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Abstract
Investigator disturbance while monitoring seabirds can result in lower survival rates and breeding success, leaving lasting 
negative impacts on the population and biasing observations. For example, monitoring rhinoceros auklets (Cerorhinca 
monocerata) and other burrowing alcids can reduce breeding success or even survival through handling stress and dam-
age to nesting habitat. For this reason, researchers must seek to decrease colony disturbance. Automated radio-frequency 
identification (RFID) via passive integrated transponder (PIT) tags is an inexpensive and reliable way to identify individual 
presence and record attendance behaviour, avoiding the need to recapture seabirds or visit the colony frequently. PIT tags 
either can be implanted subcutaneously or attached externally to leg bands, but it is unclear which method causes lower 
disturbance. To examine the impact of PIT tagging on rhinoceros auklets nesting in artificial burrows on Middleton Island, 
Alaska, we monitored burrow entrances with automated recording RFID readers to collect presence and nest attendance 
data. PIT-tagged (either band attachment or subcutaneous implant) and control birds had similar breeding success and chick 
growth rates. Breeding success was similar between nests with one or two parents marked. Birds tagged externally were 
detected less often than birds marked with a subcutaneous implant. We conclude that PIT tagging of rhinoceros auklets is a 
relatively non-invasive method for seabird monitoring, and that subcutaneous implants do not cause more disturbance than 
external attachment.

Keywords Passive integrated transponder (PIT) tagging · Biologging · Radio frequency identification · Breeding success · 
Burrow-nesting seabird · Colony attendance

Introduction

The uncertainty principle in field ecology states that an 
investigator will always disturb the behavior of the biologi-
cal model they are studying (Lenington 1979). Investigator 

disturbance and its consequences are widely studied in field 
ecology (Hockin et al. 1992; De Jong and Hoback 2006; 
Carey 2009). For example, monitoring avian species can 
induce higher mortality and nest predation (Ibáñez-Álamo 
et al. 2012), reduced breeding success (Sandvik and Barrett 
2001; Blackmer et al. 2004) or elicit abnormal behaviors 
(Brown and Morris 1995; Burger 1998). Thus, investigator 
disturbance can bias the life of history traits and behaviours 
of interest, and innovative techniques may reduce these 
biases.

Radio Frequency Identification (RFID) presents a 
potential solution to reduce disturbance of monitored sea-
birds while measuring patterns of nest attendance behavior 
(Tyson 2021). This can be achieved by marking individu-
als with passive integrated transponders (PIT) tags. A PIT 
tag is a small, lightweight bio-logging device that is typi-
cally an electronic chip encapsulated in glass. These can 
be quickly attached to an individual either externally via 
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a leg band or subcutaneously. As a PIT tag passes through 
a RFID detector, its unique ID is recorded along with the 
date and time of detection. This non-visual identification 
method can be incorporated into automated networks, 
allowing for data collection without recaptures for band-
reading (Andrews 2009; Bonter and Bridge 2011). The 
technology is already used on a variety of taxa and is con-
tributing knowledge on population dynamics by provid-
ing strong estimates of individual survival probability and 
recruitment rates (Rebke et al. 2010; Sutherland and Dann 
2012; Horswill et al. 2014). These demographic param-
eters can inform predictive models to fine-tune conserva-
tion plans depending on the different constraints a popula-
tion is facing (Weller et al. 2014). While the size, weight 
and attachment position of bio-logging devices can have 
adverse effects even over short-term deployments (Whid-
den et al. 2007; Sun et al. 2020), the small size and light 
weight of PIT tags likely minimizes such effects. However, 
PIT tags tend to have longer duration deployment which 
may have effects over an individual’s lifetime.

Puffins (Fratercula and Cerorhinca spp.), show strong 
responses to their environment through breeding success 
and foraging behaviour (Bost and Le Maho 1993; Gjerdrum 
et al. 2003; Sydeman et al. 2017). However, puffins and other 
burrow-nesting auks are notably difficult to study because of 
their high sensitivity to human disturbance (Rodway et al. 
1996; Whidden et al. 2007; Elliott et al. 2010; Harris and 
Wanless 2011; Sun et al. 2020; but see Kelly et al. 2015). 
Rhinoceros auklets (Cerorhinca monocerata) are burrow 
nesting alcids closely related to puffins, and are mostly 
active at their colonies at night. Their nocturnal colony 
behaviour makes the collection of observational data chal-
lenging, as color bands cannot be easily read from a dis-
tance, resulting in knowledge gaps for the species ecology. 
Rhinoceros auklets exhibit breeding site fidelity (Kubo et al. 
2018), making them a good subject for long-term monitoring 
(e.g. annual survival, lifetime reproductive success, divorce 
rate, recruitment). However, executing such studies might 
require accessing burrows regularly, accelerating habitat 
degradation (Priddel and Carlile 1995). Excavating burrows 
regularly can have negative and long-term effects (Wilson 
1986), increasing the risk of burrows collapsing which can 
ultimately result in the failure of a breeding attempt or even 
the death of one or both parents.

Artificial burrows have been proposed as a solution to 
mitigate this habitat degradation for different species of bur-
rowing seabirds (Wilson 1986; Priddel and Carlile 1995; 
Bedolla et  al. 2016). They reduce burrow collapse and 
design can allow researchers to easily access the nest cham-
ber, reducing disturbance and increasing data collection 
efficiency (Wilson 1986). Ultimately, using artificial nests 
allows researchers to decrease habitat loss and impacts on 
breeding success (Wilson 1986; León and Mínguez 2003).

With the objective of developing a minimally invasive 
protocol for the long-term monitoring of rhinoceros auklets 
breeding in artificial burrows on Middleton Island, Alaska, 
we used an experimental approach to test the effects of dif-
ferent PIT tagging protocols on breeding success of rhinoc-
eros auklets. We tagged breeding adult individuals (i) at dif-
ferent times of the breeding season (late incubation vs early 
chick rearing), (ii) internally (subcutaneous implantation 
in the neck) or externally (attachment to a 3D-printed leg 
band) and (iii) at different intensities (single vs both adults 
in burrow tagged). After each individual was marked with a 
PIT tag, their burrow was equipped with an automatic RFID 
reader. The number of detections per night was tested in 
relation to the position of the tag (leg or neck). We tested 
for effects of these tagging protocols on breeding success 
via chick growth rates (wing length and mass gain) and nest 
abandonment. We were particularly interested in whether 
handling for PIT-tagging during different breeding stages 
impacted abandonment rates, as handling during incubation 
previously increased abandonment in this population (Sun 
et al. 2020). We were also interested in whether leg-mounted 
or implanted PIT tags would cause less abandonment, as 
leg-mounted devices can alter flying and diving behavior 
due to imbalanced distribution of weight and buoyance, 
but implanted tags may cause infection (Hatch et al. 2000; 
Elliott et al. 2007; Vandenabeele et al. 2014). Handling is 
an essential part of PIT-tagging, and we wished to test the 
impact of the entire PIT-tagging process, therefore we did 
not have a separate set of birds that were handled but not 
PIT-tagged. In addition to answering these questions, this 
study provided an opportunity to learn more about nest 
attendance behavior of burrow nesting rhinoceros auklets 
due to constant monitoring via RFID.

Methods

Study system

We collected data from rhinoceros auklets breeding in a 
colony on Middleton Island, Alaska (59.42° N, 146.32° W). 
The colony has been monitored since 1977 and diet and 
population metrics are collected annually since 1993. Dur-
ing the breeding season (April–August), this population of 
rhinoceros auklets nest in burrows dug in soil slopes domi-
nated by salmonberry bushes (Rubea spectabilis). Breeding 
pairs lay a single egg in late April to early May and incubate 
for approximately 45 days. During incubation (and the first 
days of chick rearing), the parents typically take turns incu-
bating the egg (or hatchling) for two days shifts. Parents 
will then cease daytime burrow attendance and switch to 
spending every day foraging at sea, returning to the colony 
once each night to feed the chick by delivering a “bill load”. 
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These deliveries tend to include multiple prey items (usually 
fish) carried between the mandibles and dropped inside the 
nest chamber of the burrow (Gaston and Dechesne 1996; 
Davoren and Burger 1999; Kato et al. 2003; Cunningham 
et al. 2018). This chick-rearing phase lasts until the chick 
fledges (≈ 50 days, Harfenist and Ydenberg 1995).

Sensitivity to investigator disturbance (handling and GPS 
deployment) differ between incubation and chick-rearing 
where parents are more likely to abandon the nest after dis-
turbance in the early stages of breeding (Sun et al. 2020).

We conducted this study using artificial nest boxes. 
Between 2017 and 2021, 121 artificial nest boxes were 
installed in a limited area within a breeding colony of rhi-
noceros auklets on Middleton Island. The artificial burrows 
consist of two parts: an L-shaped wooden box made with 
½-inch-thick plywood treated with wood preservative and a 
corrugated plastic tubing as an entrance tunnel (Fig. 1). The 
top of the box is equipped with an access lid to the nesting 
chamber and the floor is made of wire mesh. Nest boxes are 
buried about 15 cm underground, partially filled with soil, 
and then marked with a uniquely numbered stake.

Reproductive success monitoring

We first checked experimental nest boxes for contents on 
20 May 2022 during daytime. This corresponded to early 
incubation for most individuals, however, the latest-breed-
ing individuals laid their egg in late May. We examined the 
boxes for the presence of an incubating adult and floated 
eggs to estimate laying date. When exact dates are not 
observed, floating height and angle can be used to estimate 
laying date (Liebezeit et al. 2007). We used the flotation 
technique described in Sun et al. (2020) for rhinoceros auk-
lets at our study site by measuring either the angle that eggs 

rested (sinking eggs) or the height of exposed egg above 
water (floating eggs).

For a sinking egg, we used the equation:

For a floating egg:

Given the flotation technique is only accurate within 
about 10 days of hatching, we used the following estimate 
for hatching date:

However, we kept the egg flotation estimate (1) or (2) 
when the egg did not hatch.

We visited occupied nest boxes on 30 May and every 
5 days thereafter until hatching to monitor breeding param-
eters (hatching success, hatching date). At each visit, we 
recorded the presence or absence of an adult and we checked 
manually for the presence and temperature of an egg (cold 
or warm, indicative of whether an adult was recently incu-
bating). When a nest box was checked, the entrance was 
plugged to prevent the adult from escaping and potentially 
abandoning the nest. We measured chick weight (g) and 
wing chord (mm) 5 and 20 days after they were first found. 
Chicks were not disturbed between these checks.

A breeding attempt was considered successful (breeding 
success = 1) if the chick fledged. We checked for the pres-
ence of a live chick every 5 days, 45 days after the chick 
was first recorded as hatched. A chick was considered a suc-
cessful fledgling if it was absent from the burrow during 

(1)
Days until hatching = 46 −

(

0.002 ∗ f loatingangle2

+0.078 ∗ f loatingangle + 1.16)

(2)Days until hatching = 46 − (2.014 ∗ f loatingheight + 20.027)

(3)Hatching date =
(Datechickf irstseen)−(Dateegglastseen)

2

Fig. 1  Design and photo of the artificial burrows used in this study (Hannes Schraft)
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one of those post-45 day checks. The breeding attempt was 
considered unsuccessful (breeding success = 0) if the egg 
was found cold on three consecutive checks, or the chick was 
found dead or missing before the second measurement (no 
chick was found dead after 45 days). During the 2023 sea-
son, we monitored the nest boxes used for the 2022 experi-
ment to determine occupancy (eggs laid, presence of tagged 
individuals).

PIT tagging

We found 63 occupied nest boxes on the first check (20 
May). Nest boxes were then assigned a temporal treatment 
(Control, Late-incubation, or Chick-rearing), for the PIT-
tagging that would occur later in the breeding season. We 
assigned 20 nest boxes each to the Late-incubation and 
Chick-rearing groups: 10 boxes with a single adult tagged 
and 10 boxes with both adults of the couple tagged (using 
same internal/external treatment) for a total of 60 birds to 
be marked with a PIT tag. Half of the birds were PIT-tagged 
subcutaneously in the neck and the other half were banded 
on one leg with a custom 3D-printed plastic band to hold a 
PIT tag. We used a random number generator to generate 
the temporal treatment (Control, Incubation, Chick-rear-
ing) while ensuring the treatments were distributed evenly 
across breeding phenology and spatial location (Appendix 
C). Then, the tag position (neck or band) and number of 
adults tagged per nest box (single or both) were assigned via 
a random number generator.

The remaining 23 nest boxes were assigned to the Con-
trol group. We monitored reproductive parameters for these 
nest boxes, but Control individuals were not further manip-
ulated. Burrows assigned to the Late-incubation treatment 
were PIT-tagged 10 days before the estimated date of hatch-
ing. Chick-rearing birds were PIT-tagged as soon as they 
were found with a chick. If a chick was found without a 
parent during a productivity check the nest box would be 
checked every night for 1 week until the parent was found. 
If an individual was marked less than 3 days before the next 
productivity check, its burrow was skipped for that check to 
reduce disturbance.

Birds were marked with 12-mm EM4102 PIT tags (fre-
quency = 125 kHz, mass ≈ 0.1 g). Individuals tagged on the 
leg were equipped with a 1.25 mm thick 3D-printed nylon 
leg band (≈ 1 g; 0.2% body mass) designed to hold the PIT 
tag on the left leg. The band was secured with super glue and 
Tesa tape (tesa tape inc. 5825 Carnegie Boulevard, Char-
lotte, North Carolina 28209). Individuals marked in the neck 
had a PIT tag inserted in the loose neck skin between the 
scapulae. A single-use needle was used for each bird. The 
PIT tag was sterilized in a chlorhexidine solution overnight 
and then stored in PBS solution until injection. The injec-
tion site was disinfected with a cotton ball soaked in 70% 

isopropyl solution to part the feathers. We then pinched the 
insertion point and used the syringe to manually pierce the 
skin before pushing the PIT tag under it. The same cotton 
ball was applied on the wound for several seconds after the 
injection to prevent the tag from falling out during the clos-
ing of the skin around the puncture wound.

Tagged birds were also banded with metal US Fish and 
Wildlife bands on the right leg. The first tagged bird in each 
nest box had a small piece of Tesa tape attached to the metal 
band. This facilitated rapid identification during productiv-
ity checks as well as the monitoring of tag failure rates, for 
example, if the plastic leg bands were to fall off or PIT tags 
were to migrate or be ejected from in the body.

When the bird was caught, its head was placed in a bag to 
reduce stress. The bird was released in the nest box from the 
tunnel immediately after PIT-tagging and the entrance was 
kept plugged for at least 5 min to prevent early abandonment. 
Capture and release time were recorded. Every late incuba-
tion bird (n = 30) and 10 chick rearing birds were tagged 
early in the day between 09:00 and 13:00. The 15-remain-
ing chick rearing birds were tagged at night between 23:00 
and 04:00. Implanting a PIT tag in the neck took 6 min 44 s 
(SD: 2 min 33 s) attaching a leg band equipped with a PIT 
tag took 4 min 8 s (SD: 1 min 7 s). In total, 55 birds from 
37 different artificial burrows were PIT-tagged (Table 1).

During productivity checks, individuals in nest boxes that 
had potentially been PIT-tagged before were identified using 
a handheld RFID reader (RT100V8, RealTrace, ATRIA Trad-
ing SA, Le Parray en Yvelines, France). If the bird showed 
signs of stress, we tried to feel its metal band instead to limit 
disturbance and abandonment risks. Indeed, the detection 
range of our handheld reader was low (around 2 cm). It was 
efficient on individuals marked in the neck, especially on 
calm individuals that were not moving, as it allowed for 
identification without any manipulation. However, PIT tag 
reading could increase the time spent for a check when the 
bird was aggressive or carrying a leg band as we needed 
to secure the bird with one hand while trying to identify it 
with the other.

In one burrow, both parents were supposed to be tagged in 
the neck during chick rearing. However, one parent was not 
found after 1 week of marking effort. This burrow was sub-
sequently considered in the single parent tagged category. 

Table 1  Number of artificial burrows in each treatment group: Con-
trol (0 parent tagged), Single (1 parent tagged), Double (both parents 
tagged), depending on their breeding stage (Incubation vs Chick rear-
ing)

Late incubation Chick rearing

Control 23
Single 10 (5 on leg, 5 in neck) 9 (3 on leg, 6 in neck)
Double 10 (5 on leg, 5 in neck) 8 (5 on leg, 3 in neck)
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Three nest boxes in the chick rearing treatment group were 
excluded as the individuals were not tagged since their egg 
never hatched.

During the 2023 season, the occupancy rate of the bur-
rows we monitored the year before was recorded.

Automatic PIT tag reading

We used automated RFID detectors to detect marked indi-
viduals in between and after the productivity checks. Those 
detectors allowed to record the presence/absence data and 
measure nest attendance patterns. Loggers used custom-
built automated, low-powered PIT tag readers. The device 
is made of two parts: a custom designed circuit board and 
a circular-shaped antenna. The antennae were placed inside 
the tunnel, approximately 15 cm from the entrance (Fig. 2). 
The system was designed for very low power consumption, 
and so the antenna-generated magnetic field that powered 
the PIT tag is weak. Because of this, the PIT tag needed to 
be very close (within 1 cm) or preferably within the circular 
antenna ring to be activated and read. The field is strongest 
near the perimeter of the ring and weakest at the center. 
For this reason, PIT tags located on a leg band or injected 
in the back are positioned near the most sensitive part of 
the antenna as the bird proceeds through the tunnel giving 
maximum likelihood of being read. When this happens, the 
unique ID of the PIT tag, the date and time of the event are 
logged and stored in the circuit board (more information in 
Appendix B).

The power station and the PIT tag readers were connected 
with 30-m cables allowing sufficient length to reach most of 
the colony. The readers were then spread in the colony and 
set up at the nest boxes. All equipment was protected from 

the rain through waterproof casings. We had 12 working 
readers. Every burrow was equipped with one detector for a 
week, then we changed the position of the readers to be able 
to monitor as many burrows as possible during the season. 
Every burrow still occupied after we measured all chicks 
from tagged parents for the first time, as well as 2 burrows 
where the chick disappeared from the nest were monitored 
with automatic detectors. This represented 27 boxes and 38 
birds (15 tagged in the neck and 23 tagged on the leg).

Statistical analyses

All statistical analyses were completed using R version 
4.0.2 (R Core Team 2020). We tested the effect of different 
aspects of PIT tagging on breeding success with binomial 
generalized linear models using a chi squared significance 
test. All interactions were first considered unless specified. 
If the highest rank interaction term was not significant, it 
was removed until only significant interactions and/or single 
terms remained.

Effect of tagging on breeding success

To investigate the effect of PIT tagging on the breeding suc-
cess of nests with marked parents (n = 37), we modelled the 
breeding success (no = 0, yes = 1) in response to PIT tag 
location, number of adults PIT tagged, and number of adults 
tagged with a 3-way interaction with a binomial generalized 
linear model.

Since some chicks were still in the burrow at the end of 
the field session, we modelled the probability of a chick 
being fledged on our last check (0/1) (n = 60) depending on 

Fig. 2  Automatic passive integrated transponder (PIT) tag detector 
installed in a rhinoceros auklet artificial burrow. The antenna (white 
arrows) is placed inside the tunnel so that individuals entering or exit-

ing the nest must pass through the antenna. Part of the antenna and its 
cable are buried to reduce disturbance and prevent damage
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their treatment group and their age with a binomial general-
ized linear model.

We also compared the breeding success of late incubation 
individuals (n = 20) and control individuals who had an egg 
10 days before estimated hatching (n = 20). The same was 
done between control individuals who successfully hatched 
an egg (n = 19) and chick rearing individuals (n = 17). Those 
comparisons were done using Fisher’s exact test and were 
followed by a statistical power analysis with the function 
power.fisher.test from the R package “statmod”. We also 
estimated the sample size we would need to achieve a suf-
ficient statistical power level (taken as 0.8). To do that, we 
iterated the calculation of the power of every test until it 
reached 0.8, increasing the effective of both groups we com-
pared by 5 each step. As the statistical power of a Fisher 
test is simulated and not explicitly calculated by the power.
fisher.test function, we simulated 100 datasets every single 
iteration to balance precision and calculation time.

Finally, we modelled the probability of the rhinoceros 
auklets to successfully hatch an egg (0/1) fledge a chick 
when they hatched the egg (0/1) and the overall breeding 
success (0/1) (n = 60) depending on if they are PIT tagged or 
not and the egg laying date with a 2-way interaction.

Effect of tagging on chick growth

The effect of the number of parents tagged and laying date 
on chick daily wing growth and weight gain was tested with 
an ANOVA using a 2-way interaction on every nests that 
successfully fledged a chick (n = 43).

Occupancy rate of the nests marked the last year

We compared the occupancy (whether an egg was laid; 
yes = 1, no = 0) of the burrows marked the last year between 
single and double tagged burrows with a Fisher’s exact test. 
We also compared the return rate (probability to come back 
to the colony the next year) of individuals marked on the leg 
and individuals marked in the neck with a chi square test.

Attendance patterns

We investigated differences in attendance pattern (number 
of detection.night−1, timing of the first and last detection) 
depending on the position of the tag and how advanced the 
breeding season was with linear models plus a two-way 
interaction using a random effect on individual ID to con-
trol for inter-individual variation. When an individual was 
recorded only once during a particular day, this record was 
removed from the colony presence analysis. Indeed, in this 
case, we could not determine if this was because an indi-
vidual approached the detector and then left without entering 

the burrow, or if some detections were missing because of 
a malfunction.

To determine whether the position of tagging influenced 
the detection probability, we ran a capture-mark-recapture 
(CMR) analysis on the subset of marked individuals. We 
used one week of capture history from 33 birds detected 
between 15 July and 7 August (example of detection record 
given in Appendix A). The analysis was completed in 
MARK version 9.x (White and Burnham 1999). This was 
done via standard live encounter mark-recapture models 
(Lebreton et al. 1992), where the probability of an individual 
being seen is defined by two parameters: the probability the 
animal survived and remained in the sample area (ϕ), and 
the probability that the animal was encountered (p), con-
ditional on being alive and in the sample area. Following 
Lebreton et al. (1992) methods, we began with a general 
model and examined simpler alternatives. Model selection 
was based on Akaike’s Information Criterion (AIC). The 
model with lowest AIC being considered as the most parsi-
monious one. The parameters estimated from the best model 
are given with 95% confidence interval (95% CI) computed 
from the Hessian matrix.

Results

Among the 63 experimental nest boxes assigned to treat-
ments, 52 eggs successfully hatched (82%) and 43 chicks 
(68%) successfully fledged. Some chicks were still present 
in the burrow for the last productivity check on 13 August 
2022. These chicks (age ± SD = 50 ± 8 d, n = 22) were con-
sidered as successful fledglings. This assumption is reason-
able since the probability of not being fledged on the last 
check depended on the age of the chick (Chi-square test, 
χ2

1 = 6.59, p = 0.01) and not the treatment group (Chi-square 
test, χ2

2 = 4.59, p = 0.10) (Table 2).

Return and occupancy rate of individuals marked 
the previous year

Among the 37 monitored burrows with PIT tagged individu-
als, 22 were occupied again in 2023. There was no signifi-
cant difference between single tagged (14 burrows occupied, 
n = 19) and double tagged occupancy (8 burrows occupied, 

Table 2  Number of tagged individuals who returned to the colony the 
year after the experiment

Tag position Number of birds 
tagged

Number of birds who 
returned to the colony in 
2023

Leg 27 14
Neck 28 10
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n = 18) (Fisher’s exact test, p = 0.1). The return rate of indi-
viduals marked in the leg or in the neck was similar (Chi-
square test, χ2

1 = 0.26, p = 0.60). 24 of the 55 individuals 
initially marked came back to the colony (Table 2), including 
5 individuals that failed to fledge chicks in the previous year.

Effect of PIT tagging on chick growth

PIT tagging of adults also had little effect on chick develop-
ment, daily wing growth (ANOVA, F(2,38) = 2.69 p = 0.08) 
(Wing length.day−1 ± SD = Control group: 2.4 ± 0.56 cm.
day−1, n = 16, one individual tagged: 2.9 ± 0.62 cm.day−1, 
n = 15, both individuals tagged: 2.4 ± 0.75 cm.day−1, n = 11) 
or weight gain (ANOVA, F(2,38) = 0.37 p = 0.69) (Mass.
day−1 ± SD = Control group: 6.9 ± 1.6 g.day−1, n = 16, one 
individual tagged: 7.4 ± 2.2 g.day−1, n = 15, both individuals 
tagged: 7.2 ± 1.6 g.day−1, n = 11). Laying date did not have 
an impact on either wing growth (ANOVA, F(1,38) = 1.13, 
p = 0.29) or weight gain (ANOVA, F(1,38) = 0.02, p = 0.88).

Effect of PIT tagging on breeding success

There were no differences in hatching or fledging success 
between PIT tagged and control individuals (Hatching 
success: Chi square test, χ2

1 = 0, p = 0.98, Control: 0.83, 
Late incubation: 0.8; Fledging success: Chi square test, 
χ2

1 = 0.97, p = 0.32, Control: 0.74, Late incubation: 0.65, 
Chick-rearing: 0.76). PIT tagging did not impact overall 
breeding success (Chi-square test, χ2

1 = 0.4, p = 0.52), and 
the only significant predictor of breeding success was the 
laying date (Chi-square test, χ2

1 = 4.16, p = 0.041) (Lay-
ing date (Julian date) ± SD: Control group: 128 ± 9, Late 
incubation: 125 ± 8, Chick rearing: 126 ± 6) (Table 3). Ear-
lier laying birds had a higher chance of breeding success-
fully than later breeders (Fig. 3) because eggs laid early 
in the season were more likely to hatch (Chi-square test, 
χ2

1 = 12.18, p < 0.001). However, laying date did not have 
any effect on chick survival after hatching (Chi square test, 
χ2

1 = 0.09, p = 0.77).

Table 3  Parameter estimates 
(p < 0.05) from the general 
linear models performed

Laying date and PIT tag on breeding success Treatment and age on the probability of a chick 
being fledged during the last check

Estimate SD Z value p value Estimate SD Z value p value

Intercept 14.56 6.94 2.10 0.03 Intercept 7.83 3.35 2.33 0.02
Laying date − 0.08 0.04 − 1.97 0.05 Age − 0.13 0.06 − 2.25 0.02

Fig. 3  Influence of laying date on the breeding success of rhinoceros auklets nesting in artificial burrows (n = 60) on Middleton Island in 2022
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The position of tagging (leg or neck) (Chi-square test, 
χ2

1 = 0.18, p = 0.67), the number of birds tagged in the pair 
(Chi-square test, χ2

1 = 1.49, p = 0.22) and breeding stage 
(Chi-square test, χ2

1 = 0.56, p = 0.46) did not influence 
breeding success among tagged individuals (Table 4).

We observed similar breeding success of control birds 
and birds PIT tagged during incubation or chick rearing 
(Fisher’s exact test, all p > 0.3). Statistical power tests then 
revealed we would need N ≈ 230 individuals to see a sta-
tistically significant difference in breeding success between 
controls and individuals PIT tagged during late incubation, 
N ≈ 250 to see a difference between individuals marked dur-
ing chick rearing and controls and N ≈ 270 (power = 0.12) 
to see a difference between individuals tagged during late 

incubation or chick rearing. In addition, control individuals, 
as well as individuals tagged on the leg or in the neck had a 
similar breeding success (Fig. 4).

Colony attendance, detection probability

Out of the 38 birds we monitored with automatic RFID read-
ers, 37 birds were successfully detected 1 week to 1 month 
after being tagged. One individual was not detected due to 
a failure of the reader.

Attendance patterns were highly variable, and the tim-
ings of the first detection were relatively homogeneously 
distributed during the whole night contrary to the timing of 
the last detection (Fig. 5). The time between the first and last 

Table 4  Proportion of pairs 
that successfully fledged an 
offspring for each group

Treatment n Number of success-
ful pairs

Percentage 
of successful 
pairs

Position of the tag Leg 18 13 72%
Neck 19 13 68%

Number of parents tagged One 19 15 79%
Both 18 11 61%

Breeding stage Late incubation 20 13 65%
Chick rearing 17 13 76%

Control 23 17 74%

Fig. 4  Probability of a successful breeding ± SE of rhinoceros auklets nesting in artificial burrows on Middleton Island in 2022 between different 
tag positions (n = 60)
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detection in the same night varied among individuals from 
32 s to 6 h 3 min (mean: 2 h 30 min). The number of detec-
tions per night varied between 1 and 33 (mean: 6.77), (mean 
time between two detections ± SD (min) = 22 ± 40 min).

Individuals with neck implants were detected a higher 
number of times per night than individuals with leg bands 
(Chi-square test, χ2

1 = 8.61, p = 0.003) throughout the sea-
son (Chi-square test, χ2

1 = 0.06, p = 0.80). The timing of the 
first detection every night did not depend on the position of 
the tag (Chi-square test, χ2

1 = 2.12, p = 0.14) but first detec-
tions tended to occur later at night as the breeding season 
progressed (Chi-square test, χ2

1 = 4,49, p = 0.03). The tim-
ing of the last detection every night did not depend on the 
position of the tag (Chi-square test, χ2

1 = 1.03, p = 0.31) but 
also tended to occur later at night as the breeding season 
progressed (Chi-square test, χ2

1 = 4.21, p = 0.04).

We considered two variables for the CMR analysis: the 
group g (two different positions of marking) and the time t. 
We started with the most general model ϕ(g*t)p(g*t) and 
ended up with the model ϕ(.)p(g) being the one with the 
lowest AICc (Table 5). There was no significant difference in 
detection probability between individuals marked on the leg 
(p = 0.832, 95% CI [0.752, 0.891]) or subcutaneously in the 
neck (p = 0.942, 95% CI [0.854, 0.979]). Survival chances 
were close to one (ϕ = 0.993, 95% CI [0.956, 0.999]).

Discussion

We used an experimental approach to determine the effects 
of PIT tagging on rhinoceros auklet breeding outcomes. Our 
approach will permit the development of a broader scale 

Fig. 5  Frequency distribution of the rhinoceros auklets timing of first and last detection each night

Table 5  Summary of model selection analysis of Rhinoceros auklet 
survival (ϕ) and resighting probability (p) within the 2022 chick rear-
ing period on Middleton Island. Survival and resighting probability 

are expressed as functions of the position of the tag (g) and the day 
(t), c = 1 stands for survival probability constrained to be equal 1, ω is 
the weight of a particular model (relative support in the data)

Model AICc ΔAICc ω Nb. parameter Deviance

1 ϕ(.)p(g) 151.02 0 0.81 3 82.94
2 ϕ(.)p(.) 154.06 3.04 0.18 2 88.05
3 ϕ(.)p(g*t) 159.99 8.97 0 13 69.61
4 ϕ(c = 1)p(g) 165.33 14.32 0 2 99.33
5 ϕ(g*t)p(g*t) 177.45 26.43 0 22 64.29
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rhinoceros auklet automatic detection network on Middle-
ton Island to record occupancy rates, survival, divorce, life-
time reproductive success and recruitment in future years. 
These basic population parameters will allow us to model 
the population dynamics. Once set up, the RFID antennae 
could provide much of this information without needing to 
regularly visit the burrows.

No aspect of PIT tagging had measurable effect on repro-
ductive success during the 2022 chick rearing season. The 
absence of effect could be due to our sample size being too 
small to detect some statistically significant differences 
between marked individuals and controls. However, our 
power analysis showed that given our effect size, we would 
need around 250 individuals to see a statistically significant 
(p < 0.05) difference with a reasonable power (1 – β = 0.8). 
In short, the effects would only be measurable statistically 
with large sample sizes that might not be achievable in a 
single colony. For our purposes, the effect of the PIT tagging 
appears negligible.

Parental commitment towards breeding increases as the 
breeding season progresses (Sun et al. 2020). Thus, we 
expected that PIT tagging during incubation would cause 
higher abandonment than during chick rearing. Higher 
handling-induced nest abandonment probability during the 
incubation phase has been documented in rhinoceros auk-
lets (Sun et al. 2020), as well as other burrowing seabird 
species (Carey 2009), although Kelly et al. (2015) found no 
impact of disturbance during incubation on breeding success 
of Atlantic puffins. However, we did not detect a difference 
in abandonment between breeding stages, possibly due to 
the high effort we exerted in reducing disturbance as much 
as possible. Artificial nest boxes were particularly useful 
for that purpose, as the birds were easily accessible. The 
handling time was only three to five minutes long, a short 
duration relative to Sun et al. (2020). We did not observe rhi-
noceros auklets displaying signs of high stress (e.g., breath-
ing heavily, trying to escape) during the marking process.

Our results are encouraging as both tagging and handling 
have well documented negative effect on seabird reproduc-
tive success (Rodway et al. 1996; Whidden et al. 2007), 
including reduced colony attendance (Söhle et al. 2000), 
chick growth rate (Ackerman et al. 2010; Villard et al. 2011) 
and higher nest abandonment (Sun et al. 2020). Considering 
our results, we can make recommendations for future PIT 
tagging experiments on rhinoceros auklets, and likely other 
burrow-nesting birds. Individuals should be marked during 
the last days of incubation or the very first days of chick 
rearing when they are accessible during daytime. Tagging 
individuals at night requires many visits to the same bur-
rows multiple times, which can disturb individuals in the 
colony. However, this should be considered with precaution 
as handling seabirds during incubation goes against most 

recommendations (e.g., Elliott et al. 2010; Elliott 2016; Sun 
et al. 2020).

As neither the number of adults tagged, nor the posi-
tion of the tag seem to have strong effects on reproductive 
success, we cannot yet conclude on what tagging protocol 
should be preferably used. Tagging individuals either sub-
cutaneously in the neck, or with a leg band, seem to be two 
successful and unharmful methods allowing to remotely 
monitor several traits in a rhinoceros auklet colony, such 
as presence/absence or nest attendance data. Tagging one 
or both parents of the same nest does not have measurable 
effects on their breeding success or on chick growth. For this 
reason, we believe it is better to tag both parents of every 
nest as it gives an opportunity to study nest attendance and 
parental care at a finer scale.

We do not have a clear explanation yet on why indi-
viduals with neck implants were detected more often each 
night. PIT tags need to have a particular orientation while 
going through the antenna to maximize the detection prob-
ability which could be better achieved with subcutaneously 
implanted PIT tags. This could also be caused by a differ-
ence in individual behavior. We tried using two antennae 
per burrow, one at both end of the entrance tunnel to deter-
mine the directionality of the detection, and discriminate 
cases when a bird would simply sit on the detector and the 
entrance then leave rather than actually visiting its nest. 
This technique did not work because the distance needed to 
avoid interference was greater than the length of the entrance 
tunnel.

Studies report various loss rates for subcutaneously 
implanted pit tags. The size of the bird and the injection 
method seem to be important factors (Bonter and Bridge 
2011) and most tag loss seems to happen soon after injec-
tion. However, the tag loss rate was 0% on our sample 
(n = 38) after one week to one month of tagging. One effect 
that should be taken into account is that for diving species, 
subcutaneous tagging might help decrease the added drag, 
as internal implantation of tags generally causes reduced 
impacts (Wilson et al. 1986; White et al. 2013; Evans et al. 
2020). For example, positioning tags on the leg or the 
tail can cause instability (Vandenabeele et al. 2014; Elli-
ott 2016). A study on crested auklets (Aethia cristatella) 
showed that a tarsus mounted tracking device (1% of the 
bird body mass) changed the behavior and at sea survival of 
marked individuals (Robinson and Jones 2014). Similarly, 
increasing buoyancy or mass via a leg-mounted tag altered 
the dive behaviour of thick-billed murres (Uria lomvia; Elli-
ott et al. 2007), and attaching a leg-mounted tag for a year 
increased stress (corticosterone) in the same species (Elliott 
et al. 2012). The mass and the size of the 3D-printed leg 
band and PIT tag we used in our study was smaller than in 
the other studies cited. Yet, it could still have undesirable 
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effects that need to be studied and that we could potentially 
avoid with subcutaneous implants.

However, this statement has to be taken cautiously as all 
tags should be considered to have an impact even if they 
are hard to detect (Elliott 2016). The impact of such small 
devices might be particularly hard to detect as their mass are 
negligible. They could still have some long-term negative 
impact on survival (some marked individuals could suffer 
lesions from the tag migrating in the body) or may affect 
reproduction during subsequent years. For this reason, it is 
important to continue this study for several years to monitor 
for potential long term PIT tag effects. Nonetheless, PIT 
tagging reduces disturbance on birds compared to manual 
burrow checks due to decreased human presence on colo-
nies. Thus, combining PIT tagging and automatic detection 
devices is a valuable method in studying sensitive seabird 
species during their breeding season.

During the 2023 season, we only monitored the occu-
pancy rate from burrows already marked the year prior. 
However, we observed that previously marked pairs could 
come back to the same colony but in different burrows. In 
future years, every burrow will be monitored which will 
bring more knowledge on rhinoceros auklet return and 
divorce rates. There was no significant difference between 
the return rate of individuals marked subcutaneously or 
externally with a leg band during the 2023 season (36% for 
neck implants and 51% for leg bands). Similar values were 
found using bands and nest capture (Bertram et al. 2000). 
However, bands can mechanically wear and become unread-
able after several years (Breton et al. 2005) which is not the 
case for PIT tags if they do not migrate in the body.

Several detectors revealed individuals visiting alternate 
burrows in our study. This behavior has been observed in 
Leach’s storm-petrel (Zangmeister et al. 2009) but not in 
the rhinoceros auklet. This phenomenon is unlikely to be 
due to a bird seeking for extra pair copulation, as data were 
collected late in the breeding season. One possibility is that 
those extra burrow visits could be attempts at kleptoparasit-
ism (Senzaki et al. 2014). Monitoring intra-specific klep-
toparasitic behaviors could be a way to monitor ecosystem 
health via food shortages. Indeed, this behavior is most 
likely to happen when food availability is scarce (Beintema 
1997; Ashbrook et al. 2008).

This experiment also revealed that parents could come 
back to a burrow even after the chick disappeared. During 
productivity checks, we found several burrows without a 
chick that had one before. We considered the absence of a 
chick as proof of nest abandonment by the parents, yet no 
dead chick was found in the burrow. In two cases, the parents 
came back to the nest after we concluded the burrow was 
abandoned. In one case, both parents had a nest attendance 
pattern similar to successfully breeding birds even if the 
chick was considered dead two weeks previously. Clearly, 

auklets continue visit their burrows even after chicks are 
dead. Given that some parents continue to visit the nest after 
the death of their chicks, it will be difficult to automatically 
detect the loss of a chick without human visits, although a 
change in the duration or frequency of visits may provide a 
signature of chick loss.

These observations highlight the potential of PIT tag-
ging to bring more knowledge on cryptic species. There is 
growing evidence that, even if monitoring seabird species 
gives us access to helpful data in understanding their biol-
ogy and the state of their environment, monitoring is done 
at the expense of their fitness. This problem is concerning, 
especially during long-term studies that could have nega-
tive long-term carryover effects on populations. In extreme 
cases, researchers could be missing important factors that 
would be otherwise demonstrated in an undisturbed popu-
lation. PIT tagging could be used extensively in sensitive 
seabird species and in the light of our results and previous 
ones, should be considered for rhinoceros auklets, other puf-
fins and burrow-nesting species.

In conclusion, PIT tagging rhinoceros auklets nesting 
in artificial burrows is a promising way to monitor their 
behavior, breeding outcomes and long-term survival while 
having the least possible disturbance. This technique could 
be applied to other sensitive seabird species with a similar 
biology like tufted puffins (Fratercula cirrhata). Combining 
the use of artificial burrows and automatic nest monitoring 
with PIT tag detectors for long-term studies can reduce dis-
turbance and the probability of burrow collapse due to less 
frequent visits.
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