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Summary:

Measurement of insect emergence patterns requires precision. Existing systems are only semi-
automated and sample size is limited. We addressed these issues by designing a system using
microcontrollers to precisely measure the time of emergence of large numbers of emerging
insects.

Abstract:

Existing systems to measure insect emergence patterns have limitations; they are only partially
automated and are limited in the maximum number of emerging insects they can detect. In order
to obtain precise measurement of insect emergence, it is necessary for systems to be semi-
automated and able to measure large numbers of emerging insects. We addressed these issues
by designing and building a system that is automated and can measure emergence of up to 1200
insects. We modified the existing “falling-ball” system using Arduino microcontrollers to
automate data collection and expand the sample size through multiple data channels. Multiple
data channels enable the user to not only increase their sample size, but also allows for multiple
treatments to be run simultaneously in a single experiment. Furthermore, we created an R script
to automatically visualize the data as a bubble plot, while also calculating the median day and
time of emergence. The current system was designed using 3D printing so the user can modify
the system to be adjusted for different species of insects. The goal of this protocol is to investigate
important questions in chronobiology and stress physiology, using this precise and automated
system to measure insect emergence patterns.
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Introduction:

Precisely measuring the timing of terrestrial insect emergence in experimental settings is
notoriously difficult and requires some degree of automation. Several mechanisms have been
designed in the past, incorporating either a “falling-ball” principle, using falling balls and sensors,
or a “bang-box” using a funnel-type system®?3, There are two limitations with existing designs:
1) data collection is only partially automated, and 2) sample size or the number of emergent
insects that can be detected is limited. These problems decrease the precision of data collection,
which is important to studying timing of eclosion and/or emergence patterns. We addressed
these problems by designing a system that is automated and not limited by sample size, enabling
the user to better visualize emergence rhythms in response to environmental cues.

Our system is an improvement to the falling-ball principle, the most recent version of which used
infrared sensors to detect insect emergence in six-minute increments?. Our system still uses
infrared sensors, but also incorporates an Arduino microcontroller to record the date and time
of each emergence event to the nearest second. Data is automatically stored to a secure digital
(SD) card, which can be exported as a comma-delimited file for analysis. The analysis is
automated by using a custom R script, which will graph the data as a bubble plot and identify the
median time and day of emergence.

Multiple channels enable the user more flexibility in data acquisition. For example, our multiple
channel design not only minimizes the impact of a “clogged” sensor, but also can be used to
increase sample size. Furthermore, multiple channels allow the user to designate treatments to
specific channels so they can run simultaneously in an experiment. Using all six channels allows
for approximately 1200 emerging bees to be recorded in a single experiment. To our knowledge,
this is the largest sample size of any current system measuring insect emergence and has allowed
us to observe fine-scale emergence patterns in response to environmental cues. Finally, our
system benefits from the fact that the majority of the parts are 3D printed. This creates precisely
sized components, which reduces the likelihood of errors occurring (such as detector clogging)
during operations. It also allows for customization for other research systems.

The goal of this protocol is to custom build a precise and automated system to measure insect
emergence, to investigate questions in chronobiology and stress physiology. This system has
been, and will continue to be, critical in investigating unanswered questions related to insect
emergence patterns in response to environmental cues. Here we describe its assembly and use
for emergence detection of the alfalfa leaf-cutting bee, Megachile rotundata in lab-based
experimental settings. The system is automated using a programmable microcontroller and
customizable using 3D printed parts. Printed racks hold in place tubes containing bee nest cells
following a metal BB. Upon emergence, the metal BB is freed from the rack, passing through an
infrared sensor recording the date and time of emergence to an SD card. The current design is
optimized for M. rotundata, but with minor adjustments could be adapted for other species of
insects.

Protocol:
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1. System Construction

1.1. Using PLA filament, print the following number of parts for each channel being constructed:
1 collector manifold (collector_manifold.stl), 1 end cap (end_cap.stl), 6 platform supports
(platform_support.stl), 4 tube rack base plates (base_plate.stl), and 4 tube rack face plates
(face_plate.stl). Make sure printer bed is large enough to print an item before printing. All *.stl
files are available in Supplemental data.

1.2. With 3 platform supports and a 33 x 30 cm piece of corrugated plastic, use hot glue to
assemble 2 tube rack platforms per channel being constructed, as shown in Figure 2. The
corrugated plastic can be scored on one side at each corner to allow for bending.

1.3. Install electronics into the collector manifold.

1.3.1. Solder a 120 Q resistor to the anode (longer leg) of both the infrared emitter and the
infrared detector, and a ~5 cm length of 22 GA wire to both cathodes. Use different colors of
wires to avoid confusion in later steps.

1.3.2. Carefully insert the detector into one socket of the collector manifold (highlighted in blue
in Figure 3) and the emitter into the second socket (highlighted in red). Both components should
fit snugly.

1.3.3. Feed the detector wires through the cabling channel (highlighted in yellow in Figure 3) and
pull all four wires through the access hole (highlighted in green). Ensure no bare wires are
touching, using hot glue to secure them in place.

1.3.4. Solder all four wires to a RJ45 (Ethernet) jack, using the back row of pins. Both anodes
should be soldered to the left-most pin, the cathode of the emitter to the right-most pin, and the
cathode of the detector to either of the center pins (Figure 4).

1.3.5. Secure the RJ45 jack over the collector manifold access hole (highlighted in green in Figure
3) with hot glue, ensuring no bare wires are touching inside the manifold.

1.4. Construct falling ball collector (1 per channel being constructed) as shown in Figure 5

1.4.1. With one wired collector manifold, one end cap, and a 24 x 30 cm section of corrugated
plastic, use hot glue to connect the base of the unit (red, green, and light grey components of
Figure 5).

1.5. Use an 8 x 27 cm section of corrugated plastic to add a falling ball ramp to the collector (dark
grey component of Figure 5). The end cap and collector manifold designs include ledges to ensure
correct placement. Check for a smooth transition from the ramp to the collector to avoid jams
during use.
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1.6. Construct the central processor for the system (as detailed in Figure 6).

1.6.1. Print a custom printed circuit board for system construction. All files required for PCB
board printing are available in supplemental data.

1.6.2. Solder female headers on the through-holes labeled for the following installations: Arduino
Nano, temp, clock, SD module, and liquid crystal display (LCD) screen (unlabeled 2 x 5 through-
hole area in the upper left corner of the PCB board).

1.6.3. Snap in and solder six RJ45 jacks along the lower edge of the PCB board.

1.6.4. Solder six 470k ohm pulldown resistors into the through-hole sites located just above the
RJ45 jacks.

1.6.5. Install the Arduino Nano, DHT-temperature and humidity sensor, clock, and SD module
onto the PCB board. DHT-temperature and humidity sensor should be tested before use in
experiments to ensure accuracy.

1.6.6. Connect a 10-connector ribbon wire to the LCD screen connector of the PCB board. Solder
the other end of the ribbon wire to the LCD screen so that the screen pins correspond to the
Arduino pins, as noted in Figure 4. Further details on LCD wiring are available at
https://Learn.adafruit.com/character-lcds/wiring-a-character-lcd.

1.7. System programming

1.7.1. Download and install the latest version of the Arduino IDE for the correct operating system
from www.arduino.cc.

1.7.2. On first use, install Arduino libraries for the real time clock (github.com/adafruit/RTClib)
and the temperature/humidity sensor (github.com/adafruit/DHT-sensor-library). Set the clock to
the current local time by using the ds1307 script included with the library.

1.7.3. Upload the system Arduino script, available in supplemental data.

2. System Use

2.1. Assemble the system as shown in Figure 7. For each channel being used, one falling-ball
collector (assembled in step 1.4) should be flanked on either side by a rack platform (assembled
in step 5.1). Use packaging tape to hold together pieces and to create a smooth rounded edge on

the rack platform.

2.2. Configure unused channels to avoid false positive signals. Since the system relies on a low
signal to detect an event (infrared detector not receiving a signal from the infrared emitter),
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unused channels must be configured appropriately to avoid false positive signals. This may be
accomplished by one of two ways.

2.2.1. Deactivate unused channels in the software by commenting out the loops corresponding
to the unused channels. In Arduino IDE, this can be accomplished by adding “/*” prior to the
unneeded loops and “*/” at their end.

2.2.2. Deactivate unused channels through a simple hardware accommodation. Simply solder
together wires #6 and #8 (usually the solid brown and solid green wires of a commercially
available cat 6 cable) and insert into the empty RJ45 jack on the central processor.

2.3. Load and place tube racks immediately prior to running an experiment.

2.3.1. Ensure that all holes contain a 0.5 mL microcentrifuge tube with the cap removed and that
the tubes fit snugly.

2.3.2. Fill each tube with one insect brood cell, pupal case or cocoon, one airsoft pellet, and finally
one metal BB. Make sure the flat edge side (cap) of the brood cell is facing toward the airsoft
pellet and metal BB. Affix the tube rack faceplate, with the rounded edge towards the bottom of
the rack, using % inch nylon screws.

2.3.3. Place tube racks on the rack platform, with the opening facing towards the falling-ball
collector. Racks should be placed at the very edge of the platform so that a metal BB can fall
freely into the collector without bouncing against another portion of the structure (Figure 7).
When placing the rack, start with the opening facing upwards and then gently rotate into place
to ensure metal BBs are not released. The racks are designed so that the tubes will slant slightly
backwards when properly placed, reducing the chance of accidental release of the metal BBs.

2.4. Insert a SD card into the adapter and then start the central processor by plugging a micro-
USB connector into the Arduino, and the other end into any appropriate USB adapter. The LCD
screen will display numbers one through six when ready. Drop a single metal BB into the ball
collector of each channel and watch for the corresponding count to appear on the screen and for
the correct time to display at the bottom of the screen.

2.4.1. If the correct time is not displayed, repeat steps 1.6.3 and 1.6.4 to reset the clock.

2.4.2. If the test metal BB is not recorded, the collector is blocked. Check visually for blockage
and restart the system.

2.4.3. If a channel “counts” up one event every second, this indicates that the channel is not
properly connected. Check all connections and restart the system.

3. Experiment End and Data Analysis
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3.1. After emergence has ended (see Results and Figures 8 and 9 for examples of the time scale),
power down the apparatus by unplugging the Arduino. Racks may be disassembled and cleaned
for reuse.

3.2. During the experiment, data is stored on the SD card in a comma-delimited file (CSV)
accessible by the R programming language. Use the SD card to transfer data to the computer,
and RStudio to auto-generate bubble plots of the data.

3.2.1. Both event and temperature data are saved in the same file for data integrity. Hence, some
processing must be completed prior to analysis. Import the comma delimited file into a
spreadsheet program. Columns | and J are the date and time of emergence for bees; make them
columns A and B by cutting and pasting columns A-E into a second spreadsheet, and save as a
separate file, this is the temperature data.

3.2.2. Title column A with, “Date” and column B “Time,” and sort the data by column A then by
B. Save as a CSV. file.

3.2.3. Download and install the latest version of the RStudio from https://www.r-project.org/.
Help with using RStudio for uploading and analyzing data can be found here at https://cran.r-
project.org/doc/manuals/r-release/R-intro.html.

3.2.4. Using the R script available in the supplemental data, upload the data into RStudio. Change
the working destination in the R script to match where the excel *.CSV file is located. Run the
script and select the data file to analyze. Type “plot” into the R console. The bubble plot will be
located in the working destination named “High-res;” rename this file to save as a high-resolution
tiff (300 dpi) file.

Representative Results:

Emergence of M. rotundata is asynchronous without exposure to an environmental cue, with
emergence occurring uniformly throughout the day*. However, when exposed to a square-wave
thermoperiod (4° C thermoperiod), emergence becomes synchronous to the thermophase*>.
This result is similar to other studies where insects have been found to use thermoperiod cues to
regulate emergence, including the flesh fly Sarcophaga crassipalpis®, the onion fly Delia atiqua’
and the boll weevil Anthonomus grandis grandis®. One study has shown that stress during
development affects the synchrony of adult emergence in S. crassipaplpis®. Here, we present
results from M. rotundata that were exposed to a stress during development, to test the
hypothesis that this treatment causes the desynchronization of adult emergence.

Successful run

The user should watch the LCD screen before opening the incubator to make sure insects are no
longer emerging. Once the experiment is completed, the SD card is removed and the data can be
exported into RStudio as a comma-delimited file to be visualized as a bubble plot, as described
earlier. Figure 8 displays bee emergence under a 4° C thermoperiod after exposure to a cold
stress during development. The red crosshairs indicate the median time and day of emergence
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and the file name is the title. This R script should be used to visualize the data, but should not
serve as the sole analysis. To analyze emergence response to an environmental cue, the data can
be analyzed for rhythmicity (see Analysis).

Complication

When a sensor is clogged with metal BBs, the lack of a signal is repeatedly counted, giving rise to
multiple false data points. Figure 9 demonstrates the same dataset presented in Figure 8, but
with one of the six channels clogged with BBs, therefore creating the large bubble on the graph.
In the event of a clogged sensor, data from this channel can be easily removed from the analysis.
Incorporating multiple channels in an experiment is beneficial in minimizing the impact of a
clogged sensor.

Analysis

Analyzing data for presence of synchronization can be done by calculating “parameter R,” a scalar
statistic that identifies if emergence is rhythmic or arrhythmic'®'%12, This is done by calculating
the highest number of emerging adults in an 8-hour window, dividing this number by the number
of adults emerging outside the 8-hour window, then multiplying by 100. All individuals that
emerged should be pooled to calculate the number of emerging adults for each hour of the day.
The theoretical range of parameter R is from 0 (all emergence occurs within the gate) to 200
(emergence is distributed uniformly throughout the day)*°. R values < 60 are considered rhythmic
emergence, 60 < R < 90 are weakly rhythmic, and R > 90 are arrhythmic. R values > 150 indicate
uniform distribution of emergence®. Figure 8 shows that emergence is rhythmic with parameter
R = 20.21 < 60. Due to the fact that this type of data is distributed around a repeating 24-hour
clock, circular statistics must be employed for a more robust analysis (described in detail in
Bennett et al., 2018°). This can be accomplished via circular statistics packages available for
RStudio (Package ‘circular’- CRAN.R-project.org).

Figure Legends:

Figure 1: Additive manufactured components. Using PLA filament, 3D print the required parts
for the system. For each channel being constructed, parts needed are 1 collector manifold
(green), 1 end cap (red), 6 platform supports (orange), 4 tube rack base plates (purple), and 4
tube rack face plates (yellow).

Figure 2: Tube rack platform assembly. Use hot glue to assemble two tube rack platforms per
channel being constructed. Use three platform supports (shown in orange) with a section of
corrugated plastic (shown in grey).

Figure 3: Collector manifold x-ray. Insert one infrared detector into one socket of the collector
(shown in blue) and the emitter into the second socket (shown in red). Feed the detector wires
through the cabling channel (shown in yellow) and pull all four wires through the access hole
(highlighted in green). Ensure no bare wires are touching, using hot glue to secure them in place.
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Figure 4: Connector wiring. Wiring diagram for the RJ45 jack prior to affixing to the collector
manifold, as seen from the bottom of the jack and wiring table for connecting the LCD screen to
the central processor.

Figure 5: Ball collector assembly. Using one end cap (shown in red), one collector manifold
(shown in green) and a 24 x 30 cm piece of corrugated plastic (shown in light grey) assemble the
shell of the ball collector assembly. Use an 8 x 27 cm piece of corrugated plastic (shown in dark
grey) to add a ramp.

Figure 6: Central Processor PCB board. The PCB board for the central processor consists of a
bottom layer (depicted in green), a top layer (depicted in red), and a silkscreen layer (depicted in
blue). Solder female headers to all pass-through holes, except for those for the RJ45 jacks (along
the bottom) and for the pull-down resistors (directly above the RJ45 pads).

Figure 7: Final assembly. When in use, the apparatus should be assembled with a tube rack
platform on either side of each ball collector being used. Tube racks with attached faceplates
should be positioned so that they are at the very edge of the Tube Rack Platform, reducing the
possibility of falling BBs bouncing off of the apparatus. The footprint of the assembled apparatus
is approximately 25 cm x 35 cm, with a height of 20 cm.

Figure 8: Graph of a typical experimental run after processing in R.

Figure 9: Graph of an experiment that suffered from a clogged detector, as shown by the
relatively large bubble on day 4. The clogged channel can be removed from the analysis, thereby
preserving the remaining data points.

Discussion:

We present a protocol for the assembly and use of a system that allows for precise measurement
of the timing of insect emergence. This system solves two problems, which limited previous
designs: partial automation and limited sample size. We solved these problems by automating
data collection using microcontrollers, which also enabled us to increase sample size by using
multiple channels. The current design has six channels that can hold a total of 1200 bees.
Additional channels can be added or subtracted if needed, allowing not only for increased sample
size, but also for simultaneously investigating the effects of multiple treatments. Critical steps,
modifications, limitations and future applications are discussed below.

The only part of the system that is not automated is loading the racks with brood cells, metal BBs,
and airsoft pellets at the beginning of the experiment. Although the racks are designed so they
lean back slightly to prevent metal BBs from falling when the racks are standing upright, care
must be taken when placing the racks to prevent the accidental release of metal BBs. Also, make
sure the racks are flush with the edge of the shelf, so the falling trajectory of the metal BB aligns
with the runway. Finally, leaf debris should be wiped clear from the runway, and the
undercarriage holding the metal BBs from previous experiments should be cleared to prevent
blocking of the sensor. Data is automatically recorded to an SD card as a CSV file, and the script
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is written so that the Arduino will not run unless an SD card is present. The data file is manually
imported into RStudio and visualized using the previously mentioned R script. This script will
automatically graph the data as a bubble plot and identify the median time and day of
emergence. The Arduino script is written to append event data to the end of the file, which
prevents data loss in the event of a power failure. However, this also means that once data is
extracted from the SD card, all files should be cleared prior to the next experiment.

Modifications to the SketchUp files can be made to adjust the size of the racks for insects of
different sizes, with different sized tubes being used in the modified racks. Furthermore, the size
of the airsoft pellet is important because it prevents the insect from leaving the tube, and pellets
of different sizes may be needed as well. A wide variety of alterations can be made to the R script
to change the appearance of the bubble plots, and other graphic parameters.

We reduced the risk of false positives by writing a debounce code that disables any given channel
for one second after a metal BB is detected thereby preventing a single metal BB from being
counted as multiple data points. Although, this creates the possibility of a data point being missed
if many bees emerge at once, but the fact that the channels are independent reduces this risk.
Another limitation of the current system is that individual data points are not discernable, i.e., a
falling metal BB cannot be traced back to a specific individual. Furthermore, the current system
measures emergence but not eclosion rhythms in M. rotundata, but would measure eclosion
rhythms in species where emergence and eclosion are synonymous. Finally, the current design is
not weatherproof, limiting its use to controlled environments.

Future applications include examining the effects of other abiotic and biotic environmental cues
for timing emergence of M. rotundata. Furthermore, because insects occupy diverse
environments, relevant environmental cues vary between species. Thus, incorporation of more
insect species is important to investigating how circadian systems evolved across taxa. Little is
known about how developmental conditions affect the timing of adult emergence; therefore, our
system can be used to decipher the effects of treatments on emergence. Furthermore,
combinations of environmental cues can affect insect responses, thus future experiments should
incorporate multiple environmental cues to understand their relative effects on emergence.
Lastly, deployment in the field to observe how natural settings mediate emergence rhythms is of
interest. The ease of use of this system, and its unique combination of additive manufacturing,
open-source programming, and observable biological traits, make it a candidate for use in an
educational setting.
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Table of Materials

Name of Material/ Equipment
PLA printer filament
0.5 mL microcentrifuge tubes
4.5 mm size "bb" metal pellets
6.0 mm plastic "softair" pellets
Plastic corregated sheet
Infrared emmiter/detector pair
120 ohm resisitors
22 GA hookup wire
RJ45 jacks
Custom PCB board
Arduino Nano v 3.0
SD card module
Real Time Clock module
Temperature/humidity sensor
470k ohm resistors
Female headers
Male headers
Ribbon wire
LCD screen
Catb cable
SD card

Click here to download Table of Materials Table_of

Materials_073018.xlsx

Company

www.lulzbot.com

www.daigger.com

www.amazon.com

www.amazon.com

www.lowes.com

www.amazon.com

www.amazon.com

www.adafruit.com

www.sparkfun.com

www.pcbexpress.com

www.roboshop.com

www.amazon.com

www.adafruit.com

www.tinyosshop.com

www.amazon.com

www.adafruit.com

www.adafruit.com

www.amazon.com

www.adafruit.com

www.amazon.com

www.amazon.com

Catalog Number
various
EF4254C
BO0419C1IA
BOO3QNELYE
345710
BOOXPSIT30
BO01MSZK8DV
1311
PRT-00643
n/a
RB-Gra-01
DFR0O071
264
GA4F4494F29EDO5
BOOEV2R39Y
598
392
B00X779640
198
BOON2VISLW
BOOESW1URM
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Comments/Description
Catalog number varies by color

Daisy 4.5 mm metal size bb pellets
Crosman 6 mm airsoft pellets
Corrugated plastic sheet

5 mm diameter, 940 nm wavelength
120 ohm, 1/4 watt

Can be printed from files included in the supplimental data

DFRobot SD card module
DS1307 real time clock breakout board
DHT11 temperature/humidity sensor on breakout board

Break off to desired length
Break off to desired length
10 wire ribbon wire with connectors
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ARTICLE AND VIDEO LICENSE AGREEMENT

A precise and autonomous system for the detection of insect emergence patterns

Meghan M. Bennett, Joseph P. Rinehart, George D. Yocum, and lan Yocum

Author(s):

ltem 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author) via:

Item 2 (check one box):

Standard Access | X | Open Access

The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MylJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:
Meghan M. Bennettl

Name:

School of Life Sciences
Department:
Institution: Arizona State University
Article Title:
Signature: \ \

A precise and autonomous system for the detection of insect emergence patterns

4-23-18

Date:

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe documentto +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Cover Letter

Click here to download Rebuttal Letter JOVE cover
letter_resubmission.docx

To whom it may concern,

Please accept our reviewed manuscript entitled “A precise and autonomous system for the detection of
insect emergence patterns” for resubmission for publishing through the Journal of Visualized
Experiments. The manuscript describes the construction and operation of a unique 3D printed,
microcontroller-based system for the monitoring insect emergence patterns.

We independently addressed all four anonymous reviewers comments in a separate document and the
changes are reflected in the manuscript. We were grateful for such helpful reviews and believe it
improved the quality of the manuscript. Furthermore, we took additional care in proofreading and
editing the manuscript.

Sincerely,

Dr. Meghan Bennett
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Response to reviewers Click here to download Rebuttal Letter

JOVE_responsetoreviewers.docx

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the
submitted revision may be present in the published version.

2. Figures 8 and 9: Please capitalize the first word in the labels on the x and y axis (i.e., Day, Time).
MMB: The x and y axis titles were capitalized.

3. Please rephrase the Long Abstract to more clearly state the goal of the protocol.

MMB: The long abstract was reworded to clearly state the goal of the protocol.

4. Please rephrase the Introduction to include a clear statement of the overall goal of this method.
MMB: The introduction was reworded to clearly state the goal of the protocol.

5. Please define all abbreviations before use.

MMB: All abbreviations were defined throughout the text.

6. Please include a space between all numbers and their corresponding units: 33 cm, 120 Q, 15 mL,
37 °C, 60 s; etc.

MMB: A space was included between numbers and units throughout manuscript.

7. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our"
etc.).

MMB: We removed any personal pronouns from the protocol text.

8.1.7.2,2.2,2.2.1, 2.2.2: Please write the text in the imperative tense.

MMB: Text was written in an imperative tense at specified locations.

9. References: Please do not abbreviate journal titles. Please include volume and issue numbers for all
references.

MMB: We corrected these mistakes in the references.

10. Please upload supplemental data that are mentioned in the manuscript. Please note that files
uploaded to the “Supplemental Files (as requested by JoVE)” section of your Editorial Manager
account are only for JoVE’s internal use and will NOT be published with your article. If you would like
your files to be available for download with your article, then please move them to the “Supplemental
Code Files” section of your Editorial Manager account.

MMB: We will ensure that this issue is rectified in the final uploaded version.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The authors have developed an innovative system to measure insect emergence patterns in
experimental settings. | would suggest revising the manuscript to provide additional context about the
system. For example, | work with emergent aquatic insects and the purpose/potential uses of this
system were not clear to me until | read most of the manuscript. In addition, the authors should provide
more details about the setup and methods to help users new to this type of experimental system (like
students) get started. | have provided several specific suggestions below. Good work.

Major Concerns:

Long abstract

1. 1st sentence, consider revising to "... they are limited in the maximum number of emerging insects
they can detect."

MMB: This change was made to the first sentence.

Short Abstract

1. "multiple data points" is vague. Please define "data points." | think this is number of emerging
insects.

MMB: This part of the sentence was removed to improve clarity.

Introduction

1. 1st sentence, explain what type of insect emergence is meant. i.e. terrestrial insects in experimental
settings, this set up is not for aquatic insects or for use in field (i.e. non experimental) settings.

MMB: This sentence was reworded to be more specific.

2. explain the "falling-ball" principle at first mention. This design is based on falling ball so a brief
explanation will help new users.

MMB: A brief description was added here.

3. define what is meant by "sample sizes" (i.e. number of emergent insects detected).
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MMB: This was more clearly defined here.

4. What does "In our hands" mean? Couldn't anyone achieve similar results? I'd suggesting removing
this statement or clarifying.

MMB: The words were removed here.

Protocol

1. Before the protocol section please provide a brief overview of the system and how it works. Without
this it's not really clear how the systems works until one reads all the way through the protocol.

MMB: A brief overview of the system and how it works was added before the protocol section.

2. System use 2.3.2 and 2.3.3, "metal pellet" "metal ball" and "BB" are all used to describe the same
thing. Please be consistent.

MMB: This inconsistency was corrected by using “metal BB” throughout the manuscript.
Representative results

1. Prior to explaining the results please provide a description of how the experiment was set
up/methods. i.e. pupae were loaded into centrifuge tubes, next a plastic BB and metal BB were added
to each tube, etc. Again, | think this will be beneficial to people new to the system (like a graduate
student using this article/video to set up their experiment).

MMB: A further description of this process was added to section 2.3.2 of the protocol.

Figures

1. Please add labels to figures so that components can be identified without color (e.g. figure 1).
MMB: This change has been made to the figure.

2. Some actual images of system components with wiring, centrifuge tubes, etc along with renderings
would be helpful. (e.g. figure 3)

MMB: In response to this statement and that of reviewer #4, we have changed the final figure to a
photograph of the setup. We found wiring to be difficult to convey in a photograph, and are therefore
reluctant to replace Figure 6 with a photograph. Additionally, we think that these issues will be
addressed in the final video.

Minor Concerns:

Long abstract

1. 4th to last sentence. Replace "ran" with "run".

MMB: This mistake was corrected.

Limitations

1. two typos in this paragraph: "beingmissed" and "emergeat once"
MMB: These mistakes were corrected.

Figures

3. Figure 9 legend replace "overly" with "relatively"”

MMB: This replacement was made.

Reviewer #2:

Manuscript Summary:

Bennett et al. have created an autonomous system to collect data on insect emergence. This system
includes both a design that can be 3D printed and constructed from purchases pieces and R code to
assist with the analysis of data from this emergence trap. The system is specifically designed to
measure the of emergence of a leaf cutter bee.

Major Concerns:

It should be made clearer early in the manuscript both what types of insects this trap is optimized for
and that it is for lab-based assays. As those that study insect emergence in the field (e.g. in aquatic
environments) or in taxa that have a different life history (e.g. Drosophila) would be unlikely to use this
trap.

MMB: This point was made clearer earlier in the manuscript, at the end of the introduction.

Minor Concerns:

Abstract:

Unclear what 'pretreatment’ means in this context (and in the introduction).

MMB: We changed this to treatment to avoid confusion.

Should be clear in introduction that this apparatus is primarily for lab-based work on insect emergence-
with a focus on Megachile rotundata.

MMB: A sentence was added to specify these points, at the end of the introduction.



Introduction:

Better to use 'exogenous factors' or 'environmental factors' than Zeitgebers to reduce sub-field specific
jargon- or at least define with first use.

MMB: Zeitgeber was removed and replaced with environmental cues throughout the manuscript.
Protocol:

It would be useful to more thoroughly discuss how larval insects are arranged inside the apparatus so
potential users working on different taxa can envision whether this design would be useful for them.
What size range of insects are the sensors likely sensitive to (particularly on the small end of the
spectrum)?

MMB: A further description of this process was added to section 2.3.2 of the protocol.

Reviewer #3:

Manuscript Summary:

This manuscript describes new apparatus for recording the timing of insect eclosion/emergence. By
improving the existing system, the authors succeeded to improve the measurement accuracy, to
expand the sample size, and to be automated further. | think the paper would be useful for those just
starting the research in this field. The subject is suitable for the journal. Usability of this new device is
guaranteed from the results obtained. | would recommend this manuscript to be accepted after minor
revision.

Minor Concerns:

Is it possible to monitor the emergence status during the measurement? If so, the author should better
explain this.

MMB: This point is discussed in the “limations” section.

References 3 'drosophila’ should be 'Drosophila’

MMB: Drosophila was capitalized here.

References 4 '.... Emergence in the Alfalfa Leafcutting Bee' should be '.... emergence in the alfalfa
leafcutting bee'

MMB: The case was fixed here in this reference.

Reviewer #4:

Manuscript Summary:

The paper describes a neat, efficient system for remotely measuring insect emergence. The
instructions are easy to follow, and should be repeatable by anyone with basic technical knowledge of
circuitry, or enthusiasm to learn the basic skills required.

Major Concerns:

1. In Section 1.1 and Figure 1 - The number of parts for each component don't match in the text and
figure.

MMB: This change has been made to the figure.

2. | couldn't see any supplementary files, and | would have liked to look them over. For e.g., | couldn't
assess whether the supplementary .stl files are well-named for easy reference, nor whether the R
script is well annotated for easy use.

MMB: We will ensure that this issue is rectified in the final uploaded version.

3. The only mention of an incubator is in the results section under "Successful run". You may want to
mention earlier in the text that the system can be placed in an incubator, and perhaps give some
guidelines of the temperature range in which this setup would function.

MMB: The mention of an incubator was added in the description of the system before the protocol.

4. Provide the raw data files used in Figure 8 and 9 as supplementary materials. This way users
building their own setups could check the downstream processing pipeline.

MMB: Raw data files will be provided in supplementary materials.

5. I would like to see a photo(s) of the completed setup included.

The final figure has been replaced by a photo of the assembled setup.

6. Adding dimension information to some of the figures would be helpful for readers to easily see how
much bench/desk/incubator space it takes up. Some overall dimensions (length, breadth, height) in the
text would also be worthwhile adding.

MMB: The dimensions of the assembled apparatus were added to the Figure 7 legend.



Minor Concerns:

Long abstract

-1st sentence: Strange wording - Replace "that" with "the"

MMB: This sentence was reworded for clarity.

Introduction

-Provide a short description of the "falling-ball" or "bang-box" systems.

MMB: A brief description was added here.

-Suggest you provide the common name for this species.

MMB: The common name was added to the introduction.

-The last two paragraphs of the introduction are a little repetitive. Consider revising the text to
streamline the information.

MMB: The information was streamlined to avoid repetition.

Protocol

-Would any 3D printer be able to print the required components? If there are minimum requirements
these should be specified.

MMB: Added this note to the 1.1 section in system construction section.

-It may be nice to include the actual filenames for printing in the text

MMB: This was added to the protocol section of the manuscript.

-Make sure to define abbreviations (where needed)

MMB: Abbreviations were defined throughout.

-1.7 Does this software work on all operating systems?

MMB: Arduino can be downloaded for both windows and mac operating systems, specification was
added 1.7.1.

-2.1 Does the system just "click” together? OR is adhesive needed?

MMB: It was further specified in 2.1 how to assemble the rack platforms.

-2.2. Make sure it's clear in the manuscript what a channel is

MMB: Channels are discussed throughout the manuscript.

-3 How is temperature recorded and logged? | see there's a sensor in the breakout board listed, but
does it need calibration?

MMB: In section 1.6.5 a note was added to test temperature sensor before use.

-3.2.4 Link to a "How to use R" type document/website for those not familiar with instructions like
‘change the working destination”

MMB: In section 3.2.3 a link for help with R was added.

Results

-Figure 1 - I would find it helpful if the parts were labelled in the actual figure (not just the legend)
MMB: This change has been made to the figure.

-Figure 3 legend - "for" should be "four"?

MMB: This mistake was corrected.

-Figure 4 - A and B labels missing in figure

MMB: This issue has been corrected.

-Figure 8 - I'm not sure why you need the "color" legend to be visible in the plot

MMB: This mistake was corrected.

Discussion

-Limitations section - Numerous spacing issues in the 2nd sentence.

MMB: This sentence was adjusted to be more streamlined.
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