-
roach farm could consume 1015.9 g of organic residues
per m* per day. This is equivalent to 304.8 mt/month*ha
of food waste recycling (Fig. 8). Since blatticompost gen-
eration (in percentages of matter consumed) is similar
between A. insignis (29%), B. dubia (23%) and Eubla-
berus sp. (28%) can be assumed an average composting
rate of 26.7% of matter ingested for the three cockroach
species. This implies a blatticompost production of 81.4
mt/month*ha. This blatticompost production would gener-
ate a gross income of 20,345.4 €/month*ha. In addition,
one hectare under blatticomposting would be able to pro-
cess the organic waste generated by 429,253.5 people. If
the GHG emissions for each type of waste are taken into
account, it follows a GHG emission saving of 817.2 mt/
month*ha (Fig. 9).

Some chemical parameters of the blatticompost show
slight differences between species (Table 4). In this regard,
although the pH is close to neutral in all three roaches,
Eublaberus sp. shows significant differences with a
slightly more acidic pH. On the other hand, TOM, CEC
and C contents are slightly lower in A.insignis. Phosphorus
contents are slightly higher in B. dubia while potassium
values are higher in Eublaberus sp. However, there are no
differences between species in N contents, C/N ratio, B,
Cu, Zn or Ni levels.

Discussion

The three species investigated were chosen because they
are commonly bred by blatticulture hobbyists in Spain
and are therefore readily available from specialized deal-
ers. In addition, none of the three cockroaches is consid-
ered invasive anywhere in the world. On the other hand,
they are functionally very different species in their social
behavior, trophic habits, reproduction, growth, size, etc.
Therefore, can be explored how these biological differ-
ences affect food waste recycling and choose not only the
suitable species but also what functional characteristics
should be looked for in other cockroaches to be studied
in the future. It is also very important to consider how
these biological differences between species affect us
when extrapolating this study to an industrial scale. How-
ever, it is necessary to keep in mind that cockroaches can
give very different results of consumption, growth and
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Fig.8 Total amount of food
processed monthly per hectare
for the three cockroach species
as a whole

Fig.9 Savings in CO, emis-
sions over the study period
transferred to industrial scale

Table 4 Chemical composition
of the blatticompost of the
three cockroach species
studied. Letters correspond

to significant differences in
Dunn's nonparametric post-hoc
test. Variables without letters
show no significant differences
between groups
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Greenhouse gas savings (mt/ month*ha)
Chemical parameter Aeluropoda insignis Blaptica dubia Eublaberus sp
Carbon/Nitrogen ratio 10.63+2.41 10.82+1.51 10.86 +£2.72
Total organic matter (%) 62.22+3.30* 71.74+5.08° 71.50+3.09°
pH 7.29+0.53 7.23+0.22 6.78 +0.16°
Cationic exchange capacity (CEC, mS/ 4.47 +1.66% 6.14+1.66° 5.13+0.24%
cm)

K (%) 1.47+0.33? 1.86+0.44° 2.06+0.27°
K,0 (%) 1.77 +0.40° 2.24+0.52° 2.48+0.32°
Mg (%) 0.42+0.11 0.48+0.15 0.52+0.24
MgO (%) 0.70+0.18 0.80+0.26 0.86+0.40
P (%) 0.46+0.02% 0.51+0.10° 0.43+0.03*
P,05 (%) 1.05+0.06% 1.16+0.22° 0.97+0.08
C (%) 31.98+2.51* 36.51+2.07° 36.88+0.51°
N (%) 3.13+0.60 3.42+0.35 3.57+0.85
B (mg/kg) 53.84+12.61 63.51+16.85 53.04+12.83
Zn (mg/kg) 92.19+18.00 84.94+13.69 79.23+7.85
Cu (mg/kg) 30.60+14.81 28.50+4.19 28.90+5.26
Ni (mg/kg) 523+ 1.47° 4.67 +1.64° 9.18+2.61°
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reproduction according to very different environmental
factors. Therefore, the comparisons given by us may dif-
fer from those of other authors if there are microclimatic,
management or feeding variations. In this regard, although
a detailed analysis of the growth and reproduction of the
three species has not been elaborated, it is important to
mention the observations made under the experimental
conditions of this work. For example, A. insignis is an
extremely prolific species, very well adapted to captivity,
large in size and with marked sexual dimorphism [40].
Their nymphs are born very small (for the size of the
adult) and take time to acquire a certain size. Therefore,
achieving a functional colony of this species with a few
specimens will take at least a year. Once obtained, it will
be perfectly maintained if it does not reach an excessive
density of adult males that will have to be separated to
avoid stress to the rest of the colony.. There is very little
scientific information published on this species, but it is
known that its peculiar morphology responds to a very
particular habitat: the rocky fissures in the center of the
island of Madagascar (Cockroach Study Group: https://
www.facebook.com/groups/blattodea). These central areas
of the island are high plateaus at an altitude of over 800 m
with a tropical climate (~ 1200 mm/m? per year) with two
distinct seasons: one hot and humid (27-32 °C) and the
other cold and dry (18-22 °C). This habitat explains the
main characteristic of the species, which is its adaptability
to different thermal and humidity environments. In fact,
a reproduction at 20 °C has been observed in the labora-
tory, which is unusual for a tropical insect species of this
size. However, the main problem with this species is that
it is difficult to handle in terrariums, because although
it has no wings and moves very slowly, it can climb any
smooth surface. Also, this species does not tolerate well
overcrowding, which compromises its exploitation on an
industrial scale. It is necessary to maintain a suitable sex
ratio, which would need to be studied in further work. This
species have a cooperative care of adult females over their
nymphs, which favors their survival, but hinders the rein-
troduction of females for the next reproduction. However,
this behavior does not last as long as in B.dubia and lasts
a few days. In addition, this species is not prone to eat
meat scraps and as its rates of consumption and production
of blatticompost are lower than in the two other studied
cockroaches. Therefore, A. insignis is not a good option for
recycling organic waste on an industrial scale.

The second studied species, the Argentine cockroach (B.
dubia) lives in nature on leaf litter substrates in the tropi-
cal forests of northern South America. In this habitat, there
is high humidity, high temperature and intense predation,
which explains the high reproductive rates of this species
and the fact that its nymphs hatch larger and develop ear-
lier than other species. The species tolerates overcrowding
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excellently and it is common practice for breeders to main-
tain a ratio of five females to one male, as well as to separate
the nympbhs to facilitate a new reproduction. However, if the
objective is to recycle food waste, these practices are not
necessary, as the colony will renew itself without problems.
Maintaining a functional colony from a few specimens could
take half a year. In order to be able to move in this natu-
ral environment, B.dubia has a soft integument with little
chitin and, therefore, its protein content is higher than that
of other species [41]. Therefore, this cockroach is ideal for
feeding reptiles and other exotic insectivores, as well as for
the industrial production of protein meals [42]. In contrast,
humidity could be a problem, since the nymphs dehydrate
easily by its softer integument than adults. As it does not
climb or fly, this species is ideal for large-scale management.
In addition, it is the species that best withstands overcrowd-
ing of those studied in this work. Although it is more prolific
than the other two species, the incubation and growth time of
its nymphs is longer. Also, the nymphs are cared for by the
adult females of the colony for at least one month. One of the
advantages of this species is that it does not require substrate
(like Eublaberus sp.), which greatly simplifies industrial
rearing in big plastic boxes. In summary, due to the higher
humidity and temperature requirements of this species, it
does not seem to be the best choice for the dry weather of
southwestern Spain. Only in facilities with isolation and
very controlled microenvironment the species would give
its potential and in these conditions it would be the best
option of those tested.

Eublaberus sp. has already been studied as a species suit-
able for blatticompost production in previous studies [14].
Although it is a little known and widespread species among
entomology enthusiasts, it is perfect for captive breeding.
In this sense, it tolerates humidity ranges from 30 to 80%,
although it prefers lower humidities than the other two spe-
cies studied. Its thermal requirements are also very broad,
since it breeds at 20 °C and tolerates temperatures of almost
40 °C if water is available. Its slow movements and the fact
that it does not climb on smooth surfaces, nor can it fly
(although it can glide from a high point) from the substrate
make it ideal for large-scale management. In this sense, in
breeding terrariums, densities of up to 8000 specimens per
m? without them escaping have been managed. The voracity
and resistance to overcrowding of this species are prover-
bial and at the aforementioned densities these cockroaches
are capable of consuming a large volume of food. In fact,
daily feeding seems to stimulate reproduction, which is not
as seasonal as in other cockroach species. This corresponds
to a very thermally stable habitat such as the bat caves where
it lives in the wild. This non-seasonality in reproduction is
undoubtedly a strong advantage for its industrial use. In
addition, Eublaberus sp. nymphs grow faster than those of
the other two species and this species does not appear to
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have cooperative care so there is no need to waste time sepa-
rating nymphs to ensure the next breeding. These character-
istics explain a curious paradox with this cockroach and that,
although it is not as prolific as the other two, it is much eas-
ier to reach large colonies over time. Again, this is undoubt-
edly an appropriate strategy in the bat caves where they live
in nature, where space is limited. Eublaberus sp. needs at
least 15 cm of substrate, as the nymphs are diggers. This
could be a problem for industrial rearing in stacked boxes,
as these will acquire some weight. In fact, the 80x60x32 cm
boxes used in this work became very heavy when they were
full of blatticompost. This forced us to extract the fertilizer
twice a week, which on an industrial scale would increase
labor costs. Plastic boxes of 60x40x32 are perfect. This
forces us to handle more boxes but in a much easier way.
A great advantage of this species is the different trophic
behavior between nymphs and adults. Nymphs are diggers,
but adults usually occupy spaces above the substrate. This
makes it possible to maintain an ideal spatial distribution in
the breeding boxes and to increase the density and therefore
the consumption of food waste. In addition, the fact that the
nymphs are burrowers causes the substrate to be stirred and
oxygenated, ensuring proper maturation.

In Eublaberus sp. there is hardly any sexual dimorphism.
In fact, it is necessary to observe the abdomen (which
requires trapping the specimen), but the maintenance of a
certain male/female ratio is not important in this species,
since nymphs become independent as soon as they are born
and the females are therefore free to reproduce again. Also,
unlike A. insignis, males do not fight each other, so there
is no stress in the colony due to overcrowding. Some stud-
ies on a related species, Eublaberus distanti, indicate that
above 4000 specimens per m? the nymphs develop more
slowly [43]. However, as mentioned above a slow nymph
development in Eublaberus sp. Ivory, even at densities of
8000 specimens/m? have not been observed. Species of the
genus Eublaberus are very similar to each other so it is pos-
sible to speculate that diet type may have something to do
here. Cave-dwelling cockroaches are adapted to high protein
diets if the bats are insectivorous and to a high fiber diet if
the bats are frugivorous. Despite this Eublaberus sp. Ivory
is more generalist than other species of the genus and the
nymphs have specialized in consuming more protein than
adults. This phenomenon has been observed in other cock-
roach species [44]. Undoubtedly, Eublaberus sp. is the spe-
cies that tolerates the highest protein content in its diet of the
three species studied. All the characteristics of this species
make it suitable for the recycling of organic wastes.

A large number of insect breeders have been keeping
these three species (especially B.dubia) for decades and
no biological invasion has been observed in the geographi-
cal area of experimentation (Mediterranean climate of SW
Spain). In this sense, A.insignis dies in a few days if they

escape from the rearing boxes where humidity and tempera-
ture are controlled. This is also the case of B.dubia which,
in addition, has a much thinner exoskeleton, being more
prone to dehydration. The habitat of Eublaberus sp. is so
particular that it is not foreseeable that it will adapt to colo-
nize other environments. However, if industrial breeding for
waste recycling of any of these three species is proposed, it
would be necessary to study their survival in experimental
conditions with different humidity and temperature condi-
tions. The fact that there are no invasive processes with these
species anywhere in the world supports their suitability for
industrial blatticulture.

Based on the experiences of keeping the three species,
can be concluded that the feeding of cockroaches can be
much more varied than that of other invertebrates used in
composting such as isopods, millipedes, crickets or earth-
worms [45]. They even have advantages over the black sol-
dier fly, as they can feed on hard materials such as cartilage,
sawdust or seeds. When these cockroaches have nothing else
to eat they gnaw on such non-nutritious materials as paper
napkins, cardboard or mango pits. In the study area (south-
western Spain), it is only necessary to raise the indoor tem-
perature a few degrees during a few days in winter to have
a sustained activity of waste consumption throughout the
year. However, outdoor rearing seems to us unfeasible even
in areas with mild winters, since the thermal requirements
of insects are higher than those of earthworms [29]. Con-
sequently, the most advisable species for its lower thermal
requirements is again Eublaberus sp. [14].

One of the main advantages of the use of any of the
three cockroach species studied is their tendency to aggre-
gate in high-density populations and in 3D spaces. This
allows large numbers of animals to be maintained in small
spaces and significantly increases food waste consumption
per surface area. In contrast, most earthworms used in
vermicomposting live in the first 15 cm of substrate, which
greatly limits its efficiency. Only a few earthworm species
support management in bins or stacked trays. In contrast,
spatial utilization with Eublaberus sp. is ideal because
the nymphs are burrowers and the adults are preferably
located in 3D spaces on the substrate. A further adaptation
to their natural habitat: bat caves where space is limited.
The other two species are not burrowers, but the placement
of lightweight 3D structures greatly multiplies the den-
sity of animals. However, a digging species seems more
interesting in food waste recycling because it contributes
to aerate the substrate. In this regard, an excessive guano
hydration has been detected in the other two non-digging
species, especially in A. insignis.

The W-L curves of these species are the first time they
have been calculated. This is a very useful and simple
method to determine the effect of different types of diet in
future studies. In this way, could be a methodology to assess
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the suitability of these cockroach species in the recycling of
wastes that are very difficult to degrade, such as those from
the olive industry, slaughterhouses, etc. In this sense, recent
research analyzed the consumption of the invasive toxic
algae species Rugulopteryx okamurae by Eublaberus sp.
Ivory and other invertebrate species over a period of 5 weeks
and did not observe significant decreases in weight, although
they did observe decreases in consumption [14]. Although
cockroaches can accumulate reserves in special cells in their
abdomen [29], it is necessary to determine the effect of this
type of residues in the longer term. It is in these contexts that
W-L curves are particularly useful. Although, the three spe-
cies studied do not differ significantly in their W-L curves,
we should explore whether this occurs in other species in
future research. Although there is a consensus in the blat-
ticulture forums in recognizing the voracity of Eublaberus
sp. it is no less true that most cockroach species have not
been tested until now in bioremediation of organic wastes.

Regarding the K ., parameter, B.dubia shows the highest
values being on average 1.0, somewhat higher than in Eub-
laberus sp. although these differences are not significant. On
the contrary, the peculiar morphology of A.insignis makes
this species present significant differences with respect to the
other two. However, this should not affect the industrial use
of this species. The three species present very high growth
rates and the time needed to have functional colonies could
be shorter in A.insignis than in the other two species, but
its resistance to overcrowding is lower as mentioned above.

Concerning waste consumption rates, it seems that the
three species studied show very similar voracities to those
obtained with BSFL composting [52]. However, compara-
tive studies under the same experimental conditions of
microclimate and feeding are necessary to compare both
groups of species.

The combined average production of blatticompost of the
three species is 1.02 kg/m**day and it is clear that this value
is far from the compost production generated by other sys-
tems such as vermicomposting [46] or composting with free-
living microorganisms in its different variants [47]. How-
ever, at the level of food waste consumption, cockroaches
are much more efficient. This apparent contradiction occurs
because cockroaches, although extremely voracious, use
food energy prioritizing growth and reproduction [29]. This
is an advantage if the main objective is the recycling of food
waste and not the generation of fertilizers. However, they are
capable of easily transforming organic waste that is diffi-
cult for earthworms, such as citrus peels, cooking oils, meat
waste or toxic marine macroalgae such as Rugulopteryx oka-
murae, an invasive species that generates a large amount of
biomass, whose composting with Eublaberus sp. has already
been experimented in a previous work [14]. In this sense,
cockroaches are highly profitable if the alternative to this
food waste is landfilling with the collateral effects of time
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and odors that this entails [47]. Moreover, the profitability
of using cockroaches in food waste recycling increases with
the chemical and biological quality of their blatticompost,
whose parameters, although not complete, can be evaluated
as quality indicators according to European recommenda-
tions [48]. In addition, blatticompost is very attractive to
the consumer because of its very dark color and "forest"
smell. This has been confirmed by many people who have
approached the laboratory and after their initial mistrust, try
it on their plants and ask for more.

Also, the freshly extracted blatticompost from the ter-
rariums has a moisture value that allows it to be sieved with
4 mm mesh. By storing it in holed buckets for a few weeks,
the blatticompost loses enough moisture to allow it to be
re-sieved with 2 mm meshes to separate out the smaller
nymphs. This is problematic with Eublaberus sp. as even the
smallest nymphs bury themselves deeply. Since the average
organic matter content of freshly extracted blatticompost is
slightly high (68.51 +6.99%), a two-week maturation period
is mandatory. During this rest, the temperature increases
slightly due to the consumption by microorganisms of the
undigested residual organic matter. Undoubtedly, blatticom-
post is much easier to process than vermicompost and this
is a time saving and an advantage to consider this activity at
industrial level. Of the three species studied, B. dubia pro-
duces slightly more blatticompost than Eublaberus sp. but
the differences are not significant. If it is taken into account
that in Eublaberus sp. the nymphs are diggers and the blat-
ticompost is therefore more aerated, there is a new argument
to recommend this species among the three tested.

In the analysis of the profitability of the use of cock-
roaches in food waste recycling, it is necessary to consider
the excellent chemical quality of their blatticompost accord-
ing to European recommendations (http://compostnetwork.
info). In this sense, the C/N ratio does not show differences
between species being the joint average value of 10.76 +2.15
slightly low but acceptable. Also the N contents are similar
in the three species and on average their value is 3.36 + 0.6,
i.e. slightly higher than what is shown by most studies on
vermicompost [47]. This forces the use of blatticompost at
lower rates than vermicompost, which is highly interest-
ing. That is, if cockroaches compost 26.7% of the ingested
material, this is just over half the average composting rate
of earthworms (~45%). If, in addition, their N content is
slightly less than twice that of earthworms, cockroaches are
ultimately more profitable as composters. Therefore, blat-
ticompost is more concentrated than other types of compost
with consequent savings in storage, transport and use but
with similar results. In this sense, new studies are needed
to see the viability of blatticompost in different doses and
crops. Potassium contents are also slightly higher than
in the case of vermicompost, but the same is not true for
phosphorus. Consequently, blatticompost has a really very
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interesting nutritive value similar to that of other organic fer-
tilizers from insects [52]. The possible deficiencies observed
are more the effect of the type of feeding used in this work
than the effect of the cockroaches and could be improved
by some techniques such as the incorporation of biochar
or co-composting [53, 54]. In the case of pH, the average
values of 7.15 + 0.4 are appropriate. In Eublaberus sp. they
are somewhat lower than in the other species which is very
convenient, since a slightly acidic pH favors the uptake of
micronutrients [49]. Most studies on vermicompost [47, 55]
or black soldier fly larvae (BSFL) composting [52] compo-
sition indicate a higher pH [47] with which blatticompost
would be even better. However, the values of the cation
exchange capacity (CEC) of blatticompost are slightly higher
(on average 5.36 +1.66 ms/cm) than those established in
the European regulations (should not exceed 4 ms/cm). This
may be due to the fact that the studied cockroaches have also
been fed with cooked residues that present high contents of
mineral salts [50]. With a feed without these components the
CEC values would be even better. This explanation is sup-
ported by the fact that only the blatticompost of A. insignis
meets the CEC standards. It is precisely the most frugivorous
of the three species and tends to show less preference for
cooked food. Another possible explanation for the slightly
elevated CEC values is that cockroaches have a particular
and unique metabolism among insects as they store N in
the form of urea [29]. However, this slightly elevated CEC
value, related to salt content, would not be problematic in
clay soils such as those found in much of the geographical
area where this study was conducted [51]. Regarding metal
contents, blatticompost is perfectly usable. In this regard, it
is advisable to promote research to determine the capacity
of cockroaches to accumulate heavy metals, as they have
already demonstrated their efficiency in some bioremedia-
tion studies [14]. Among the metals, nickel is the only one
that appears in a different concentration in Eublaberus sp.
compared to the other two species. Recent studies indicate
that there are insects that accumulate large amounts of nickel
in their organism, especially in the gut (~75%), Malpighian
tubules and exuviae [56]. These are exclusively phytopha-
gous insects that feed on plants with hyperaccumulation
of nickel. It has been proposed that this would constitute a
defensive mechanism against predators [56]. The fact that
the blatticompost of Eublaberus sp. has more nickel indi-
cates that it accumulates less nickel in its body and would
be consistent with it being the least phytophagous species.
In fact, we have mentioned that in nature it lives in bat
caves and feeds on their carcasses and droppings. The other
two species live in forests and are mainly phytophagous.
On the other hand, due to the habitat of Eublaberus sp. it
has no natural predators. Its population levels are regulated
by intraspecific competition and inhibition of reproduction
[14]. Finally, Eublaberus sp. eats its own exoskeletons, so

accumulating nickel in them would be pointless. The con-
sequences as applied to industry are obvious. If we wanted
to make blatticompost with nickel-rich remains we should
use Blaptica dubia and otherwise any of the other species.
With a high content of meat remains, the indicated species
would be Eublaberus sp.

Finally, it is necessary to mention that one of the main
advantages of blatticomposting is that it does not generate
leachates or bad odors. In fact, the smell of blatticompost
is reminiscent of a humus-laden forest floor. As has been
previously mentioned, it is enough to sieve the blatticompost
to obtain an excellent compost. The microbiology of blat-
ticompost has not been analyzed in this work, since it would
require a specific study of this aspect alone. However, previ-
ous studies on the intestinal microbiota of these insects show
that they contain antimicrobial peptides [29]. Undoubtedly,
this is a defensive strategy against a diet based on decom-
posing material. This factor, together with the fact that they
are fed with domestic waste from the same day, could give
microbiological values with absence of pathogens, although
specific studies on this aspect are necessary.

A strong argument for the adoption of blatticomposting as
an organic waste treatment system is the enormous saving in
greenhouse gas emissions. This saving has been calculated
assuming average emissions of organic waste from various
scientific publications, but not directly measured. However,
it is reasonable to assume that the extreme voracity of com-
posting cockroaches combined with the fact that they eat
the material directly and not when it starts to decompose
(as earthworms do) should always produce fewer emissions
than vermiculture. Most probably the level of emissions
from blatticomposting should be similar to that produced
by BSFL composting, since in both cases the insects feed by
gnawing the material and not by suction. All this will require
a specific study, the complexity of which must be addressed
in further work.

Results undoubtedly show the enormous potential of
cockroaches as broad-spectrum organic waste bioconverters.
This allows us not only to reduce organic waste and avoid its
collateral effects on environmental health and GHG emis-
sions, but also to reduce costs in the production of organic
fertilizers whose demand is increasing. Currently, blatticom-
post is used only in laboratories or by certain insect breeding
enthusiasts. There is no evidence so far of its use on a large
scale anywhere on the planet. The bad image of cockroaches,
associated with the unhealthiness of decomposing material,
should not distract us from seeing them scientifically for
what they are: decomposing insects with enormous poten-
tial as bioconverters and which have been perfecting this
function by evolution since the distant Carboniferous era.
Hopefully, this work will stimulate further research on more
species, their functional role and the characteristics of the
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blatticompost obtained. This is a powerful tool to solve the
problem of organic waste worldwide.

Conclusions

Humanity is facing a serious problem with organic waste,
as its production is constantly increasing. Many solutions
have been proposed, such as incineration, pyrolysis or
composting. Within this last option, techniques with free-
living microorganisms are mostly used by means of static
piles, mobile piles, passive aeration, pit, Takakura system,
Bokashi, etc. The disadvantages of these methods are the
generation of odors, the non-elimination of heavy metals, the
production of leachates or a slight emission of greenhouse
gases (GHG) in the initial stages of the process. Another
technique widely used in the treatment of organic waste is
vermicomposting, which is much more advisable due to its
lower GHG emissions and higher quality compost. In con-
trast to these techniques, the use of composting cockroaches
(blatticomposting) for the recycling of organic waste has
been proposed. Results show that they are highly voracious
and give a compost (blatticompost) of superior quality even
to vermicompost. GHG emissions are practically zero, since
these animals are very voracious and do not need the waste
to be partially degraded like earthworms. In this work, are
compared three species widely used in agriculture and is
proposed the ivory cockroach (Eublaberus sp.) as the ideal
species for use on an industrial scale.
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