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Executive Summary
Animal feed and animal wastes are two of the largest liabilities on a modern farm. Many
farms now operate on a linear system; purchasing animal feed and then paying to
eliminate waste. Recent research has indicated that an insect, the black soldier fly, can
be instrumental in closing the loop. Black soldier fly larvae (BSFL) consume organic
wastes and then upon reaching adulthood may be fed to animals as a protein
supplement. This project aimed to implement such a system at Pickard’s Mountain EcoInstitute (PMEI), a small-scale permaculture teaching farm. This was accomplished by
creating an offsite, off-season feeding and breeding system and looking into the
feasibility of building a harvesting system large enough to produce enough protein to
feed PMEI’s flock of 45 chickens. In addition to researching and producing the system,
we aimed to provide PMEI with the resources and knowledge to share the system with
other farmers and the general public, in hopes that the use of black soldier flies spreads
as a way to reduce the environmental impact of animal husbandry.
This project was initially split into seven different phases in order to break down
the project into more manageable tasks. Throughout this experience, however, we
encountered a handful of problems that hindered the progress of our initial seven
phases. As a result, we focused our efforts largely on a closed-system breeding
experiment, using these results to produce a “how-to guide” to be published on the
PMEI website, and providing a basic structure for feeding and breeding grubs for
chicken feed supplementation.
The breeding experiment consisted of running three feeding environments for
BSFL—one with feed primarily consisting of vegetable and food scraps, one with feed
primarily consisting of coffee grounds, and one with a mixture of food scraps and coffee.
We learned from our first attempt at breeding that a BSFL environment is exceptionally
sensitive to heat and humidity. Accordingly, we maintained a humid environment and
used a temperature monitor that took temperature readings two times an hour. We
recorded daily room temperature, bin temperature, changes in humidity, mass of food
added, number of pre-pupae, number of flies, the presence of egg clusters, number of
dead grubs, and several other observations.
Planning for the feeding structure to be built onsite at PMEI went through several
stages. First, it was intended to be a large bin buried in the ground and located inside
the greenhouse with PVC pipe extending out from it. After deciding that burying it would
not be sufficiently insulating during the winter months, we planned to use leftover
prefabricated urethane insulation sandwiched between aluminum panels. When these
materials ended up being used for other purposes and becoming unavailable, we
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settled on the alternative of putting a small plastic dish tub in an enclosed shed with
tubing extending from the food waste for the developed grubs to migrate.
Through background research and our experimental results, we found certain
conditions in which growing black soldier fly larvae thrive. The optimal temperature for a
BSFL feeding operation is around 95 °F, and their range for survival is 32 - 113 °F. The
best range for them to pupate is 77-86 °F. The BSFL develop best at 70% humidity, and
mate best between 30 and 90% humidity.
BSFL thrive on a variety of diets. They can feed on organic waste such as table
scraps, composting feed, and animal manure. We also found that a diet of coffee
grounds is an available but unsustainable diet. A diet composed of both kitchen scraps
and coffee grounds may help boost their metabolism, but they have limited ability to
process animal products such as meat and animal fats.
Additionally, BSFL prefer shaded areas away from extreme dry or wet conditions,
and prefer to be 8 to 9 inches deep in their food source. The aforementioned conditions
are met in the structure built on the Pickard’s Mountain Eco Institute campus. A
compilation of our findings from literature review, experimentation, and construction
setup can be found in a separate document entitled “Black Soldier Fly How-To Guide.”
Future efforts in the development of the Black Soldier Fly operation at PMEI
should focus on implementing our research in creating an operation that will begin to
replace the supplemental chicken feed PMEI purchases. More research and
experimentation should be done in the assessment of outdoor vs. closed system
breeding operations. It is apparent, however, that it is not feasible to keep a selfsustaining operation throughout the year given the severity of winters in Chatham
County. Continuity of this project will depend on the innovation of future groups to
sustain BSFL throughout the year.
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Capstone Design
The capstone at the University of North Carolina-Chapel Hill is an upper-level
undergraduate course in which a group of junior and senior undergraduate researchers
work as a team to provide a thorough report on a current environmental issue.
The capstone serves as a real-world learning experience for students in that it
requires collaboration in a group setting and communication with an external client. One
or two mentors supervise student teams, but the overall direction and implementation of
the project is left up to the discretion of the team. Our group was organized in a flat
hierarchical structure for the majority of this project, where the workload was evenly
distributed amongst group members and leadership changed over the course of the
semester.
The client for this project was Pickard’s Mountain Eco-Institute (PMEI), located in
rural Orange County in the North Carolina Piedmont bioregion. This educational farm
and sustainability learning center is dedicated to “Healing the Human-Earth relationship
through earth literacy and local economy” (http://pickardsmountain.org/). The PMEI
uses 100 pounds of commercial chicken feed per week to supplement protein into the
diets of their chickens. PMEI has a total of 45 chickens. The capstone project aims to
replace some of the commercial chicken-feed supplement with the harvested BSFL.
The sources of organic waste on PMEI come from two cows, two horses, and food
scraps. The team worked with PMEI proprietors Tim & Megan Toben, as well as Dr.
John Mattox from Fayetteville State University.
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Introduction
Throughout human history, small-scale farmers have viewed organic animal wastes as
an asset. Wastes can be used in a variety of ways, including as fertilizer and as fuel.
Industrialization of agriculture led to a paradigm shift in how farmers view organic
animal wastes. This shift is epitomized by the increase in Confined Animal Feeding
Operations (CAFOs), especially in North Carolina, and subsequent increase in amount
and concentration of animal wastes (Novak et al., 2008). Animal wastes are now largely
considered a nuisance that requires proper management and disposal.
Many CAFOs use a lagoon system to manage waste. Manure lagoons are manmade basins that are filled with animal waste from CAFOs. Figure 1 shows an example
of a manure lagoon at the NC State experimental farm. Water is pumped out of the
lagoon and used to wash feces, urine, and other wastes out of the feed houses. The
waste water then enters a settling tank where solids are settled out. After settling, the
liquid is returned to the lagoon where further settling occurs and anaerobic bacteria
break down organic matter. Even properly managed lagoons have a large
environmental impact including continuous release of over 400 harmful and noxious
gases, including ammonia, hydrogen sulfide, methane, and carbon dioxide (Safley &
Westerman, 1988). The impact of these gases range from health concerns such as
respiratory problems, eye irritation, headaches, seizures, heart palpitations, diarrhea,
and possible death, to environmental impacts such as explosion risk, water acidification,
eutrophication, and climate change (Kirkhorn, 2002; Olivier, 2012).
Improperly managed lagoons can become major environmental hazards. Lagoon
overflow can be caused by faulty construction or cracks, or by adverse weather
conditions including heavy rains and strong winds. Overflowed lagoons release
antibiotics, estrogens, bacteria, pesticides, heavy metals, and protozoa into the
surrounding environment. Pathogens released from lagoons can have widespread
effects, most notably contamination of drinking water. Further, lagoon wastes contain
antibiotics and hormones that are administered in feed but not absorbed by the animals.
Release of these compounds into the environment has been implicated in fertility
problems and bacterial resistance in aquatic animals (Zheng et al., 2007).
Because of their high nutrient content and a need to dispose of the lagoon solids,
wastes are frequently used as fertilizer in farm fields. The process of spraying waste on
to fields accelerates and exacerbates the environmental and health risks posed by
leaking manure lagoons.
In 1999, Hurricane Floyd caused the flooding of many lagoons in North Carolina,
which lead to a massive release of animal wastes and severe environmental damage.
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The repercussion of this disaster was a call for a change in agricultural wastes storage
and treatment methods. In 2000, Smithfield foods and Premium Standard Foods, two
large swine producers in North Carolina, entered a settlement with the Attorney General
of North Carolina. This agreement required the companies to establish a $17.1 million
fund to sponsor research and development of better hog waste disposal technologies
(Environmental Grants). One grant from this agreement was awarded to Wes Watson,
an entomologist at North Carolina State University, to study the feasibility of using black
soldier flies as a manure management and resource recovery tool.

Figure 1: Manure lagoon at NC State

Black soldier flies offer an interesting solution to the swine waste disposal
problem. Black soldier fly larvae feed on a wide variety of organic wastes including
manure, food waste, and fermented animal feed. Consumption of waste can reduce
manure mass by about 50%, with even larger reduction of nitrogen and phosphorous
mass (Newton et al., 2005). The processed waste can be used as compost. Further,
adult black soldier flies can be used as animal feed thus closing the loop between waste
and feed.
Black soldier fly larvae are nearly ideal candidates for a large-scale waste-to-food
operation (Newton et al., 2005). In addition to manure mass reduction and the ability to
harvest mature larvae as feed, adult black soldier flies are not attracted to human
habitation and thus pose a significantly lower risk of disease transmission than other fly
species (Newton et al., 2005). Adult flies do not have digestive organs, relying on stores
of body fat from the larval stage. They therefore have a short life cycle and can be used
a continuous source of food.
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Overview & Goals
The overarching goal of this project is to investigate the feasibility of incorporating the
black soldier fly life cycle into a permaculture operation. Specifically, we explored the
possibility of cultivating BSFL with organic waste and using the grubs as chicken feed at
PMEI. The capstone team hoped to convert animal waste to a useful product that would
have positive environmental, human health, and economic benefits. The utilization of
BSFL for the management of organic waste has the potential to help solve
environmental problems created by the large quantities of manure on large farming
operations. While occupying the manure, the BSFL reduce the nutrient concentration
and bulk of the manure, thus reducing the potential for pollution into water sources
(Newton et al., 2005). Human drinking water contaminated with organic waste is a
public health problem due to the pathogens that can cause several types of diseases.
The manure processed by the BSFL is also a good source of compost and the BSFL
are a valuable source of feed because they are high in protein and other nutrients.
The team met project goals outlined by seven phases. During Phase 1, the team
conducted relevant research on the cultivation of BSFL and its feasibility for use in a
permaculture operation. During the Phase 2, the team designed a system to contain the
BSFL while they feed on the animal waste and collect the migrating pre-pupae when
they are done feeding. To implement a self-sufficient operation, the team then
developed a system to breed the BSFL on the UNC-Chapel Hill campus. This goal is
outlined in Phase 3. A portion of the BSFL were supposed to be used for breeding while
the rest were to be used to replace the protein supplement fed to the chickens on PMEI.
Phase 4 involved the actual construction of the structure to cultivate the BSFL with the
organic waste. Phase 5 involved writing a midterm report, which included the finalized
work plan for the semester as well as the background research that we had compiled
from previous phases. During phase 6, the team collected data and analyzed the results
to determine the feasibility of BSFL as a sustainable dietary supplement on PMEI.
Finally, the team documented the entire capstone process by outlining the methods,
data, and analysis of the project in the last phase. The final product of this project
provides scientific evidence to support the knowledge base that animal waste can be
converted to a useful source of food using the BSFL.
The team developed an extensive “how-to guide” for use at PMEI as well as
other agricultural operations that are interested in the implementation of BSFL for waste
management. The information included in this guide provides users with the knowledge
to develop a cyclical permaculture system whereby animal waste is processed by the
BSFL, who are then used as a feed for the other animals on the farm. The BSFL
management system will allow PMEI, and those potential others would implement such
a system, to reduce the cost of commercial animal feed supplements and manage the
organic waste in an environmentally friendly manner.
BSFL Capstone Final Report
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Phase Descriptions
Phase 1: Background research; visit NC State and Pickard’s Mountain
This phase consisted primarily of background research and site visits. First, we explored
previous research conducted on black soldier fly larvae in an agricultural setting. We
focused our literature review on the life cycle of the black soldier fly, how to foster their
growth in lab and farm settings, and how we might develop a self-sustaining system on
site at Pickard’s Mountain. This research is included as Appendix A of this work plan.
We traveled to NC State to observe their high-volume experimental system that
produces bulk quantities of black soldier fly larvae for use as poultry feed. Our goal for
this trip was to see how BSFL are grown and harvested on a large enough scale to
subsidize poultry feed. From here we observed the product of these efforts (Figure 2)
and an example of a structure that we intend to construct, as seen in Figure 3.

Figure 2: BSFL

Figure 3: BSFL cultivation structure, NSU

We also traveled to Pickard’s Mountain Eco-Institute to observe the sites
available for the project and to answer questions regarding the scale of the project and
resources available. There are 45 chickens fed at PMEI (Figure 4); sources of organic
BSFL Capstone Final Report
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material available to feed the BSFL include horse and cow manure and food waste. The
current commercial feed subsidies to the chickens include about 16% protein, with
about 100 lbs per week given to the chickens. We observed the site for possible
installation – a corner of their greenhouse sectioned off for our use (Figure 5). Finally,
Dr. Mattox distributed BSFL to capstone group members for care and breeding.

Figure 4

Figure 5

Phase 2: Design a setup for Pickard’s Mountain Eco-Institute
In order to determine the scale we needed to apply to Pickard’s Mountain to fully
replace their supplemental chicken feed, we established a calculation, using the amount
of feed PMEI currently buys and the percentage of raw protein it contains. This turned
out to be 100lbs at 16 percent. According to a study performed in Texas by ERS
International (ERSI 2008), BSF larvae are composed of 42.1 percent protein. Using the
amount of protein we needed to replace each week from their feed, we determined that
a little over 17 kilograms of larvae would be necessary. According to the same study, a
diagram of the area needed showed ratios of the input of waste and the output as five to
one. Using the same proportion, we determined that about 86 kilograms of waste per
week is needed to cover an area of 0.82 m2. We also determined that if we were able to
produce 1.2 million larvae, we would be able to efficiently remove that much waste per
week. Using this data, we would be able to create a structure that, should we produce
sufficient larvae, would grow and harvest enough BSFL to replace PMEI’s chicken feed
protein supplement.
Next we determined a basic list of supplies needed to create breeding and harvesting structures required to successfully implement our plan. General tools necessary
BSFL Capstone Final Report
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for building and maintaining the structure were drawn out as follows: shovels, epoxy or
other sealing agent, thermometers, cutting tools for PVC, containers, work gloves, and
protective eyewear. This list will vary with structure design and available materials.
To build the harvesting structure we designed, we would have needed a variety
of items and parts including: PVC piping (~2-3 inches in diameter, around 30ft total),
plastic storage containers (at least 10 gallons), collection buckets (3-5 gallon), hanging
scale (~50lb capacity), clear glass or plastic sheets potentially used for covering storage
containers, angled PVC fittings, flexible hose for ventilation or drainage, Velcro strips
(hooks side) for lining buckets to make them inescapable by larvae, and feed sources
(manure, fermented feed, compost). Although these would have been sufficient for
constructing our grub tub, we ended up with an opportunity to go scavenging at PMEI
and came across insulated building material. We set it aside to make a different
structure on our next trip. In the end, because our BSFL population was quite small, we
set up a small dish tub inside of a shed by the chicken coop.
Breeding materials included: food scraps, coffee grounds, three larger square
Tupperware containers, three smaller square Tupperware containers, four terrariums,
an artificial or potted plant, humidity gauges, temperature gauges, mosquito netting,
corrugated cardboard for egg deposits, a heat source or regulated temperature
environment, and a larger Tupperware or other container for pupating larvae.
These categories were also analyzed for cost prior to our change of plans. Many
materials we could find and utilize from PMEI for free. Those included PVC piping and
fittings, collection buckets, clear glass or plastic sheets, food sources, shovels, gloves,
eyewear, and cutting tools. We also acquired corrugated cardboard, terrariums, and a
regulated environment cost free. The materials that we would have purchased for
harvesting, but did not, totaled around $74. (Note: We ended up spending $0 for a small
dish tub that was at PMEI). For breeding, we calculated our expected costs to be $52.
This was broken down as follows:
-Plastic containers
-Hanging scale
-Flexible hose
-Velcro
-Epoxy
-Thermometers
-Terrarium
-Mesh mosquito netting
-Brooder heat lamp & bulb
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Our actual costs for the breeding setup only included a $5 humidity gauge, $3 of
mesh nettings, and $3 of other building materials such as tape and scissors, for a total
of $11. We acquired terrariums as well as thermometers and Tupperware containers for
free from group members and the Curriculum for the Environment and Ecology at UNCChapel Hill. (Note: we did purchase a second batch of “phoenix worms,” or BSFL, for
around $15 as well.)
Other costs included human labor (temperature readings, additional capstone
group trips/gas), research hours spent on design and breeding trials, as well as a future
assessment of long-term costs needed for a full replacement of feed supplements at
PMEI.
Note: The prices described above are specific to the PMEI site. Prices and materials are
dependent upon the scale, location, and sophistication of the structure that one desires
to build.
Further, we note that this treatment is one possible plan to cultivate BSFL, using simple
materials. Those interested in growing BSFL may find other materials readily at hand to
achieve the same end. The key components of a system, as described below, include: a
place to contain the BSFL, a food source, an incline, and a way to collect or channel
them (such as a chute dropping into a chicken coop or other target).

Phase 3: Breeding
While it is possible to depend on wild populations of black soldier flies to oviposit, we
believe there is value in developing a reliable method to colonize them for full development of the system. Wild populations of black soldier flies are not always present in
areas where people want to use BSFL for waste management purposes. Our goal was
to design a method to continuously breed black soldier flies in a lab space on UNC’s
campus. We hoped to design a method enabling us to breed black soldier flies so that
others may be able to successfully replicate our findings.
Initial steps that were brainstormed for Phase 3:
● Perform Initial feeding
● Design breeding setup
● Find a place to keep the black soldier flies
● Make a list of materials for breeding setup (see materials section)
● Transfer grubs to a terrarium and perform trial run
● Keep a grub journal to keep track of experimental conditions
● Quantify amount of grubs and length of lifecycle
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GOAL: Breed enough BSFL to create self-sustaining population at PMEI.
We began by brainstorming a few possible designs that could be used to
successfully breed the BSFL. Below, we describe three designs that were considered
for breeding purposes and depicted in Fig. 6.

Figure 6: Potential Breeding System Designs

The major difference between the designs was to enclose everything inside one
space versus having separate environments for the feeding and breeding. The terrarium
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design connects the whole system by having feeding and breeding occurring in the
same area. This is more in line with a natural ecosystem in that respect. However, it
would be limited by the size of the terrarium and would therefore be smaller than the
separated feeding and breeding design. The separated system benefits from having a
larger area for breeding inside of the hanging bag. This is important because breeding
occurs during the fly stage of the lifecycle. Theoretically, a larger enclosed space for the
flies to interact would improve their ability to reproduce.
First Breeding Attempt
Upon receiving the grubs, we placed the majority of them in a shallow container filled
with wetted cornmeal. This food source was readily available and the cornmeal was
thought to be similar to the fermented corn feed that has been used in other studies.
Cornmeal was meant to serve as a temporary food source while the first breeding
attempt was planned. The grub container was closed, with multiple slits made across
the lid. To keep a constant warm temperature the container was placed above a heating
vent and covered with a towel for insulation. The cornmeal media remained moist
without adding any water. The pupae grew quickly in this environment and were very
mobile, climbing the walls and lid of the container. They survived major turbulence when
being transported by a curious dog.
Of the three designs that were generated (Figure 6), we chose to use the
terrarium design based on our desire to create an entirely self-contained environment
and based on resource availability. We built the setup shown in Figure 7 and Figure 8.
The terrarium design includes the following components: a grub feeding component,
self-harvesting ramp, collection bin, egg-laying area, container of water with a sponge
for moisture, plant, screen on top to keep flies in, and wet paper towels on top to add
moisture.
We placed the pupae in our experimental setup and left it for the weekend. When
we returned, we found the food and grubs had largely dried up. We hypothesized that
the food had dried up, effectively cementing the grubs into the food and killing them.
They were also exposed to direct sunlight, which in combination with the 75ºF
greenhouse, could have increased the temperature above the grub’s habitable range.
Three of the grubs were found alive and moving around on the bottom of the tank
(they had escaped from the food container). The fact that these grubs survived
supported our hypothesis that the dry food killed the grubs. We also found small flies in
the tank that could have been introduced via the plant that we placed in the tank.
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Notes on grub rearing conditions from experiment 1 and research:
● Initially we thought it would be good to have full sunlight; however, after grubs
died in full sunlight, we tried shade
● Ideal grub conditions outlined in the literature are around 70% humidity, 95 F for
food consumption and at least 86 F for pupation, with a food depth of no more
than 8 inches, and food composition of 50% vegetable matter 50% fruit matter

Figure 7

Figure 8
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Second Breeding Attempt and Experimental Design
After the first group of BSFL died, we decided to design an experimental trial for feeding.
In order to determine ideal conditions for the production of BSFL, we manipulated their
food source while maintaining constant temperature and a humid (moist) environment.
Three terrariums were used to test the different experimental conditions. Humidity was
maintained equally in all three tanks by placing wet paper towels over the top and a
wetted sponge inside of the tank. The towels and sponges had water added as needed
to maintain humidity at around 60%. Each tank had one of the three food sources; either
mixed food scraps (specifically chopped up spinach, cucumbers, green peppers, and
apple slices), used coffee grounds, or a combination of food scraps and coffee grounds.
The different food conditions were chosen to test differences in ability to hold moisture
and to facilitate the larvae burrowing into the food medium. Food was added weekly.
Observational data from this experimental trial was recorded, including the
frequency of water added, food weight added, temperature and humidity in the terrarium,
duration of time that BSFL spend in each life stage, descriptions of physical appearance
and pre-pupae movement.
For additional information concerning type of data collected and method for
analysis, see Phase 6.

Figure 9: Greenhouse Experimental Design
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Figure 10: Food scraps diet

Figure 11: Coffee grounds diet

Figure 12: Food scraps and coffee grounds diet
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Phase 4: Build the Structure
The structure for feeding, breeding, and producing grubs - our version of the Biopod was to be constructed on site at PMEI using materials procured from their grounds. The
original vision consisted of a mobile structure made from panels left over from the
construction of a walk-in refrigerator/freezer. The intended materials included several
prefabricated, insulated panels with urethane insulation that are sandwiched between
aluminum skin. The panels were to be fastened together using polysterene adhesive
insulation foam. The structure would have contained approximately 1.5 square meter
base with vertical edges and one side at an approximately 30 degree angle to allow
grubs to leave the structure for pupation. Additionally, coarse paper was going to be
added onto the ramp to give the BSFL traction.
The structure would be split into two sections by a removable insert. At any one
time, there would be food on only one side of the insert until it is determined that the
food is old enough to be removed. At that point, food would be placed on the opposite
side, the insert would be removed, the grubs would migrate to the new food, the insert
would be replaced, and the old food removed.
The structure was to be placed near the chicken coop on the PMEI campus so
that the products from the structure would immediately be dropped into the chicken
coop as a nutritional supplement. We predicted that we could allow the black soldier
flies to breed in the wild and use the food source to attract them to drop eggs and larvae
into the structure. In this case we would merely construct a roof to shade the larvae.
The structure will henceforth be referred to as the “grub tub.”
Below (Fig. 13) is a rough model of what the BSFL harvesting structure would
look like if built as originally conceived. It included an incline of no greater than 35
degrees so that grubs are able to crawl out of their food source when preparing to
pupate. This type of design would have allowed for multiple compartments for batch
harvesting. This would have also allowed for the user to place grubs and food in one
compartment and have the ability to clean out the other compartment. Occasional
cleaning of the structure would have been needed, as waste products from the BSFL
accumulate over the lifetime of the structure’s use.
Despite the planning of the “grub tub” from one visit to PMEI, we decided on our
return that the possibility of toxicity of the polysterene adhesive rendered it not a viable
option. The alternative plan to the structure ended with our group obtaining a small dish
tub that was approximately one foot by one-and-a-half feet. This “grub tub 2.0” was
brought to Pickard’s, where cow manure was later added to it along with the grubs. The
dish tub was placed within a shed that had been converted from a compostable toilet.
The shed provided shelter for the grubs from wind and rain, and also served as a
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second-best method for temperature control. The shed also was located next to the
chicken coop—a fairly ideal location. The tub had no method to provide an incline for
which the BSFL could climb out of the manure and had an open environment if any of
the grubs were able to pupate and turn into flies and fly around the shed. It was our
intention that if the grubs do evolve into flies, that they will be able to come and go from
the shed as they please but will return, lured by the food, and able to lay eggs on
cardboard that will be present within the shed.

Figure 13: Prototype onsite BSFL cultivation design

Phase 5: Run experiment at PMEI
We had originally planned to run an experiment at PMEI that would monitor the manure
input to the grub tub as well as the development of the larvae. Due to delays in the initial
feeding and breeding process along with resource constraints, we were unable to
execute Phase 5 as planned. Phase 5 required a large population of BSFL which we
were unable to buy (cost prohibitive) and which we were not able to breed in off-season
conditions. Furthermore, resources to build the grub tub, as shown in Figure 9, were no
longer available for our use. The combination of these factors led us to make a smallerscale grub tub out of an approximately 2 ft2 dish tub. The BSFL were moved to PMEI on
April 20, 2013, allowing maximum time for Phase 3 data collection while also providing
time for a final check-in to make minor adjustments to the setup. On the trip to PMEI,
fresh cow manure was gathered and added into the dish tub to a depth of about three to
four inches. The grubs from the three different experimental setups were then added to
the manure along with the coffee grounds and fruit and vegetable food scraps that the
grubs had been growing in. The mixture was then thoroughly stirred and set inside an
BSFL Capstone Final Report
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enclosed shed and partially covered with an old piece of roofing material. Given the
delayed introduction of BSFL at PMEI and seasonal turnover in WWOOFers and interns,
most of the data collection that was originally planned for Phase 5 could not be
executed.
The following is a description of an experiment that could be executed in the
future, once a large enough BSFL population has been established.
Experimental Design—Future Considerations
Manure was collected from the two horses and two cows at PMEI during this project.
The amount of manure to be spread in the grub tub will depend in the future on the
quantity of BSFL available. A conversion between BSFL mass and manure mass from
the ERS International study (used in Phase 2) can be used to determine the amount of
manure needed. This mass of manure should be weighed and added to the grub tub.
BSFL should then be weighed and spread on top of the manure.
Following the introduction of the BSFL to the grub tub, there should be a regular
schedule of responsibilities for people on-site at PMEI. Measurements should be made
at least twice daily (am and pm readings) of the ambient temperature and humidity, and
the internal temperature of the manure pile. General observations similar to those made
during breeding should be made twice daily. Possible people at PMEI to take on these
responsibilities could be the WWOOFers (resident farmers), interns, or PMEi proprietors.
Based on the grub tub design, the BSFL treated manure should be able to be
removed and new manure added without having to start a new experimental run. Once
the BSFL have begun to self-harvest, the collection bucket should be weighed daily to
determine the rate of harvest and get a rough estimate of the amount of BSFL that are
being harvested. The BSFL could be weighed using a hanging scale described in the
materials list.
A portion of the harvested BSFL should go towards a breeding operation at PMEI
and the rest into the chicken feed. The ratio used for each purpose is based on a
literature review. There likely will be fluctuations in the share of the harvest going to
each purpose, depending on how effective the BSFL are at breeding at PMEI. As the
experiment and breeding at PMEI progress, adjustments can be made to optimize the
setup and increase the throughput.

BSFL Capstone Final Report

Page 21 of 35

Phase 6: Produce Results; Perform Analysis
Data Collection for BSFL Breeding Experiment
After the first group of BSFL died, we set up an experimental trial in order to determine
ideal conditions for the growth and breeding of BSFL. Refer to Appendix A, General
Characteristics of the Black Soldier Fly, for more information on the life phases of the
BSFL. Also, for more information on the experimental design and setup, refer to
Appendix B (titled “BSFL Breeding Experiment.” The experimental trial began on March
20, 2013 and continued through April 11, 2013. Someone in our capstone group
checked on the terrariums once a day. The person observing the BSFL also recorded
several items of data, including the time of day, temperature in the room, temperature in
the terrarium, mass of food added, number of pre-pupae, number of flies, presence or
absence of egg clusters, and the number of visibly dead BSFL. Observations on the
BSFL conditions were also conducted and recorded each day. See Appendix B for the
raw data that was collected during this experimental trial.
Analysis of BSFL Breeding Experimentation
Using the data collected throughout the experimental breeding trial, we planned to
analyze the success of our experiment by observing the conditions that promoted the
quickest maturation of BSFL and the highest number of mature larvae. Prior to starting
the experimental trial, we planned to compute the mean and standard deviation of the
room temperature, bin temperature, and bin humidity for each of the three terrariums.
We also wanted to plot daily temperature readings outside the terrarium and inside each
terrarium for the whole length of the trial. Refer to Appendix B for tables representing
the actual mean and standard deviation of the terrarium temperature and bin humidity
for each of the three experimental manipulations.
We were also interested in determining the conditions that encourage the BSFL
to process the most food. Prior to starting the experimental trial, we planned to compare
the mass of food added throughout the trial with the mass of the food after the trial had
ended. We thought that the terrarium with the biggest difference in these two
measurements would reflect the terrarium that provided the most productive
environment for the BSFL. However, we realized that this measurement would not be
accurate, since we needed to add varying amounts of water to the food in order to keep
the BSFL moist and decided that this would affect the mass of the food. Thus, we
decided not to compare the mass of the food before the trial and the mass of the food
after the trial for each terrarium.
The main goal of this trial was to design a successful experiment that
encouraged breeding of black soldier flies. We planned to chart the number of
organisms in each stage over the trial period for each food type if we were successful in
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rearing larvae to the pre-pupae and fly stage. We also hoped to determine the length of
time to the first pre-pupae and first fly for each terrarium. By the time the trial ended we
had not seen any grubs ready to pupate or flies that had emerged. However, the group
found a black soldier fly that had made it to its fly life-stage in the terrarium containing
the first batch of BSFL. We considered this a success! As a result, we shifted our
analysis to identifying the most suitable rearing conditions for the BSFL based on the
different food treatments.

Phase 7: Produce report
The final goal of our project was to produce the information we have obtained and
learned through this experiment and pass it onto Pickard’s Mountain, as well as any
potential future capstone team that chooses to continue the groundwork laid down here.
One of the ways in which we planned to convey this is through completing a document
that goes through the experimentation process that we did in learning how to feed and
breed the BSFL. We hope this information can be used and applied to determining how
feasible is the prospect of up-scaling from our experimental breeding conditions to a
large scale such as we envision for Pickard’s Mountain, so that it can replace their
current protein supplement. Future areas of research could include comparing BSFL to
other insects as sustainable feedstock, and to permaculture systems featuring other
animals, such as catfish.
Another one of the project outputs was a “how-to guide” regarding the raising and
growing BSFL. This includes a do’s-and-don’ts section that covers conditions and
circumstances that we found to have a negative or positive effect on growth. Through
this document, other groups working with BSFL can learn from our experiment and
design proper conditions in which their BSLF larvae can prosper. That might include
using the calculation spreadsheet that we used in order to generate the predictions on
how much input and the number of grubs needed to get the desired output and protein
amount per week.
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Appendix A: Literature Review
General Characteristics of the Black Soldier Fly
The black soldier fly, Hermetia illucens, is a large wasp-like fly that can reach sizes of
up to 13 - 22 mm (Tomberlin & Sheppard 2001). They are described as “wasp-like” due
to the adults having long wings and an extended posterior abdomen, as illustrated in
Figure 13 below.

Fig. 13: Black Soldier Fly (dorsal view)

These flies inhabit tropical and warm temperate regions of the globe and have
been observed to have three generations per year in the Southeastern portion of the
United States. Like many other insect species, the soldier fly can colonize a variety of
decomposing vegetable and animal matter. Unlike other insect species, however, these
flies prefer to avoid contact with human development, a considerable advantage for
their use in waste management operations (Sheppard 2002).
Although not much has been determined about the specific life stages of these
insects, researchers have observed a general pattern of development. Black soldier fly
eggs are laid in the decomposing matter so that emerging larvae will have immediate
access to a food source. With warm (about 27 degrees Celsius) and moist conditions
(humidity greater than 60%), hatching of the eggs will occur after about four days. The
larvae that emerge from the eggs will then feed on the available food source for roughly
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two weeks. After the larval stage, the mouth and its associated organs are fused with
the outer surface of the larvae so that feeding ceases. Pre-pupae then begin a migration
out of their food source in search of a warm and shaded area for pupation, this process
also takes about two weeks before full adults emerge from the pupal coverings. Adult
BSF live for roughly a week, living off of stored nutrients from the earlier life stages
(Tomberlin & Sheppard 2002).
Adults have been successfully used in the processing of animal wastes,
specifically those of hogs and chickens. Research has shown that the concentrations of
nitrogen and other nutrients in such wastes are significantly lower after being subjected
to processing by the BSFL. In addition, experimentation has shown that manure
accumulation can be reduced by 42 to 56% by the BSFL. The ability of BSFL to reduce
nutrient concentrations and overall waste mass has resulted in reduced risk of pollution
by agricultural waste products (Tomberlin & Sheppard 2001).

Reproduction and Oviposition of Black Soldier Flies, Hermetia
illucens
In order for the implementation of BSFL for the purposes of waste reduction and
livestock feed to be a cost-effective method at PMEI, the population of adult black
soldier flies must be self-sustaining in order for a consistent supply of larvae to be
available. Here we consult the literature regarding the process of mating in black soldier
flies and the environmental conditions required for both mating and egg-laying.
Experimental efforts at rearing black soldier flies in cages outdoors and within a
greenhouse have had mixed results. Sheppard et al. (2002) were unable to induce
mating of flies within a greenhouse, suggesting that direct sunlight was an important
factor in encouraging mating. Various lighting regimes have been implemented to
simulate sunlight. One study concluded that about 75% of mating pairs occur at light
intensities greater than 200 µmol m-2s-1, when flies were kept at 22ᵒC (71.6ᵒF) and
relative humidity of 60 – 70% (Tomberlin & Sheppard 2002). Zhang et al. (2010) placed
a 500-watt quartz-iodine (halogen) lamp about 10 cm from the top of an experimental
cage to artificially light black soldier flies for 9 hours each day. They report that mating
activity decreased when light intensity was over 110 µmol m-2s-1, indicating that there
may be some variation in the appropriate lighting scheme needed for black soldier flies
in North Carolina. The authors found that the group of flies under the quartz-iodine lamp
mated at a comparable level (about 39% less) to the control group of flies subjected to
direct sunlight. All test groups were kept at a constant temperature of 28 ᵒC (82.4ᵒF) and
relative humidity of 60%. An interesting observation of the Zhang et al. (2010) study was
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that roughly 85% of the mating activity occurred during the morning hours between 8:30
and 10:00.
In addition, lekking behavior as observed by Tomberlin & Sheppard (2001) has
implications for the type of environment that must be maintained in captivity. Lekking is
a mating behavior in which the males of a species congregate in one or a few areas and
“call” to the females of the species. For black soldier flies, these lekking areas are
characterized by the presence of leafy vegetation such as kudzu or morning glory. As
females approach the lekking area, males rise and grasp onto to a nearby female, then
descend back to the ground in copula (Tomberlin and Sheppard 2001). This behavior
creates a need for some material to serve as a lekking ground within the cage where
the soldier flies are kept. Sheppard et al. (2002) placed two plastic leafy plants within
the cage and observed that high numbers of adults rested on the leaves, suggesting
that the plants provided a suitable substrate for lekking.
In the wild, female black soldier flies deposit their eggs in dry cracked or
fractured surfaces situated near moist decomposing materials. This behavior has been
simulated in the laboratory by gluing 2-3 corrugated cardboard pieces (2.5cm x 5cm)
together into an “egg trap” and fixing them on the sides of a 5-L plastic bucket filled with
a mixture of hen feed and water. The number of eggs laid per female has been found to
range from about 323 to 621 eggs (Tomberlin & Sheppard 2002). Once the eggs are
laid, it is important to transfer them to a clean, moist surface, such as a plastic cup with
a wet paper towel banded around the top, in order to prevent fungus growth, which can
be lethal to newly deposited eggs (Sheppard et al. 2002). Laboratory experiments
determined that eggs in a 30ᵒC environment hatched within as little as 3.5 days; other
experiments suggest that the hatching period can be as long as 14 days (Sheppard et al.
2002). The majority of oviposition observed in the field occurred at 27.5 - 37.5ᵒC in
relative humidity of 30 - 90%, demonstrating that there is a wide range of conditions at
which the adults can be held and still be viable for reproduction (Sheppard et al. 2002).

Role of BSFL in controlling house fly (Musca domestica) populations
Black soldier fly larvae have been observed to inhibit the establishment of house fly
(Musca domestica) populations in both the lab and field. This mechanism can serve as
an additional benefit of the use of BSFL in agricultural settings where house fly
populations are typically large and considered a nuisance.
Bradley and Sheppard (1984) carried out a series of experiments in which labgrown and wild house flies were placed in a cage with three containers of food. In
addition to the food, the cups contained one of three BSFL density treatments (0, 10, or
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100 larvae per cup). This experiment was carried out in three trials, in which the larvae
were placed in the food source 30 min, 2.5 hr, or 24 hr prior to their exposure to the
ovipositing (egg-laying) female house flies. Researchers found that in the 24hr trial, both
the lab flies and wild flies were completely inhibited from laying eggs in the treatment
with 100 BSFL. In addition, the wild house flies laid significantly fewer eggs in
comparison to the lab grown flies across all time trials and density treatments. Overall,
there was no statistically significant difference in the number of eggs laid across the
time treatments, although it was generally observed that with longer conditioning of food
by the BSFL, the number of eggs decreased slightly. These results suggested that the
density of larvae in a food source was the major factor in determining whether or not
house fly populations could be controlled by BSFL.
Furman, Young, and Catts (1959) performed a similar experiment to test the
control of house flies by BSFL in terms of their impact on the survival of house fly eggs.
Two cultures with food, one without any BSFL and one with the addition of 500 BSFL,
were placed side by side in a cage containing ovipositing females. After approximately
three weeks, 1000 house fly adults emerged from the culture without larvae, while no
house flies were obtained from the culture containing the BSFL. This result is consistent
with those obtained by Bradley and Sheppard in that the existence of a high density of
BSFL inhibits the laying of eggs by house fly females.
In addition to this experiment, four samples of food were implanted with a known
number of viable house fly eggs, to which 0, 200, 400, or 600 BSFL were added. These
samples were incubated for 19 days, after which the number of house fly adults was
counted in order to determine the overall survival rate of the flies in that sample. The
rate of survival for the control culture (the sample containing no BSFL) was over 70%,
whereas the survival rates for the other samples did not exceed 7%.
Furman and colleagues also conducted a field experiment at a poultry farm in the
San Joaquin Valley of California. Half a wheelbarrow of manure “heavily infested” with
BSFL was added to several experimental plots with house flies and containing either
moistened or dry poultry droppings. The plots were observed for three weeks to
determine the effect of the introduced BSFL on house fly breeding in the droppings.
Researchers found that BSFL effectively controlled house fly populations within two
weeks after being introduced regardless of whether the droppings were moistened or
dry. The team noted, however, that BSFL controlled the house fly population better
when the substrate was moist.
The exact mechanism by which BSFL inhibit both the oviposition and egg
survival of the house fly, M. domestica, is not known; however there are some proposed
theories in the literature that have not yet been rigorously tested. Bradley and Sheppard
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suggest that there is some type of interspecific competition between the two species for
food, space, or some other necessary requirement for which the BSFL is more fit. In
addition, it is possible that the BSFL are releasing some inhibitory chemical into the food
substrate that either prevents oviposition by house flies or is lethal to house fly eggs.
This theory has some preliminary evidence to back it up since wild house fly populations
were inhibited when exposed to both low and high number of BSFL, whereas lab-grown
flies were heavily affected by low numbers. Furnam, Young, and Catts found
observational evidence against predation of house fly larvae by BSFL. They note that
although BSFL did feed on dead house fly eggs and larvae, they did not consume live
individuals.
Although the pathway through which house fly populations are controlled by
BSFL is not known nor thoroughly tested, the result of this unknown mechanism is still
relevant when considering their use in permaculture or waste management operations.
A reduction of house flies, which many people and animals would consider a nuisance,
is an additional benefit of their use when attempting to reduce the nutrient concentration
and overall mass of animal waste product
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Appendix B: BSFL Breeding Experiment
Experimental Design and Setup
The experimental trial varied the BSFL food type and related these differences to the
growth and reproduction of black soldier flies. Three experimental terrariums were set
up with a small bin outfitted with a ramp of about 35 degrees and containing one type of
food treatment and roughly 80 – 90 BSFL. Three different types of food sources were
used through the experimental period of four weeks. The first treatment received
vegetable and fruit scraps, the second treatment received coffee grounds, and the third
treatment received coffee grounds, vegetables, and fruit scraps. We attempted to keep
the humidity level constant in all three terrariums by using wet sponges, covering the
top with wetted paper towels, and adding water each day to the food source in each
tank with a misting bottle. Humidity was measured with a Relative Humidity Sensor
certified from Western Instrument Co. Temperature was recorded continuously for all
three tanks and measured using a HOBO Pendant Temperature Data Logger.
The amount of food added to each tank was measured by weight over the course
of the experimental period, but after realizing that we could not account for the mass of
water in the food prior to being added we were unable to draw any meaningful
conclusions. Daily observation of each setup also resulted in data about the BSFL
movement patterns and appearance in each different food type.

Data and Results:
During the experimental study, the BSFL feeding on vegetable and fruit scraps were
found to be the least active of the three. On some days, the observations of the grubs
were listed as “hiding under the fruits and vegetables” and noted to not be moving. By
the end of the observational study, many of the grubs seemed to disappear as the food
dried up and did not give them anything in which to burrow. When the grubs were taken
out to be placed in the cow manure at PMEI, we found that these missing grubs
burrowed under the duct tape, which was holding the ramp structure to the container.
The grubs appeared to be fairly large under the tape, and some were dark. In general,
these grubs seemed to be the least satisfied with their setting based off of their
appearance, lack of movement, and presence within the food source.
The average temperature within this first terrarium (containing vegetables and
fruit) was around 72.2 oF with a wide range. Although the food scraps tended to dry out,
this terrarium had the highest recorded humidity out of the three. The humidity inside
the terrarium was around 47%, which is not too far from their optimal humidity. Yet, the
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standard deviation of the percent humidity was 20. The results of the temperature and
humidity for this terrarium are listed in Table 1 below.

Table 1. Vegetable/Fruit Scraps

Temperature Inside
the Terrarium (oF)
Humidity Inside
Terrarium (%)

Mean

Range (min-max)

Standard Deviation

72.2

57.6-108.3

9.6

47

15-70

20.2

Figure 14: Vegetable/Fruit Terrarium Temperature Range

In the second terrarium, in which BSFL were given only coffee grounds, the
BSFL appeared more active than with the other food types. Based on the observations,
we concluded that their high level of activity was attributed to their consumption of
strictly caffeine. The BSFL responded well to the medium of the coffee grounds as it
allowed them to burrow well within the medium. The observations regarding the
consistency of the coffee grounds did show that this food source dried up the most and
needed to consistently be wetted to maintain some moisture for the BSFL to live.
According to the observations recorded in the grub journal, the BSFL in the coffee
remained fairly small in size compared to the other two tanks, and they remained a
lighter color. Despite their high levels of activity, the BSFL were the least developed
among the various food treatments.
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The temperature within the terrarium remained similar to the other two tanks, at
around 72oF. However, the humidity was the lowest out of the three terrariums at about
45 percent and showed to have the lowest minimum humidity around 14 percent. The
rest of these quantitative environmental results are displayed in Table 2 below.

Table 2. Coffee Grounds
Mean

Range (min-max)

Standard Deviation

Temperature Inside
the Terrarium (oF)

71.7

57.4-103.3

8.8

Humidity Inside
Terrarium (%)

44.9

14-68

18.6

Figure 15: Coffee Terrarium Temperature Range

The third terrarium with the mixture of coffee and fruit/vegetable scraps seemed
to provide the best conditions for the BSFL to live and feed in. The coffee grounds
allowed for adequate burrowing conditions for the BSFL while the fruit and vegetable
scraps supplied the nutrition content to sustain them and allow them to grow bigger
towards the goal of reaching the pupal stage. The grubs in this terrarium were the
largest and darkest out of all the other terrariums. They were not quite as active as the
BSFL in the coffee grounds but seemed to adapt the best in these conditions. Their
activity and appearance also remained fairly consistent throughout and appeared to
respond well when the food scraps were added about every week or so.
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The mean temperature for the terrarium remained around the same as all of the
others; however it still was rather variable. The max was 100 oF, which was the lowest
out of the three, which may have helped their longevity. The humidity of the tank
remained around 45 percent, which is a little lower than ideal. The empirical results of
the third terrarium are listed in table 3 below.

Table 3. Mix of Coffee & Fruit/Vegetable Scraps
Mean

Range (min-max)

Standard Deviation

Temperature Inside
the Terrarium (oF)

73.0

57.3-100.9

9.9

Humidity Inside
Terrarium (%)

44.6

14-70

17.6

Figure 16: Vegetable, Fruit, and Coffee Terrarium Temperature Range
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Conclusions and Implications
Based off of the findings from the three food treatments in the terrariums, it appears that,
of our tested food sources, the mixture of fruit/vegetable scraps with coffee grounds
provides the best food source for the BSFL. The coffee grounds allow for optimal
burrowing while the fruit and vegetables give the needed nutritional content in order to
promote their growth. This study had some limitations, as the temperature within all the
terrariums varied greatly and was difficult to control. The humidity remained consistently
high enough by the end of the trial, but required manual manipulation in the form of
regular wetting of the paper towels on top of the container as well as the food sources
so the BSFL would not dry out. Unfortunately, the wetted paper towels dried rather
quickly, which made it even harder to control humidity.
If this experiment was conducted again, we would advise not to conduct it within
a greenhouse and instead try an alternate light source to simulate natural light. We
believe that it’s important to keep the BSFL in conditions with constant temperature
within their optimum range. Overall, the BSFL pupated less readily than previously
expected; getting them to transform into flies seemed to be quite a challenge and not
quite feasible with the time range and setting where the BSFL were kept.
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