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Abstract

Individual marking techniques are critical for studying animals, especially in the wild. Current marking methods for bats (Order
Chiroptera) have practical limitations and some can cause morbidity. We tested the p-Chip (p-Chip Corp.)—a miniaturized, laser
light-activated microtransponder—as a prospective marking technique in a captive research colony of Big Brown Bats (Eptesicus fus-
cus). We assessed long-term readability and postimplantation effects of p-Chips injected subcutaneously above the second metacar-
pal (wing; n = 30) and the tibia (leg; n = 13 in both locations). Following implantation (Day 0), p-Chips were scanned with a hand-held
ID reader (wand) on postimplantation days (PIDs) 1, 8, 15, 22, 32, 60, 74, 81, 88, 95, and over 1 year later (PID 464). For each trial, we
recorded: (1) animal handling time; (2) scan time; (3) number of wand flashes; (4) p-Chip visibility; and (5) overall condition of the bat.
Average scan times for p-Chips implanted in both the wing and leg increased over the duration of the study; however, the number of
wand flashes decreased, suggesting that efficacy of p-Chip recording increased with user experience. Importantly, over 464 days both
the visibility and readability of p-Chips in the wing remained high and superior to tags in the leg, establishing the second metacarpal
as the preferred implantation site. Observed morbidity and mortality in captive bats with p-Chips was similar to baseline values for
bats without these tags. Because scan efficiency on PID 464 was comparable with earlier days, this indicates that p-Chips implanted
in the wing may be suitable as a long-term marking method. Our provisional results suggest that p-Chips are viable for extended field
testing to see if they are suitable as an effective alternative to traditional methods to mark bats.
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Eficacia del escaneado de p-Chips implantados en el ala y la pata del gran murciélago pardo (Eptesicus fuscus)

Resumen

Las técnicas de marcaje individual son fundamentales para el estudio de los animales, especialmente en la naturaleza. Los métodos
actuales de marcaje de murciélagos (Chiroptera) tienen limitaciones practicas y algunos pueden causar morbilidad. Probamos el
p-Chip (p-Chip Corp.)—un microtranspondedor miniaturizado activado por luz ldser—como técnica de marcaje prospectivo en una
colonia en cautiverio de murciélagos morenos (Eptesicus fuscus). Se evalué la legibilidad a largo plazo y los efectos pos-implantacién
de los p-Chips inyectados subcutdneamente sobre el segundo metacarpiano (ala; n = 30) y la tibia (pata; n = 13 en ambas localiza-
ciones). Tras la implantacién (dia 0), se escanearon los p-Chips con un lector de identificacién manual (vara) en los dias posteriores a
la inyeccién (PID) 1, 8, 15, 22, 32, 60, 74, 81, 88, 95, y mas de un afio después (PID 464). En cada ensayo se registré: (1) el tiempo total de
manipulacién del animal; (2) el tiempo de exploracién; (3) el nimero de destellos de proximidad del lector; (4) la visibilidad del p-Chip;
y (5) el estado general del murciélago. Los promedios del tiempo de escaneado de los p-Chips implantados tanto en el ala como en
la pata aumentaron a lo largo del estudio; sin embargo, el nimero de destellos del lector disminuyd, lo que sugiere que la eficacia
del registro del p-Chip aumenté con la experiencia del usuario. A lo largo de 464 dias, tanto la visibilidad como la legibilidad de los
p-Chips en el ala siguieron siendo altas y superiores a las de las etiquetas en la pata, lo que establecié el segundo metacarpiano como
el lugar preferido de implantacién. La morbilidad y mortalidad observadas en murciélagos en cautiverio con p-Chips fue similar a los
valores de referencia de los murciélagos sin estas marcas. Dado que la eficacia del escaneado en el PID 464 fue comparable a la de
dias anteriores, es probable que los p-Chips implantados en el ala sean adecuados como método de marcado a largo plazo. Nuestros
resultados provisionales sugieren que los p-Chips son viables para pruebas de campo prolongadas como alternativa prospectiva a los
métodos tradicionales de marcaje de murciélagos.

Palabres claves: Chiroptera, etiqueta de radio, marcaje, metacarpiano, tibia, tiempo de exploracién, tiempo de manipulacién, visibi-
lidad de la etiqueta.
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Animal identification with individual marking techniques is
important for addressing many questions about wildlife biol-
ogy. The efficacy of a marking technique depends on the like-
lihood of follow-up encounters with tagged individuals, the
permanence of the mark, the ease of mark recognition, and
minimization of its impact on animal health, well-being, and
behavior (Buchler 1976; Kunz and Weise 2009; Silvy et al. 2012).
Thus, animal marking involves balancing performance criteria
with ethical considerations (Powell and Proulx 2003). Among
mammals, bats (Order Chiroptera) have been a popular sub-
ject for mark-recapture studies, leading to important insights
into their homing abilities (Mohr 1934; Trapido and Crowe
1946; Cockrum 1956; Dwyer 1966; O'Donnell 2001; Fleming and
Eby 2003; Gibbons and Andrews 2004; Campbell et al. 2006;
Chaveri et al. 2007; Goldshtein et al. 2021), population dynam-
ics (Dwyer 1969; Humphrey 1971), growth rate (Gibbons and
Andrews 2004), survivorship (Leigh and Handley 1991; Hoyle et
al. 2001; Young 2001; O’Donnell 2002), development (Kunz and
Stern 1995; Kunz and Hood 2000), and behavior (Dwyer 1970;
Bradbury 1977; McCracken and Wilkinson 2000; Reeder et al.
2006; Zubaid et al. 2006).

Many techniques have been developed for marking bats in the
field and laboratory (Kunz and Weise 2009); however, the appli-
cability and impact of a particular technique may differ between
species and even individuals, often depending on the ecological
and life history context (Bonaccorso et al. 1976; Kunz and Weise
2009; Silvy et al. 2012). Forearm bands are the most widely and
continuously used bat marking technique (Trapido and Crowe
1946; Hitchcock 1965; Greenhall and Paradiso 1968; Stebbings
1978; Phillips 1985). Due to its early adoption, relatively low cost,
and ease of application, banding has resulted in the largest and
most comprehensive global data sets on bat longevity and move-
ments compared to other marking techniques. Banding efficacy
and impact on bat health depend on the species, situation, and
type of band (Bonaccorso et al. 1976; Vardon and Tidemann 2000).
In some cases, bands may cause injury, decrease foraging success,
and increase morbidity and mortality (Herried and Davis 1960;
Perry and Beckett 1966; Rybar 1973; Pierson and Fellers 1993;
Norman et al. 1999; Baker et al. 2001; O’Shea et al. 2004; Dietz et
al. 2006). Such adverse effects have inspired a continued search
for alternative marking approaches.

Radio frequency identification (RFID) markers, specifically
passive integrative transponder (PIT) tags, are commonly used
to mark bats (Barnard 1989; Want 2006; Voulodimos et al. 2010).
Subcutaneous PIT tags are implanted via needle injection, typ-
ically along the back between the shoulder blades (Banard
1989; Rigby et al. 2012). Each PIT tag transmits a unique radio
frequency serial identification (ID) number when its solenoid
antenna receives radio wave energy from an associated reader
(Want 2006). The use of PIT tags also has trade-offs (Barclay and
Bell 1988; Rigby et al. 2012). The PIT tag injection may stress the
animal because it is invasive (and potentially dangerous) and
requires a large (e.g., 12-gauge) needle. Injected PIT tags are not
visible to the naked eye but can be felt by palpating the injection
site, further increasing animal handling. PIT tags can also move
under the skin after implantation (Banard 1989) and possibly be
expelled from the body through the implantation site (Kunz and
Weise 2009). Several studies in bats have examined the impact
of PIT tags on recapture rates, body mass, body condition, and
reproductive success, and found no differences between tagged
and untagged animals (Murray and Fuller 2000; Neubaum et al.
2005; Rigby et al. 2012). The placement of PIT tag reader arrays in

cave entrances has been shown to have minimal impacts on bat
flight and behavior (Britzke et al. 2014).

More recently, a miniaturized alternative to PIT tags has been
developed: the p-Chip (p-Chip Corp., Chicago, lllinois; https://p-
chip.com). The p-Chip is a flat square 500 x 500 pm microtran-
sponder semiconductor tag (mass ~85 pg) activated by red laser
light emitted by a compatible hand-held ID reader wand con-
nected to a computer via a universal serial bus (USB) cable. The
wand continuously emits lower-power laser light when it is idle;
however, as the beam approaches and illuminates the photosen-
sitive cells on the top surface of the p-Chip, the laser operates
in higher-power pulsed burst mode and the beam flashes (i.e.,
flickers) in intensity (Gruda et al. 2010; PharmaSeq. 2012). When
activated, the p-Chip transmits a unique 9-digit serial ID number
as a radio signal that is detected by the sensor of the wand. This
ID number is then transmitted to the computer and recorded by
p-Chip Reader software. The ID readout is nearly instantaneous
(<0.01s).

For a successful read, the p-Chip must be in close proximity
to the light-emitting tip of the wand and have its photocells
facing the wand, with no opaque materials in between. For this
reason, p-Chips are often surface-mounted on objects (Jolley-
Rogers et al. 2012; Mandecki et al. 2017) or animals (Robinson
et al. 2009; Robinson and Mandecki 2011; Tenczar et al. 2014;
Mandecki et al. 2016; Hamilton et al. 2019). When used subcu-
taneously, p-Chips are injected in areas where the skin is thin,
translucent, and hairless (Gruda et al. 2010; Chen et al. 2013;
Delcourt et al. 2018). Due to their polymer coating, p-Chips are
resilient to chemicals, high temperatures, repeated freezing/
thawing, and placement in liquid nitrogen (PharmaSeq. 2012).
Therefore, once implanted, p-Chips are expected to function
indefinitely.

To date, p-Chip technology has been successfully adopted for
tagging honeybees (Tenczar et al. 2014), ants (Robinson et al. 2009,
2014), and fish (Chen et al. 2013; Delcourt et al. 2018; Faggion et
al. 2020; Moore and Brewer 2021). Among mammals, the only
published protocol is for laboratory mice with transponders
implanted subcutaneously in the pinna or near the base of the
tail, with the latter identified as the preferred location (Gruda et
al. 2010). A conference abstract reports using p-Chips to mark
bats in the field, but without details of the implantation tech-
nique or tag placement (Ngamprasertwong et al. 2022). Our goal
was to evaluate the p-Chip as a prospective method to mark bats.
We did this by testing the hypothesis that there was no difference
in scanning efficiency over time for p-Chips implanted subcuta-
neously in 2 anatomical locations—the second metacarpal (i.e.,
the wing) and the tibia (i.e., the leg)—using a captive research col-
ony of Big Brown Bats (Eptesicus fuscus).

Materials and methods

Animals.

Thirty Big Brown Bats (E. fuscus) were used in this study. All
bats were either wild-caught as adults in southern Ontario
(n = 9) or direct descendants born in captivity (n = 21). Bats
were housed in a husbandry facility at McMaster University
where temperature and light varied seasonally following ambi-
ent conditions (Skrinyer et al. 2017). The facility consisted of
2 indoor enclosures (2.5x 1.5x2.3 m; | x w x h), 1 of which
was connected through a hole in the wall to a larger out-
door flight area (2.5 x 3.8 x 2.7 m) that bats could freely access.
Food (mealworms; Tenebrio molitor) and water were provided ad
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libitum. For the bats we studied (n = 30), the mean + standard
deviation (SD) mass was 18.7 +4.2 g (range: 11.6 to 30.8 g) and
forearm length was 45.25 + 1.64 mm (range: 40.50 to 47.95 mm).
Each bat was individually identified with a colored, numbered,
plastic split-ring forearm band and a PIT tag injected subcuta-
neously between the shoulder blades. Bats were monitored for
health changes throughout the study. All experimental proce-
dures were approved by the Animal Research Ethics Board of
McMaster University and conformed to the Guide to the Care and
Use of Experimental Animals published by the Canadian Council
of Animal Care and the ASM guidelines for research on live
animals (Sikes et al. 2016).

Tag implantation.
p-Chips were injected subcutaneously in hand-restrained bats by
the same operator (AVB) on 11 November 2019, using preloaded,
sterile, flat-tipped 21-gauge needles with plunger purchased from
p-Chip Corp,, in 2 predefined locations (Fig. 1): (1) wing (primary
site; Fig. 1A and C; n = 30)—dorsally over the proximal part and
parallel to the right second metacarpal, approximately 1 cm from
the proximal carpal joint; and (2) leg (secondary site; Fig. 1B and
D; n = 13)—parallel to the midpoint of the right tibia along its
dorsal side.

Important considerations in site selection were accessibility
forimplantation and later scanning with the wand, transparency
of the skin for tag visibility, and minimizing risk of damaging
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blood vessels, nerves, or tendons during injection. Implanted
p-Chips were positioned with their photocells facing outward
(i.e., away from the bone and toward the exterior skin surface).
Hemostatic powder and/or small ephrin balls were used to stop
any bleeding observed at the injection site. Following injec-
tion, p-Chips were scanned with the laser reader wand (model
WA-4000) and the data were automatically transferred into a
Microsoft Excel spreadsheet using p-Chip Reader software pro-
vided by the manufacturer (Fig. 1E and F). Of 30 bats tested, 13
were tagged in both sites and the remainder were tagged in the
wing only (Table 1).

p-Chip scanning.
Two persons (SDIS, RP) conducted each scanning session. The first
person, the “handler,” restrained and manipulated the bat and
positioned the wand to be in close proximity to the p-Chip for a
successful read. The second person, the “recorder,” operated the
digital timer, software, and recorded data. The roles of the 2 indi-
viduals were randomized at the start of each session and were
switched when approximately half of the bats had been recorded.
After scanning, bats were returned to the husbandry facility
where they remained until the next session. A movie illustrating
the procedure of p-Chip implantation and scanning in the wing of
E. fuscus is available (Supplementary Data SD1).

We quantified p-Chip readability separately for each implan-
tation site by recording the time spent locating and scanning

Fig. 1. Subcutaneous implantation and laser scanning of p-Chips in the wing and leg of the Big Brown Bat. (A) Injection of p-Chip parallel to the
second metacarpal. (B) Injection of p-Chip near the base of the foot parallel to the tibia. (C) Visibility of p-Chip against the second metacarpal and
(D) in the tissue beside the tibia (location of the p-Chip in both images is indicated by a white arrow). (E) Using the wand to illuminate (scan) p-Chips

implanted in the wing and (F) the leg. p-Chip dimension = 500 x 500 pm.
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Table 1. Post-implantation day (PID) recording dates for p-Chips implanted in the wing and leg of the Big Brown Bat, Eptesicus fuscus

PID # Date (YYYY-MM-DD) # Bats (wing only) # Bats (wing + leg) Total # bats
02 2019-11-11 17 13 30
1 2019-11-12 17 13 30
8 2019-11-19 17 13 30
15 2019-11-26 17 13 30
22 2019-12-03 16 13 29
32 2019-12-13 16 13 29
60 2020-01-10 15 13 28
74 2020-01-24 15 13 28
81 2020-01-31 15 13 28
88 2020-02-07 15 13 28
95 2020-02-14 15 13 28
464 2021-02-17 5 5 10

PID 0 = day of p-Chip implantation.

tags. After the handler removed a bat from its cage, the recorder
started a digital timer to mark the start of handling time,
defined as the duration (s) between the initial restraining of the
bat and the end of the scanning trial. Working quickly, the han-
dler manipulated and oriented the bat so that its p-Chip implan-
tation site in the wing or leg was accessible for scanning. At this
point, the visibility of the p-Chip was assessed by the handler
using a yes/no nominal scale. Once the handler picked up the
wand, the recorder started a second (lap) timer to measure the
p-Chip scan time for that location. The handler then directed
the laser beam of the wand back and forth over the p-Chip to
obtain a read.

When the laser is in close proximity to the p-Chip, the light
intensity briefly increases to activate photocells of the tran-
sponder (PharmaSeq. 2012). In practice, these proximity “wand
flashes” helped us to obtain a successful read. When a unique
9-digit ID number from the transponder was detected by the
p-Chip Reader software, it was automatically logged to an Excel
spreadsheet and an audible tone was emitted from the com-
puter. Following a successful read, the recorder stopped the tim-
ers. Conversely, if the read was unsuccessful, no audible tone was
produced and the handler would continue scanning the implan-
tation site. If a p-Chip was not read within 45 s of handling time,
the handler proceeded with a 2-min free scan and directed the
laser beam both dorsally and ventrally, on and away from the
original implantation site, as a last attempt to read a chip that
may have shifted laterally (i.e., translocated) and/or reoriented
and flipped in situ so that its photocells no longer faced out-
ward. When a p-Chip was not read within 2 min 45 s, the tag was
recorded as unreadable for that session. For bats with p-Chips in
both the wing and leg, a coin flip determined which location to
scan first and the bat was returned to its cage before repeating
the above procedure for the other site.

We scanned bats routinely from November 2019 to February
2020, except between 13 December 2019 and 10 January 2020
(Table 1). Owing to the COVID-19 pandemic, no data were
collected from February 2020 until February 2021 when a
subsequent recording session was conducted on PID 464, approx-
imately 1 year later. For each trial, we recorded: (1) handling time
(s); (2) scan time (s); (3) number of wand flashes (a proxy for scan
attempts); (4) p-Chip visibility (yes/no); and (5) comments on
overall condition of the bat. Note that we did not record handling

time for the tibia on PID 0 and p-Chip visibility was recorded
starting on PID 22.

Data analyses.

Data analysis was conducted in R (R Core Team 2021) and visu-
alized with the ggplot2 (Wickham 2016), plotrix (Lemon 2006), and
ggbreak (Xu et al. 2021) packages. Unless stated otherwise, sum-
mary data are displayed as the mean + standard error (SE), with
applicable measures reported with 95% confidence intervals (CIs).
Pearson’s product-moment correlation (r) evaluated the relation-
ship between handling time and scan time. Two-sample t-tests
were used to compare handling and scan times between han-
dlers. Dependent variables were evaluated quantitatively with
generalized linear mixed-effects models (GLMMs) that included
tag Location (leg vs. wing) and Day as fixed effects and an inter-
cept for each bat as a random effect. Specifically, the models for
handling time and scan time were fit to the data using the lmer
function, whereas p-Chip visibility, number of wand flashes, and
the proportion of unreadable p-Chips were modeled using the
glmer function in the Ime4 and ImerTest packages (Bates et al. 2015;
Kunznestova et al. 2017). We excluded the PID 464 data to ensure
the GLMM analyses were not skewed by an extreme value. The
main effects of Day and Location, and Day x Location interac-
tions for handling time and scan time were evaluated with F-tests
using degrees of freedom calculated with Satterthwaite’s method
(Satterthwaite 1946). By contrast, the fixed effects for p-Chip visi-
bility, wand flashes, and unreadable p-Chips were evaluated with
Chi-square (x?) tests computed by the Anova function in the car
package (Fox and Weisberg 2019). The GLMMs for the binomial
variables p-Chip visibility and unreadable p-Chips were fit using
the logit link-function, whereas the model for the continuous var-
iable number of wand flashes was fit using a Poisson regression
with a log link-function. The models for every variable fit the data
reasonably well and we show best-fitting curves for each Location
and variable (Figs. 2-6).

Results

To evaluate scanning efficacy, we compared bat handling times
(Fig. 2) and p-Chip scanning times (Fig. 3) for the wing and leg
implantation sites. By definition, handling time was always larger
than the respective scan time, and the 2 paired measures were
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Fig. 2. Bat handling times per recording day for p-Chips implanted in
the wing and leg. Mean + SE handling times were measured separately
for p-Chips implanted in the second metacarpal (wing, n = 30) and tibia
(leg, n = 13) from PID 8 to PID 95, with a subsequent recording session ~1
year later on PID 464. Dotted and dashed lines represent the best-fitting,
mixed-model regression lines for p-Chips implanted in the wing (open
circles) and leg (closed squares). For data points collected on the same day,
the markers have been displaced +0.3 along the x-axis for clarity.
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Fig. 3. Scan times per recording day for p-Chips implanted in the wing
and leg. Mean =+ SE scan times were recorded separately for p-Chips
implanted in the second metacarpal (wing, n = 30) and tibia (leg, n = 13)
from PID 1 to PID 95, with a subsequent recording session ~1 year later
on PID 464. Data do not include occurrences of unsuccessful p-Chip
reads when the maximum scan time was reached (165 s). Dotted and
dashed lines represent the best-fitting, mixed-model regression lines for
p-Chips implanted in the wing (open circles) and leg (closed squares). For
data points collected on the same day, the markers have been displaced
+0.3 along the x-axis for clarity.
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strongly positively correlated (r = 0.916, t

|t =44.85 P <0.001,95%
CI [0.90, 0.93)).

Handling time.

Handling times were, on average, longer and more variable when
recording p-Chips in the leg versus the wing (Fig. 2). The distri-
bution of handling times contained outliers and was positively
skewed (range = [3, 255], median = 22, mean = 47.1); hence, we
analyzed log-transformed data. The main effect of Location was
significant (F, .., = 19.1, P < 0.001), but the main effect of Day (F .,
=0.26, P = 0.61) and the Location x Day interaction (F, ,, = 0.38, P
=0.54) were not. Similar results were obtained when we analyzed
nontransformed handling time. In summary, handling time was
significantly longer when recording p-Chips in the leg versus the
wing, and this finding did not vary over the course of the study.

We also compared handling times between the 2 bat handlers.
The average handling time to record p-Chips implanted in the
wing was 39 and 26 s for the 2 handlers, and this difference was
significant (t,,, ,. = 4.36, P < 0.001, 95% CI [8, 20]). The mean han-
dling time to record p-Chips implanted in the leg was 83 and 75 s
for each handler, but this difference was not significant (t,, ., =
0.57,P =0.573,95% CI [-20, 37]).

Scan time.

Scan times were less variable for p-Chips implanted in the wing
versus the leg (Fig. 3). Similar to handling time, the distribution of
data for scan time contained outliers and was positively skewed
(range = [1, 157], median = 5, mean = 16.3); thus, we analyzed
log-transformed data. There was no main effect of Location (F, .,
= 0.86, P = 0.35); hence, scan times for p-Chips implanted in the
wing and leg were similar (Fig. 3). However, the main effect of
Day (F,,,, = 15.1, P < 0.001) was significant; average scan times
increased between PID 1 and PID 95 for p-Chips implanted in
both the wing and leg. The increase in scan time across days was
slightly greater for p-Chips located in the leg (0.8% per day) com-
pared to the wing (0.5% per day), but the Location x Day inter-
action was not significant (F ,,, = 0.76, P = 0.38). An analysis of
nontransformed scan time data yielded similar results, except
that analysis also found a significant Location x Day interac-
tion (F, ,,, = 6.27, P < 0.013). Unlike the result for handling time,
our analysis failed to find a difference in scan time for p-Chips
implanted in the wing and leg. Instead, we found evidence for
a small but significant increase in scan time from PID 1 to PID
95 that may be slightly greater for p-Chips implanted in the leg.
There was no difference in scan times between the 2 bat handlers
for p-Chips located in the wing (t,,, ., = 0.71, P = 0.479, 95% CI [-3,
7]) and leg (t,, .. = —0.66, P = 0.512, 95% CI [-23, 12]).

p-Chip visibility.

Compared to the skin of the leg, the bat wing membrane is thin-
ner, less opaque, and sits tightly on the digits; hence, there is less
room for p-Chips to become displaced or flip at the implantation
site. For these reasons, we expected p-Chips to remain more visi-
ble in the wing than in the leg. The visibility of p-Chips in the wing
was initially close to 100% and only decreased to ~70% between
PID 22 and PID 95 (Fig. 4). In contrast, less than half of the p-Chips
implanted in the leg were visible on PID 22, a percentage that
remained relatively constant over time (Fig. 4).

The main effect of tag Location was significant (x> = 26.78, df
=1, P <0.001); visibility was greater for p-Chips implanted in the
wing compared to in the leg (Fig. 4). There was no main effect of
Day (x* = 3.44, df = 1, P = 0.064) and the Location x Day interaction
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Fig. 4. Tag visibility per recording day for p-Chips implanted in the
wing and leg. Data illustrate the proportion of p-Chips implanted in
the second metacarpal (wing, n = 30) and tibia (leg, n = 13) that were
visible to the naked eye from PID 22 to PID 95, with a subsequent
recording session ~1 year later on PID 464. Visibility measured
according to the hander’s subjective judgement using a nominal yes/
no scale. Dotted and dashed lines represent the best-fitting, mixed-
model regression lines for p-Chips implanted in the wing (open circles)
and leg (closed squares).

(@ = 2.75,df = 1, P = 0.097) was also nonsignificant. Given the
trends in our data (Fig. 4), the failure to find a Location x Day
interaction was surprising. We therefore decided to examine the
effect of Day separately for each Location and found a significant
effect for p-Chips implanted in the wing (x* = 6.09, df =1, P = 0.014)
but not in the leg (x* =0.02, df =1, P = 0.88).

Wand flashes.

The average number of wand flashes decreased by ~47% in the
wing and ~82% in the leg between PID 1 and PID 95 (Fig. 5). The
main effects of Location (x* = 6.02, df = 1, P = 0.014) and Day (x*
=99.32, df = 1, P < 0.001) were significant. The Location x Day
interaction (x> = 4.83, df = 1, P = 0.023) was also significant, with
the effect of day being smaller for p-Chips implanted in the leg.
A follow-up analysis examining the effect of Day separately
for each Location found a significant effect of Day for p-Chips
implanted in both the wing (x* = 55.65, df = 1, P < 0.001) and in the
leg (@ = 49.35, df = 1, P < 0.001).

p-Chip readability.

Over the course of our experiment, there were zero instances
of unreadable p-Chips in the wing (Fig. 6). In contrast, ~23% of
p-Chips implanted in the leg were unreadable on PID 1—1 day
after implantation—and this doubled to 46% by PID 95 (Fig. 6);
however, the effect of Day was not significant (x> = 0.56, df = 1, P
=0.45).

All p-Chips were injected with their photocells facing outward,
yet we recorded 67 instances where the orientation of the tag had
flipped, as confirmed by obtaining a successful read by scanning
the ventral surface of the wing (n = 54) or the opposite side of the
leg (n = 13). In the subset of 13 bats with tags in both the wing

B Leg
4 O Wing

Average number of flashes
T

| | | | | | ’I/-I_
0O 20 40 60 80 100 464
Time (days)

Fig. 5. Wand flashes per recording day for p-Chips implanted in the
wing and leg. Shown are the mean + SE number of wand flashes
recorded in p-Chips implanted in the second metacarpal (wing, n = 30)
and tibia (leg, n = 13), prior to a successful p-Chip read from PID 1 to PID
95, with a subsequent recording session ~1 year later on PID 464. Dotted
and dashed lines represent the best-fitting, mixed-model regression lines
for p-Chips implanted in the wing (open circles) and leg (closed squares).
For data points collected on the same day, the markers have been
displaced +0.3 along the x-axis for clarity.
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Fig. 6. Unreadable tags per recording day for p-Chips implanted in the
wing and leg. Shown are the proportion of unreadable p-Chips in the
second metacarpal (wing, n = 30) and tibia (leg, n = 13) over the duration
of the study. Dotted and dashed lines represent the best-fitting, mixed-
model regression lines for p-Chips implanted in the wing (open circles)
and leg (closed squares).

and leg, for each animal we counted the number of days, between
PID 1 and PID 95 (n = 10 days total), with a successful ventral
scan for each location. The mean + SD proportion of days with a



successful ventral scan in the wing (0.16 + 0.28, n = 21 flips) and
leg (0.10 + 0.16, n = 13 flips) did not differ (t,, = 0.63, P = 0.544, 95%
CI [-0.15, 0.28]). In 1 bat that died after our study concluded, we
could not read its p-Chip in the leg using any wand orientation,
so we dissected the patagium around the tibia and visually con-
firmed that a “chip flip” had occurred in situ and that the tag was
still readable.

Animal health.

During implantation, we observed instances of bleeding that
were promptly stopped with hemostatic powder and/or small
ephrin balls. Routine health checks throughout our study found
instances of scar tissue buildup around injection sites, but we
saw no obvious effects of p-Chip implantation on bat behavior or
health. Some bats developed dry skin and/or hair loss, but these
changes occur seasonally among bats in the captive colony and
thus were not directly associated with tag implantation or ani-
mal handling. Our sample size decreased over time because 20
bats died from an unknown cause, mainly from November 2020
to February 2021. To our knowledge, these deaths were not asso-
ciated with tag implantation or handling because no data were
collected during this time, no inflammation was observed at the
implantation sites, and bats without p-Chips also succumbed to
illness.

Discussion

Overall, the results of our study suggest that p-Chips are a feasi-
ble bat marking technique and that, of the 2 implantation sites we
tested, the second metacarpal is preferred due to the relative ease
and efficiency of locating and scanning the microtransponder.
Below we discuss the rationale for this conclusion in more detail.

Handling time.

The 2 persons collecting data were experienced bat handlers,
with one (RP) having shorter handling times for scanning tags in
the wing but not the leg. Handling times remained fairly consist-
ent throughout the study (Fig. 2) but were shorter when scanning
p-Chips embedded in the wing versus the leg, likely because it
was easier for handlers to open the restrained wing of a bat and
expose its metacarpal compared to manipulating and holding its
tibia.

Scan time.

Average scan times increased from PID 1 to PID 95 for p-Chips
in both the wing and leg but did not differ between the 2
implantation sites (Fig. 3). Scanning may be hampered by a
variety of factors, such as transponder translocation away
from the original implantation site and/or photocells of the
p-Chip becoming obscured from the wand, for example, by
flipping in situ so that they no longer face outward or as a
result of connective tissue buildup around the implant as a
foreign body.

p-Chip visibility.

Tags implanted in the leg were less visible compared to those
implanted in the wing (Fig. 4), likely because the skin of the urop-
atagium in E. fuscus is darker, thicker, and looser around the tibia.
Tag visibility is important; it increases the accuracy of wand posi-
tioning and in turn contributes to scanning efficiency. The visibil-
ity of subcutaneous tags may be impacted by the deposition of
scar tissue at the injection site. Together, these factors may have
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interfered with the ability of the laser to activate tag photocells,
resulting in a higher proportion of unreadable p-Chips implanted
in the leg compared to the wing (Fig. 6). This may have further
contributed to longer handling times for bats with p-Chips in the
leg (Fig. 2).

Wand flashes.

The number of wand flashes can be used as a proxy measure
of unsuccessful reading attempts. The number of wand flashes
decreased over the study for the wing and leg implantation
sites (Fig. 5). There was also a small difference in the number
of wand flashes for a successful p-Chip read between these
sites. This latter result was unsurprising given large differences
in the proportions of visible tags (Fig. 4) and successful reads
(Fig. 6) between the wing and leg. The decrease in number of
wand flashes over time likely resulted from increased user
experience (i.e., practice positioning the wand and scanning
chips).

p-Chip readability.

The readability of p-Chips differed markedly between the wing
and the leg (Fig. 6). All transponders implanted in the wing
remained readable, whereas the proportion of readable p-Chips
in the leg was lower and more variable over time. This finding
is consistent with lower visibility of p-Chips in the leg (Fig. 4).
Reorientation of p-Chips at the implantation site is known to
influence reading success. For example, in laboratory mice post-
mortem histology found that p-Chip reorientation renders tags
unreadable when the photocells face the tail vertebrae (Gruda et
al. 2010). This is in contrast to subcutaneous PIT tags which can
change orientation in the animal after implantation but without
loss of function; however, readability can still be impacted when
PIT tags translocate to an unexpected location and users deter-
mine that the tag is lost (Prentice and Park 1984; Gibbons and
Andrews 2004). In some bats we attempted to manually flip the
orientation of the p-Chip in situ but were unsuccessful. There
were other instances when p-Chips appeared to reorient several
times within the skin so that the transponder was successfully
scanned dorsally, then ventrally, and then again dorsally across
sessions. We speculate that tag translocation and/or chip flip-
ping is more frequent in thick, loose skin that allows more room
for p-Chip movement (e.g., the uropatagium). To alleviate this,
we encourage manufacturers to design microtransponders with
omnidirectional reading capabilities (e.g., Mikhailovskaya et al.
2021).

Animal health.

Handling by humans can stress bats, particularly during trap-
ping or when they are torpid, and adverse effects of handling are
associated with the method of tagging (Barclay and Bell 1988;
Kunz and Weise 2009). Our bats were from a captive colony,
used to regular handling, and typically remained calm during
p-Chip implantation and subsequent scanning trials, suggest-
ing that our protocol did not adversely affect them. Some bats
bled at the injection site immediately following implantation
but this was easily and quickly treated. In a field study of the
world’s smallest bat, p-Chips were implanted in 277 Kitti's Hog-
hosed Bat (Craseonycteris thonglongyai) with no signs of damage or
inflammation in 70 recaptured individuals (Ngamprasertwong et
al. 2022). In mice, marking with p-Chips is thought to minimize
implantation stress owing to small size of the tag (Gruda et al.
2010).
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Comparison between marking techniques.

Table 2 summarizes and compares the characteristics of split-
ring bands, PIT tags, and p-Chips used to mark bats. Relative
to conventional forearm bands and PIT tags, p-Chips are much
smaller. They also require a smaller diameter injection needle
than PIT tags (PIT tag, 12-gauge, outer diameter = 2.769 mm;
p-Chip, 21-guage, outer diameter = 0.819 mm; Biomark, Boise,
Idaho; https://www.biomark.com), which in turn can be expected
to pose less risk to animal health. Because PIT tags require a large
injection needle, they are more susceptible to expulsion from the
body via the puncture site. By contrast, we noticed only 1 instance
where a p-Chip was expelled during implantation. Bats can dam-
age (i.e., make illegible) and/or remove plastic split-ring bands by
chewing on them.

Scanners used to read p-Chips and PIT tags differ in notable
ways. Critically, PIT tag readers have less stringent proximity and

orientation requirements. The p-Chip laser wand that we used
(model WA-4000) must be within <8 mm of the implant, whereas
PIT tag readers can work at distances of 45 to 500 mm, depending
on the model. The hand-held readers for PIT tags and p-Chips
also differ in usability. Many different PIT tag scanner models
exist, with some portable (e.g., pocket scanners), some stationary
(e.g., circular antenna installed at animal entrance/exit points),
and others designed to work as arrays to increase the effective
reading range. Similar scanner designs may be challenging to
incorporate for p-Chips because the photocells are located on 1
surface of the tag and require precise alignment with the reading
wand. Furthermore, not every PIT tag can be scanned by every PIT
reader because both must function on the same radio frequency
to communicate with one another (Gibbons and Andrews 2004).
In contrast, the p-Chip technology is proprietary and users rely on
a sole source supplier. Use of the p-Chip wand obligates connect-
ing to a computer to record transponder ID numbers, whereas

Table 2. Features of split-ring bands, PIT tags, and p-Chips for marking bats. Information on bands/PIT tags comes from many studies,

whereas for p-Chips it is based mainly on this report

Tag characteristic Split-ring bands PIT tags p-Chips
Composition Plastic, metal Glass capsule Semiconductor
Invasive No (external) Yes (subcutaneous) Yes (subcutaneous)
Application?

USDA/CCAC Rating ~ Category B Category C Category C
Pain/Duration Little-to-none/short Minor/short Minor/short
Application Tool? Banding tool/pliers; by hand sterile needle (12 to 16 G) Sterile needle (21 G)

Application Injury?

Post-Application
Morbidity/Mortality

Affects Behavior?

Location
Code

Size

Bat Size
Restriction?

Removable?

Reusable?
Reader

Reader Range
Reader Orientation
Visible?

Persistence

Tag Cost
Reader Cost

Availability/
Compatibility

Field-Tested?

No (unlikely)

Short- and long-term skin irritation (inflammation
or infection); restricted circulation/death (rare)

Yes (bats may scratch or chew band)

Forearm (typical) thumb or leg (atypical)
Analog (engraved on band)

2 to >6 mm diameter

None

Yes (also by the bats)
Yes

Visual inspection

~0.5m (by eye)
Band surface

Yes (bat must be in hand to read unique number)
Lifetime (bats can damage by chewing)

<$1.00 USD
N/A

Multiple suppliers/cross compatible

Yes

Yes (bleeding); internal
organ damage, death (rare)

Inflammation, infection/
death (rare)

Not reported

Nape/back (between
shoulder blades)

Digital RFID (alphanumeric
code)

1 to 4 mm diameter; 8 to
32 mm length

None

No (requires surgery)

Yes (uncommon; requires
sterilization)

Built-in display or wireless
connection

<500° mm
N/A

No (under skin/fur)
Lifetime

<$10.00 USD
$300 to $2,000 USD

Multiple suppliers/not all
cross compatible

Yes

Yes (bleeding); possible limb
or tendon damage, infection

Possible inflammation,
infection/not reported

Not reported

No standard location?®

Digital RFID 9-digit
(alphanumeric code)

500 x 500 x 100 pm (1 x w x h)
Not tested (likely none)

No (requires surgery)

Not tested; (requires
sterilization)

Laser wand USB connected to
computer)

<10 mm
Chip surface with photocell

Yes (varies with skin
pigmentation)

Lifetime (but tag can flip and
be obscured in situ)

$2.00 USD
$2,000 USD

p-Chip Corp./internally
compatible

No

*Results of present study suggest second metacarpal as a prospective location for small- to medium-sized bats.

*Varies with tag and reader model; automated readers can be mounted at roost entrances or on a pole to scan clusters of bats.


https://www.biomark.com

PIT tag readers typically have a built-in display. Lastly, there are
significant cost differences between p-Chip and PIT tag technol-
ogies (Jolley-Rogers et al. 2012). Although individual p-Chips are
less expensive to deploy than PIT tags (Smyth and Nebel 2013),
the cost of a p-Chip laser reader wand is higher than most PIT tag
readers (Table 2).

The use of any marking method comes with risks. Despite
miniaturization leading to low invasiveness, and potentially min-
imal impact on animal health and well-being, using p-Chips to
mark bats poses a set of operational challenges, mostly related to
locating and reading the implanted transponder. For example, we
know that p-Chips remain visible in the bat wing for at least ~1.3
years, but their permanence beyond this is unknown. Our work
in captive bats did not record instances of unreadable p-Chips in
the wing (Fig. 6) and ca. 70% of these tags remained visible over
time (Fig. 4). The reduced visibility of p-Chips implanted in the
leg increased the time to find and scan them (Fig. 3). We noticed
instances where a p-Chip in the leg was deemed unreadable one
day but gave a viable read on a subsequent day (n = 9). While it
is possible for p-Chips to be expelled from the body, which would
affect estimates of marked versus unmarked individuals, we
recorded only 1 instance of tag loss. Retention of p-Chips and PIT
tags has been examined and compared in different fish species
(Chen et al. 2013; Faggion et al. 2020; Moore and Brewer 2021).

Other considerations.

Researchers working with tagged insects have obviated the need
for handling by placing p-Chips in highly visible and standard-
ized locations (Jolley-Rogers et al. 2012) or by designing housing
to guide insects through narrow spaces for efficient wand read-
ing (Robinson et al. 2009; Robinson and Mandecki 2011). Several
studies have developed similar approaches for automated PIT tag
reading in bats crawling through entrances to roosts or hibernac-
ula (e.g., Silvy et al. 2012; Britzke et al. 2014; Norquay and Willis
2014). For now, using p-Chips for marking bats may be restricted
to situations when animals are directly handled.

The ability to distinguish marked and unmarked animals
is vital in recapture studies of free-ranging populations. Mark-
recapture work requires tags that persist and remain visible/
detectable, ideally over the lifespan of an animal. Compared to
external tags for marking bats (see Kunz and Weise 2009), p-Chips
are highly inconspicuous. This reinforces the importance of
standardizing the implantation site when considering the wider
adoption of p-Chips to mark bats, as in laboratory mice (Gruda et
al. 2010) and fish (Moore and Brewer 2021).

Our results support the conclusion that the relatively trans-
lucent, thin, and tighter skin surrounding the second metacar-
pal of E. fuscus is a better p-Chip implantation site compared to
the darker (opaque), thicker, and looser skin of the uropatagium
around the tibia. But these characteristics will vary in other bat
species, depending on their size and morphology. For example,
the second metacarpal may be an unfeasible implantation site in
bats smaller than E. fuscus because the gauge of the needle may
exceed the width of the bone and this could tear the chiropat-
agium. In smaller-bodied bats such as Craseonycteris, implant-
ing p-Chips in the forearm may be feasible. On the other hand,
in larger bats with robust skin such as Artibeus, Phyllostomus,
or Cynopterus, locating and scanning forearm p-Chips may be
problematic. Because tail anatomy differs markedly among bat
families—in many species the tail moves freely within the urop-
atagium while in others it is completely lacking, plus some bats
have a densely haired uropatagium—this renders the tail as an
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impractical site for implantation. Ultimately, researchers may
have to designate taxon-specific standard sites for implanting
p-Chips in Chiroptera.

Despite the above caveats, the feasibility of p-Chips must be
field-tested in different species of free-ranging bats, preferably in
settings where there is high likelihood of recapturing individuals.
For now, we recommend pairing p-Chips with another marking
method—such as bands or PIT tags—or marking animals with 2
p-Chip transponders (e.g., 1 in each wing) to aid in the assessment
of tag visibility, readability, retention, and localization over time.

While the results of our pilot study are encouraging and war-
rant further field testing, we caution researchers against using p-Chips
as the sole method for marking bats at this time, because the consist-
ency of applying this proprietary technology across bat taxa and
in different settings remains unknown, which could pose risks
to long-term data integrity. Since revising this manuscript our
original laser wand (model WA-4000) was recalled by the p-Chip
Corp. and replaced with a newer model (WA-6000) to comply
with regulations for Class 3R laser products from the Center for
Devices and Radiological Health. The new model has reduced
laser pulse power, emits fewer pulses during tag reading, and has
a smaller spot size, but is reported to activate p-Chips at a longer
distance (up to 15 mm). The new model has been tested in mice
and fish but not in bats. We conducted a preliminary test with the
upgraded wand on 6 thawed E. fuscus cadavers from our original
study and 2 recently tagged live individuals, and observed varia-
tion in scanning performance between 2 operators. The decrease
in laser spot size and pulse emissions may reduce the efficiency
of scanning subcutaneous p-Chips, especially when the tags are
not visible. We suggest that researchers experimentally evaluate
the scanning efficiency of the new WA-6000 wand in bats, using
an approach similar to ours, before deploying p-Chips in the field.

Supplementary data

Supplementary data are available at Journal of Mammalogy online.

Supplementary Data SD1.—Movie illustrating subcutaneous
implantation and laser wand reading of a p-Chip injected along
the dorsal surface of the second metacarpal in the right wing of a
yearling big brown bat (Eptesicus fuscus). Also shown are instances
of successful laser wand reads accompanied by an audible beep
and data output to the computer, and unsuccessful tag reads
with no beep or data output.

Acknowledgments

We thank Lucas Greville, Doreen Mockel, Renata Soljmosi, Tom
Groulx, Taylor Byron, and Emily Wuerch for assistance with
p-Chip recording, Dr. Kathleen Delaney, Dawn Graham, and the
staff of the Psychology Animal Facility for veterinary and ani-
mal care support, and the p-Chip Corporation for advice and
resources.

Author contributions

SDIS: data curation, formal analysis, investigation, methodology,
validation, visualization, writing—original draft, writing—review
& editing. RP: investigation, methodology, writing—review & edit-
ing. AVB: conceptualization,investigation, methodology, resources,
software, validation, writing—review & editing. PJB: methodology,
formal analysis, visualization, writing—review & editing. PAF:
conceptualization, funding, investigation, methodology, project



688 | Seheultetal.

administration, resources, supervision, validation, writing—origi-
nal draft, writing—review & editing.

Funding

Research supported by Discovery Grant RGPIN-2020-06906 to PAF
from the Natural Sciences and Engineering Research Council of
Canada.

Conflict of interest

None declared.

Data availability

Contact the corresponding author.

References

Barclay RMR. Bell GP. 1988. Marking and observational techniques.
In: Kunz TH, editor. Ecological and behavioural methods for the
study of bats. Washington (DC, USA): Smithsonian Institution
Press; p. 59-76.

Barker GB, Lumsden LF, Dettmann EB, Schedvin NK, Schulz M,
Watkins D, Jansen L. 2001. The effect of forearm bands on insec-
tivorous bats (Microchiroptera) in Australia. Wildlife Research
28(3):229-237. https://doi.org/10.1071/WR99068

Barnard SM. 1989. The use of microchip implants for identifying big
brown bats (Eptesicus fuscus). Animal Keepers Forum 16(2):50-
52. https://www.biodiversitylibrary.org/bibliography/125504

Bates D, Machler M, Bolker B, Walker S. 2015. Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software
67(1):1-48. https://doi.org/10.18637/jss.v067.i01

Bonaccorso FJ, Smythe N, Humphrey SR. 1976. Improved techniques
for marking bats. Journal of Mammalogy 57(1):181-182. https://
doi.org/10.2307/1379526

Bradbury JW. 1977. Lek mating behaviour in the hammer-headed
bat. Zeitschrift fir Tierpsychologie 45(3):225-255. https://doi.
0rg/10.1111/j.1439-0310.1977.tb02120.x

Britzke ER, Gumbert MW, Hohmann MG. 2014. Behavioural response
ofbats topassiveintegrated transponder tagreader arrays placed
at cave entrances. Journal of Fish and Wildlife Management
5(1):146-150. https://doi.org/10.3996/082012-jfwm-065

Buchler ER. 1976. A chemiluminescent tag for tracking bats and other
small nocturnal animals. Journal of Mammalogy 57(1):173-176.
https://doi.org/10.2307/1379522

Campbell P, Reid NM, Zubaid A, Adnan AM, Kunz TH. 2006.
Comparative roosting ecology of Cynopterus (Chiroptera:
Pteropodidae) fruit bats in peninsular Malaysia. Biotropica
38(6):725-734. https://doi.org/10.1111/j.1744-7429.2006.00203 X

Chaverri G, Quirés OE, Kunz TH. 2007. Ecological correlates of
range size in the tent-making bat Artibeus watsoni. Journal
of Mammalogy  88(2):477-486.  https://doi.org/10.1644/
05-mamm-a-260r2.1

Chen CH, Durand E, Wang J, Zon LI, Poss KD. 2013. Zebrafish trans-
genic lines for in vivo bioluminescence imaging of stem cells
and regeneration in adult zebrafish. Development 140(24):4988-
4997. https://doi.org/10.1242/dev.102053

Cockrum EL. 1956. Homing, movements, and longevity of bats. Journal
of Mammalogy 37(1):48-57. https://doi.org/10.2307/1375525

Delcourt J, Ovidio M, Dencél M, Muller M, Pendeville H, Deneubourg
J-L, Poncin P. 2018. Individual identification and marking

techniques for zebrafish. Reviews in Fish Biology and Fisheries
28(4):839-864. https://doi.org/10.1007/s11160-018-9537-y

Dietz C, Dietz I, Ivanova T, Siemers BM. 2006. Effects of forearm
bands on horseshoe bats (Chiroptera: Rhinolophidae). Acta
Chiropterologica 8(2):523-535. https://doi.org/10.3161/1733-532
9(2006)8[523:e0fboh]2.0.co;2

Dwyer PD. 1966. Observations of Chalinolobus dwyeri (Chiroptera:
Vespertilionidae) in Australia. Journal of Mammalogy 47(4):716-
718. https://doi.org/10.2307/1377908

Dwyer PD. 1969. Population ranges of Miniopterus schreibersii
(Chiroptera) in southern Australia. Australian Journal of Zoology
17(4):665-686. https://doi.org/10.1071/209690665

Dwyer PD. 1970. Social organization in the bat Myotis adver-
sus. Science 168(3934):1006-1008. https://doi.org/10.1126/
science.168.3934.1006.

Faggion S, Sanchez P, Vandeputte M, Clota F, Vergnet A, Blanc MO,
Allal F. 2020. Evaluation of a European sea bass (Dicentrarchus
labrax L.) post-larval tagging method with ultra-small RFID
tags. Aquaculture 520:734945. https://doi.org/10.1016/j.
aquaculture.2020.734945

Flemming TH, Eby P. 2003. Ecology of bat migration. In: Kunz TH,
Fenton MB, editors. Bat ecology. Chicago (IL, USA): University of
Chicago Press; p. 156-208.

Fox ], Weisberg S. 2019. An R companion to applied regression. 3rd ed.
Thousand Oaks (CA, USA): Sage Publications Inc.

Gibbons JW, Andrews KM. 2004. PIT tagging: simple technology at its
best. BioScience 54(5):447-454. https://doi.org/10.1641/0006-356
8(2004)054[0447:ptstai]2.0.co;2

Goldshtein A, Harten L, Yovel Y. 2021. Mother bats facilitate pup nav-
igation learning. Current Biology 32(2):350-360.e4. https://doi.
0rg/10.1016/j.cub.2021.11.010

Greenhall AM, Paradiso JL. 1968. Bats and bat banding. Washington
(DC, USA): US Department of the Interior, Fish and Wildlife
Service, Bureau of Sport Fisheries and Wildlife, Resource
Publication 72.

Gruda MC, Pinto A, Craelius A, Davidowitz H, Kopacka W, Li J, Qian
J, Rodriguez E, Mandecki W. 2010. A system for implanting lab-
oratory mice with light-activated microtransponders. Journal
of the American Association for Laboratory Animal Science
49(6):826-831. https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC2994050/

Hamilton AR, Traniello IM, Ray AM, Caldwell AS, Wickline SA,
Robinson GE. 2019. Division of labor in honey bees is associ-
ated with transcriptional regulatory plasticity in the brain. The
Journal of Experimental Biology 222(14):jeb200196. https://doi.
0rg/10.1242/jeb.200196

Herried CF, Davis RB, Short HL. 1960. Injuries due to bat band-
ing. Journal of Mammalogy 41(3):398-400. https://doi.
0rg/10.2307/1377505

Hitchcock HB. 1965. Twenty-three years of bat banding in
Ontario and Quebec. The Canadian Field-Naturalist 79(1):4—
14. https://www.biodiversitylibrary.org/item/89098#page/12/
mode/Tup

Hoyle SD, Pople AR, Toop GJ. 2001. Mark-recapture may reveal more
about ecology than about population trends: demography of
a threatened ghost bat (Macroderma gigas) population. Austral
Ecology 26(1):80-92. https://doi.org/10.1111/j.1442-9993.2001.
tb00085.x

Humphrey SR. 1971. Population ecology of the little brown bat,
Myotis lucifugus, in Indiana and north-central Kentucky [dis-
sertation]. [Stillwater (OK, USA)]: Oklahoma State University.
https://shareok.org/bitstream/handle/11244/27521/Thesis-
1971D-H926p.pdf?sequence=1


https://doi.org/10.1071/WR99068
https://www.biodiversitylibrary.org/bibliography/125504
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2307/1379526
https://doi.org/10.2307/1379526
https://doi.org/10.1111/j.1439-0310.1977.tb02120.x
https://doi.org/10.1111/j.1439-0310.1977.tb02120.x
https://doi.org/10.3996/082012-jfwm-065
https://doi.org/10.2307/1379522
https://doi.org/10.1111/j.1744-7429.2006.00203.x
https://doi.org/10.1644/05-mamm-a-260r2.1
https://doi.org/10.1644/05-mamm-a-260r2.1
https://doi.org/10.1242/dev.102053
https://doi.org/10.2307/1375525
https://doi.org/10.1007/s11160-018-9537-y
https://doi.org/10.3161/1733-5329(2006)8[523:eofboh]2.0.co;2
https://doi.org/10.3161/1733-5329(2006)8[523:eofboh]2.0.co;2
https://doi.org/10.2307/1377908
https://doi.org/10.1071/zo9690665
https://doi.org/10.1126/science.168.3934.1006
https://doi.org/10.1126/science.168.3934.1006
https://doi.org/10.1016/j.aquaculture.2020.734945
https://doi.org/10.1016/j.aquaculture.2020.734945
https://doi.org/10.1641/0006-3568(2004)054[0447:ptstai]2.0.co;2
https://doi.org/10.1641/0006-3568(2004)054[0447:ptstai]2.0.co;2
https://doi.org/10.1016/j.cub.2021.11.010
https://doi.org/10.1016/j.cub.2021.11.010
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2994050/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2994050/
https://doi.org/10.1242/jeb.200196
https://doi.org/10.1242/jeb.200196
https://doi.org/10.2307/1377505
https://doi.org/10.2307/1377505
https://www.biodiversitylibrary.org/item/89098#page/12/mode/1up
https://www.biodiversitylibrary.org/item/89098#page/12/mode/1up
https://doi.org/10.1111/j.1442-9993.2001.tb00085.x
https://doi.org/10.1111/j.1442-9993.2001.tb00085.x
https://shareok.org/bitstream/handle/11244/27521/Thesis-1971D-H926p.pdf?sequence=1
https://shareok.org/bitstream/handle/11244/27521/Thesis-1971D-H926p.pdf?sequence=1

Jolley-Rogers G, Yeates DK, Croft ], Cawsey EM, Suter P, Webb J, Morris
RG, Qian Z, Rodriguez E, Mandecki W. 2012. Ultra-small RFID
p-Chips on the heads of entomological pins provide an auto-
matic and durable means to track and label insect specimens.
Zootaxa 3359(1):31-42. https://mapress.com/zt/article/view/
zootaxa.3359.1.3

Kunz TH, Hood WH. 2000. Parental care and postnatal growth in the
Chiroptera. In: Crichton EG, Krutzsch PH, editors. Reproductive
biology of bats. San Diego (CA, USA): Academic Press; p. 415-
468. https://doi.org/10.1016/B978-012195670-7/50011-4

Kunz TH, Stern AA. 1995. Maternal investment and post-natal
growth in bats. In: Racey PA, Swift SM, editors. Ecology, Evolution
and Behaviour of Bats: The Proceedings of a Symposium held by
the Zoological Society of London and the Mammal Society; 26-
27 Nov 1993; London. London (UK): Oxford University Press; p.
123-138. https://doi.org/10.1093/0s0/9780198549451.003.0008

Kunz TH., Weise CD. 2009. Methods and devices for marking bats. In:
Kunz TH, Parsons S, editors. Ecological and behavioural meth-
ods for the study of bats. 2nd ed. Baltimore (MD, USA): The John
Hopkins University Press; p. 36-56.

Kuznetsova A, Brockhoff PB, Christensen RHB. 2017. ImerTest pack-
age: tests in linear mixed effects models. Journal of Statistical
Software 82(13):1-26. https://doi.org/10.18637/jss.v082.113

Leigh EG, Handley CO Jr. 1991. Population estimates. In: Handley
CO Jr, Wilson DE, Gardner AL, editors. Demography and natural
history of the common fruit bat, Artibeus jamaicensis, on Barro
Colorado Island, Panaméa. Washington (DC, USA): Smithsonian
Contributions to Zoology No. 511; p. 77-87.

Lemon J. 2006. Plotrix: a package in the red light district of R. R-News
6(4):8-12.  https://journal.r-project.org/articles/RN-2006-026/
RN-2006-026.pdf

Mandecki W, Kopacka WM, Qian Z, Ertwine V, Gedzberg K, Gruda M,
Reinhardt D, Rodriguez E. 2017. Tagging of test tubes with elec-
tronic p-Chips for use in biorepositories. Biopreservation and
Biobanking 15(4):293-304. https://doi.org/10.1089/bi0.2016.0051

Mandecki W, Rodriguez E, Drawbridge J. 2016. Tagging of individ-
ual embryos with electronic p-Chips. Biomedical Microdevices
18(100):1-6. https://doi.org/10.1007/510544-016-0127-2

McCracken GF. Wilkinson GS. 2000. Bat mating systems. In: Crichton
EG, Krutzsch PH, editors. Reproductive biology of bats. San
Diego (CA, USA): Academic Press; p. 321-362.

Mikhailovskaya A, Yusupov I, Dobrykh D, Krasikov S, Shakirova D,
Bogdanov A, Filonov D, Ginzburg P. 2021. Omnidirectional min-
iature RFID tag. Applied Physics Letters 119(3):033503. https://
doi.org/10.1063/5.0054740

Mohr CE. 1934. Marking bats for later recognition. Proceedings of the
Pennsylvania Academy of Science 8:26-30. https://www.jstor.
org/stable/44112196

Moore DM, Brewer SK. 2021. Evaluation of visual implant elasto-
mer, PIT, and p-Chip tagging methods in small-bodied min-
now species. North American Journal of Fisheries Management
41(4):1066-1078. https://doi.org/10.1002/nafm.10607

Murray DL, Fuller MR. 2000. A critical review of the effects of mark-
ing on the biology of vertebrates. In: Boitani L, Fuller TK, edi-
tors. Research techniques in animal ecology: controversies and
consequences. New York (NY, USA): Columbia University Press;
p. 15-64.

Neubaum DJ, Neubaum MA, Ellison LE, O’Shea TJ. 2005. Survival and
condition of big brown bats (Eptesicus fuscus) after radiotagging.
Journal of Mammalogy 86(1):95-98. https://doi.org/10.1644/154
5-1542(2005)086<0095:sacobb>2.0.co;2

Ngamprasertwong T, Wangthongchaicharoen M, Racey PA. 2022.
Estimation of roost fidelity of Kitti’s hog-nosed bat using

Journal of Mammalogy, 2024, Vol, 105, Issue 3 | 689

mark-recapture approach. Abstract, 19th International Bat
Research Conference and 50th Annual Meeting of the North
American Society for Bat Research; 7-12 Aug 2022; Austin (TX,
USA).

Norman AP, Jones G, Arlettaz R. 1999. Noctuid moths show neu-
ral and behavioural responses to sounds made by some
bat-marking rings. Animal Behaviour 57(4):829-835. https://doi.
org/10.1006/anbe.1998.1028

Norquay KJO, Willis CKR. 2014. Hibernation phenology of Myotis luci-
fugus. Journal of Zoology 294(2):85-92. https://doi.org/10.1111/
j20.12155

O’Donnell CFJ. 2001. Home range and use of space by Chalinolobus
tuberculatus, a temperate rainforest bat from New Zealand.
Journal of Zoology, London 253(2):253-264. https://doi.
0rg/10.1017/5095283690100022X

O’Donnell CFJ. 2002. Timing of breeding, productivity and sur-
vival of long-tailed bats Chalinolobus tuberculatus (Chiroptera:
Vespertilionidae) in cold-temperate rainforest in New Zealand.
Journal of Zoology, London 257(3):311-323. https://doi.
0rg/10.1017/50952836902000912

O’Shea TJ, Ellision LE, Stanley TR. 2004. Survival estimation in bats:
historical overview, critical appraisal, and suggestions for new
approaches. In: Thompson WL, editor. Sampling rare or elusive
species: concepts, designs, and techniques for estimating popu-
lation parameters. Washington (DC, USA): Island Press; p. 29-36.

Perry AE, Beckett G. 1966. Skeletal damage as a result of band injury
in bats. Journal of Mammalogy 47(1):131-132. https://doi.
0rg/10.2307/1378091

PharmaSeq. 2012. White paper. Tagging of laboratory mice
using electronic p-Chips. https://www.isenet.it/wp-content/
uploads/2017/01/PharmaSeq_White_Paper_Small_Animal_
Tagging.pdf

Phillips WR. 1985. The use of bird bands for marking tree-dwelling
bats: a preliminary appraisal. Macroderma 1(1):17-21. https://
www.ausbats.org.au/uploads/4/4/9/0/44908845/macro-
derma_1_1.pdf

Pierson ED, Fellers GM. 1993. Injuries to Plecotus townsendii from
lipped wing bands. Bat Research News 34(4):89-91. https://www.
eaglehill.us/programs/journals/nabr/BRN-archives/Volume34.
pdf

Powell RA, Proulx G. 2003. Trapping and marking terrestrial mam-
mals for research: integrating ethics, performance criteria,
techniques, and common sense. ILAR Journal 44(4):259-276.
https://doi.org/10.1093/ilar.44.4.259

Prentice EF, Park DL. 1984. A study to determine the biological feasi-
bility of a new fish tagging system. Portland (OR, USA): Annual
Report of Research, Bonneville Power Administration (Project
No. 1983-01900), Technical Report DOE/BP-348. https://doi.
0rg/10.2172/5447610

R Core Team. 2021. R: a language and environment for statisti-
cal computing. Vienna (Austria): R Foundation for Statistical
Computing. https://www.R-project.org/

Reeder DM, Kosteczko NS, Raff H, Kunz TH, Widmaier EP. 2006.
The hormonal and behavioural response to group forma-
tion, seasonal changes and resistant stress in highly social
Malayan flying fox (Pteropus vampyrus) and the solitary lit-
tle Golden-mantled Flying Fox (Pteropus pumilus) (Chiroptera:
Pteropodidae). Hormones and Behaviour 49(4):484-500. https://
doi.org/10.1016/1.yhbeh.2005.11.001

Rigby EL, Aegerter J, Brash M, Altringham JD. 2012. Impact of PIT tag-
ging on recapture rates, body condition and reproductive suc-
cess of wild Daubenton’s bats (Myotis daubentonii). The Veterinary
Record 170(4):101-101. https://doi.org/10.1136/vr.100075


https://mapress.com/zt/article/view/zootaxa.3359.1.3
https://mapress.com/zt/article/view/zootaxa.3359.1.3
https://doi.org/10.1016/B978-012195670-7/50011-4
https://doi.org/10.1093/oso/9780198549451.003.0008
https://doi.org/10.18637/jss.v082.i13
https://journal.r-project.org/articles/RN-2006-026/RN-2006-026.pdf
https://journal.r-project.org/articles/RN-2006-026/RN-2006-026.pdf
https://doi.org/10.1089/bio.2016.0051
https://doi.org/10.1007/s10544-016-0127-2
https://doi.org/10.1063/5.0054740
https://doi.org/10.1063/5.0054740
https://www.jstor.org/stable/44112196
https://www.jstor.org/stable/44112196
https://doi.org/10.1002/nafm.10607
https://doi.org/10.1644/1545-1542(2005)086<0095:sacobb>2.0.co;2
https://doi.org/10.1644/1545-1542(2005)086<0095:sacobb>2.0.co;2
https://doi.org/10.1006/anbe.1998.1028
https://doi.org/10.1006/anbe.1998.1028
https://doi.org/10.1111/jzo.12155
https://doi.org/10.1111/jzo.12155
https://doi.org/10.1017/S095283690100022X
https://doi.org/10.1017/S095283690100022X
https://doi.org/10.1017/S0952836902000912
https://doi.org/10.1017/S0952836902000912
https://doi.org/10.2307/1378091
https://doi.org/10.2307/1378091
https://www.isenet.it/wp-content/uploads/2017/01/PharmaSeq_White_Paper_Small_Animal_Tagging.pdf
https://www.isenet.it/wp-content/uploads/2017/01/PharmaSeq_White_Paper_Small_Animal_Tagging.pdf
https://www.isenet.it/wp-content/uploads/2017/01/PharmaSeq_White_Paper_Small_Animal_Tagging.pdf
https://www.ausbats.org.au/uploads/4/4/9/0/44908845/macroderma_1_1.pdf
https://www.ausbats.org.au/uploads/4/4/9/0/44908845/macroderma_1_1.pdf
https://www.ausbats.org.au/uploads/4/4/9/0/44908845/macroderma_1_1.pdf
https://www.eaglehill.us/programs/journals/nabr/BRN-archives/Volume34.pdf
https://www.eaglehill.us/programs/journals/nabr/BRN-archives/Volume34.pdf
https://www.eaglehill.us/programs/journals/nabr/BRN-archives/Volume34.pdf
https://doi.org/10.1093/ilar.44.4.259
https://doi.org/10.2172/5447610
https://doi.org/10.2172/5447610
https://www.R-project.org/
https://doi.org/10.1016/j.yhbeh.2005.11.001
https://doi.org/10.1016/j.yhbeh.2005.11.001
https://doi.org/10.1136/vr.100075

690 | Seheultetal.

Robinson EJH, Feinerman O, Franks NR. 2014. How collective com-
parisons emerge without individual comparisons of the options.
Proceedings of the Royal Society of London, B: Biological Sciences
281(1787):20140737. https://doi.org/10.1098/rspb.2014.0737

Robinson EJH, Mandecki W. 2011. Distributed decisions: new insights
from radio-tagged ants. In: Sun EC, editor. Ant colonies: behav-
ior in insects and computer applications. New York (NY, USA):
Nova Science Publishers; p. 109-128.

Robinson EJH, Richardson TO, Sendova-Franks AB, Feinerman O,
Franks NR. 2009. Radiotagging reveals the roles of corpulence,
experience and social information in ant decision making.
Behavioural Ecology and Sociobiology 63(5):627-636. https://doi.
01g/10.1007/500265-008-0696-2

Rybar P. 1973. Remarks on banding and protection of bats. Periodicum
Bilogorum 75(1):177-179.

Satterthwaite FE. 1946. An approximate distribution of estimates
of variance components. Biometrics 2(6):110-114. https://www.
jstor.org/stable/3002019

Sikes RS, The Animal Care and Use Committee of the American
Society of Mammalogists. 2016. 2016 Guidelines of the American
Society of Mammalogists for the use of wild mammals in
research and education. Journal of Mammalogy 97(3):663-688.
https://doi.org/10.1093/jmammal/gyw078

Silvy NJ, Lopez RR, Peterson MJ. 2012. Techniques for marking wild-
life. In: Silvy NJ, editor. The wildlife techniques manual. 7th
ed. Baltimore (MD, USA): The John Hopkins University Press; p.
230-257.

Skrinyer AJ, Faure PA, Dannemiller S, Ball HC, Delaney KH, Orman R,
Stewart M, Cooper LN. 2017. Care and husbandry of the world’s
only flying mammals. Laboratory Animal Science Professional
6:24-27.

Smyth B, Nebel S. 2013. Passive integrated transponder (PIT) tags in
the study of animal movement. Nature Education Knowledge
4(3):3. https://www.nature.com/scitable/knowledge/library/
passive-integrated-transponder-pit-tags-in-the-101289287

Stebbings RE. 1978. Marking bats. In: Stonehouse B, editor. Animal
marking: recognition marking of animals in research.

London (UK): The Macmillan Press Ltd; p. 81-94. https://doi.
0rg/10.1007/978-1-349-03711-7_9

Tenczar P, Lutz CC, Rao VD, Goldenfeld N, Robinson GE. 2014.
Automated monitoring extreme interindividual
variation and plasticity in honeybee foraging activity lev-
els. Animal Behaviour 95:41-48. https://doi.org/10.1016/j.
anbehav.2014.06.006

Trapido H, Crowe PE. 1946. A wing banding method in the study of
the travel of bats. Journal of Mammalogy 27(3):224-226. https://
Wwww.jstor.org/stable/1375431

Vardon M]J, Tidemann CR. 2000. The black flying-fox (Pteropus
alecto) in north Australia: juvenile mortality and longev-
ity. Australian Journal of Zoology 48(1):91-97. https://doi.
0rg/10.1071/2099060

Voulodimos AS, Patrikakis CZ, Sideridis AB, Ntafis VA, Xylouri EM.
2010. A complete farm management system based on animal
identification using RFID technology. Computers and Electronics
in  Agriculture  70(2):380-388.  https://doi.org/10.1016/j.
compag.2009.07.009

Want R. 2006. An introduction to RFID technology. IEEE
Pervasive Computing 5(1):25-33. https://ieeexplore.ieee.org/
document/1593568

Wickham H. 2016. ggplot2: elegant graphics for data anal-
ysis. New York (NY, USA): Springer Nature. https://doi.
0rg/10.1007/978-0-387-98141-3

Xu S, Chen M, Feng T, Zhan L, Zhou L, Yu G. 2021. Use ggbreak to
effectively utilize plotting space to deal with large datasets
and outliers. Frontiers in Genetics 12:774846. https://doi.
org/10.3389/fgene.2021.774846

Young RA. 2001. The eastern horseshoe bat, Rhinolophus megaphy-
lus, in south-east Queensland, Australia: colony demography
and dynamics, activity levels, seasonal weight changes, and
capture-recapture analyses. Wildlife Research 28(4):425-434.
https://doi.org/10.1071/wr99106

Zubaid A, McCracken GF, Kunz TH, editors. 2006. Functional and evo-
lutionary ecology of bats. New York (NY, USA): Oxford University
Press.

reveals


https://doi.org/10.1098/rspb.2014.0737
https://doi.org/10.1007/s00265-008-0696-z
https://doi.org/10.1007/s00265-008-0696-z
https://www.jstor.org/stable/3002019
https://www.jstor.org/stable/3002019
https://doi.org/10.1093/jmammal/gyw078
https://www.nature.com/scitable/knowledge/library/passive-integrated-transponder-pit-tags-in-the-101289287
https://www.nature.com/scitable/knowledge/library/passive-integrated-transponder-pit-tags-in-the-101289287
https://doi.org/10.1007/978-1-349-03711-7_9
https://doi.org/10.1007/978-1-349-03711-7_9
https://doi.org/10.1016/j.anbehav.2014.06.006
https://doi.org/10.1016/j.anbehav.2014.06.006
https://www.jstor.org/stable/1375431
https://www.jstor.org/stable/1375431
https://doi.org/10.1071/zo99060
https://doi.org/10.1071/zo99060
https://doi.org/10.1016/j.compag.2009.07.009
https://doi.org/10.1016/j.compag.2009.07.009
https://ieeexplore.ieee.org/document/1593568
https://ieeexplore.ieee.org/document/1593568
https://doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.1007/978-0-387-98141-3
https://doi.org/10.3389/fgene.2021.774846
https://doi.org/10.3389/fgene.2021.774846
https://doi.org/10.1071/wr99106

