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SUMMARY: 26 
The efficacy of public health pesticides targeting nuisance and disease-vector insects is not 27 
uniform across different ecological zones. Here we present a system of techniques using captive 28 
vector insects as sentinels for pesticide efficacy to derive electronic maps supporting the 29 
standard evaluation of pesticides across multiple environments. 30 
 31 
ABSTRACT: 32 
Efficacy of public health pesticides targeting nuisance and disease-vector insects such as 33 
mosquitoes, sand flies, and filth-breeding flies is not uniform across ecological zones. To best 34 
protect public and veterinary health from these insects, the environmental limitations of 35 
pesticides need to be investigated to inform effective use of the most appropriate pesticide 36 
formulations and techniques. We have developed a research program to evaluate combinations 37 
of pesticides, pesticide application equipment, and application techniques in hot-arid desert, hot-38 
humid tropical, warm and cool temperate, and urban locations to derive pesticide use guidelines 39 
specific to target insect and environment. To these ends we designed a system of protocols to 40 
support efficient, cost-effective, portable, and standardized evaluation of a diverse range of 41 
pesticides and equipment across multiple environments. At the core of these protocols is the use 42 
of an array of small cages with colony-reared sentinel mosquitoes (adults and immatures) and 43 
sand flies (adults), strategically arranged in natural habitats and exposed to pesticide spray. 44 
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Spatial and temporal patterns of pesticide efficacy are derived from percent mortality in sentinel 45 
cages, then mapped and visualized in a geographic information system. Maps of sentinel 46 
mortality data may be statistically compared to evaluate relative efficacy of a pesticide across 47 
multiple environments, or to study multiple pesticides in a single environment. Protocols may be 48 
modified to accommodate a variety of scenarios, including, for example, the vertical orientation 49 
of sentinels in canopy habitats or simultaneous testing of ground and aerial application methods. 50 
 51 
INTRODUCTION: 52 
Efficacy of public health pesticides targeting nuisance and disease-vector insects such as 53 
mosquitoes, sand flies, and filth-breeding flies is not uniform across desert, tropical, temperate, 54 
or urban ecological zones1. Certain key species in these three groups of insects are important 55 
vectors of parasites, viruses, filarial worms, and bacteria that cause significant diseases in 56 
humans, pets, and livestock worldwide. To best protect public and veterinary health, the 57 
environmental limitations of pesticides must be investigated to inform effective use of the most 58 
appropriate pesticide formulations and techniques. Public health pesticide manufacturers are 59 
not required by the U.S. Environmental Protection Agency to specify the expected efficacy of a 60 
formulation across a range of environments or target insects, yet these pesticides are used for 61 
mosquito and vector control across multiple ecological zones in the U.S. and around the world.  62 
 63 
We have developed a research program to evaluate numerous combinations of pesticides and 64 
pesticide application equipment and techniques in hot-arid desert, hot-humid tropical, warm and 65 
cool temperate, and urban locations, in order to derive pesticide use guidelines specific to the 66 
target insect and environment1. In this program, we evaluate pesticides that target adult stages 67 
of mosquitoes and sand flies (adulticides) and immature stages of mosquitoes (larvicides) using 68 
pesticide application equipment that is hand carried, truck- or aircraft-mounted, and installed in 69 
fixed locations. Then, four major outdoor pesticide application techniques are evaluated: (1) 70 
ultra-low volume (ULV) or thermal fog aerosol space sprays of adulticides designed for rapid 71 
knockdown of target insects, (2) a variant of the first technique in which liquid larvicides are 72 
applied with ULV or thermal fog for short- or long-term suppression of immature stages of target 73 
insects, (3) timed misting sprays from fixed locations designed to repel or kill, and (4) low volume 74 
(LV) cold mist sprays of residual pesticides designed to apply long-lasting toxic or repellent 75 
coatings on a variety of natural or artificial substrates. Presented here are the detailed methods 76 
for conducting techniques (1) and (2) mentioned above. Methods for (3) will be presented in 77 
separate studies, and techniques in (4) are described in brief in earlier publications2-4. 78 
 79 
To accomplish this complex research program, we designed a system of protocols to support 80 
efficient, cost-effective, portable, and repeatable/standardized evaluation of aerosol adulticide 81 
and larvicide techniques with diverse pesticides/equipment combinations across multiple 82 
environments. At the core of these protocols is the use of colony-reared sentinel mosquitoes 83 
(adults and immatures) and sand flies (adults) to indicate spatial and temporal patterns of 84 
pesticide efficacy. In the case of adulticide applications, sentinel adult mosquitoes or sand flies 85 
are contained in small single-use disposable cages distributed in structured arrays through the 86 
target area and an untreated control area. For larvicide applications, small single-use disposable 87 
cups are similarly distributed to collect sprayed larvicide droplets for later introduction of water 88 



  

and sentinel colony-reared immature mosquitoes. Next, we record percent mortality in sentinel 89 
cages, or percent adult development in sentinel cups, at set intervals post-spray and use these 90 
data to produce electronic maps of spatial and temporal efficacy in a geographic information 91 
system (GIS) that may be quantitatively compared between and among environments. 92 
 93 
Using sentinel cages of colony reared insects to evaluate pesticide efficacy in the field is a long-94 
established practice5,6, and using empty plastic sentinel cups for collecting sprayed larvicide is 95 
emerging in the literature7. However, our electronic mapping of efficacy to visualize spatial and 96 
temporal patterns of mortality is an innovation that greatly improves investigation of mortality 97 
otherwise presented in flat table formats. Also, the high throughput cage loading system and the 98 
modular cage deployment system adaptable to diverse scenarios described here are unique to 99 
our program. Other research programs approach evaluation of pesticide applications in the field 100 
differently. Current popular methods include capturing and analyzing dye-labeled pesticide 101 
droplets from sprays in the field on spinning glass slides8 or acrylic rods9, which is a long-102 
established process producing data that can be electronically mapped and visualized.  103 
 104 
One drawback is that droplet size and density measurements from collection media are only 105 
estimated from a small proportion of the total collection surface, with software-assisted 106 
microscopy of fields of view that are unfortunately highly subjective. Also, maps of droplet 107 
distribution and density do not fully illustrate pesticide efficacy, because the assumption is that 108 
the presence of a threshold number of droplets of a certain size automatically indicates target 109 
insect mortality. This assumption does not account for mortality from evaporative products from 110 
droplets through the target area that may also induce mortality10, or that a lower number of 111 
droplets or other droplet sizes may kill some proportion of target individuals. The original 112 
rationale10-12 is that an aerosol pesticide is designed to impinge small droplets on actively flying 113 
target insects. However, our observations in the field, including reductions in natural populations 114 
after spraying when target insects are not actively flying, suggest that droplets or evaporative 115 
products from droplets are reaching targets that are not flying but rather hidden in resting refugia 116 
(unpublished data 2011). Also, we have observed in analysis of a field spray application (via 117 
simultaneous droplet capture, pesticide active ingredient capture, and sentinel cages) that maps 118 
of droplet distribution, active ingredient distribution, and mortality are not concordant 119 
(unpublished data 2010).  120 
 121 
Another popular approach to evaluating pesticide efficacy is deploying sentinel cages in a grid 122 
delineated in a flat mowed homogeneous field with no obstructions to the pesticide plume, and 123 
under near ideal meteorological conditions (e.g., consistent winds <10 mph and wind direction 124 
perpendicular to the spray line). Still, others approach this by measuring efficacy with sentinels 125 
placed in wind tunnels14. These approaches provide one perspective on pesticide efficacy, but 126 
are less likely to realize operational efficacy under non-ideal field conditions (heterogeneous 127 
habitats that include obstructions to pesticide flow and variable if not under sub-optimal 128 
meteorological conditions). Seeking evidence in support of absolute efficacy is not realistic. 129 
Operational conditions are rarely ideal, and choosing formulations based on tests in wind tunnels 130 
or direct application in engineered parks may be misleading.  131 
 132 



  

In our research, we use natural field sites and the given meteorological conditions (but not in rain 133 
or extreme winds that are outside the limits of any operational program). This is likely more 134 
informative for operational vector control when observing reasonable efficacy in a pesticide 135 
formulation despite poor environmental conditions, heterogeneous habitat, and obstructions to 136 
pesticide flow. Whenever possible, it is recommended to supplement sentinel insect mortality 137 
data with before- and after-surveillance of natural target insect populations in the treatment and 138 
control areas, as a bridge between controlled exposure and realized exposure to the focal 139 
pesticide. However, surveillance of natural populations is not sufficient to determine whether 140 
pesticide application produces mortality in a target population or whether target insects actually 141 
move from the target area after detecting oncoming pesticide aerosols. 142 
 143 
Regardless of the caveats to any evaluation of pesticide sprays in the field, electronic mapping of 144 
mortality data in a GIS (as opposed to flat presentation of mortality data in tables) retains the 145 
quantitative attributes capable of rigorous comparison across trials and also provides a means 146 
for quick, visual assessment. With data captured in the GIS, researchers can set thresholds for 147 
pesticide efficacy and visualize the relative capability of a focal pesticide across multiple 148 
environments, or they can compare capabilities of multiple pesticides within a single 149 
environment across a variety of application equipment and techniques. 150 
 151 
PROTOCOL: 152 
Note: This protocol is written specifically for field trials targeting adult mosquitoes. Information 153 
on modifications necessary for immature mosquitoes, other adult sentinel insect species, and 154 
unique scenarios is included in the discussion.  155 
 156 
1. Sentinel Insect Rearing and Sentinel Cage Preparations 157 
 158 
1.1. Constructing adult sentinel cages 159 
 160 
1.1.1. Determine the total number of sentinel cages needed for the field trial by including 161 
treatment and control areas and the number of replicates planned, then add 5% to offset losses 162 
due to damage or unusual mortality (see step 2.1). Prepare 5 x 5 in tulle mesh squares (2 per 163 
sentinel cage) using a rolling disk cutter, straight edge, and cutting board with bulk tulle yardage. 164 
Store the tulle mesh squares in batches of 50 in 1 qt resealable plastic bags. 165 
 166 
1.1.2. Prepare the sentinel cages by carefully pushing the flat cardboard disks out of the bottoms 167 
of new ½ pt cardboard ice cream cups to create open-ended 2 x 3 in cylinders. For each cup, 168 
remove the cardboard disks out of 2 lids to create open-ended bezels (1 for each end of the 169 
cylinder). Secure one tulle mesh square to one end of the cylinder by trapping it under the bezel 170 
as the bezel becomes tightly fitted to the cylinder. 171 
 172 
1.1.3. For each sentinel cage, fasten a hook-and-loop cable tie to a rubber band, and secure the 173 
rubber band around the bezel that is in place. Bag the sentinel cages in batches of 50, with a 174 
separate bag containing 50 bezels and a bag of 50 tulle mesh squares. 175 
 176 



  

Note: Tulle mesh size should be the minimum gap size to contain the particular sentinel species 177 
to be placed in the cage. For example, Aedes aegypti mosquitoes will require a smaller mesh size 178 
than Culex quinquefasciatus mosquitoes. 179 
 180 
[Place Figure 1 here]  181 
 182 
1.2. Scheduling and rearing colony insects 183 
 184 
1.2.1. For sentinel insects, select a species that is most appropriate for the environment, season, 185 
and medical threat in the location where the trial will take place. Consider the colony capabilities 186 
and development time to adult for that species; for instance, consider if the colony will be able 187 
to provide the number of specimens needed for the number of sentinel cages required in the 188 
time frame. 189 
 190 
1.2.2. For all rearing, ensure population rearing cages are kept in a controlled environment and 191 
are large enough for the number of adults planned, and that a feeding and cleaning regime is 192 
established and carefully followed to reduce later stress-related mortality that will confound field 193 
efficacy trials. For extensive field trials, plan to rear sequential batches in separate well-labeled 194 
population cages. 195 
 196 
1.2.3. Use only female mosquitoes in sentinel cages, preferably 3-5 d post-eclosion. Mosquito 197 
pupae can be sexed under a dissecting scope or physically separated using a glass pupal separator 198 
to reduce sorting effort with adults at the sentinel cage loading step.  199 
 200 
Note: A colony must be able to supply double the number of mosquitoes planned for use in 201 
sentinel cages, because only females are used for sentinels. Use 10 adult females for each 202 
sentinel cage, as this number is quick to load, quick to count for mortality, and easy to determine 203 
whether any have escaped. It is essential to back-plan from the proposed spray date so that 3- 204 
to 5-day-old adult mosquitoes are available. However, the 3-5 d spread does provide some 205 
margin in case a weather hold prevents spraying. 206 
 207 
1.3. Loading sentinel cages 208 
 209 
1.3.1. Prepare a CO2 chamber by lining the bottom of a new ½ gal plastic food storage container 210 
with cotton balls. Direct one end of a 6-ft length of polyurethane tubing (¼ inch diameter) into 211 
the cotton balls through a tight-fitting hole punched low in one side of the container. Attach a 20 212 
lb CO2 bottle with a regulator to the other end of the tube and place the lid loosely on the 213 
container to allow gas to escape after diffusing through the cotton balls and circulating through 214 
the container. Tape the tube to the table top to prevent the lightweight chamber from being 215 
pulled or knocked to the floor. Set a flow rate appropriate to the species being used (start at ~7 216 
L/min and make adjustments as needed). 217 
 218 
1.3.2. Prepare 10% sucrose solution in a new ½ gal plastic food container and submerge 100 219 
cotton balls so they become fully saturated. Lay out the sentinel cages from step 1.1 in batches 220 



  

of 25 or 50 as space permits, with the tulle mesh squares and loose bezels on hand nearby. 221 
 222 
1.3.3. Remove mosquitoes from the population cage with a mechanical aspirator capable of 223 
channeling mosquitoes directly into removable ventilated collection tubes. No more than 80 224 
mosquitoes should be aspirated into tubes, and no more tubes than can be processed within 10 225 
min should be filled to mitigate stress. Place 2-4 tubes at a time into the CO2 chamber and set a 226 
timer for a 4-min exposure to anaesthetize the mosquitoes for subsequent sexing and transfer 227 
to sentinel cages. 228 
 229 
1.3.4. Once the timer chimes, remove all tubes from CO2 chamber and carefully shake out 230 
anaesthetized mosquitoes from the tubes to scatter them evenly across a clean white 11.5 x 17-231 
in sheet of paper. Set the timer for 4 min, which is the approximate time before mosquitoes will 232 
become active again. Use a pistol aspirator15,16 or soft-touch insect forceps to pick out batches of 233 
10 adult females and immediately place them in the waiting open sentinel cages. Once all females 234 
have been picked out of the anaesthetized batch, use a separate mechanical aspirator to collect 235 
all remaining male mosquitoes. 236 
 237 
1.3.5. As each waiting open sentinel cage receives a batch of 10 adult female mosquitoes, trap a 238 
tulle mesh square with a bezel over the open upper end of the cage cylinder, and push down to 239 
complete the sentinel cage assembly. Once the tulle is in place, pivot the rubber band so that it 240 
lays across both mesh ends of the sentinel cage, with the hook-and-loop cable tie positioned 241 
against the side of the cylinder. Squeeze the majority of 10% sucrose solution out of a cotton ball 242 
so that it is still moist, just before the point of freely dripping, and gently tuck the cotton ball 243 
under the rubber band against the tulle mesh on one side of the sentinel cage, easily accessible 244 
to the mosquitoes. 245 
 246 
1.3.6. Repeat steps 1.3.3-1.3.5 until all the sentinel cages are loaded. 247 
 248 
Note: The cage loading procedure should include a minimum of two personnel: one to conduct 249 
all mosquito handling steps and another to conduct all cage handling steps. 250 

 251 
1.4. Loading sentinel cage coolers 252 
 253 
1.4.1. Prepare a 48-qt insulated picnic cooler for every 45-50 sentinel cages (depending on the 254 
make/size of cooler) by placing a wet 18 x 24-in cotton towel at the bottom covered by a 13-gal 255 
tall kitchen trash bag. The wet towel should be wrung out to the point of saturation but not 256 
dripping. Fold and arrange the 13-gal bag to completely cover the bottom of the cooler and at 257 
least 3 in from the bottom on all sides.  258 
 259 
1.4.2. Load the cooler by carefully placing sentinel cages in stacked layers with the cotton balls 260 
facing up. Depending on the make of the cooler, there should be about 10-12 cages per layer and 261 
4-5 layers. If possible, slightly offset each layer so that a cage does not completely cover the cage 262 
below to promote air flow. Cover the top layer with a second 13-gal trash bag (folded like the 263 
bottom trash bag) and spread a second wet towel on top of this bag. 264 



  

 265 
1.4.3. Use duct tape to fasten a folded piece of cardboard in a front corner of the upper lip of the 266 
cooler, such that the lid is propped open about 3/8 in to promote air exchange and prevent 267 
overheating. In each cooler include a 1-qt resealable plastic bag with 10 spare cotton balls soaked 268 
in 10% sucrose solution, and a separate bag with 5 spare rubber bands and 5 hook-and-loop cable 269 
ties (these components are occasionally lost from sentinel cages during deployment in the field). 270 
Throughout the time in the coolers in the lab and field, top off the sucrose solution in all cotton 271 
balls on cages as needed, using a dropper and 10% sucrose solution stored in a rugged container. 272 
 273 
Note: With this method, typical colony mosquitoes may be loaded into sentinel cages and stored 274 
in coolers 24-28 h before use in field trials.  275 
 276 
1.5. Transporting sentinel cage coolers to the field 277 
 278 
1.5.1. During transport to field site keep sentinel cage coolers in a vehicle with air conditioning 279 
but protected from direct sunlight. At field sites in mild to warm temperate environments, the 280 
coolers can be stacked outdoors to acclimatize or kept in vehicles with air conditioning running; 281 
but in both cases, keep coolers out of direct sunlight. Watch for any ambient conditions outdoors 282 
that could affect sentinels in the coolers (e.g., vehicle exhaust, trash fires, etc.) 283 
 284 
1.5.2. In extreme hot environments, keep coolers in vehicles with air conditioning running out of 285 
direct sunlight, but acclimatize the sentinels gradually to outdoor conditions before deployment 286 
to the treatment area to avoid death from shock. In all environments, consider testing one or 287 
two coolers of sentinel cages to determine how long they can be left out or how quickly they can 288 
be acclimatized to local outdoor conditions. 289 

 290 
2. Preparation of the Field Site  291 
 292 
2.1. Establishing the sentinel grid and control area 293 
 294 
2.1.1. Select a study area that provides sufficient space for dispersal of the planned mode of 295 
pesticide application (aerial, truck, or portable) with a clear path for movement of the spray 296 
device, and clear of human settlement or activity. If possible, include a variety of vegetation 297 
density and general heterogeneity of the habitat to challenge spray penetration.  298 
 299 
2.1.2. Design a grid of locations for sentinel cages that captures variations in distance from the 300 
sprayer, distance along the spray line, vegetation/obstacles to spray penetration, and height 301 
above the ground. Use a 300 ft measuring tape reel to mark convenient intervals from the sprayer 302 
and along the spray line; for example, use multiples of 25 ft intervals.  303 
 304 
2.1.3. Produce a map of the grid by marking up a printout of a satellite image with a clear 305 
numbering code for sentinel cage locations and distribute it to the field team. Whenever possible, 306 
obtain GPS coordinates for each cage location or at least coordinates of prominent features that 307 
can later be used for registration points to build a spatially coherent map in the GIS.  308 



  

 309 
2.1.4. Mark sentinel cage grid locations on the ground with flagging tape, glow sticks, and/or pin 310 
flags. Pesticide sprays are often conducted at dusk or night: attempt to clear distinct walking 311 
paths to all sentinel locations, including extra flagging tape and/or glow sticks to mark trip 312 
hazards or other significant obstacles.  313 
 314 
2.1.5. Install sentinel cage mounting poles into the ground according to the grid design, and 315 
clearly label each pole with a code for its unique position with a permanent marker. At least 48 316 
inches of the pole should be above ground. If the habitat does not naturally provide 317 
vegetation/obstacle challenges to pesticide spray dispersion, consider placing a 1 ft3 cardboard 318 
box on its side with the top open next to each sentinel cage pole, to provide an additional sentinel 319 
location within simulated refugia. Air flow through the box can be adjusted by drilling ½-in holes 320 
in one or more sides, and boxes should be labeled with a unique position code with a permanent 321 
marker. 322 
 323 
2.1.6. If there is a risk of ants attacking sentinel mosquitoes, install sentinel cage mounting poles 324 
through a tight-fitting hole drilled in the center of an 18 x 18-in adhesive floor tile, with the sticky 325 
side facing upwards to trap ants before they can reach sentinels. The 1 ft3 boxes from step 2.1.5 326 
can also be placed on the sticky side of such tiles to impede ants. 327 
 328 
2.1.7. Establish an upwind control area (consisting of a similar habitat and meteorology as the 329 
treatment area) for the deployment of untreated control sentinel cages exposed to the 330 
environment on poles and/or in 1 ft3 boxes for the same amount of time as sentinels in the 331 
treatment area. A specific team of personnel with separate coolers of sentinel cages should be 332 
dedicated to handling all control sentinels. 333 
 334 
2.1.8. Resources permitting, design a distribution of appropriate traps throughout treatment 335 
area, areas adjacent to treatment area, and control areas to conduct surveillance of local natural 336 
populations of mosquitoes that are closest to the species selected in 1.2.1. Begin daytime or 337 
overnight surveillance, depending on the species, during one or more of the 12-24 h periods 338 
before the spray trials are to take place. Continue surveillance throughout the spray trials, 339 
followed by surveillance for one or more periods after the spray trials. 340 
 341 
[Place Figure 2 here] 342 
 343 
2.2. Practicing safety 344 
 345 
2.2.1. Establish a communication system among the spray team, treatment area sentinel 346 
handling team, control area sentinel handling team, etc., via mobile phones (voice/text) or 347 
handheld radios. 348 
 349 

2.2.2. Supply personal protective equipment (PPE) to all personnel that are appropriate for their 350 
roles and appropriate for the pesticide formulation and application equipment. 351 
 352 



  

2.2.3. Establish a pesticide storage and mixing/loading area protected with secondary 353 
containment and stocked with emergency equipment, such as shovels and/or fire extinguishers 354 
for thermal fog applications, towels to contain spills or drips, waste containers, clean water, first 355 
aid supplies, and portable eyewash stations. Importantly, establish protocols in the cases of spills 356 
or exposure of personnel to chemicals. 357 
 358 
2.3. Marking the spray line and recording meteorology 359 
 360 
2.3.1. For driving or hand-carry applications, make sure the spray line is clear and that obstacles 361 
are identified and clearly marked with flagging tape, pin flags, and/or glow sticks. For aerial 362 
applications, make all appropriate arrangements with air traffic control. 363 
 364 
2.3.2. The basic length of the spray line should match the dimensions of the grid; however, set 365 
the start and stop points well-before and well-after the grid. Add approximately 10% of the basic 366 
length of the spray line to the beginning and end to increase the opportunity for the entire grid 367 
to be exposed, given inevitable shifts and imperfections in wind patterns (see representative 368 
results). 369 
 370 
2.3.3. Whenever possible, anticipate major wind shifts, set up alternate spray line(s), and design 371 
the sentinel grid to be informative from both spray directions. The spray operator should be 372 
prepared to stop spraying briefly if the wind starts to gust badly or suddenly shifts, which can 373 
create a safety hazard. The operator can resume spraying when appropriate, and the trial can 374 
still produce usable efficacy data as long as controls are kept in the environment for a similar 375 
extended period. 376 
 377 
2.3.4. Place at least one weather station with a data recorder capable of measuring temperature, 378 
relative humidity, wind speed, and wind direction in the spray area and another in the control 379 
area. Also, set up a simple wind indicator ribbon (about 2-3 ft of bright colored flagging tape) on 380 
a spare sentinel cage pole in view of the spray operator and field team to increase overall 381 
awareness of conditions. For aerial applications, the aircraft should ideally be capable of 382 
reporting meteorology at release height. 383 
 384 
Note: Collaborate with a university, public health organization, mosquito and vector control 385 
district, or other agency with knowledge of the area proposed to conduct field trials, such that 386 
existing partnerships and understandings with landowners or land stewards may be built upon 387 
and help to develop the research program. Existing partnerships translate to site security, long-388 
term use, and in some cases, critical buy-in and acceptance by the public. With structured grids, 389 
it is straightforward for local collaborators to develop their own numbering/labeling schemes for 390 
rapid and repeatable deployment, collection, and mortality checks of sentinel cages. Once the 391 
grid, spray line, and meteorology are set up, the materials can be left in place (for example, 392 
overnight until a convenient spray time or if there is a weather hold).  393 
 394 
CAUTION: Cardboard boxes can deform when wet if it rains, and strong winds can move the heavy 395 
adhesive floor tiles. 396 



  

 397 
3. Deploying the Sentinel Cages 398 
 399 
3.1. Determine in advance the positioning of sentinel cages at each sentinel point in the grid, 400 
such as the height of cage on the mounting pole (including multi-height, where one might be 401 
placed at the bottom of the pole and another at the top), or whether cages will be placed in the 402 
1 ft3 boxes.  403 
 404 
3.2.  Assign 2-person sentinel cage deployment teams: one to hold the cooler and another to pull 405 
out sentinel cages as needed. Alternatively, assign individuals to carry and place multiple cages 406 
depending on the environment and size of the grid. Always include extra sentinel cages in case 407 
one is dropped or stepped on, tulle is torn, or one is lost while moving through the grid. 408 
 409 
3.3. Per the positioning regime as described in step 3.1, use the hook-and-loop cable tie to affix 410 
sentinel cages to poles and make sure cotton balls with 10% sucrose solution are still in place 411 
under the rubber band. Place cages on their sides in the 1 ft3 boxes so that both tulle mesh ends 412 
are perpendicular to the ground. Orientation of cages on poles may be specified in advance; for 413 
instance, such that mesh tulle sides are in line with the planned spray direction and anticipated 414 
wind direction. In hot desert environments, angle the cages on the poles such that the insects 415 
are not in direct sunlight and may move into the shade of the side of the cage cylinder. 416 
 417 
3.4. In both treatment and control areas, clearly label each sentinel cage with a permanent 418 
marker as it is put in place with two pieces of information: (1) the pole and/or box unique position 419 
code for later mapping in the GIS, and (2) pre-spray mortality for later correction for spray-420 
induced mortality or mortality from exposure to the environment regardless of spray. For 421 
example, if pre-spray mortality is zero, write “pre-0”; if 2 specimens are dead, write “pre-2”, etc. 422 

 423 
[Place Figure 3 here] 424 
 425 
Note: Depending on size of the grid, ensure there are sufficient personnel to deploy all cages in 426 
an appropriate time frame to minimize environmental effects on sentinel mortality. It may be 427 
necessary to conduct practice runs with empty cages to determine whether enough personnel 428 
are present. It is understood that there will unavoidably be some spread in the exposure time of 429 
sentinel cages to the environment, owing to set-up time with the given number of cages per 430 
person. In very large sentinel grids (e.g., for some aerial applications), plan on coordinating 431 
multiple teams in several vehicles to place the sentinel cages within a reasonable time frame. It 432 
is inevitable that some mortality will occur across the sentinel cage mosquito population, so it 433 
must be accounted for with careful cage labeling prior to environmental exposure outside the 434 
coolers and prior to pesticide application. 435 

 436 
4. Conducting the Pesticide Application 437 
 438 
4.1. Assign a timekeeper to track application spray duration (start/stop times) and hold times 439 
using a stopwatch, clock, or digital video with time/date stamps. The timekeeper can also be 440 



  

assigned a scribe to capture multiple key variables including the time at which sentinel cage 441 
deployment is completed, flying, driving, walking speed, application device flow rate, pesticide 442 
concentration and diluent, spray time, hold time, time at which cage collection is completed, and 443 
general habitat observations. 444 
 445 
4.2. Prepare the pesticide application equipment per manufacturer guidelines and load the 446 
pesticide (and diluent if necessary), using the minimum amount to cover the target area plus a 447 
pre-determined amount to account for spray line volumes and pesticide reservoir sump to 448 
prevent cavitation during spray. Do not exceed application rates specified on the pesticide label 449 
and do not use pesticides not approved by the U.S. Environmental Protection Agency, unless an 450 
experimental use permit specific to the location of the field trial has been secured. 451 
 452 
4.3. Establish a sufficient post-spray hold time that will allow pesticide spray plume to disperse 453 
throughout the sentinel cage grid before the sentinel cages are collected. Hold time is based on 454 
a balanced consideration of habitat/vegetation density, meteorological conditions (in particular 455 
extreme heat or wind), application device, application mode (aerial, ground vehicle, portable), 456 
target insect, and pesticide formulation, and may require preliminary trials to develop effectively. 457 
 458 
4.4. Once sentinel cages are labeled and deployed in both treatment and control areas and all 459 
key personnel have communicated readiness, have the spray operator conduct a final check on 460 
wind speed and direction and initiate the aerial, ground, or portable sprayer pesticide application 461 
from the designated spray line or alternate spray line as needed. Set the flying, driving, or walking 462 
speeds depending on application device flow rate and pesticide label rate. 463 
 464 
4.5. Once the spray application is complete, have the timekeeper mark the beginning of the hold 465 
time and notify all personnel 1-2 min before the hold time will elapse, so that all personnel can 466 
move into position and prepare for collecting the sentinel cages. 467 
 468 
CAUTION: Observe all safety precautions specified on the pesticide label in addition to standard 469 
pesticide applicator best practices. Pesticide applications should be conducted by a certified 470 
pesticide applicator with, if possible, additional certification in the public health pesticide 471 
category. Before the spray application ensure all personnel are upwind of application area, or in 472 
vehicles with air conditioning on recirculate if they must be in the target area, and/or are wearing 473 
appropriate PPE. Ensure all sentinel cage coolers are closed and that inside closed vehicles parked 474 
upwind of the spray application have the air conditioning on recirculate. 475 
 476 
[Place Figure 4 here] 477 

 478 
5. Collecting the Sentinel Cages and Recording Mortality Data 479 
 480 
5.1. Use the same sentinel cage teams to collect cages throughout the grid once the hold time 481 
has elapsed. All personnel handling post-spray cages should wear disposable nitrile gloves to 482 
minimize human contact with pesticides. Return post-spray cages to the protective environment 483 
of the sentinel cage coolers as soon as possible, stored in a cool vehicle out of direct sunlight, and 484 



  

returned to the lab for processing as soon as possible. 485 
 486 
5.2. In both treatment and control areas, it is critical to record post-spray mortality on each 487 
sentinel cage with a permanent marker as it is collected. Post-spray mortality count should 488 
include all dead mosquitoes in the cage, and this number should be written directly adjacent to 489 
the “pre-“ count, but circled clearly enough to distinguish it from the pre-exposure mortality 490 
count. Later, the pre-count will be subtracted from the post-count to obtain the actual mortality 491 
from exposure to the pesticide (spray area) or environment (control area). Do not attempt to 492 
conduct this math in the field while hurrying to collect sentinel cages. 493 
 494 
5.3. Attempt to return sentinel cages to the lab workspace within 6 h post-spray so that the 6 h 495 
mortality count can be recorded. In the lab, transfer all cages into plastic trays, discarding all 496 
rubber bands, hook-and-loop cables ties, and cotton balls. Each tray should hold approximately 497 
20 sentinel cages stored with the mesh tulle parallel to the ground. Place a new 10% sucrose 498 
solution cotton ball on all cages and cover each tray with a new moist cotton towel, similar to 499 
those used in the sentinel cage coolers. Stack the trays on a lab bench or in an incubator using ½-500 
in PVC pipe spacers. Store the trays with cages from treatment areas well-separated or in 501 
different incubators that control cage trays. 502 
 503 
5.4. At this point, transfer pre- and post-spray mortality data from each cage to data forms as the 504 
6 h mortality count is conducted: one person wearing disposable nitrile gloves should take 505 
sentinel cages out of trays one-by-one for each cage, calling out the 1) unique location code, then 506 
the 2) pre-count and the immediate post-count read from the cage itself, followed by the 3) 507 
current 6 h count observed directly. A second person should record these data on pre-prepared 508 
forms having a row for each unique position code from the trial (Table 1). Repeat this process at 509 
12 h and 24 h post-spray, storing the trays in stable conditions in between mortality counts. 510 
 511 
5.5. Once the 24 h mortality count is complete, freeze all trays of the sentinel cages to kill all 512 
specimens, and then conduct final counts for each cage to obtain an accurate denominator for 513 
calculating percent mortality. If a specimen is missing from a cage, look directly below it in the 514 
tray, where it may have dried out and fallen through. Dispose of all sentinel cages, cotton towels, 515 
and plastic trash bag liners in sealed garbage bags in normal trash, and thoroughly clean all 516 
coolers and trays with soap and water and air-dry them in direct sunlight. 517 
 518 
Note: Larval tray spacers are easily made from PVC stock pipe, with a notch cut in each end so 519 
they cannot roll off the trays. Spacers allow stacking of larval trays to save space in vehicles, 520 
incubators, or lab benches. For some field sites, it may not be possible to return to the lab within 521 
6 h; in which case, transfer cages from coolers to trays in the field using the above protocol and 522 
materials and stack them carefully in the air-conditioned vehicle. Recording mortality in each 523 
cage immediately after the post-spray hold time, and at approximately 6 h, 12 h, and 24 h post-524 
spray will provide information on knockdown (short-term) vs. long-term effects of the pesticide. 525 
 526 
[Place Figure 5 here] 527 

 528 



  

6. Processing, Analyzing, and Mapping Mortality Data 529 
 530 
6.1. Transfer all hand-recorded mortality data from the forms into an electronic spreadsheet and 531 
calculate 4 new columns for post-spray, 6 h, 12 h, and 24 h mortality (all corrected for pre-spray 532 
mortality). 533 
 534 
6.2. Correct all treatment area mortality data for control mortality in 4 additional new columns 535 
using the Abbott correction17: calculate a mean control mortality across all control sentinels for 536 
each time period that mortality was recorded (i.e., post-spray, 6 h, 12 h, and 24 h; all corrected 537 
for pre-spray mortality), and use this mean to Abbott-correct the mortality in each treatment 538 
area sentinel cage for each corresponding time period. The threshold for acceptable control 539 
mortality may be arbitrarily determined based on the species of sentinel mosquito used but 540 
should not exceed 25%18. 541 
 542 
6.3. In a geographic information system map all unique sentinel cage locations using the GPS data 543 
gathered in step 2.1.3 and create 4 columns for Abbott-corrected mortality for the 4 mortality 544 
time periods in the attribute table for these locations. Create an interpolated coverage for 545 
mortality for each of the 4 mortality time periods across all unique sentinel locations in the 546 
treatment area. Add these interpolated coverages to the map and use a stretched color ramp on 547 
a blue to red spectrum oriented low (blue) to high (red).  548 
 549 
6.4. Enhance the map of the treatment area with an underlying satellite image and add sentinel 550 
cage positions (distinguishing treatment and control sentinels), spray line, driving direction, scale 551 
bar, north arrow, interpolated mortality color ramp key, key to symbols, and a detailed title with 552 
date, habitat type, pesticide and diluent used, application equipment used, and target species. 553 
Export a map image for each mortality time-period surface.  554 

 555 
6.5. Add meteorological information as an inset graph and include a separate wind rose (polar 556 
plot) to show prevailing wind, wind speed, and variability throughout the spray period. Also, 557 
provide separate meteorological data for release height in the case of aerial applications. 558 
 559 
6.6. Graph local natural population surveillance data as an index of the number of females of 560 
each species collected per trap per night. Output a series of graphs partitioned by location 561 
(adjacent to treatment area, inside treatment area, and inside control area) and period (sampled 562 
prior to, during, or following the spray trials) and place them separately as insets in the main GIS 563 
map to show effects on natural populations over time within, adjacent to, and away from the 564 
pesticide application. 565 
 566 
REPRESENTATIVE RESULTS: 567 
Here are representative results presented from two unpublished field studies that included the 568 
core of the methods described above. In these studies, two aspects of adulticide efficacy against 569 
sentinel disease vector insects were investigated.  570 
 571 
The first study (unpublished data 2010-2012) investigated whether diluent might influence 572 



  

efficacy of pesticide against mosquitoes in a hot-arid desert environment applied with a thermal 573 
fog device. We conducted three separate applications with a synergized permethrin adulticide 574 
capable of being diluted in either oil or water. Each of the applications was conducted using a 575 
truck-mounted thermal fog generator with a different diluent: either water, BVA13 mineral oil, 576 
or diesel. Then, a grid of at least 20 sentinel mosquito cages placed on poles in an open arid-land 577 
area (Figure 6) was used and meteorology was recorded using a portable weather recorder.  578 
 579 
The second study (unpublished data 2011) investigated the relative efficacy of a single pesticide 580 
formulation applied simultaneously with two kinds of sprayers (ULV and thermal fog) in a hot 581 
equatorial environment against sand flies. We used two adjacent grids of 25 sentinel sand fly 582 
cages placed on poles in low grass-forb habitat of varying density in a large field in a hot 583 
equatorial valley basin (Figure 7). Meteorology was recorded using a portable weather recorder 584 
positioned between the two grids. One truck carried the ULV device and another carried the 585 
thermal fog generator, and both initiated sprays along the spray lines at the same time, each 586 
moving from east to west at a speed appropriate to the label-specified application rate and given 587 
flow rate of the sprayer. 588 
 589 
In both field studies, after a 10-min hold time post-spray, we collected all sentinel cages from 590 
treatment and control areas, simultaneously initiating the process of recording post-spray 591 
mortality. Percent mortality data was then coded, corrected for observed background control 592 
sentinel mortality, and placed into a GIS coverage consisting of georeferenced points 593 
corresponding to the locations of the sentinel cages in the treatment area grid (Figures 6 and 7). 594 
Despite the ideal situation in which a pesticide spray produces a 100% kill throughout the target 595 
area, the realistic threshold for acceptable efficacy of a pesticide is arbitrary. Expectations of 596 
efficacy could vary with distance from the sprayer (e.g., setting a threshold of 95% mortality 50 597 
ft from the spray line, with 80% mortality at 250 ft). 598 
 599 
The results from both representative studies naturally show the spectrum of positive to negative 600 
outcomes, because the color ramp represents areas of 0 to 100% mortality (see color ramps in 601 
Figures 6 and 7). All mortality data in the treatment area are normalized by the background 602 
mortality in the untreated control area to a threshold of 25% control mortality18, above which 603 
would have discarded due to excessive environmental or colony effects on mortality. The utility 604 
of the electronic mapping approach for visualizing mortality data is evident here: the researcher 605 
and (later) the reader can instantly understand the relative efficacy of the focal pesticides and 606 
diluents (Figure 6) or the focal pesticide sprayers (Figure 7) against mosquitoes or sand flies, 607 
respectively. It is valuable to compare Figure 6 to the underlying mortality data that would 608 
traditionally be presented in tabular form (Table 2) and require much more internal 609 
conceptualization, with commensurate increased potential for error, by researcher and reader 610 
alike. The electronic map, if supplemented with meteorological data and a satellite photo base 611 
coverage, also facilitates rapid assessment of potential effects of the habitat on the pesticide 612 
applications. It should be noted that the inset wind rose diagram in Figure 7 has a wind angle that 613 
perfectly matches the angle of spatial mortality in the west grid, indicating that the spray truck 614 
should have started further to the east so that pesticide would have an opportunity to reach all 615 
sentinel cages. If mortality data is only been considered in tabular form, it may be easy to miss 616 



  

this weakness in the experimental design and assign a lower overall efficacy to that pesticide 617 
application equipment, biased by zero mortality values from areas not contacted by the 618 
pesticide. 619 
 620 
In our experience, the majority of pesticide applications in the field produce a gradient of 621 
mortality through the target area sentinel cages, which automatically demonstrates that the 622 
application was valid. However, if zero mortality is observed throughout the treatment area and 623 
the spray event is valid (i.e., the spray cloud moving through the target sentinel area is observed), 624 
it can be inferred that the pesticide is not effective with that species at the rate applied, in that 625 
environment, and with that application equipment. Of course, this is given that the pesticide 626 
batch is not expired nor has been stored inappropriately. On the other hand, some aerial 627 
pesticide applications in particular may produce no visible or detectable spray cloud impacting 628 
the target area, and zero mortality throughout sentinels may mean that the spray missed the 629 
target area. It is advised to anticipate this scenario by setting up a series of extra sentinel cages 630 
that brackets the target impact area to some distance upwind and downwind (e.g., 50 ft intervals 631 
for at least one swath width in each direction) so that some indication of touchdown of the 632 
pesticide may be gleaned if the target area is missed. 633 
 634 
FIGURE AND TABLE LEGENDS:  635 
Figure 1: Sentinel cage preparation. (A) Shown here are two personnel loading sentinel cages 636 
with anaesthetized mosquitoes spread on a large white sheet of paper. The stack of tulle mesh 637 
squares in the foreground ready for placement on the waiting open sentinel cages should be 638 
noted. (B) Shown are several loaded sentinel cages, awaiting placement of 10% sucrose cotton 639 
balls and realignment of the rubber band. (C) Shown are sentinel cages in a cooler, ready for 640 
deployment in the field. 641 
 642 
Figure 2: Prepare field site with sentinel cage poles. Two scenarios of sentinel cage poles 643 
distributed in (A) irrigated tropical microhabitat in a hot-arid region and (B) hot-arid desert. In 644 
(A), three kinds of sentinel apparatus are shown: the “ladder” on the left is a series of cotton 645 
ribbons suspended between PVC pipe to capture pesticide at various heights above ground; the 646 
pole in the middle is for sentinel mosquito cages; and the pole on the right supports a slide 647 
spinner to capture pesticide droplets. In (B) there is a similar cotton ribbon to capture pesticide, 648 
but it should be noted that the right-hand support of the apparatus in the foreground in the open 649 
doubles as a sentinel cage pole (the sentinel cage attached about one-third of the way down); in 650 
contrast, the apparatus in the background is placed so that the ribbon and the sentinel cage 651 
(indicated with yellow arrow) are sheltered within vegetation. The aircraft in the background is 652 
conducting a ULV pesticide spray. 653 
 654 
Figure 3: Placement of sentinel cages indoors and outdoors. Examples of pole placements and 655 
1 ft3 boxes (A) indoors in a simulated rural residence, (B) outdoors in a simulated neighborhood, 656 
and (C) in a date palm grove in a hot-arid zone. Also shown are the sticky tiles under the box and 657 
under the sentinel cage placed in the open in (A), and the sentinel cage pole pin pushed through 658 
the sticky tile next to the box in (B) to reduce incursion of ants into sentinel cages. The plywood 659 
square with upright PVC mount to the left of the box in (A) is a support for a slide spinner. A 660 



  

similar apparatus may be used to support a sentinel cage pole to allow placement of sentinels at 661 
varying heights. Also shown is the slide spinner with slides on a mount to the left of the sentinel 662 
cage pole and box (B). In (C) is shown a high-low placement of two sentinel cages to investigate 663 
movement of the pesticide at different levels. The top of the opened sentinel cage cooler is just 664 
visible in the foreground. 665 
 666 
Figure 4: Vehicle mounted thermal fog spraying a grid in warm-arid equatorial location. A truck 667 
mounted ULV sprayer driving along a spray line directing pesticide spray through a grid of sentinel 668 
cages in an open field (A). Similar to Figure 2, each sentinel position is fitted with a second pole 669 
to support a cotton ribbon to collect pesticide droplets for later analysis with gas 670 
chromatograph/mass spectrometry. Close-ups of sentinel cages (B) in a warm temperate 671 
environment before spray and (C) in a hot-arid environment after spray. 672 
 673 
Figure 5: Processing sentinel cages post-spray. Two scenarios of transferring post-spray cages 674 
into stacked trays during the 6 h mortality check: (A) in a hotel room near a remote field site and 675 
(B) in a convenient parking lot returning to the lab from a distant field site. Note the PVC spacers 676 
in the inset photo in (A), moist towels covering cages laid out in trays in the main photo of (A), 677 
and an example of a unique location code and pre- and circled post-spray mortality annotated 678 
directly on a sentinel cage in the inset photo in (B). 679 
 680 
Figure 6: Representative interpolated sentinel cage mortality data from a field trial in hot-arid 681 
desert conditions targeting mosquitoes. In this series of sprays, the thermal fog pesticide 682 
sprayer, pesticide, and environment were kept constant, varying among pesticide diluent to (A) 683 
water, (B) diesel, and (C) BVA 13 mineral oil across the three trials. 684 
 685 
Figure 7: Representative interpolated sentinel cage mortality data from a field trial in hot-686 
equatorial conditions targeting sand flies. In this set of two simultaneous spray applications the 687 
pesticide and environment were kept constant, but the pesticide sprayer was different between 688 
the two grids: thermal fog (west grid) and ultra-low volume (ULV, east grid). Note that the wind 689 
direction indicated in the wind rose diagram perfectly matches the angle of spatial mortality in 690 
the west grid, indicating that the spray truck should have started further to the east so that 691 
pesticide would have an opportunity to reach all sentinel cages. 692 
 693 
Figure 8: Additional scenarios demonstrating the flexibility of the sentinel system. The sentinel 694 
protocol for investigating pesticide efficacy in the field is very flexible, as shown in sentinel cages 695 
hoisted at intervals up to 60 ft through pine canopy (A) and a nearby open area (B) to investigate 696 
capability of aerial ULV pesticide spray to penetrate canopy. The sentinel system can easily be 697 
adjusted to examine larvicide sprays targeting immature mosquito stages using disposable plastic 698 
cups to capture droplets (C) indoors and (D) outdoors in a simulated urban area. 699 
 700 
Table 1: Sample mortality data form. The form has spaces for general information about the 701 
field trial in the top left, which is critical to manage data from multiple field projects. The main 702 
section of the form has spaces for pre- and post-spray mortality (both copied directly from the 703 
sentinel cages), through the later 6 h, 12 h, and 24 h checks. Handwritten data on this form are 704 



  

entered into a similar electronic spreadsheet, with added columns to correct mortality data for 705 
pre-spray dead and to correct spray area mortality for any environmentally-induced mortality in 706 
the control area. 707 
 708 
Table 2: Underlying mortality data used to create the interpolated efficacy map in Figure 6. It 709 
should be noted that some spatial information can be captured in this table; for instance, this 710 
can be done by separating rows and columns by distance from sprayer and distance along spray 711 
line, respectively. However, temporal changes in mortality corresponding to immediate post-712 
spray, 4 h post-spray, and 12 h post-spray, for example, would require a more complex table or 713 
additional tables. Similarly, separate tables for each diluent used in the trials are necessary for 714 
clarity if the tables are partitioned by space and time. 715 
 716 
DISCUSSION:  717 
Combining the classic sentinel cage approach with electronic mapping of interpolated mortality 718 
data is a unique and powerful method to evaluate pesticides in the field, and it supports 719 
comparative pesticide efficacy studies across multiple environments and diverse configurations 720 
of pesticides and application techniques. Although the basic sentinel cage method is not new, 721 
the visualization of sentinel cage mortality patterns in a GIS is an advancement conducive to 722 
deeper analysis of patterns of flow of aerosol pesticide sprays. The interpolation of point 723 
measurements of pesticide efficacy into a color-coded map coverage is similar to adding smoke 724 
effusions to a wind tunnel to visualize air flow around an automobile, and it is a major 725 
improvement for reporting spatial and temporal mortality data in a series of tables.  726 
 727 
Some parts of pesticide sprays can be seen with the naked eye, and pesticide droplets from 728 
invisible portions of sprays can be captured on glass slides or other media which, like sentinel 729 
cages, are long-established protocols. Evaporative products from droplets and droplets 730 
themselves can be captured with cotton ribbons and analyzed with a gas chromatograph/mass 731 
spectrometer, which provides even more information about the fate of a pesticide spray. 732 
However, the realized efficacy of the spray and spatial patterns of actual pesticide-induced 733 
mortality in the target area (which may include both droplet and evaporative product 734 
components) can only be definitively measured by sentinel insects.  735 
 736 
Furthermore, the temporal component of efficacy can only be definitively measured by a series 737 
of mortality observations in sentinel insects that capture quantified indices of rapid knockdown 738 
versus long-term morbidity and mortality on the target species. Again, a series of interpolated 739 
color-coded maps can be used to clearly visualize the evolution of post-spray mortality over time, 740 
with an explicit spatial component, in a way that a series of tables is not able to communicate to 741 
a reader. The series of maps can be animated in a loop to reproduce the progress of the spray 742 
and its effects on sentinel insects, further enhancing the understanding of efficacy not only for a 743 
single trial, but in comparisons among pesticides, techniques, application equipment, target 744 
insects, and ecological zones. 745 
 746 
For the highest quality mortality data in this method, great care should be taken throughout the 747 
start-to-finish handling and observations of the sentinel insects. Exposure time and conditions of 748 



  

sentinel insects to the environment across both the treatment and control areas before the 749 
pesticide spray should be as equal as practical. This exposure should include a period of 750 
acclimation to the ambient conditions and a uniform hold time post-spray for both treatment 751 
and control insects. Observations of mortality before the spray, after the hold time (i.e., during 752 
retrieval of cages), and for the designated periods post-spray should be carefully tracked on data 753 
forms. Care should also be taken to retrieve all sentinels from the field before departing for the 754 
lab. Control and treatment sentinel cages should be physically separated throughout the 755 
protocol. Reliable observations of background baseline mortality from the control cages at all 756 
designated time periods are critical to appropriate correction of observed mortality in the 757 
treatment zone. Accurate, precise, comparable, and meaningful efficacy maps can only be gained 758 
from high-quality mortality data input to the geographic information system. 759 
 760 
The sentinel insect method is naturally flexible to be relevant in a variety of scenarios – anywhere 761 
a small cage can be placed, mortality data can be collected. For example, we have conducted 762 
pesticide trials with sentinel cages placed in and around simulated urban and rural buildings10 763 
and U.S. military tents (unpublished data 2017-2018), in addition to multiple scenarios of desert, 764 
temperate, and tropical vegetation19-22 [including hoisting cages up to 60 ft into pine canopy to 765 
measure vertical mortality following a large aerial application (unpublished data 2011-2017)]. If 766 
the ground is too hard to place sentinel cage poles or it is preferred to place them on concrete 767 
or asphalt areas, simple stands or concrete blocks can be constructed to support the poles. For 768 
scenarios to investigate sprayed liquid larvicides, the protocol can be modified to place empty 769 
plastic disposable 1 qt cups to capture larvicide across sentinel locations. These cups can be later 770 
filled with water and mosquito larvae to measure efficacy of the application7,23-25. Use floor tiles 771 
with the sticky side up to keep cups in place in wind and keep lids nearby to rapidly cap and 772 
collect following the post-spray hold time. Alternatively, cups can be left in place to weather 773 
naturally or left open in a controlled environment to investigate the longevity of a residual 774 
larvicide treatment.  775 
 776 
To investigate droplet density and droplet spectra throughout the application area, slide spinners 777 
can be placed near sentinel insect positions – though exercise caution that the vortex from the 778 
spinning slides does not affect the flow of the pesticide spray to the sentinel insects. Similar to 779 
mapping mortality, additional columns in the attribute table for the sentinel locations can be 780 
added for droplet and dye parameters to derive interpolated coverages. Note that adding droplet 781 
collection aspects will demand an increase in the number of personnel in the field, with dedicated 782 
teams for example to carefully collect slides and assist the spray operator with dye additives. 783 
With additional materials and teams of personnel, these methods may be merged to conduct 784 
simultaneous trials using larval and adult sentinels, multiple application modes (aerial, ground, 785 
portable), or pesticides side-by-side (see representative results).  786 
 787 
Although the main protocol was written for mosquitoes, we have successfully conducted field 788 
trials with sand flies and filth-breeding flies as sentinels with only minor modifications to the 789 
sentinel cages and overall protocol. For example, it is not practical to sex adult sand flies or filth 790 
breeding flies so that mixed-sex batches are used in sentinel cages, as this will reduce load on the 791 
colony because fewer specimens are needed than when working with mosquitoes. For sand flies, 792 



  

a very fine mesh must be used for the sentinel cages; furthermore, sand flies are not 793 
anaesthetized but instead added with aspirators directly into fully assembled cages through a 794 
rubber slit glued over a hole cut in the side of the cylinder. 795 
 796 
[Place Figure 8 here] 797 
 798 
The efficacy mapping method is naturally flexible because it is based on interpolation which is a 799 
standard process in most GIS programs26. Generally, interpolation uses known data at set points 800 
to estimate data at nearby unsampled points. There exist several types of interpolation 801 
techniques27 which may be selected based on the spatial spread and density of the point 802 
mortality data. We have used inverse distance weighting (IDW), which assigns higher statistical 803 
weight to known data from points closer to the unknown points being estimated. 804 
Troubleshooting for the field portion of the method is centered on control sentinel mortality (i.e., 805 
if mortality is > 25% in controls, and there is certainty that the application did not impact the 806 
control area, something in the environment other than the pesticide is causing mortality, which 807 
will confound analysis; then, the trial will need to be repeated or moved to another location). 808 
The most common errors in the mapping portion of the method are production of a quality data 809 
table in the GIS, so it is critical to carefully paste data so that the right data are aligned with the 810 
right points (reading frame) and correctly label column for each mortality time period, pesticide, 811 
application equipment, etc.  812 
 813 
The sentinel insect method is not designed to be an absolute measure of efficacy. Rather, the 814 
method provides the ability to compare relative efficacy of a pesticide (under a given 815 
environment, application equipment, diluent, target insect, and technique) to the same pesticide 816 
under different conditions, or to compare different pesticides under the same conditions. The 817 
method does not include pesticide droplet or active ingredient capture, though apparatuses for 818 
investigating these aspects can easily be placed in the grid adjacent to sentinel cages. The sentinel 819 
cage method does not measure efficacy of pesticide sprays against vector insects in flight, which 820 
is possible but not practical28. A lively controversy exists whether the kind of mesh on sentinel 821 
cages effects measurements of pesticide spray efficacy14,29-31. However, this is not hugely 822 
relevant to our objective of investigating relative efficacy of a formulation across environments 823 
or several formulations within an environment (which can be conducted using a standard cage 824 
with a standard mesh type).  825 
 826 
For example, a recent study compared sentinel cage mortality results across three similar aerial 827 
pesticide application experiments separated by decades, each using different sentinel cage 828 
methods, all with comparable results10. Similarly, controversy exists over whether to transfer 829 
sentinel insects to “clean” cages (i.e., cages that have not been sprayed). Again, data from 830 
sentinel insect mortality should be considered relative and not absolute and are not concerned 831 
with additional mortality resulting from sentinel insects contacting pesticide adhering to the cage 832 
or mesh. In fact, in natural environments, pesticide sprays will also adhere to natural surfaces 833 
that target insects may contact. We have previously found that mortality induced from handling 834 
mosquitoes, to include CO2- or cold-based anaesthetization, may exceed mortality from 835 
contacting a pesticide that could have been present on cages (unpublished data 2008). Another 836 



  

limitation is that the relevance and applicability of sentinel cage mortality results in the local 837 
natural populations of the target insect still not being fully known; however, the closer 838 
genealogically the colony-reared sentinel insects are to the local species, the stronger the 839 
applicability of the efficacy maps is to local populations. 840 
 841 
In future variations of this method, it would be beneficial to include modifications to 842 
accommodate pesticide applications with unmanned aerial systems (UAS). Current 843 
developments with UAS use in operational vector control include pesticide applications (in 844 
particular, larvicide formulations targeted at immature mosquito habitat) over and through 845 
highly inaccessible locations. To gain relevant information from sentinel trials, sentinel insect 846 
stations would need to be placed throughout inaccessible locations to the greatest extent 847 
possible. An example of relevant information is testing the capability of UAS effectively reaching 848 
a certain area with larvicide, with the only line-of-sight piloting by an operator who cannot 849 
directly observe the target area. This scenario may require development of other UAS to deploy 850 
and retrieve sentinel cages or larvicide collection cups and others to record meteorology in these 851 
inaccessible target areas. Mortality data from such a scenario can be analyzed in the GIS as with 852 
established scenarios, with added map features such as effects of natural obstacles, 853 
microhabitat, and micrometeorology that may differ from such effects during more standard 854 
applications with truck, aircraft, or portable sprayers. Advanced capabilities of GIS such as 855 
visualization of 3-dimensional interpolations of mortality from enhanced sentinel placement in 856 
vertical and horizontal grids are also possibilities for both standard and emerging application 857 
technology. 858 
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No. DEAD 6 hr POST-SPRAY No. DEAD 12 hr POST-SPRAY No. DEAD 24 hr POST-SPRAY

MORTALITY CHECKS

[observed from sentinel cages stored in trays]





Sentinel Cage Code (A) Aqualuer + Water (B) Aqualuer + Diesel

A1 1 0.78

A2 1 1

A3 1 0.29

A4 1 0.04

A5 1 0.04

B1 1 0.79

B2 1 0.82

B3 1 0.15

B4 1 0.21

B5 1 0

C1 1 0.93

C2 1 0.71

C3 1 0.32

C4 1 0.26

C5 1 0.46

D1 1 0.67

D2 0.78 0.24

D3 0.97 0.5

D4 1 0.27

D5 1 0.33

E1 1 0.82

E2 1 0.88

E3 1 1

E4 1 0.79

E5 1 0.78

PERCENT MORTALITY (ABBOTT-CORRECTED)
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Name of Material/ Equipment Company Catalog Number

Bioassay racks: 

plastic tube lid Visipak 192224

1.25-in PVC coupler SCH-40 Lowes PVC 00100 0800

1/4-in OD brass rod K&S Engineering 1165

Bioassays: 

FDA silicone o-rings S-500-70 Alltek seal and packing PA-2127-12

fine screening Walmart 40310-0000-063 white

cotton balls Fisher Brand

plastic tubes Visipak 775674

regulator Norgren R83-200-RNEA

reguilator gauge Wika Instrument Corp 4315031

CO2 canister

CO2 chamber Mainstays

1/4-in tygon tubing

maglite aspirator and tubes Bioquip 2809D

modified PVC pipe for o-rings Lowes PVC 07112 0600

Pupal separator John W. Hock Co. 5412

Field sentinel cages: 

1/2 pt cardboard can body Neptune 295

1/2 pt cardboard cup lid Neptune 295A

coarse screening Walmart 41721-0540-063 white 

Velcro cable ties 8-in x 1/2-in Velcro Brand VEL91140

rubber band National Institutes for the Blind 7510-01-058-9974

cotton balls Fisher Brand

PVC spacers Lowes PVC 04010 0600

Tray totes Blue Ridge Thermalforming 400-3N-WHT-ABS 

Field bioassay set-up equipment:

60-in tread-in post Jeffers.com T8T4
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1 ft3 cardboard boxes USP S-18344

Deli cups WNA Inc. APCOMBO16

18-in x 18-in linolium tiles Lowes LSS4307BPS

Sentinel cage transport: 

48 qt Island Breeze cooler Igloo

16-in x 19-in. terry towels Ability One 7920-01-454-1150

garbage bags



Comments/Description

T-310

Large cotton balls (non-sterile)

20 lb capacity

Modified tupperware container (16 cup)

D-cell maglite aspirator

SCH-40 pipe modified by cutting tool on inner surface to accommodate bioassay tube

T-1721

Large cotton balls (non-sterile)

Modified by cutting into 18-in length pieces and cutting half off of the end (lengthwise)



13 gal (kitchen size)



Author License Agreement (ALA) Click here to download Author License Agreement (ALA)
BRITCH JOVE Author_License_Agreement SIGNED.pdf

http://www.editorialmanager.com/jove/download.aspx?id=863960&guid=e039eef9-c4d6-4e6e-80e0-ee3cfe39b407&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=863960&guid=e039eef9-c4d6-4e6e-80e0-ee3cfe39b407&scheme=1






Page 1 of 5 

 

Dear Dr. Britch, 

 

Your manuscript, JoVE58440 Visualizing efficacy of pesticides against disease vector mosquitoes in the 

field, has been editorially and peer reviewed, and the following comments need to be addressed. Note 

that editorial comments address both requirements for video production and formatting of the article 

for publication. Please track the changes within the manuscript to identify all of the edits. 
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vector image file to ensure high resolution throughout production: (.svg, .eps, .ai). If submitting as a .tif 

or .psd, please ensure that the image is 1920 pixels x 1080 pixels or 300 dpi. 
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Editorial comments: 

Changes to be made by the Author: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues. 

AUTHOR RESPONSE: thank you – we cross-checked throughout. 

2. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. 

AUTHOR RESPONSE: thank you – we cross-checked throughout. 

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

etc.) 

AUTHOR RESPONSE: thank you – we cleaned all such personal pronouns from the 

Protocol section by rewording. 

4. 2.3.2: The Protocol should contain only action items that direct the reader to do something. Please 

move the discussion about the protocol to the Results or Discussion sections. 

AUTHOR RESPONSE: we believe that 2.3.2 only contains action items directing the 

reader to do something (i.e., adding 10% to the beginning and end of the spray line) with 

minimal supporting information (i.e., to compensate for vagaries of the weather) that 

would be awkward to include elsewhere. 

5. Lines 387-397: Please consider moving this Note about the protocol to the discussion section. 

AUTHOR RESPONSE: we believe that this Note should remain with section 2 because it is 

most relevant to section 2. In our view, building local collaborators is key to successful field 

work and is as much a part of the protocol as laying out a grid of points. 

6. Lines 413-415 and 5.2: Please write the text in the imperative tense. 

AUTHOR RESPONSE: thank you; good catch. We re-wrote in imperative tense. 

7. 3.4: Please write all the text in the imperative tense and break up into sub-steps. 

AUTHOR RESPONSE: thank you; good catch. We re-wrote in imperative tense, moved 

sentences to the Notes in sections 3 and 5. 

8. References: Please do not abbreviate journal titles. 

AUTHOR RESPONSE: thank you – we have reverted all journal abbreviations to their full 

titles. 

9. There is a 2.75-page limit for filmable content. Please highlight 2.75 pages or less of the Protocol 

(including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., 

the steps that should be visualized to tell the most cohesive story of the Protocol. Remember that 

non-highlighted Protocol steps will remain in the manuscript, and therefore will still be available to 

the reader. Please ensure that the highlighted steps form a cohesive narrative with a logical flow 

from one highlighted step to the next. Please highlight complete sentences (not parts of sentences). 

Please ensure that the highlighted part of the step includes at least one action that is written in 

imperative tense. Please include all relevant details that are required to perform the step in the 

highlighting. For example: If step 2.5 is highlighted for filming and the details of how to perform the 

step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be 

highlighted. 

AUTHOR RESPONSE: we highlighted ~2.75 pp of filmable content per guidelines. 
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Reviewers' comments: 

 

Reviewer #1: 

Manuscript Summary: 

The manuscript is well prepared and includes most of the details related to the experiments. However, I 

want to suggest few points which can make it more suitable to many people may not be well aware 

about the field properly. 

AUTHOR RESPONSE: thank you; and we appreciate the opportunity to improve the ms. 

 

Specific comments: 

Introduction line 85-97 more suited to Materials & Methods and should be removed from Introduction 

or modify. 

AUTHOR RESPONSE: We would like to retain lines 85-97 in the Introduction otherwise 

the rest of the Introduction will be, in part, without context. 

Protocol: Heading 1. Sentinel Insects should be "Insect rearing and sentinel cage preparations". 

AUTHOR RESPONSE: Thank you – we changed the heading to “Sentinel insect rearing 

and sentinel cage preparations” 

 

Section 1.2. Include the details of rearing of the species used for the test. 

AUTHOR RESPONSE: Details of rearing mosquitoes are specific to the species used and it 

would be burdensome to include rearing protocols for even the few prominent sentinel 

mosquito species. Specifics of insect rearing is outside the scope of this paper. 

 

Table 2. The data should be analyzed and compared for differences among the cages and the treatments. 

The individual data point table for an example is already given in Table 1. 

AUTHOR RESPONSE: These two tables have different purposes in this manuscript. Table 

1 is an example data form and we believe it would be confusing to populate it with mock 

data and it should stand alone. The point of Table 2 was only to show the limitations of 

presenting mortality data in tabular form compared with mapped and interpolated data as 

shown in Figure 6; analyzing Table 2 data is outside the scope of representative results. 

 

Fig. 6 & 7 quality is not good. Kindly use better resolution images. 

AUTHOR RESPONSE: We submitted hi resolution version of these images and it is 

possible that the review copies of these images were of lower quality. 

 

Representative results: I believe it's the true results belong to the current manuscript. Authors should 

remove the word "unpublished" for the main data. 

AUTHOR RESPONSE: All data we have included in representative results are ‘true’ data 

from actual field trials. We indicated “unpublished” because they have not yet been 

written up in manuscripts and this is the proper way to cite data such as these per JoVE 

guidelines. We specifically chose these data to present because they are highly illustrative 

of the points we make in the ms. 

 

The discussion part is lacking present study trials data interpretations. 

AUTHOR RESPONSE: The JoVE guidelines specifically indicate that representative results 
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should be discussed in the Representative Results section, and the Discussion section 

should “not depict on experimental results” – so we will leave these sections as they are. 

 

General comments: 

There should be a summary table for required items and manpower and time duration from mosquito 

rearing to final observations of the results for the trial 

AUTHOR RESPONSE: Table 3 already presents the required items. A summary table of 

manpower and time duration for mosquito rearing would only be relevant for one 

mosquito species and it is cumbersome and outside the scope of this protocol to include. 

Units should be in cm, kg that is most widely accepted and can be useful for others. 

AUTHOR RESPONSE: We have retained feet and inches, and changed any meter 

measurements to feet. These units make the most sense for the materials we use for these 

protocols. It is awkward to translate ¼-in into cm, for instance, and actually makes it 

harder to find and purchase materials. 

Given instruments and accessories details are highly specific and the same product may not available in 

different parts of the word. Kindly provide more details so other researchers can use this protocol to 

repeat the study. 

AUTHOR RESPONSE: We are not sure which instruments and accessories you are 

concerned with; to the extent possible we have presented a materials table that can be 

interpreted generically where limitations exist. 

Authors mentioned Unpublished data many places, but I think they should be included in the present 

manuscript. 

AUTHOR RESPONSE: Please refer to our earlier response regarding Unpublished data. 

Authors claimed the studies in different environment condition such as hot and dried etc…but was not 

supported by the data. If authors can provide the data will be helpful to others to understand the test 

conditions and modify their trials. 

AUTHOR RESPONSE: We are not sure where we are missing information in this regard 

and we have provided several key references to the literature. The point of us discussing 

the flexibility across multiple environments was simply to communicate that the protocol 

is not limited to one environment and thus comparative studies with essentially the same 

protocols can be conducted across multiple environments. 

The authors should include a section about interpretations of the results and statistical analysis which is 

very critical portion of any study. 

AUTHOR RESPONSE: Please refer to our earlier response regarding the specific journal 

guidelines from JoVE. 

 

Reviewer #2: 

Manuscript Summary: 

This paper presents a protocol to evaluate diverse combinations of pesticides targeting disease-vector 

insects (e.g. mosquitoes and sand flies) and equipment across multiple environments. In this study 

authors use cages of colony-reared sentinel mosquitoes (adults and immatures) or sand flies (adults) 

strategically arranged in natural habitat and exposed to pesticide spray. The mortality of these insects is 

recorded and visualized in a geographic information system. 

 

I find the manuscript interesting and potentially important. It provides useful information and a clear 

guideline to study the efficacy of pesticides targeting important insects such as disease-vector 

mosquitoes and sand flies. The title and abstract seem to be appropriate and the steps listed in the 
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procedure are clearly explained. Overall, I think it is scientifically sound and well presented. 

There are some minor details missing or unclear, which need to be addressed. 

AUTHOR RESPONSE: thank you; and we appreciate the opportunity to improve the ms 

to be more accessible and clear. 

 

 

Minor Concerns: 

Table 1 and table 2 as well as the table listing all the materials and equipment are not cited in the text. 

Please, add citations. 

AUTHOR RESPONSE: Table 1 was cited at line 512 in the original ms; Table 2 was cited at 

line 609 in the original ms. We have retained these citations in the revised ms. Table 3 is 

named Table 3 per JoVE guidelines and will be a standalone table in the final published 

copy. 

 

Figures 1, 2, 3 4 and 5 are not cited in the text. Please, add them. 

AUTHOR RESPONSE: As with the Tables in previous comment, all Figures were cited in 

text properly in the original ms. It is possible the review copy of the ms did not display 

these properly. We have retained all Figure citations in the revised ms. 

 

Legend in Figure 6 is missing. Fig 6C is not completely clear. The type of diluent is missing. Please add 

this information. 

AUTHOR RESPONSE: Legends were included for all figures in our original submission; as 

with response to previous comment, these may not have translated properly in the review 

version of the ms. Also, we submitted hi resolution versions of all figure images and it is 

possible that the review copies of these images were of lower quality 

 

You report that experiment considers also immature stages of mosquitoes, but a guideline of this stages 

is not present and you report some considerations only in the discussion section. Why? Moreover, in 

the introduction you mentioned that you will test the efficacy of pesticides studying the percent adult 

development using sentinel cups. There is no explanation, not even on the discussion section, of how to 

take or evaluate these development measure. Please add this information. 

AUTHOR RESPONSE: We did include detailed information on adjusting the protocol to 

study efficacy on immature stages – please see Discussion section lines 764-770 in the 

original ms. In-text citations (7, 23-25) at line 766 are included that have very detailed 

information on the sentinel cup protocol for measuring efficacy on immature mosquitoes. 

 


