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Abstract: Understanding the temporal, spatial, and behavioral patterns of the free-ranging 
target species in response to candidate baits and baiting strategies is important to ensure 
control success. This information can also assist in the development and deployment 
of feeding stations and can exclude non-target species while constituting effective bait 
delivery and control strategies for certain invasive animals, especially at environmentally 
sensitive sites. We used passive integrated transponder (PIT) tags in conjunction with very-
high frequency radio-telemetry to remotely record bait station visitations and evaluate bait 
attractiveness in separate field research studies of brown treesnakes (Boiga irregularis) on 
Andersen Air Force Base, Guam, Northern Mariana Islands, between 1999 and 2000 and in 
2007, for small Indian mongooses (Urva auropunctata: Syn. Herpestes auropunctatus) on 
Hilo, Hawaiʻi Island, Hawaiʻi. USA. This system allowed us to document visitation rates to bait 
stations by brown treesnakes and mongooses. In Guam, we determined that 75% of medium 
to large brown treesnakes (>850 mm snout-vent length [SVL]) attracted to the bait stations 
consumed toxic bait, while smaller snakes (<850 mm SVL) were not attracted to the bait 
stations. On Hawai‘i Island, we learned mongooses foraged over large areas (range = 6.0–
70.2 ha), traveled up to 598 m to select baits, had restricted centers of activity, and displayed 
fidelity to newly discovered food sources. We recorded discrete group feeding activity not 
previously documented for mongooses. We found that anterior and posterior double-PIT 
tagging improved detectability of both target species. The complimentary monitoring system 
we used can be easily adapted for monitoring small mammals, birds, reptiles, or amphibian 
species and various activities of interest. 
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An understanding of spatial population 
dynamics, foraging patterns, and feeding be-
havior is fundamental to effective control or 
eradication strategies that incorporate baits to 
mitigate impacts of invasive animal species. 
When planning field studies to assess baiting 
success and to optimize techniques for captur-
ing or delivering treated baits to control inva-
sive brown treesnakes (Boiga irregularis) and 
small Indian mongooses (Urva auropunctata 
Syn. Herpestes auropunctatus), we recognized 
a need for a monitoring system that could be 
easily deployed in rugged remote areas to as-
sess bait acceptance with minimal interference 

or disturbance to the behavior of the 2 target 
species. Requirements include the ability to: (1) 
mark a large proportion of the resident popula-
tion, (2) verify bait take (missing bait) and the 
identity of marked individual(s) responsible, 
(3) record the station (bait type) visited, (4) de-
termine the date and time of visits, (5) record 
the duration and frequency of visitations, and 
together with radiotelemetry, one could also 
determine the distance traveled and time to bait 
discovery and fate of target animals consuming 
toxic baits. Besides unique identity, document-
ing various temporal and foraging/feeding pa-
rameters would be invaluable in baiting studies 
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of the 2 non-native invasive pest species stud-
ied. Direct observation or use of traditional de-
vices (e.g., cameras, traps, tracking boards) to 
monitor bait uptake for free-ranging wildlife 
can be tedious, time-consuming, costly, and 
disruptive to the animal’s normal behavior 
(Shepp 1967, O’Farrell 1974, Jones et al. 2004, 
Stanton-Jones 2018). These techniques may not 
allow for discrete animal identification, which 
is required to characterize individual differ-
ences in response to baits and delivery systems.

Passive integrated transponder (PIT) tags or 
microchips are routinely used in many ecologi-
cal studies and offer a simpler, safer, longer-
lasting, and more accurate technique of unique 
identification of captive and wild animals than 
traditional tagging methods such as append-
age clips or external tags (Fagerstone and Johns 
1987, Elbin and Burger 1994, Boarman et al. 
1998, Gibbons and Andrews 2004). Miniature 
non-surgically implantable tags are routinely 
used for demographic research and ecological 
studies of various aquatic species (Prentice et 
al. 1990, Castro-Santos et al. 1996, Mahapatra et 
al. 2001), mammals (Bertolino et al. 2001, Jones 
et al. 2004, Newey et al. 2009, Konig et al. 2015), 
reptiles and amphibians (Camper and Dixon 
1988, MacGregor and Reinert 2001, Stanton-
Jones 2018), birds (Bonter and Bridge 2011, 
Mariette et al. 2011, Iserbyt et al. 2018, Testud et 
al. 2019), and insects (Gilbert 2000, Leskey and 
Hogmire 2005, Testud et al. 2019). 

Most field applications using PIT tags require 
subsequent recapture of previously tagged ani-
mals and identification using portable hand-
held scanners. In a few autonomous systems, 
stationary readers are placed at strategic path-
ways, such as burrow entrances, nests, supple-
mental feeders, and other frequently traversed 
sites to monitor and log various activity pat-
terns. Such systems have been used to monitor 
a variety of mammals (Harper and Batzli 1996, 
Dell’Omo et al. 1998, Kenward et al. 2005, Reh-
meier et al. 2006, van Harten et al. 2019), birds 
(Creuwels et al. 2000, Freitag et al. 2001, Moller 
et al. 2003, Mariette et al. 2011), reptiles and am-
phibians (Gruber 2004, Charney et al. 2009, Tes-
tud et al. 2019), and aquatic animals (Lundqvist 
et al. 2000, Riley et al. 2003, Briggs et al. 2021).

Researchers at the U.S. Department of Ag-
riculture (USDA), Wildlife Services (WS) Na-
tional Wildlife Research Center (NWRC) ex-

perimented with an earlier PIT tag autonomous 
prototype system to monitor efficacy of traps 
and bait stations. That prototype system was 
limited by battery life and was often burdened 
by a large physical size, which may impact the 
target animal’s normal foraging behavior (R. 
T. Sugihara and E. W. Campbell, NWRC, un-
published report). The recording unit consisted 
of the receiving antenna, a PIT tag reader or 
decoder, data storage unit (data logger), and 
laptop computer. The components were con-
nected by various lengths (15–30 m) of coaxial/
electronic cables and powered by a heavy-duty 
automotive or deep-cycle 12-volt marine bat-
tery lasting from 4–8 days before requiring re-
charging. The data loggers were limited to 1,000 
events due to onboard memory constraints. 
Where multiple readers were deployed, an ar-
ray of 4–8 separate units were combined via a 
multiplexer, expanding the number of units de-
ployed and area covered.

For future studies, we determined that a 
stand-alone, remote, autonomous monitoring 
system that was easier to deploy in the field and 
with increased datalogging capabilities was 
needed to record discrete animal identification, 
visitation parameters, and bait consumption at 
stationary bait delivery stations and for other 
animal monitoring studies.

For the studies reported here, we utilized a 
custom-designed compact automatic monitor-
ing system using PIT tags, in conjunction with 
radiotelemetry, to record spatial and temporal 
data on bait station visitations and attractive-
ness of baits in 2 separate case studies evaluating 
the demographics and fate of brown treesnakes 
visiting bait stations with acetaminophen-treat-
ed baits used to reduce invasive snake popula-
tions on Guam, and attractiveness of candidate 
food bait products to free-ranging small Indian 
mongooses on Hawai‘i. Benefits gained from 
incorporating transmitters (radiotelemetry) in-
clude recording spatial behavior in response to 
baiting, locating refugia sites, and determining 
fate of animals consuming toxic bait.

Brown treesnake 
The brown treesnake was introduced to Guam 

during shipping activities following World War 
II and devastated the island’s avifauna and her-
petofauna (Savidge 1987, Rodda and Fritts 1992). 
In addition, it is responsible for frequent electri-
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Hawai‘i Department of Agriculture staff result-
ed in 7 new captures near ports of entries and 
cargo staging areas (https://www.kauaiisc.org/ 
kiscpests/mongoose/).

Trapping and use of toxic baits in bait sta-
tions have been employed in attempts to reduce 
mongoose populations near and around native 
bird nesting habitats (Keith et al. 1990, Stone 
et al. 1994, Smith et al. 2000). However, these 
methods have been less successful in areas with 
low mongoose or high alternative prey densi-
ties. Management of wildlife damage caused 
by invasive mongooses and the potential for 
spread to other islands in the Pacific and Carib-
bean highlight the need for improved indexing 
and capture techniques (e.g., use of traps, scent-
ed visitation stations, baits, lures, or attractants) 
to quickly respond to reported sightings or in-
cipient mongoose populations. Development 
and optimization of such tools can be aided by 
use of PIT tag marked animals in locations al-
ready colonized by these invasive predators.

Study area
Guam

We conducted this study in a 9-ha tract of 
mixed primary and secondary forest on the 
western edge of the Conventional Weapons 
Storage Area on Anderson Air Force Base, Guam 
(Figure 1). The habitat consists of overstory trees 
dominated by molave (Vitex parviflora), fadang 
(Cycas circinalis), screw pine (Pandanus spp.), 
and fagot (Neisosperma oppositifolia). Subcanopy 
species includes paipai (Guamia mariannae), 
beach hibiscus (Hibiscus tiliaceus), and limeberry 
(Triphasia trifolia) with assorted patches of ferns, 
vines, and small herbs growing on well-drained 
porous limestone rocks and soil. 

Hawai‘i 
We obtained the mongoose case study data 

from October to December 2007 during a con-
current ecological study at the Keaukaha Mili-
tary Reservation (KMR) near the Hilo Interna-
tional Airport, Hilo, Hawai‘i Island, Hawai‘i 
(Pitt et al. 2015; Figure 2). The study site con-
sists of an 80-ha parcel of rocky lava substrate 
covered with a thin layer of mostly organic 
compost. The area was previously cleared for 
military use and left unused for >40 years, al-
lowing propagation of mostly volunteer ex-
otic vegetation dominated by molasses grass 

cal power outages, loss of domestic poultry and 
small farm animals, occasional envenomation of 
infants, and presents a continuing threat to re-
covery programs to reintroduce threatened na-
tive birds and lizards (Rodda and Savidge 2007). 
An equally serious concern is the potential of 
brown treesnakes being accidentally trans-
ported to destinations outside of Guam, such as 
Hawai‘i, USA, where if established, they would 
likely constitute an even greater ecological and 
economic disaster (McCoid et al. 1994, Fritts et 
al. 1999, Savidge et al. 2007, Shwiff et al. 2010).

We, along with other researchers on Guam, 
have used PIT tags in mark-recapture proce-
dures, as well as visual detection and hand-cap-
ture, to study the population ecology and re-
sponses of brown treesnakes to various control 
strategies (e.g., trapping, barriers, toxicants) 
(Brooks et al. 1998, Engeman and Linnell 1998, 
Rodda et al. 1999, Tyrrell et al. 2009). Savarie et 
al. (2001) and Lardner et al. (2013) reported the 
development of an effective and safe toxicant 
delivery system utilizing PVC tube bait stations 
baited with dead neonatal mice (DNM) treat-
ed with acetaminophen, a registered brown 
treesnake pesticide in the United States. Unique 
identification provided by PIT tags affords col-
lection of discrete foraging and bait interaction 
information in the evaluation of bait stations 
and other control programs to reduce popula-
tions of brown treesnakes on Guam.

Small Indian mongoose
Small Indian mongooses, originally intro-

duced to Hawai‘i for rat control in sugarcane 
fields in 1893, are serious predators of native 
upland forest and wetland birds in the Ha-
waiian Islands (Baldwin et al. 1952, Keith et 
al. 1987, U.S. Fish and Wildlife Service 1999, 
Hays and Conant 2007) and other introduc-
tion sites worldwide (Tvrtkovic and Krystufek 
1990, Roy et al. 2002, Yamada and Sugimura 
2004, Berentsen et al. 2017). In Hawai‘i, the 
eggs and nestlings of ground-nesting birds are 
especially vulnerable to mongooses, which oc-
cupy diverse habitats on all but one of the ma-
jor Hawaiian Islands. On the island of Kaua‘i 
where earlier introductions were not success-
ful, a roadkill gravid female mongoose was 
discovered in 1976. More recent sightings and 
follow-up trappings during 2016 to 2023 by 
Kaua‘i Invasive Species Committee (KISC) and 
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Logger/Controller Engine (Onset Computer 
Corporation, Bourne, Maryland, USA). The PIT 
tag reader automatically senses valid tags im-
planted on target animals that pass through a 
15-cm-diameter hoop antenna tethered to the 
reader via a 2.5-m-long cable. We positioned 
and adjusted the sensitivity of the antennas so 
that PIT tags were only detected in proximity 
to (5–6 cm) and within the inner plane of the 
hoop antenna. The unique 9-digit identifica-
tion (ID) number from each PIT tag was read, 
decoded, and transmitted as an RS-232 signal 
(9600 baud rate) on a digital output line to the 
connected data logger, which stored the tag ID 
along with tag acquisition date and time, AVID 

(Melinis minutiflora), bamboo orchid (Arundina 
graminifolia), ground ferns (Nephrolepis spp.), 
and strawberry guava (Psidium cattleianum). 
Scattered stands of albizia (Falcataria moluc-
cana), gunpowder tree (Trema orientalis), ʻōhiʻa 
(Metrosideros polymorpha), and screw pine (Pan-
danus tectorius) are also common alongside lim-
ited access perimeter roads.

Methods
Surveillance system

The major components of the monitoring sys-
tem consisted of an AVID® commercial NEMA 
PIT tag reader (AVID ID Systems, Norco, Cali-
fornia, USA) and an Onset Tattletale® Data 

Figure 1. Brown treesnake (Boiga irregularis) study area, 1999–2000, Andersen Air Force Base, 
Guam, USA. 

Figure 2. Mongoose (Urva auropunctata: Syn. Herpestes auropunctatus) study area, 2007, Hawai‘i 
Island, Hawai‘i, USA.
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reader and data logger serial number, and vari-
ous programmable user-defined data record 
fields and equipment diagnostic information. 
We determined and programmed the type and 
format of data to be stored into the data logger 
prior to activating the units in the field. 

An external 12-volt direct current (VDC), 
7-ampere hour, sealed lead acid battery (18 x 11 
x 8 cm) weighing 2.3 kg provided power to both 
the PIT tag reader and data logger for approxi-
mately 5–7 days before battery replacement was 
needed. An internal 9 VDC battery provided 
data logger backup power to facilitate routine 
swap out of the main battery without losing the 
logging application software and data stored in 
volatile memory. We programmed the data log-
ger to monitor and record the output capacity 
of the primary and memory backup batteries 
hourly. At the time, onboard memory capacity 
allowed for storage of up to 5,000 individual 
events.

The PIT tag reader unit was factory-sealed 
in a waterproof hard plastic NEMA-rated case. 
The hoop antenna and 2.5-m-long attachment 
cable were shielded in a hard vinyl coating. 
The single board electronic circuitry of the data 
logger was protected in a compact plastic case. 
All components fit into a small 27 x 27 x 11-cm 
(length, width, height) watertight plastic con-
tainer; total package weighed 1,280 g (3,900 g 
with battery; Figure 3). The compact and light-
weight unit allowed for easy handling and 
transport and added protection in harsh weath-
er environments. When deployed, the bait de-
livery device and attached hoop antenna could 
be located up to 2.2 m from the control unit, 
minimizing the footprint of the monitoring 
system at the target location. We concealed the 
control unit container under vegetation, logs, 
or placed it above ground in trees to provide 
camouflage and reduce environmental impacts.

Prior to field deployment, we used a hand-

Figure 3. Automatic monitoring system components enclosed in weather-proof 
container—12 volts direct current compact sealed lead acid battery (A), data 
logger (B), AVID PIT tag reader (C), and trailing PIT tag hoop antenna (D used for 
monitoring bait station visitation by brown treesnakes (Boiga irregularis) on Ander-
sen Air Force Base, Guam, Northern Mariana Islands (1999–2000) and mon-
gooses (Urva auropunctata: Syn. Herpestes auropunctatus) on Hawai‘i Island, 
Hawai‘i, USA (2007).  Note: label (10) on plastic container cover denotes device 
identification number.
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tissue under ventral scales proximal to the vent 
(MacGregor and Reinert 2001) and under dor-
sal scales in the neck posterior to the pivot point 
of the lower jaw before releasing the snakes at 
the capture location. Monitoring objectives, 
anatomy, and physiological differences of the 
target species approaching and entering pas-
sive bait delivery devices are important con-
siderations in selecting appropriate PIT tag 
implantation sites (Biggins et al. 2006). Thus, 
we double-tagged snakes to optimize detection 
probability at bait stations. 

Studies have documented low live-trap cap-
ture success of smaller size class of snakes (Sav-
idge 1988, Rodda et al. 1999, Savarie et al. 2001). 
A secondary objective was to evaluate bait deliv-
ery station utilization and acceptance of treated 
DNM bait by smaller snakes. We grouped snakes 
<850 mm snout-vent length (SVL) to the smaller 
class and snakes ≥850 mm SVL to the larger 
class. We hand-captured small snakes along 
fence lines and other off-site locations during 
normal snake interdiction operations by USDA 
Guam WS personnel and similarly PIT-tagged 
and relocated them into the study site. 

We surgically implanted miniature (1.4 g) 
radio transmitters (Holohil Systems, Ontario, 
Canada) into a subset of the PIT-tagged larger 
snakes following procedures described by To-
bin et al. (1999). None of the off-site captured 
smaller snakes released into the study area were 
implanted with radio-transmitters due to the 
snakes’ small girth relative to the transmitter 
package size. We tracked each radio-implanted 
snake with hand-held radio receivers (Advanced 
Telemetry Systems, Isanti, Minnesota, USA) and 
portable 3-element Yagi antennas (Wildlife Ma-
terials, Murphysboro, Illinois, USA) and located 
(visually whenever possible) each snake at least 
once daily to determine its daytime refuge loca-
tion during the 20-day trapping period. We lo-
cated all radio-implanted snakes once daily in 
the morning (0800–1000 hours). 

Bait stations 
We constructed bait stations from a pair of 

thick-walled white poly vinyl chloride (PVC) 
sewer pipes sized 20 cm long by 15 cm in diam-
eter. We sandwiched the hoop antenna vertical-
ly between the 2 horizontal lengths of pipe and 
secured them with plastic ties. The bait station 
measured 42 cm long by 15 cm in diameter and 

held or standard laptop computer to initially 
set up and control the data logger collection 
parameters. Current date, time, PIT tag reader, 
and data logger serial numbers, and maximum 
delay (1–30 seconds) were typical input selec-
tions programmed prior to field deployment 
of the system. Maximum delay referred to the 
time interval following initial acquisition of a 
unique PIT tag in which the data logger con-
troller disregarded further inputs of the same 
tag. We used a 30-second delay where the same 
PIT tag repetitively detected within 30 seconds 
was recorded only once. The pre-programmed 
detection delay allowed us to quantify loiter-
ing (rapid entry/exit) activity at a station and 
record multiple visits to the same station within 
a short period of time. This feature conserved 
onboard memory storage capacity and facili-
tated ease of off-line data recognition and anal-
ysis. Data retrieval was accomplished using 
a handheld or laptop computer. An external 
light-emitting-diode plug (jack) inserted into 
the side port of the data logger provided an 
indication that at least 1 data record was avail-
able for download, indicative that a PIT-tagged 
animal visited the station. We used a standard 
computer terminal communication program to 
reset memory in the data logger and download 
and save recorded data onto a laptop computer.

Brown treesnake study
We used the automatic monitoring system 

described in a field study to determine the 
demographics, bait attractiveness, and fate of 
a population of brown treesnakes exposed to 
an oral toxicant during a baiting program con-
ducted in northern Guam, Mariana Islands, in 
summer of 2000. 

We delineated a 150 x 150-m section (2.8 ha) 
of an 8-ha forest block consisting of 49 trap-
ping stations spaced 25 m apart in a 7 x 7 rect-
angular grid array to capture and mark brown 
treesnakes for the study. We used wire-mesh 
funnel snake traps baited with a live mouse 
(housed in separate protective chamber) to 
live-capture brown treesnakes (e.g., Linnell 
et al. 1998). We checked and maintained traps 
daily over a 20-day trapping period prior to ac-
tivation of the toxic bait delivery stations. We 
removed captured snakes from traps, manually 
restrained them, and inserted uniquely num-
bered AVID PIT tags (12 x 2.1 mm) in muscle 
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was open at both ends with a raised plastic mesh 
platform glued to the inside walls in the center of 
the station to hold a single bait (Figure 4). 

We placed a baited PVC bait station at each of 
the inner 5 x 5 grid location (25 PIT tag monitor-
ing stations) within the 7 x7 trapping grid 7 days 
after the last snake was captured, tagged, and 
released. We hung the bait stations horizontally 
from branches with nylon cords at each station 
(Global Positioning System [GPS] location re-
corded) approximately 1.5–2.0 m off the ground 
to maximize bait exposure to the arboreal target 
species and reduce disturbance by ground pred-
ators. We secured the control units under logs, 
boulders, or in the crotches of adjacent branches 
approximately 2.2 m from the receiving hoop 
antenna (bait delivery device). Each station was 
baited with a single DNM bait treated with an 
80-mg acetaminophen tablet. In laboratory and 
field trials, Savarie et al. (2000, 2001) found the 
80-mg dosage to be 100% lethal to both size 
classes of snakes as used in our study.

Bait station visitation monitoring
We tracked, located, and recorded the loca-

tion (GPS) of each radio-implanted snake once 
daily for 21 consecutive bait exposure days and 
checked for recorded PIT tag detections at bait 
stations to determine the snake’s eventual fate 

(e.g., time to death, location of carcass). We also 
monitored bait status (e.g., condition and disap-
pearance) and PIT tag detections at each station 
daily and replenished stations with fresh bait as 
needed; uneaten baits were replaced after 2–3 
days. We used each snake’s prior day’s location 
(GPS) and records of station visitations to de-
termine the Euclidean distance traveled to the 
visited station and assess the attractiveness of 
the bait delivery system for brown treesnakes. 
We recorded snake locations using hand-held 
GPS receivers (Trimble Navigation, Sunnyvale, 
California). Additional daily searches were per-
formed to physically locate and confirm the sta-
tus of all snakes logged by monitoring stations 
with missing toxic bait. Subsequent searches 
were conducted the following day if necessary. 

While PIT tag detections at bait stations and 
missing bait are not conclusive evidence that a 
visiting brown treesnake consumed the toxic bait, 
previous studies, in similar habitat as ours, using 
video data identified very few non-target visi-
tors to suspended PVC bait stations baited with 
dead neonate mice (Siers et al. 2019; P. J. Savarie 
[retired], USDA, WS, NWRC, unpublished data).

Bait consumption criteria
Records of bait removal have been the stan-

dard metric used to evaluate brown treesnake 

Figure 4. Brown treesnake (Boiga irregularis) bait delivery station hung from a tree (left) used on 
Guam, Northern Mariana Islands (1999–2000) and ground-placed mongoose (Urva auropunctata: 
Syn. Herpestes auropunctatus) bait delivery station (right) with PIT tag hoop antenna mounted in 
the center of the stations, Hawaiʻi Island, Hawaiʻi, USA (2007).
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foraging activity (e.g., abundance) in monitor-
ing the efficacy of various ecological and con-
trol related studies (Savarie et al. 2001, Clark et 
al. 2012). We used the same criteria to confirm 
bait take of the acetaminophen-laced DNM 
bait in our study. Bait status (present or ab-
sent) was recorded each morning during the 
bait exposure period. For each night’s PIT tag 
detection of snakes visiting bait stations, the 
following fate status was assigned: (1) if only 
1 snake was detected at a bait station and the 
bait was missing the following morning, we as-
sumed that individual consumed the bait, (2) if 
multiple snakes were detected at a bait station 
during the night and the bait was missing in the 
morning, the first detected snake was recorded 
as consuming the bait and, (3) if a PIT-tagged 
snake was detected at a bait station and the bait 
was intact in the morning, the snake did not 
consume the bait.

We used the monitoring system to collect 
the following information: (1) individual iden-
tity of snakes visiting bait stations, (2) distance 
from the last telemetry locations to the bait sta-
tions, (3) bait take success, (4) time of visitation, 
(5) location and fate of bait consumers, and (6) 
daytime refugia locations. Capture and han-
dling procedures were approved by the USDA 
WS NWRC Institutional Animal Care and Use 
Committee under protocol QA-817. 

Small Indian mongoose
We evaluated the monitoring system during 

a study to determine the effectiveness of select-
ed food baits in attracting mongooses to bait 
delivery stations (Pitt et al. 2015). 

We live-captured mongooses in Tomahawk® 
(Tomahawk Live Trap Co., Tomahawk, Wis-
consin, USA) wire cage traps baited with 6.5-
cm2 chunks of fresh coconut endosperm. We 
placed traps in 4 parallel transects 100–150 m 
apart with 6–7 trapping stations at 100-m in-
tervals. We anesthetized captured mongooses 
via inhalation of isoflurane gas as described by 
Pitt et al. (2015). Similar to the brown treesnake 
case study, we used dual AVID PIT tags (12 x 
2.1 mm each): 1 tag implanted subcutaneously 
between the shoulder blades and a second tag 
inserted in the dorsal rump area. In addition, a 
subset of captured and PIT-tagged mongooses 
was fitted with 6.5-g neck collar radio-trans-
mitters (Advanced Telemetry Systems, Isanti, 

Minnesota). We used this subset of PIT-tagged 
and radio-collared mongooses to determine 
baseline foraging boundaries and subsequent 
daily travel distances as well as identify indi-
vidual responses to selected food baits via the 
monitoring system and validate the system’s 
performance. We tracked radio-collared mon-
gooses at least once daily, except weekends and 
holidays.

Bait stations 
The monitoring/bait delivery device used for 

mongooses consisted of an open-ended 12.5 x 
12.5 x 37.5-cm (height, width, length) tunnel 
with a flat floor and arched roof constructed 
from thick, waxed, white signboard paper (Pitt 
et al. 2015; Figure 4). We secured the receiving 
hoop antenna perpendicularly on the outside 
center of the station with plastic ties and at-
tached wooden support legs to the bottom of 
the station to position it level to the ground. 
We used 4 fresh, non-toxic food baits: (1) beef 
scraps, (2) previously frozen fish (mackerel), 
(3) whole chicken eggs, and (4) fresh coconut 
(endosperm). We placed approximately 50 g of 
each bait type or 1 egg in a 7 x 12-cm (width, 
length) pouch constructed from 12-mm mesh 
plastic hardware cloth. We secured the pouch to 
the inner middle bottom floor of the bait station 
to prevent displacement or complete removal 
of bait to optimize PIT tag detections and docu-
mentation of visitation parameters (i.e., linger-
ing activity, time at station, etc.). Each bait type 
was evaluated separately during 2 3-day expo-
sure trials/bait type (trial 1 and 2). Trials were 
conducted 7–14 days apart with 21–28 days be-
tween trials of each bait type.

Bait station visitation monitoring 
To evaluate distance traveled to the baits, we 

located mongooses each morning by triangula-
tion. Subsequently (within 1 hour), we placed 
12 bait stations with the predetermined test 
food (3 of each bait type) at 50 to 100-m inter-
vals along linear transects. Stations were typi-
cally placed >500 m away from that morning’s 
mongoose locations. The following morning, 
we first determined the location of each ra-
dio-collared mongoose, then visually checked 
each bait station, queried the data logger, and 
downloaded mongoose visitation records. We 
replaced missing, disturbed, or partially eaten 
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baits with fresh bait that had been stored under 
ambient field conditions.

We recorded the following information: (1) 
fresh food type at bait station, (2) individual 
identity of mongooses visiting bait stations, 
(3) distance from the last telemetry locations to 
the bait stations, (4) bait take success, and (5) 
time of visitation. Mongoose capture, handling, 
and anesthesia were approved by the USDA 
WS NWRC Institutional Animal Care and Use 
Committee under protocol QA-1255. 

Results
Brown treesnake

We captured, PIT-tagged, and released 101 
brown treesnakes (e.g., larger size class, mean 
SVL = 1,044 mm, range = 856–1,268 mm) dur-
ing the 20-day pre-toxic bait exposure trapping 
period, of which we implanted 25 snakes with 
miniature very high frequency (VHF) transmit-
ters. We translocated an additional 27 smaller 
snakes (mean SVL = 721 mm, range = 465–833 
mm) and 3 large (SVL = 856, 866, and 894 mm) 
brown treesnakes (PIT tag only) into the study 
site. During the 21-day toxic bait exposure pe-
riod (525 station-days), the monitoring system 
automatically recorded 1,067 episodes (PIT tag 
detections) of 32 individual brown treesnakes 
at the bait stations. Each episode consisted of 
8–45 detection records with 2–5 repeated visits 
at the same station within a 14-day period. All 
visitation episodes (time spent at bait station) 
were <2 minutes. Of snake identifications, 62% 
were exclusively via neck-implanted PIT tags, 
28% were by tail-implanted tags only, and 10% 
included both neck and tail tags detected of the 
same snake.

We found that 32 of 101 large snakes tagged 
and released (31.7%) visited bait stations. Of 
these, 24 snakes apparently consumed bait, 
and 8 snakes visited a bait station but did not 
consume bait. We affirmed 8 snakes with VHF 
transmitters as mortalities and 8 sole snake de-
tections (no other PIT-tagged snakes detected 
at the bait stations during the night) with sub-
sequent missing bait the next morning as also 
assumed mortalities. The other snakes (8) were 
the first ones detected among multiple snakes 
at the bait station with subsequent missing 
baits. One snake apparently consumed baits 
from 2 different stations within a 2-hour period.

We found the exposed carcasses of 7 radio-

tagged snakes that consumed bait. The car-
casses were found exposed on the ground. We 
found the transmitter from the eighth snake 
on the ground in the decomposed fecal pel-
let of a monitor lizard (Varanus indicus), which 
presumably found and consumed the dead or 
dying snake. The average discovery time be-
tween presumed consumption of treated bait to 
discovery of dead snakes was 32 hours (range 
= 10–48 hours). Fifty percent of mortalities oc-
curred within 24 hours of a tagged snake being 
recorded at a bait station. Snakes may have per-
ished earlier since nighttime (12-hour period) 
searches were not conducted due to logistics 
and observer safety concerns. Snakes that con-
sumed toxic bait that lived longer than 24 hours 
(n = 4) were initially located in normal refugia 
on the first morning of telemetry monitoring 
and were subsequently found dead. Carcasses 
were found an average of 30.3 m (range = 10–54 
m) away from the bait delivery station visited. 
Despite daytime ground searches, no carcasses 
of the remaining PIT-tagged only snakes (with-
out transmitters) that presumably consumed 
toxic bait (n = 16) were discovered. 

We detected 2 small (SVL = 682 and 769 mm) 
and 1 large (SVL = 894 mm) PIT-tagged supple-
mental snakes we had released into the study 
plot at bait stations. The baits at the stations 
visited by the smaller snakes were intact. The 
relocated large snake detected at a bait station 
apparently consumed the toxic bait and is as-
sumed to have died. 

Snake visits to bait stations occurred 
throughout the hours of darkness from 1900–
0600 hours with peak visits at 2100–0000 hours. 
We also recorded 126 daytime refugia (90% 
visually confirmed) for the 25 radio-tagged 
brown treesnakes. We found live snakes most 
frequently on the ground under dead vegeta-
tion or wedged in rocky crevices (62 locations), 
coiled in tree branches or crotches (n = 48), and 
in a hollowed cavity of a dead log (n = 1).

Small Indian mongoose
We focus on reporting the performance and 

capabilities of the monitoring system in collect-
ing discrete individual mongoose responses to 
bait delivery devices. Details on the attractive-
ness of candidate food baits to mongooses, bait 
preference, and related biological and ecologi-
cal findings are reported in Pitt et al. (2015).
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We captured, PIT-tagged, and released 41 
mongooses (8 male, 33 female), 21 of which 
were also collared with radio-transmitters (8 
male, 13 female). The monitoring system re-
corded 6,268 mongoose visitation episodes 
(PIT tag detections), including same-day or 
consecutive-day visitations by the same mon-
goose to preferred baits during 336 station-
exposure days. This includes 129 visitations by 
29 individual mongooses to selected food bait 
stations during 2 separate trials of each of 4 bait 
types. Most mongoose detections were via both 
shoulder and rump-implanted PIT tags; sole 
tag identifications accounted for <10% of all 
detections and was 53.9% and 46.1% for ante-
rior (shoulder) and posterior (rump) PIT tags, 
respectively. 

Mongooses were attracted to all the food 
baits (i.e., fish, beef, egg, coconut) evaluated in 
the case study (Pitt et al. 2015). A small propor-
tion (29.1%) of tagged mongooses did not visit 
any baited food stations, although some radio-
collared mongooses were regularly located for-
aging near bait stations. Mongooses foraged 
over large areas (range = 6.0–70.2 ha) through-
out the daylight hours (0600–1800 hours) with 
reduced activity shortly after sunrise and be-
fore sunset. Male mongooses generally were 
attracted to the food baits from greater distanc-
es than females, with baits being discovered 
within 24–30 hours from distances up to 598 m 
and 483 m by males and females, respectively. 
Mongooses displayed apparent habituation to 
novel food stations as evidenced by repeat and 
prolonged visitations within the same day and 
over the 3-day bait exposure period. Concur-
rent detections of multiple mongooses (n = 2–6) 
at the same station within a short (<5 minutes) 
period provides evidence of greater cohort in-
teractions and group feeding activity not pre-
viously documented in mongooses in Hawai‘i. 

Discussion
We successfully deployed the automatic PIT 

tag monitoring system in separate toxic and 
non-toxic baiting studies of an arboreal noctur-
nal snake and a terrestrial diurnal carnivore, 
respectively. We used the same system for both 
field studies with simple modifications to bait 
station design and strategic placement of the 
receiving hoop antenna to accommodate target 
species differences in body size and foraging 

behavior. Deployment of this custom-designed 
automatic monitoring system in the case stud-
ies of the brown treesnake and small Indian 
mongoose provided valuable chrono-ecological 
data on individual animal behavior that has the 
potential to optimize the success of bait sta-
tion delivery systems in controlling these non- 
native invasive predators. 

Brown treesnake
Recorded system data showed that visita-

tion rates to the toxic bait stations by brown 
treesnakes in this case study were low (32% of 
all PIT-tagged snakes). In a follow-up large-
scale study evaluating extended (12 weeks) 
baiting using similar toxic (acetaminophen) 
bait stations in combination with operational 
trapping, researchers recorded bait take rang-
ing from 21–40% per week (R. T. Sugihara and 
E. W. Campbell, NWRC, unpublished report). 
Bait takes by non-PIT-tagged snakes or non-tar-
get visitors were minimal in both studies based 
on only a few instances of stations with missing 
bait without valid PIT-tagged snake detections, 
validating that bait was readily available for 
foraging brown treesnakes. 

Some snakes visited multiple stations within 
a period of 2–3 days with or without taking the 
bait; 1 snake presumably consumed 2 treated 
baits from 2 different bait stations within a 
2-hour period. We assigned bait take to the first 
snake detected at the bait station on a particular 
night, but the lingering bait odor plume could 
still be attractive to subsequent snakes visiting 
and detected at the bait station (Sugihara et al. 
2015, Siers et al. 2018). Bait take was consistent 
over the first 15 days and decreased slightly 
thereafter during the 21-day bait exposure pe-
riod of this study. Savarie et al. (2001) and Siers 
et al. (2018) also found a consistent bait take 
rate over time.

We found the carcass of 7 of 8 radio-tagged 
snakes that consumed bait fully exposed on the 
ground. Only the transmitter of the other snake 
was found imbedded in the fecal dropping of 
a monitor lizard. In a similar study by Smith 
et al. (2016), 92% of the carcasses of captured 
brown treesnakes fed acetaminophen-laced 
mice and then released in the forest were found 
on the ground. These results suggest that snake 
carcasses may be accessible to a wide range of 
potential scavengers (Smith et al. 2016). Despite 
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daily searches, we were not able to locate dead 
PIT-tagged only or non-PIT-tagged snakes 
that consumed bait. The inability to find dead 
snakes is consistent with other studies evalu-
ating efficacy of brown treesnake control pro-
grams (Goetz et al. 2020, Siers et al. 2020). 

Only 2 of the 27 translocated small snakes 
were detected at the bait stations, and none of 
them appeared to have consumed the treated 
bait. Reliable data on smaller size class brown 
treesnake movements is lacking, and we are un-
sure if the introduced small snakes dispersed 
out of the unfamiliar relocated site during the 
bait exposure period. All on-site PIT-tagged 
snakes were of the larger size class, preclud-
ing valid comparisons of age class differences 
in bait station usage between on-site and sup-
plementally relocated snakes. Thus, with the 
monitoring system used, we were not able to 
adequately determine bait station utilization 
and acceptance of treated bait by small snakes 
in this study. Researchers have suggested that 
this PVC tube delivery device, placement, and/
or bait type (DNM) are ineffective for smaller 
size class snakes (Savarie et al. 2001, Lardner 
et al. 2013). It was reported that small brown 
treesnakes almost exclusively feed on small liz-
ards (Savidge 1988, Lardner et al. 2009).

Small Indian mongoose
The monitoring system provided valuable 

insight and information on mongoose forag-
ing ecology and individual responses to baits 
used to attract mongooses to traps and other 
bait delivery devices. Through its use in the 
case study, researchers documented prolonged 
and repeated visits to a particular bait station, 
indicating that mongooses were spending more 
time at a familiar “food-rich” location than they 
normally would have and suggesting learned 
fidelity at a known food source site. This is evi-
dent in urban habitats in Hawai‘i where scores 
of mongooses are attracted to a variety of an-
thropogenic foods discarded along roadways, 
waste disposal sites, residences, commercial ar-
eas, and parks (Tomich 1969, Hays and Conant 
2007). A high proportion (70%) of PIT-tagged 
mongooses found selected baits; however, 
some individuals were not attracted to bait sta-
tions placed within their normal home range. 
Baits with strong olfactory cues and persistent 
latent odors such as fish may be more attrac-

tive to mongooses than other fresh or processed 
food baits and may be the bait of choice in ar-
eas of low mongoose densities or newly estab-
lished sites. 

This study found that mongooses foraged 
throughout the daylight hours, supporting evi-
dence that this species is a strict diurnal forager 
in Hawai‘i. The disproportionate capture rate 
of female mongooses (0.80) has been recorded 
in past trapping at the study area (R. T. Sugi-
hara, unpublished data) and other locations 
and may reflect post-reproduction dispersal 
of female mongooses (Hays and Conant 2007). 
Discrete recorded information on spatial and 
temporal responses by mongooses to selected 
baits provide valuable insight toward optimiz-
ing control strategies using bait stations (Pitt et 
al. 2015).

System capabilities and limitations
Operationally, system portability allowed 

easy transport, deployment, and deactivation 
of multiple individual monitoring units in the 
2 rugged and remote study sites, especially in 
the limestone forests of northern Guam. System 
components (e.g., PIT tag reader, data logger, 
battery) were interchangeable between indi-
vidual stand-alone units; this allowed for easy 
maintenance and diagnostics in the field. The 
compact all-in-one housing of the entire sys-
tem (<4 kg total package weight) is a significant 
advantage over other autonomous systems 
plagued by bulky (22 kg) batteries and large 
space requirement of the separate and often 
hard-wired hardware components (Kenward 
et al. 2005, Rehmeier et al. 2006; R. T. Sugihara, 
NWRC, unpublished data).

The programmed 30-second delay was a 
compromise between reducing same animal 
detections (i.e., loitering activity) and ensur-
ing identification of new individuals visiting 
the same station concurrently or within a short 
period of each other. For mongooses especial-
ly, this short time delay resulted in multiple 
records of the same individual at a particular 
station. In the case of brown treesnakes with 
toxic baits, repeat visits to bait stations by the 
same snake were much less. For studies with 
extended service periods, depending on study 
objectives, increasing the delay period would 
be a solution to conserve data storage capacity. 
We do not suspect that a lingering mongoose 
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significantly excluded other cohorts from the 
station since visits by 2–6 different mongooses 
at a station within a short period of time (<5 
minutes) were frequently recorded. We only 
examined an individual mongoose’s first visit 
to the respective food bait station in assess-
ing the attractiveness of the candidate food to 
eliminate learned responses and habituation to 
particular food baits. 

The system did have some initial drawbacks 
and limitations (though they were resolvable 
with minor modifications), and a few equip-
ment operational outages were experienced 
during the monitoring periods. Some equipment 
failures, resulting in monitoring outages, were 
experienced with the automatic PIT tag moni-
toring system; most technical problems (e.g., 
blown fuses, PIT tag reader failure, disconnected 
cables) were caused during pre-field activation/
transport of units, during component and bat-
tery exchanges, or other operator interventions. 
The few PIT tag misreads (<0.5%) recorded 
(missing data fields, garbled PIT identification) 
were related to the power and battery malfunc-
tions. Power surge and battery polarity protec-
tion incorporated into the reader unit and power 
cables resolved subsequent related problems.

Feral pigs (Sus scrofa) attracted to selected 
food baits (i.e., fish, coconut) prematurely de-
activated 6 mongoose bait delivery stations, 
resulting in disturbance (protective cover dis-
placed) and displacement of the separate elec-
tronic components 1–2 m from their original 
locations. However, the units were successfully 
put back in service after overnight drying. The 
easy-disconnect battery cable likely prevented 
permanent damage to the system. Placement of 
the electronic component cases above ground 
in trees or away from pig-disturbed areas and 
pathways eliminated the problem during sub-
sequent trials.

The loss of PIT tags from implanted sites 
can have major implications on the results of 
mark-recapture or detection studies (Schooley 
et al. 1993, Harper and Batzli 1996, Roark and 
Dorcas 2000). Most reported losses occurred 
within 2–4 days after tag implantation. We re-
corded 4 instances of single tag loss (3 anterior, 
1 posterior) in recaptured brown treesnakes 
and 3 instances of single tag loss (3 anterior) in 
recaptured mongooses during the early stages 
of trapping prior to bait exposure. Closing the 

PIT tag needle puncture sites with cyanoacry-
late adhesive resulted in 100% tag retention in 
subsequently recaptured snakes. Implantation 
of dual PIT tags in brown treesnakes and mon-
gooses served as backup identification and op-
timized detection probability. Most detections 
of brown treesnakes were via anterior placed 
tags, characteristic of their anatomy and bait 
seeking pattern and entry into the PVC bait de-
livery station, whereas dual tag detections of 
mongooses were more common. Dual PIT tag 
implants also contributed to the oversampling 
of the same individuals.

A basic disadvantage of PIT tag systems is 
that only tagged individuals are detected, lim-
iting its use to animal species with high initial 
trappability or requiring prolonged trapping 
efforts to ensure that a high percentage of the 
population is marked (Sutherland and Single-
ton 2003). We were able to trap and mark most 
of the animals in the core study sites of the 2 
predator species in this study within a short 3–4 
week trapping period to satisfy the focus of the 
study to evaluate the monitoring system. Un-
tagged cohorts accounted for <1% and <2% of 
bait-take by brown treesnakes and small Indian 
mongooses, respectively, as evidenced by miss-
ing bait with no PIT tag detections.

High initial equipment cost is probably the 
main reason preventing wider use of auto-
matic PIT tag monitoring systems (Schooley et 
al. 1993, Harper and Batzli 1996, Rehmeier et 
al. 2006). However, once cost-prohibitive and 
limited to a few units deployed in a small area, 
recent technological advancements have made 
the system affordable for more users. Designed, 
procured, and deployed in 2000, the system we 
described cost approximately $1,500 USD per 
unit, not including initial engineering, design, 
and prototype development costs. Stand-alone 
PIT tag readers with built-in data storage ca-
pacity are now available for <$500 USD with 
built-in data storage capabilities; however, we 
are not aware of any current autonomous mon-
itoring system with similar capabilities and the 
programmable features that we describe. Re-
cent advancements in electronics, controllers, 
and programming (e.g., Arduino, SerialGhost 
PCI boards) can greatly reduce the footprint 
and improve the capabilities of the earlier sys-
tem used (Bridge et al. 2019). The SerialGhost 
Timekeeper is a compact RS232 logger and se-
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rial bus datalogger with 16 GB of memory and 
a time-stamping module that can directly plug 
into the existing AVID PIT tag reader that is be-
ing considered as an economical upgrade of the 
existing system. Considering the advantages of 
autonomous systems in collecting discrete spa-
tial and temporal data not possible with other 
techniques and often on hard-to-study cryptic 
animal species, an investment in this technol-
ogy to complement radiotelemetry or other 
monitoring systems is a labor-saving and fea-
sible alternative.

Management implications
Deployment of the automatic PIT tag moni-

toring system can allow wildlife managers and 
researchers to collect important information on 
foraging behavior and attractiveness of select-
ed baits and document individual visitations 
to bait delivery systems for the 2 case invasive 
species, not easily obtainable by other field tech-
niques. Easily deployable in various habitats, 
the system can be an effective technique to sup-
plement other methods (radio-telemetry and 
camera traps) to optimize collection of discrete 
animal identification and behavioral activities 
of interest of small mammals, birds, reptiles, or 
amphibians with minimal disturbance to the 
target species. The PIT tag monitoring system, 
when used in conjunction with radiotelemetry 
and camera traps, allows for comprehensive 
documentation of individual and species re-
moving and consuming bait, providing further 
validation of operational control programs uti-
lizing toxic baits. The system received interest 
from researchers to record nest attentiveness of 
endangered native Hawaiian forest birds (P. C. 
Banko, U.S. Geological Survey, personal com-
munication).
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