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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 
for implantation and later scanning with the wand, transparency 
of the skin for tag visibility, and minimizing risk of damaging 

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 × 500 µm.
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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 lme4 and lmerTest 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 × 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 (χ2) 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 

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

0a 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

aPID 0 = day of p-Chip implantation.
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strongly positively correlated (r = 0.916, t388 = 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 (F1,369 = 19.1, P < 0.001), but the main effect of Day (F1,346 
= 0.26, P = 0.61) and the Location × Day interaction (F1,346 = 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 (t244.36 = 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 (t106.63 = 
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 (F1,367 
= 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 (F1,342 = 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 × Day inter-
action was not significant (F1,342 = 0.76, P = 0.38). An analysis of 
nontransformed scan time data yielded similar results, except 
that analysis also found a significant Location × Day interac-
tion (F1,343 = 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 (t240.67 = 0.71, P = 0.479, 95% CI [−3, 
7]) and leg (t65.55 = −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 (χ2 = 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 (χ2 = 3.44, df = 1, P = 0.064) and the Location × Day interaction 

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.

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.


