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An evaluation of transmitter effects on adult and juvenile Common Terns
using leg-loop harness attachments

Una evaluación de los efectos de los transmisores sobre los adultos y juveniles de Sterna
hirundo utilizando accesorios de arnés con lazo para las piernas
Evan J. Buck 1,2, Jeffery D. Sullivan 3  , Claire S. Teitelbaum 1,2, David F. Brinker 4, Peter C. McGowan 5 and Diann J. Prosser 3 

ABSTRACT. Marking birds with transmitters allows for the collection of data that are critical for fully understanding avian life history,
but researchers must also be confident that performing such studies is as safe as possible for transmittered individuals. While much
could be learned from tracking juveniles across dependency periods and first migration, doing so would require a harness-based
attachment method which has not been evaluated on any species of juvenile tern. Therefore, we monitored the reproductive success
and behavior of adult Common Terns (Sterna hirundo) and the growth and behavior of juvenile Common Terns after attaching
transmitters to adults and juveniles with leg-loop harnesses made of elastic cord. We found that transmittered adults had similar
reproductive success to untransmittered controls (hatching success for nests of transmittered adults = 0.553; nests of control adults =
0.665). Transmittered adults also expressed minimal behavioral differences from untransmittered controls when the groups were
compared via paired treatment-control nest observations along with observations away from the nest. Transmittered juveniles had
similar fledging success and growth rates to untransmittered control juveniles (fledging success for transmittered juveniles = 0.766;
control juveniles = 0.817). Transmittered juveniles exhibited slight differences in behavior from controls, with increased rates of preening,
although these differences did not appear to be detrimental. Finally, monitoring efforts during the breeding season following transmitter
deployment found no difference in the return rate, nesting attempt rate, or hatching success rate based on treatment (P > 0.05). However,
despite evidence of an individual retaining its transmitter into fall migration, no individuals retained their transmitters when resighted
the following breeding season. While our results show that leg-loop harnesses made of elastic cord present a potential option for
transmitter attachment to both adult and juvenile Common Terns, additional testing could provide further insight into potential long-
term impacts.

RESUMEN. Marcar aves con transmisores permiten la colecta de datos que son críticos para comprender completamente la historia
de vida aviar, pero investigadores debes estar seguros de que realizar dichos estudios son tan seguros como sea posible para los individuos
marcados. A pesar de que se puede aprender mucho siguiendo juveniles a lo largo de los periodos de dependencia y primera migración,
hacerlo requiere un método de accesorios basados en arneses el cual no ha sido evaluado en juveniles de ninguna especie de gaviota.
Consecuentemente, monitoreamos el éxito reproductivo y el comportamiento de adultos de Sterna hirundo y el crecimiento y
comportamiento de juveniles de Sterna hirundo luego de adaptarles transmisores a los adultos y juveniles utilizando accesorios de arnés
con lazo para piernas fabricado con bandas elásticas. Encontramos que los adultos marcados tuvieron un éxito reproductivo similar
a los controles no marcados (éxito de nacimiento para nidos de adultos marcados = 0.53; nidos de adultos control = 0.665). Los adultos
marcados también expresaron diferencias comportamentales mínimas comparados con los controles no marcados cuando los grupos
fueron comparados por medio de observaciones de nidos pareadas tratamiento-control con observaciones fuera del nido. Los juveniles
marcados mostraron diferencias pequeñas en el comportamiento comparado con los controles con un incremento en la tasa de
acicalamiento, sin embargo, estas diferencias no parecieron ser perjudiciales. Finalmente, los esfuerzos de monitoreo durante la
temporada reproductiva posterior al despliegue de los transmisores encontraron que no existieron diferencias en la tasa de retorno,
tasa de intentos de anidación o la tasa de éxito de nacimiento basado en los tratamientos (P>0.05). Sin embargo, a pesar de la evidencia
de un individuo que mantuvo su transmisor hasta la migración de otoño, ningún de los individuos retuvieron su transmisor cuando
fueron re-avistados en la siguiente temporada reproductiva. A pesar de que nuestros resultados muestran que los arneses con lazo para
piernas hechos de bandas elásticas presentan una opción potencial para la instalación de los transmisores en juveniles y adultos de
Sterna hirundo, pruebas adicionales puede proveer más información sobre los impactos potenciales a largo plazo.
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INTRODUCTION
Documenting avian movement using tracking devices has vastly
improved our knowledge of many aspects of avian life history
(Robinson et al. 2010, Kays et al. 2015). For instance, adult
satellite tracking of Caspian Terns (Hydroprogne caspia) and

Gull-billed Terns (Gelochelidon nilotica) through multiple
migration cycles has revealed information about migration routes
and wintering area usage (Lyons et al. 2018, Goodenough and
Patton 2020). However, most work on terns (Sternidae) has
focused on adults, with the few studies on juveniles implemented
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via shorter-term device attachment lasting no more than a few
months (Keedwell 2003, Whittier and Leslie Jr 2005, Ackerman
et al. 2009, Herzog et al. 2020). Due to technological limitations,
most previous tracking studies on juvenile terns have focused on
a short time span, typically using battery powered transmitters
and ending before or soon after fledging (Keedwell 2003, Whittier
and Leslie Jr 2005, Ackerman et al. 2009, Herzog et al. 2020).
These studies have allowed the collection of valuable data on local
movements and survival of young terns before they depart on
their first migration.  

Many tern species disperse soon after fledging, leaving their
movements during this early life stage and the first migration cycle
largely unknown, with many individuals not returning to their
breeding grounds until their third summer (Greenwood and
Harvey 1982, Braasch et al. 2009). The amount of growth between
hatch and fledging (Lecroy and Collins 1972), and high mortality
rates that occur during the first year of life, pose additional
challenges to tracking young terns (Spendelow et al. 2002,
Keedwell 2003). However, with technological advancements
allowing reduced masses of transmitters, such as solar-powered
transmitters for use with the Motus network (Taylor et al. 2017),
longer-term attachment on juvenile terns has become feasible.
Unfortunately, the suture or adhesive-based attachments used in
previous studies on juvenile terns are not compatible with solar
charging and remain attached for a particularly limited time
period. Therefore, a harness-based attachment may be a viable
option when attempting to achieve longer-term device retention
on juvenile terns, with potential for multi-year device retention.  

While there is a wealth of knowledge that can be gained by
tracking birds, especially at life stages representing gaps in our
understanding, there are inherent risks associated with placing
tracking devices on birds. Tracking devices can reduce survival
rates, reproductive success, and drive other negative changes in
behavior, inherently compromising the usefulness of the
movement data collected (Geen et al. 2019). These negative effects
vary in frequency by avian guild, species, and by methodological
components such as device mass proportional to body mass and
attachment style (Bodey et al. 2018, Geen et al. 2019). Due to the
potential experimental biases and other issues associated with
deploying a substantially-sized device on a wild bird, it is
important to critically evaluate new methods for affixing tracking
devices to each avian guild, species, and age class. Although
several methods have been successfully used to affix tracking
devices to adult terns, including sutures (Bluso-Demers et al. 2010,
Loring et al. 2017, Carloni 2018), leg attachments (Nisbet et al.
2011), and harnesses (Lyons et al. 2018), only harness attachment
allows for long-term device retention while leaving a solar panel
exposed. While large terns have been successfully tracked using
harness-based transmitter attachments (Lyons et al. 2018,
Goodenough and Patton 2020), early studies in smaller terns of
the genus Sterna have exhibited mixed responses to harness-
attached transmitters, from no effect to bill entanglement or nest
abandonment (Bracey et al. 2016, Paton et al. 2021). This
variability in harness effects within tern species reinforces the need
to perform thorough evaluations on the effects of tracking devices
when conducting a tern biologging study.  

Given the limitations of available transmitters and the retention
periods of various attachment methods, harness-based
attachment for solar-powered transmitters is likely needed for

longer-term tracking of juvenile terns. However, the ability to
move forward with large scale deployment with such an approach
is limited as no previous work has tested this method for Common
Terns (Sterna hirundo). In preparation for tagging juvenile
Common Terns with harness-mounted transmitters, we
conducted a captive bird pilot study using a surrogate species,
Japanese Quail (Coturnix japonica; Buck et al. 2021), which
indicated that leg-loop harnesses constructed from elastic cord (i.
e., Stretch Magic) produced the least skin abrasion and had no
effect on juvenile growth. Therefore, we designed this study to
expand our work and test the impacts of solar-powered radio-
transmitters attached via elastic cord leg-loop harnesses on the
reproduction and behavior of adult and juvenile Common Terns.
Specifically, we sought to understand reproductive effects by
assessing changes in the hatching success and fledging success of
nests of transmittered adults implementing paired controls and
comparing to the success of the entire colony as well as assessing
the fledging success of transmittered juveniles. Similarly, we
aimed to understand impacts of marking on behavior of
transmittered Common Tern adults and juveniles using a series
of behavioral observations with paired treatment-control
comparisons.

METHODS

Colony monitoring
This study took place on the Paul S. Sarbanes Ecosystem
Restoration Project at Poplar Island (hereafter Poplar Island;
38.762° N, -76.384° W), located in the Maryland, USA, portion
of the Chesapeake Bay. Poplar Island uses clean dredged material
from the shipping channels leading to the port of Baltimore,
Maryland, to rebuild and restore remote island habitat (Erwin et
al. 2007). These restoration efforts led to Poplar Island annually
serving as breeding habitat for Common Terns (Sullivan et al.
2020). In fact, as of 2018, Poplar Island represents the largest
breeding site for Common Terns in Maryland. While Common
Terns breed in multiple discrete colonies across Poplar Island, this
study focused on the two largest colonies: The first colony, Cell
2C (hereafter 2C colony), supported an estimated 240 pairs of
Common Terns in 2021 and is a long but narrow colony
characterized by a sandy substrate with partial vegetative
coverage that increased throughout the 2021 growing season
(Prosser 2022). The term “Cell” refers to a specific sub-section of
the restoration site where dredged material has been placed for
either current or future wetland or upland development. The
second colony, the small “habitat island” constructed to provide
nesting habitat for waterbirds within Cell 1B (hereafter 1B
colony), supported an estimated 154 pairs of Common Terns in
2021 and is characterized by an oyster shell substrate with
vegetative cover (primarily forbs and grasses) that emerged
rapidly as the breeding season progressed.  

As part of standard ongoing colony monitoring, we marked and
monitored all nests within the Common Tern colonies throughout
the breeding season (Sullivan et al. 2020). Colony monitoring
consisted of researchers walking through the colony, two to three
times weekly, in a line abreast formation identifying and marking
new nests with wooden stakes, recording the number of eggs and
their condition by nest, and capturing juveniles for banding. All
detected juveniles old enough for amniotic fluid to have dried were
transported to a nearby banding station (just outside the colony)
where they were fitted with stainless steel U.S. Geological Survey
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Bird Banding Lab (BBL) and plastic field readable (PFR) bands,
aged to the nearest day (Wails et al. 2014), and weighed to the
nearest 0.1 gram before they were returned to the place of capture.
When we encountered previously banded juveniles during colony
surveys, they were recaptured by hand to confirm identity,
weighed to the nearest gram using an electronic scale, and
released. Additionally, to inform fledging success estimates for
juveniles and to determine adult return rates, we conducted
resighting surveys for adult and juvenile terns one to four times
weekly using spotting scopes both within the colonies and at
nearby staging areas on Poplar Island.  

We used data collected during colony monitoring to calculate two
metrics of reproductive success: hatching success and fledging
success. To determine hatching success, we considered nests with
clear signs of at least one chick hatching to be successful whereas
we considered nests with signs of depredation (e.g., bill-pierced
eggshells and heron tracks), flooding (e.g., buried eggs), or nests
that became empty prior to 19 days or after 31 days of clutch
initiation to be failed. We assigned an unknown fate to nests that
became empty between 19 and 31 days after clutch initiation and
we estimated their success using a high-low approach. For the low
estimate, we considered unknown nests as failed, whereas, for the
high estimate, we considered them as hatched. For an additional
measure of hatching success, we also determined the number of
juveniles banded per nest. To determine fledging success, we
considered juveniles resighted or recaptured after 22 days of age
or observed flying to be fledged. We calculated fledging success
by dividing the total number of banded chicks by the number
confirmed to have fledged. While fledging success has some
inherent uncertainty, we have no reason to believe this uncertainty
would vary between experimental groups in this study.

Bird capture
We captured adult terns on the nest using walk-in traps and
captured juveniles by hand during routine colony checks. For
adult trapping, we paired nests: each transmittered adult’s nest
(hereafter treatment) was paired with an untransmittered
control’s nest (hereafter control). We selected nest pairs at similar
developmental stages, choosing nests based on the following
criteria: within five days of hatch date (determined using nest
initiation date and status at time of initial discovery), visibility
for behavioral observations from a temporary blind, and within
20 m of each other. Once we identified a pair of nests for trapping,
we replaced the eggs in both nests with plaster-filled dummy eggs
and set walk-in traps. We stored live eggs in an incubator set to
38° C throughout the trapping process. Observers stationed in
pop-up blinds monitored traps to facilitate rapid tern retrieval
upon capture. Observers also remained in the blind during bird
processing to monitor captured birds for concerning behavior if
they returned to their nest during the observation period. We
typically replaced eggs in nests following release of the captured
bird and once at least one parent was attending the nest. We chose
juveniles to be fitted with transmitters (hereafter treatment) or to
serve as untransmittered controls (hereafter control) from
juveniles recaptured during colony checks and meeting the
following criteria: at least 14 days old, > 75 g (transmitter <1.6%
of body mass), and not from the nest of an adult in the transmitter
effects trial. For reference, the average chick in this study weighed
86 g at 14 days old. Upon capture, we placed both adults and
juveniles in individual paper bags and transported them to the
nearby banding station for processing.

Processing
We weighed all birds to the nearest tenth of a gram using a digital
scale, took measurements (unflattened wing chord, diagonal
tarsus, culmen, and total head length, following Pyle 2008), and
if  unbanded, we fitted each bird with a BBL and PFR band. We
swabbed birds orally for DNA sex determination and fit one bird
from each treatment/control pair with a radio transmitter. We
used two types of radio transmitters: Lotek NTS-1 Solar
Nanotags (Lotek Wireless, Newmarket, Ontario, Canada;
hereafter center-weighted transmitter), and Cellular Tracking
Technologies Solar LifeTags (Rio Grande, New Jersey, USA;
hereafter rear-weighted transmitter). Center-weighted transmitters
were approximately 17.4 mm long, 14 mm wide, and 5.8 mm tall
with an antenna protruding an additional 175 mm. There were
two sets of small tubes on the transmitter that served as
attachment points, adding ~2 mm in length to both ends of the
transmitter body. Rear-weighted transmitters were approximately
20.9 mm in length, 7.4 mm in width, and 2.6 mm in height, with
the antenna protruding an additional 174 mm. However, rear-
weighted transmitters sat on a 20 mm vinyl strip that served as
the attachment point, resulting in the transmitter hanging lower
on the body of the bird (Fig. 1). We attached both types of radio
transmitters after the methods of Buck et al. (2021) using a leg-
loop harness made of 1 mm elastic cord (Stretch Magic, Soft Flex
Company, Sonoma, California, USA), secured with a 2 mm
sterling silver crimp bead and with the addition of an overhand
knot fixed with ethyl cyanoacrylate glue (Krazy Glue®,
Columbus, Ohio, USA) immediately above the crimp (Fig. 1). The
entire transmitter/harness assembly weighed 1.2 g for rear-
weighted transmitters and 2.0 g for center-weighted transmitters.
We deployed transmitters on 18 adult and 21 juvenile Common
Terns. At the time of transmitter deployment, transmitters
averaged 1.8% of adult body mass for center-weighted
transmitters (range = 1.6–1.9%), 1.0% of adult body mass for
rear-weighted transmitters (0.9–1.1%), and 1.2% of juvenile body
mass (1.0 - 1.4%). Juveniles averaged 19 days old at time of
marking (14–30 d). Of the transmittered birds, 14 adults and four
juveniles were in the 2C colony. However, Great Blue Heron
(Ardea herodias) predation became an issue in the 2C colony
midway through the nesting season, so we deployed the remaining
four adult transmitters and 17 juvenile transmitters in the 1B
colony (Table 1).

Fig. 1. Radio-transmitter types used in this study. Transmitters
were attached to Common Terns (Sterna hirundo) via leg-loop
harnesses made of 1 mm elastic cord following the methods of
Buck et al. (2021). While images depict adults, rear-weighted
transmitters were also applied to juveniles in the same manner;
center-weighted transmitters were not attached to juveniles.
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Table 1. Sample sizes of transmittered Common Terns (Sterna
hirundo) by colony, sex, age class, and transmitter type.
 
Colony Transmitter Type Female Male Unknown† Total

Cell 2C Colony
Adult Center-weighted 2 5 1 8
Adult Rear-weighted 2 3 1 6
Adult Control 7 1 6 14
Juvenile Rear-weighted 1 3 0 4
Juvenile Control 0 4 0 4

Cell 1B Colony
Adult Center-weighted 0 0 0 0
Adult Rear-weighted 3 1 0 4
Adult Control 3 1 0 4
Juvenile Rear-weighted 3 12 2 17
Juvenile Control 4 9 3 16

†Molecular sexing failed

Following transmitter attachment, we placed treatment birds in
a clear plastic bin (approx. 1 x 0.7 x 0.5 m) for approximately two
to five min. prior to release to monitor for abnormal behavior
such as bow-legged walking or intense stress. We processed control
birds before treatment birds and replaced them in a paper bag
until the treatment bird was fully processed. This way we
restrained treatment and control birds for a similar amount of
time and they could be simultaneously released. Upon release, we
visually tracked adult terns for either three minutes or until out
of sight to check for any immediate behavioral impacts or
differences between treatment and control birds. If  a released bird
landed within sight of the release location, we visually monitored
it using a nearby untransmittered bird as a control. We processed
juveniles in the same manner as adults, except treatment birds
were all fitted with rear-weighted transmitters. As with adults, we
handled control juveniles in the same manner and for a similar
amount of time as treatment juveniles. We released juveniles near
the point of capture in their natal colony. We also monitored
juveniles for adverse behavioral reactions immediately following
release by video recording each bird until it disappeared or for a
maximum of one minute. The number of individuals included in
the study by age, colony, and transmitter type is provided in Table
1. It should be noted that data on measurements collected from
each individual, as well as processing time, are available in the
USGS ScienceBase: https://doi.org/10.5066/P9IF16T5.

Behavioral observations
For three to four days starting the day after transmitter
deployment, we simultaneously observed treatment/control nest
pairs in the 2C colony from a pop-up ground blind for at least 30
minutes per day. Observers used binoculars and spotting scopes
to record behaviors of the two captured birds and their mates,
with point-in-time observations recorded for each nest every 60
seconds, with 30 seconds separating an observation of the
treatment and control nest. We characterized behaviors using
shorthand codes (Table A1.1), where the primary code denoted
location (e.g., incubating, by nest, no bird) and the secondary
code denoted specific behavior as applicable (e.g., preening,
panting). We also noted any unusual observations outside
predetermined codes. For adult treatment/control paired nests,
we monitored nests once per week after the initial three-day post-
transmitter deployment observation period until nests were

complete (hatched or failed). We were unable to conduct detailed
behavioral observations in the 1B colony due to vegetation
obstructing the view of birds when on the ground in the colony.  

In addition to behavioral nest observations, we visually monitored
adults and juveniles away from the nest to compare the behavior
of transmittered and untransmittered birds. We surveyed major
loafing areas on Poplar Island at least once per week to resight
banded birds and to search for transmittered birds. During these
surveys, equal effort was made to identify all banded birds in an
area. Although much of our resighting effort was conducted
without the aid of receivers and we did not use handheld receivers
to triangulate or home on birds for resighting/behavioral
observations, we used receivers to record which transmittered
birds were present in an area (with low spatial precision), which
may have biased our search. When we encountered a
transmittered bird, we took an observation for up to 10 minutes
using point time observations on a 1-min interval in the same
manner as the nest observations and using the same behavioral
codes. When possible, we opportunistically chose a control of
equivalent age class to the transmittered tern from among nearby
banded terns and observed it simultaneously with the
transmittered bird. Like nest observations, we took observations
of controls on a 30-second offset from transmittered birds. In
some cases, logistical constraints necessitated that we take
observations of untransmittered controls immediately after the
observation of the transmittered bird ended. When we recaptured
a transmittered juvenile, we also evaluated it for any transmitter-
related issues: we visually inspected the region under the thigh
most prone to abrasion from the leg-loop material, checked the
tension by gently tugging on the transmitter, and evaluated the
bird’s overall condition. We did not recapture transmittered
juveniles other than when encountered during routine colony
surveys and never recaptured transmittered adults.

Molecular sex determination
We determined the sex of treatment and control terns via
molecular sexing using cheek swabs collected during bird
processing. Swabs were stored on ice until return to the laboratory
(within 12 hours) where they were stored at -20° until extraction
and PCR testing following the methods outlined in Brubaker et
al. (2011).

Subsequent detection and adult success
We regularly downloaded transmitter detection data from the
Motus network using the R package ‘motus’ (Birds Canada 2022).
To improve data reliability, we only considered detection events
registering at least three consecutive signals from rear-weighted
transmitters and at least five consecutive signals from center-
weighted transmitters (Birds Canada 2022). After data cleaning,
we investigated detections starting from the time birds left the
breeding grounds in 2021, the year of transmitter deployment.
Additionally, as part of ongoing colony monitoring, we attempted
to identify previously banded individuals on Poplar Island during
the 2022 breeding season. As previously described, resighting was
conducted with a spotting scope throughout all colonies on site.
In 2022, this effort included identifying which banded individuals
were at each nest. We used these data to determine the return rate
of treatment and control adults, as well as hatching success for
birds with confirmed nest locations. Each transmittered or
previously transmittered bird seen was carefully examined using
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binoculars or spotting scope for any indication of transmitter
retention. Although we would have preferred to recapture
individuals to assess transmitter retention and body condition,
concerns of potentially circulating highly pathogenic avian
influenza precluded capture efforts in 2022.

Statistical analysis

Breeding success
We examined the effects of capture and transmitter attachment
on hatching success and fledging success using the base
functionality for generalized linear models (GLMs) in R 4.1.2 (R
Core Team 2021). We modeled hatching success (binary variable,
any chicks hatched) using a binomial generalized linear model
with a logit link. Predictor variables were treatment (categorical
variable, three levels: reference [no capture], control [capture and
banding only], treatment [capture + banding + transmitter]),
colony (binary variable, 1B or 2C), and sex of captured bird
(categorical variable, male, female, or unknown). Because sexes
were unknown for most birds, including for all birds in the
reference group, we built two separate models: one using data
from sexed birds that included sex as a predictor variable and
another that included all data but did not include sex as a
predictor. We tested for differences among groups using Tukey
post hoc tests in the emmeans package (Lenth 2021). We found
no evidence that sex was related to hatching success, so we present
models with the full data in Results. We also modeled the number
of chicks banded per nest (i.e., our second metric of hatching
success) using a generalized linear model with Poisson error
structure and log link function, followed by Tukey post hoc tests.
This model included the same predictor variables as the hatching
success model. In both models, for reference birds (i.e., not
captured), we only included nests that survived until at least seven
days before estimated hatch date, which was the median number
of days before estimated hatch at which treatment and control
adults were captured. We included all treatment and control nests
regardless of days until hatch.  

To compare fledging success of offspring among adult categories,
we excluded nests with transmittered juveniles from the reference
group; no known offspring of birds in the adult trial were
treatment or control juveniles. Fledging success was very low in
the 2C colony, which contained most of our treatment and control
birds; this combination of low fledging success and low sample
sizes (n = 14 treatment birds included in this analysis) meant that
we observed a fledging rate of zero in our treatment group and
only one fledged bird in our control group, which precluded use
of GLMs for this analysis. Instead, we used nonparametric
bootstrapping to understand whether fledging success differed
across bird groups within the same colony. We performed 1000
bootstrap replicates in which we randomized fledging success
within each colony (i.e., maintained relationships between colony
ID and mean fledging success but not between treatment group
and fledging success). We then calculated pairwise differences in
mean fledging success between bird groups for each simulation
and compared the distribution of these pairwise differences to
those in the observed data. We considered differences between
treatment groups to be statistically significant if  the difference in
the observed data was greater than the 97.5% quantile or lower
than the 2.5% quantile in the bootstrapped data.  

Finally, to quantify the success of transmittered juveniles, we
compared fledging success of treatment, control, and reference

juveniles using a binomial GLM and Tukey post hoc tests
(Fledge~Treatment + Colony + Sex). As with the other breeding
success models, we built two separate models: one using data from
sexed birds that included sex as a predictor variable and another
that included all data but did not include sex as a predictor. We
again tested for differences among groups using Tukey post hoc
tests and found no evidence that sex was related to the fledging
success of juveniles, so we present models with the full data in
Results. It should be noted that we only included juveniles
encountered at 14 days of age in the reference category since that
was the minimum age at which a juvenile was eligible for tagging
with a transmitter.

Juvenile growth
We estimated growth curves for juveniles based on masses taken
at banding and during recaptures of birds up to 30 days old to
test for differences in growth rate among treatment, control, and
reference groups using general additive mixed models with the
gamm function from the ‘mcgv’ package in R and fit using
maximum likelihood (Wood 2011). The growth model contained
the effects of treatment and sex, with sex of all birds from the
reference category identified as “unknown.” To examine changes
in body mass as juveniles developed, we added a smooth effect of
age (in days) with a cubic regression spline, as well as smooth
interactions between age and bird category and between age and
sex. To control for correlated errors as birds aged, we included an
Ar1 temporal autocorrelation structure (Pinheiro and Bates
2000), as well as the random effect of bird ID nested within colony
to account for repeated measures and colony effects, respectively.
We assessed models using all-subsets model selection and AICc 
(Burnham and Anderson 2002).

Behavior
For all behavioral analyses, we included observations taken at
least one day after transmitter attachment to allow for an
acclimation period. We compared frequency of the primary
“location” on-nest behavioral categories as recorded during the
first three days after adult transmitter deployment among sex as
well as the four adult tern categories: Treatment, Mate of
Treatment, Control, and Mate of Control. For the comparison,
we used a multinomial model in the package ‘nnet’ and Tukey
post hoc test using the package lsmeans (Lenth 2016). Since
excessive preening is a readily observable indication of
transmitter-related discomfort (e.g., Paton et al. 2021), we also
compared time spent preening among the four groups using a
binomial generalized linear model and pairwise comparisons in
the package emmeans. For off-nest observations of adults, we
used a multinomial model and Tukey post hoc test in lsmeans to
compare between treatment and control birds. We also compared
the amount of time preening off  nest between the treatment and
control groups in the same manner as the on-nest observations.
We compared transmittered juvenile behavioral observations
using the same tests as the off-nest observations of adults.

Return rate and future success of adults
We examined the return rate of treatment and control adults in
2022 (the breeding season following transmitter deployment),
along with the proportion of these returned birds that nested and
successfully hatched chicks (high and low estimates) using
generalized linear models. We modeled each binary response
variable (i.e., whether a bird returned, nested, or hatched chicks)
as a function of treatment group (two levels: control (capture +
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Table 2. Success metrics estimated by Tukey post hoc tests based upon the marking status of Common Terns (Sterna hirundo). For
analyses of transmittered adults, the reference category includes only nests surviving to within seven days of hatch; for fledging success
of transmittered juveniles, the reference category includes only juveniles that reached at least 14 days of age.
 

Treatment Control Reference

Metric N Mean [95% CI] N Mean [95% CI] N Mean [95% CI]

Hatching Success Low Estimate 18 0.554 [0.324, 0.760] 18 0.665 [0.425, 0.842] 336 0.598 [0.545, 0.649]
2C Colony 14 0.557 [0.331, 0.762] 14 0.668 [0.429, 0.843] 176 0.601 [0.529, 0.670]
1B Colony 4 0.550 [0.313, 0.766] 4 0.662 [0.411, 0.846] 160 0.595 [0.518, 0.667]
Hatching Success High Estimate 18 1.000 [<0.001, 1] 18 0.932 [0.642, 0.991] 336 0.895 [0.855, 0.925]
2C Colony 14 1.000 [<0.001, 1] 14 0.962 [0.764, 0.995] 176 0.940 [0.895, 0.967]
1B Colony 4 1.000 [<0.001, 1] 4 0.882 [0.483, 0.983] 160 0.822 [0.755, 0.873]
Juveniles Banded per Nest 18 0.698 [0.404, 1.207] 18 1.020 [0.647, 1.607] 336 0.859 [0.765, 0.965]
2C Colony 14 0.741 [0.429, 1.278] 14 1.083 [0.689, 1.701] 160 0.912 [0.783, 1.062]
1B Colony 4 0.658 [0.371, 1.165] 4 0.961 [0.593, 1.559] 176 0.810 [0.684, 0.959]
Fledging Success Juveniles of
Transmittered Adults†

14 0.0 20 0.05 255 0.24

2C Colony 13 0.0 14 0.0 152 0.09
1B Colony 1 0.0 6 0.17 103 0.47
Fledging Success of Transmittered
Juveniles

21 0.766 [0.517, 0.910] 20 0.817 [0.560, 0.940] 122 0.717 [0.617, 0.800]

2C Colony 4 0.667 [0.363, 0.875] 4 0.731 [0.410, 0.914] 27 0.608 [0.431, 0.760]
1B Colony 17 0.843 [0.634, 0.943] 16 0.880 [0.672, 0.963] 95 0.806 [0.718, 0.872]
† Mean values for the fledging success of juveniles from transmittered adults are calculated from raw data and confidence intervals are not available because
this metric was not suited for analysis with GLM. All other metrics are model-derived means and confidence intervals.

banding only) or treatment (capture + banding + transmitter))
using binomial generalized linear models with a logit link.  

The data that support the findings of this study are openly
available in USGS ScienceBase at https://doi.org/10.5066/
P9IF16T5. Ethical approval for this research study was granted
by the USGS Eastern Ecological Science Center IACUC
(2013-05P and 2020-02P), USGS Bird Banding Lab (Banding
Permit 23913), and Maryland Department of Natural Resources
(Scientific Collection Permit 55439).

RESULTS

Breeding success
We deployed transmitters on 18 adult and 21 juvenile Common
Terns. Of the transmittered birds, 14 adults and four juveniles
were in the 2C colony. However, Great Blue Heron (Ardea
herodias) predation became an issue in the 2C colony midway
through the nesting season, so we deployed the remaining four
adult transmitters and 17 juvenile transmitters in the 1B colony
(Table 1). Post hoc analysis of hatching success indicated no
substantial differences between our treatment, control, or
reference groups when using either the high estimate (unknown
nests considered successful; P > 0.893) or the low estimate
(unknown nests considered failed; P > 0.774; Table 2). Similarly,
there were no differences in the number of chicks banded per nest
based on the parents’ transmitter status (P > 0.543) or colony (P
> 0.297). Fledging success was not substantially different among
juveniles from nests of treatment and control adults (P = 0.868),
though both were lower than those from the reference colony (P
= 0.010 and P = 0.018, respectively).  

For transmittered juveniles, fledging success was not substantially
different among treatment groups (P > 0.678). The 2C colony had
lower fledging success than the 1B colony (P = 0.019). Though
we present the results of post hoc comparisons in text, all results
from main effects models are available in Table A2.1.  

Although the fates of birds are not known after departing Poplar
Island, we found three transmittered juveniles dead on Poplar
Island by homing to their transmitters with a handheld receiver.
The first juvenile was in the center of the 1B colony and cause of
death was not determined. The other two were in a single Great
Blue Heron pellet along with bands from three other reference
juveniles, all from the 2C colony. One of the transmittered
juveniles found in the pellet had been confirmed as fledged while
the other juvenile had not. Additionally, we removed one
transmitter from a juvenile in the 1B colony at 47 days of age since
it was well past its estimated fledge date yet was only observed
flying short distances on multiple flight attempts. The juvenile
had a broken primary feather on the right wing, noticed during
transmitter removal and possibly impacting its ability to fly. After
transmitter removal, it was still unable to sustain flight for normal
distances.

Juvenile growth
The most parsimonious model for juvenile growth curves included
a smoothed effect of age but no interactions (Mass ~ s
(AgeAtEncounter) + 1; Fig. A3.1). This model did not include
bird category (i.e., treatment, control, reference), Sex, or Colony.
The most parsimonious model that included treatment group also
included a smoothed effect of age and an effect of sex (Mass ~ s
(AgeAtEncounter, bs = "cr") + BirdType + Sex + 1; Fig. A3.2)
and had an AICc of  6.139 lower than the top overall model.
Similarly, evidence for the top model (i.e., ratio of model weights)
was 21 times larger than the model that included treatment group.
A full summary of candidate models is available in Table A3.1.

Behavior
We collected 1427 minutes of behavioral observations of marked
adults on paired control-treatment nests. Our multinomial models
of primary behavior showed no significant difference between
treatment and control adults (F(3,18) = 2.378; P = 0.104; Fig. 2).
Although control birds and their mates did not differ in their
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behavior (F(3,18) = 1.606; P = 0.223), a difference was detected
between treatment birds and their mates (F(3,18) = 3.276; P =
0.045). However, post hoc comparisons made within specific
behaviors between treatment birds and their mates found no
significant differences; the largest difference was in incubation,
where treatment birds were observed to spend less time incubating
than their mates (df = 18; P = 0.135; Fig. 2). Our independent
model of preening behavior showed that control birds preened
less than their mates (P = 0.002); no substantial differences existed
between treatment and control birds or between control birds and
their mates. All results from main effects models are available in
Table A2.2.

Fig. 2. Estimated frequency of behavioral categories observed
at the nest for adult Common Terns (Sterna hirundo) marked
with transmitters (treatment), capture-control birds (control),
and the mates of each. Estimated frequencies are derived from
a multinomial model that estimated behavioral category
frequency as a function of treatment group and sex (not
shown). Error bars show one standard error of the mean. Note
that although proportions are displayed in the plots, equal
amounts of time were spent observing terns from each category.

We collected behavioral observations of adult tern behavior away
from the nest (treatment = 68 min, control = 34 min) and found
no significant difference in the relative frequency of behavioral
categories between treatment and control birds (Fig. 3) or in the
amount of time spent preening.  

Similarly, behavioral observations of transmittered juveniles
(treatment = 316 min, control = 168 min) indicated no substantial
difference in frequency of observed primary behavioral categories
between treatment and control birds (Fig. 4). However, treatment
juveniles spent substantially more time preening than control
juveniles (P = 0.009). 

Fig. 3. Estimated frequency of behavioral categories, as
observed away from the nest for adult Common Terns (Sterna
hirundo) marked with transmitters (treatment) and
opportunistically chosen control birds. Estimated frequencies
are derived from a multinomial model that estimated behavioral
category frequency as a function of treatment group and sex
(not shown). Error bars show one standard error of the mean.
Note that while proportions are displayed in the plots, unequal
amounts of time were spent observing birds from each
category.

Return rate and future success of adults
There were no transmitter detections following departure of
treatment birds from Poplar Island, but one individual was
reported to us via an external citizen science effort. This resight
occurred in Aruba on 5 September 2021 (82 days after transmitter
attachment) and includes a photograph clearly showing the
transmitter attached to the bird (iNaturalist 2022). However, we
did not observe antennae or transmitters on any of the 12
previously transmittered adults that returned to Poplar Island
during the 2022 breeding season. Additionally, we did not detect
any of the transmitters via the receiving tower after birds returned
to the site in 2022. Cumulatively, these data suggest transmitters
became detached from transmittered birds at an unknown point
after departure from the breeding grounds in 2021.  

Transmitter attachment and the subsequent loss of transmitter
package appear to have had limited impact on return rates and
breeding success of previously transmittered birds in 2022, the
year after transmitter deployment. There was no significant
difference in the number of adult treatment versus adult control
birds that were observed on site in 2022 (12 of 18 treatment, 13
of 18 control, P = 0.718; Table 3). Similarly, there were no
differences in the number of treatment versus control birds that
were identified at nests (P = 0.313) or in hatching success using
either low (P = 0.513) or high nest success estimates (P = 0.937).
Full results from these models are available in Table A2.3.

https://journal.afonet.org/vol93/iss4/art3/


Journal of Field Ornithology 93(4): 3
https://journal.afonet.org/vol93/iss4/art3/

Fig. 4. Estimated frequency of behavioral categories for
juvenile Common Terns (Sterna hirundo) marked with
transmitters (treatment) and opportunistically chosen control
juveniles. Estimated frequencies are derived from a multinomial
model that estimated behavioral category frequency as a
function of treatment group and sex (not shown). Error bars
show one standard error of the mean. Note that while
proportions are displayed in the plots, unequal amounts of time
were spent observing birds from each category.

Table 3. Return rates, nesting rates, and hatching success of
Common Terns (Sterna hirundo) tagged with radio transmitters
on Poplar Island observed during the following breeding season.
 
Treatment
Type

Originally
Treated

Returned Nested Hatched at
Least one

Chick Low
Estimate

Hatched at
Least one

Chick High
Estimate

Control 18 13 9 6 8
Treatment 18 12 10 8 9

DISCUSSION
Our results suggest that radio transmitters attached via elastic
leg-loop harness have little effect on the reproductive success or
behavior of adult and juvenile Common Terns within the initial
months following transmitter deployment, nor on the return and
subsequent success of formerly transmittered adults. For adults,
these results are consistent with previous work assessing adult
Common Tern response to transmitters, showing minimal effects
(Klaassen et al. 1992, Morris and Burness 1992, Paton et al. 2021
but see Nisbet et al. 2011). However, the minimal impacts of
transmitters observed with juveniles represent, to our knowledge,
the first such successful use of a harness-based attachment
method for pre-fledge Common Tern juveniles. The encouraging
results of this study open the door for new research into the

behaviors of this age group after leaving the breeding grounds.
Still, we caution that our study does not include an evaluation of
longer-term impacts, the sample size was relatively small, and
there are several results that warrant careful examination and
continued evaluation. While a large sample size would have
allowed us to detect smaller effects, there is an inherent trade-off
when testing new methods between statistical power and the need
to ensure population safety should there be any adverse impacts.
Similarly, while we suspect transmitters remained attached
through the first migration it is unclear when detachment
occurred. Still, these data present a viable path for researchers to
proceed with additional trials as we work toward addressing
information gaps.  

An interesting, though statistically insignificant, result is that the
average hatching success for nests of transmittered adults was
lower than the control and reference groups when using our low-
estimate approach (Table 2). Similarly, fledging success for
offspring of transmittered birds was zero, although still not a
statistically significant difference from the control group. This
result is somewhat concerning given Paton et al. (2021)
documented nest abandonment issues with both Common and
Arctic Terns (Sterna paradisaea) when using leg-loop attachments
with Teflon ribbon. However, we believe that this trend was at
least partially driven by Great Blue Herons depredating juveniles
throughout the 2C colony, where the majority of adult
transmitters were deployed, causing this colony to experience
poor success relative to the 1B colony as well as to its historic
performance (Prosser 2020). The heron problem became serious
soon after peak hatch and before many juveniles fledged and was
underscored by the discovery of a heron pellet casting with
transmitters from two juveniles and bands from three additional
reference juveniles. We observed one nest abandonment in the 1B
colony after transmitter deployment, and although its mate was
seen attending the nest in following days, the eggs did not hatch.
All other transmittered terns in our study were seen attending
their nests in the days immediately following transmitter
deployment. Still, the abandonment highlights a possible risk
associated with transmitter deployment and the importance of
thoroughly evaluating new methodologies for attachment on
terns.  

We found no evidence for an effect of transmitters on the fledging
success or growth rate of transmittered juveniles, suggesting
transmitters did not negatively affect growth or survival to
fledging. This finding is supported by previous work with Least
Tern juveniles (Sternula antillarum; Whittier and Leslie Jr 2005),
which also found no detectible mass growth effect from a glue-on
transmitter, although that study did not have a control
population, instead using published mass data for that species.
However, Herzog et al. (2020) found that Forster’s Tern juveniles
with suture-attached transmitters had a lower survival rate than
non-transmittered birds and exhibited suppressed rate of wing
and culmen growth despite no difference in growth rate as
measured by body mass. The difference in findings between our
study and Herzog et al. (2020) may be driven by the age of juveniles
at marking, as Herzog et al. (2020) typically marked juveniles at
3 days, while in our study juveniles were marked after most growth
had taken place, at 14 days. This delay in marking may allow for
important growth milestones to be reached prior to the additional
stressor of transmitter attachment and should be considered for
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studies where early life stage movements (i.e., activity near the
nest) are not of particular interest. Also of note is our finding
that the only significant difference in behavior between treatment
and control juveniles was that treatment juveniles spent more time
preening. There were also two non-significant trends within the
primary behavioral categories: treatment birds spent more time
than controls loafing (resting on belly with reduced support from
legs) and spent more time walking. Although these differences
could be indicative of some transmitter effect, the juveniles
appeared healthy when recaptured and showed no signs of injury
related to the transmitters. Still, our study did not evaluate the
effect of transmitters after juveniles departed the colony and
should be taken in context.  

Another interesting finding was that transmitters had minor
impacts on the behavior of both marked adults and their mates.
For instance, mates of treatment birds spent the most time of any
group incubating, corresponding to treatment birds incubating
the least and being away from the nest the most. A dependence
on mates to incubate following transmitter attachment has also
been observed in Least Terns (Morris and Burness 1992),
suggesting that this behavioral change may be a direct response
to the transmitter. Although reliance on the mate did not result
in a statistically significant decrease in hatching success for
marked adults in this study, additional research is warranted.
Aside from incubation rate, treatment birds behaved normally
relative to untransmittered controls when observed. For example,
the amount of time treatment birds spent preening was
intermediate among the four groups and was not statistically
different from any other group, unlike the observations reported
for backpack-style Teflon ribbon attachments (Paton et al. 2021).
Additionally, when observed away from the nest, there was no
difference between behavior of treatment birds and that of
opportunistically chosen controls.  

In summary, our results suggest that a leg-loop harness made of
elastic cord is a promising potential method for attaching
lightweight transmitters to adult Common Terns, with testing to
date indicating limited impacts on the behavior of marked birds
or their reproductive success, although all adults that returned
the year following transmitter deployment had lost their
transmitters. Furthermore, this same approach applied to
juveniles after much of their growth has occurred does not appear
to have a detrimental effect on fledging success or behavior. While
some impacts are noted, we do not feel they warrant preclusion
of this method for either adults or juveniles. However, this study
was limited in duration and size, intending to serve as only an
initial evaluation of design potential. Prior to large scale use of
this method, future studies deploying transmitters on Sterna terns
should continue to monitor for issues with transmitters over
longer periods, especially related to nest attendance and
reproductive success.

Responses to this article can be read online at: 
https://journal.afonet.org/issues/responses.php/136
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An evaluation of transmitter effects on adult and juvenile Common Terns using leg-loop 

harness attachments – APPENDIX 1 – Behavioral Codes 



Table A1.1. Codes used to record behavior of adult and juvenile Common Terns in the field. 
Code Type: primary codes refer to the bird’s location or major activity whereas Code Type: 
secondary codes were used in conjunction with primary codes to provide more detailed 
descriptions of behavior when needed. 
Code Code Type Description 
BN Primary standing by nest 
FL Primary flying 
IN Primary incubating 
LO Primary loafing (resting on belly with reduced support from legs) 
NB Primary no bird/not present 
OV Primary flying/hovering over nest 
SL Primary sleeping or bill tucked under wing 
SW Primary swimming 
WA Primary walking 
AT Secondary adjusting or preening around transmitter 
BA Secondary bathing 
BG Secondary begging (includes any juvenile vocalization) 
CS Secondary cleaning scrape 
EC Secondary eyes closed 
FE Secondary feeding 
FI Secondary fighting/chasing another tern 
HV Secondary hovering 
LA Secondary landing 
PA Secondary panting 
PL Secondary playing 
PR Secondary preening feathers with bill or scratching head with feet 
SO Secondary shakeout 
TC Secondary tending juvenile 
TE Secondary turning eggs 
TS Secondary turning or shifting on nest 
WI Secondary winking 
WO Secondary wings held down to sides, exposing back/rump to sun 
WU Secondary wings up 

 
 

 



An evaluation of transmitter effects on adult and juvenile Common Terns using leg-loop 

harness attachments – APPENDIX 2 – Model Summaries



Table A2.1. Model summaries describing breeding success metrics for marked Common Terns. 
All outputs are presented on a logit scale. Each metric was modeled in a separate generalized 
linear model. In all models, the reference level for treatment group was the full colony (included 
nests differed across analysis; see Methods), the reference level for sex was females, and the 
reference level for colony was Colony 1B. Note that the fledging success for juveniles of 
transmittered adults is not provided as this metric was not suited for analysis with GLM. 

Metric Term Estimate Standard Error Z value P value 
Hatching Success - Low 

Estimate (Intercept) 0.383 0.158 2.424 0.153 

 BirdType - Control 0.288 0.515 0.559 0.576 

 BirdType - Treatment -0.182 0.490 -0.371 0.711 

 Colony - 2C 0.028 0.215 0.130 0.897 
Hatching Success - High 

Estimate (Intercept) 1.528 0.206 7.433 < 0.001 

 BirdType - Control 0.481 1.059 0.454 0.650 

 BirdType - Treatment 15.186 908.926 0.017 0.987 

 Colony - 2C 1.232 0.374 3.299 < 0.001 
Juveniles Banded per 

Nest (Intercept) -0.211 0.086 -2.451 0.014 

 BirdType - Control 0.172 0.238 0.720 0.472 

 BirdType - Treatment -0.208 0.285 -0.730 0.466 

 Colony - 2C 0.119 0.114 1.043 0.297 
Fledging Success of 

Transmittered Juveniles (Intercept) 1.426 0.251 5.673 < 0.001 

 BirdType - Control 0.564 0.671 0.840 0.401 

 BirdType - Treatment 0.256 0.605 0.423 0.672 
  Colony - 2C -0.988 0.420 -2.351 0.019 

 
 
  



Table A2.2. Model summaries describing behavioral metrics for marked Common Terns. All 
outputs are presented on a log scale. Each metric was modeled in a separate multinomial model. 
The reference level for behavior category varied by model (adult nest behavior = by nest; adult 
non-nest behavior = flying; juvenile behavior = flying). However, across all models the reference 
level for treatment group (BirdType) was control, and the reference for sex was females (when 
included in the model).  

Metric Term Behavior 
Category Coefficient Standard Error Z Value P Value 

Adult Nest 
Behavior Intercept Incubating 1.448 0.111 13.063 < 0.001 

  No Bird 1.320 0.112 11.764 < 0.001 

  Overhead -3.181 0.479 -6.644 < 0.001 

 
BirdType - Mate of 
Control Incubating 0.185 0.130 1.424 0.155 

  No Bird 0.102 0.133 0.771 0.441 

  Overhead -1.260 0.853 -1.477 0.140 

 
BirdType - Mate of 
Treatment Incubating 0.577 0.134 4.311 0.000 

  No Bird 0.188 0.138 1.359 0.174 

  Overhead 0.581 0.575 1.011 0.312 

 BirdType - Treatment Incubating 0.094 0.136 0.686 0.493 

  No Bird -0.119 0.138 -0.863 0.388 

  Overhead 0.787 0.537 1.466 0.143 

 Sex - Male Incubating -0.894 0.160 -5.591 < 0.001 

  No Bird 0.005 0.156 0.029 0.977 

  Overhead -0.830 0.617 -1.345 0.178 

 Sex - Unknown Incubating -0.543 0.139 -3.896 < 0.001 

  No Bird -0.518 0.142 -3.639 < 0.001 

  Overhead -0.262 0.560 -0.468 0.640 
Adult 
Non-nest 
Behavior 

Intercept No Bird -1.504 0.782 -1.924 0.054 

  Standing 0.938 0.393 2.387 0.017 

 BirdType - Treatment No Bird -0.106 1.100 -0.096 0.924 

  Standing 0.784 0.522 1.503 0.133 
Juvenile 
Behavior Intercept Loafing 15.891 2.037 7.800 < 0.001 

  No Bird 16.164 1.374 11.760 < 0.001 

  Standing 17.720 0.821 21.585 < 0.001 

  Swimming -146.432 0.881 -166.233 < 0.001 

  Walking 12.313 1.329 9.266 < 0.001 

 BirdType - Treatment Loafing -1.856 2.567 -0.723 0.470 



  No Bird -2.822 1.781 -1.584 0.113 

  Standing -1.828 1.204 -1.519 0.129 

  Swimming -4.293 1.716 -2.501 0.012 

  Walking -0.580 1.509 -0.384 0.701 

 Sex - Male Loafing -13.200 1.045 -12.637 < 0.001 

  No Bird -12.397 1.064 -11.649 < 0.001 

  Standing -11.820 0.979 -12.077 < 0.001 

  Swimming 151.421 0.881 171.895 < 0.001 

  Walking -9.537 1.214 -7.855 < 0.001 

 Sex - Unknown Loafing -16.345 2.008 -8.139 < 0.001 

  No Bird -14.572 1.333 -10.931 < 0.001 

  Standing -13.886 0.749 -18.530 < 0.001 

  Swimming -294.957 0.000 -2.088E17 < 0.001 
    Walking -11.636 1.243 -9.363 < 0.001 

 
  



Table A2.3. Model summaries describing the return and subsequent breeding success for marked 
Common Terns during the breeding season following transmitter deployment. All outputs are 
presented on a logit scale. 

Metric Term Estimate Standard Error Z value P value 
Return Rate (Intercept) 0.956 0.526 1.816 0.069 

 BirdType -0.262 0.726 -0.361 0.718 
Nesting Rate (Intercept) -6.09E-16 0.471 0.000 1.000 

 BirdType -0.693 0.687 -1.009 0.313 
Hatching Success - Low Estimate (Intercept) 0.693 0.707 0.980 0.327 

 BirdType 0.693 1.061 0.654 0.513 
Hatching Success - High Estimate (Intercept) 2.079 1.061 1.961 0.050 

  BirdType 0.118 1.495 0.079 0.937 
 

 



An evaluation of transmitter effects on adult and juvenile Common Terns using leg-loop 

harness attachments – APPENDIX 3 – Juvenile Growth 



Table A3.1. Candidate models for the mass growth of Common Tern juveniles up to 30 days old. Modeling was performed using a 
generalized additive mixed model. “+” indicates that a variable was included in the model. 

Intercept BirdType Sex s(AgeAtEncounter, 
bs = "cr") 

s(AgeAtEncounter, 
by = BirdType, bs 

= "cr") 

s(AgeAtEncounter, 
by = Sex, bs = "cr") df log-

likelihood AICc ΔAICc 
AICc 

weight 

57.426 - - + - - 7 -3177.25 6368.632 0 0.809 
57.214 - - + - + 11 -3175.37 6373.038 4.407 0.089 
58.835 + + + - - 11 -3176.24 6374.771 6.139 0.038 
57.741 - + + + - 13 -3174.23 6374.873 6.241 0.036 
58.72 + - + - + 13 -3174.77 6375.962 7.33 0.021 

58.457 + + + + - 15 -3174.04 6378.625 9.993 0.005 
58.903 + - + + + 17 -3173.7 6382.09 13.458 0.001 
57.745 - + + + + 17 -3173.88 6382.465 13.833 0.001 
58.701 + + + + + 19 -3173.67 6386.217 17.585 0 
57.053 - - + + - 11 -3223.59 6469.472 100.84 0 
58.376 - + + - - 9 -3226.84 6471.891 103.26 0 
58.533 + - + + - 13 -3222.84 6472.101 103.469 0 
58.891 + - + - - 9 -3226.98 6472.158 103.526 0 
57.914 - + + - + 13 -3223.35 6473.12 104.488 0 
57.066 - - + + + 15 -3222.55 6475.655 107.023 0 
58.074 + + + - + 15 -3223.31 6477.168 108.536 0 
67.24 + + - + + 17 -3279.25 6593.194 224.562 0 

66.302 - + - + + 15 -3349.04 6728.626 359.994 0 
65.573 + - - + + 15 -3375.28 6781.113 412.481 0 
57.474 - - - + + 13 -3386.39 6799.191 430.559 0 
57.73 - - - - + 9 -3414.33 6846.862 478.23 0 
68.4 - + - - + 11 -3449.95 6922.203 553.571 0 

68.939 + + - - + 13 -3449.79 6925.983 557.351 0 
63.166 - + - + - 11 -3480.89 6984.076 615.444 0 
64.682 + - - - + 11 -3496.69 7015.687 647.055 0 
72.684 + - - + - 11 -3585.78 7193.865 825.233 0 



77.941 + + - + - 13 -3684.96 7396.333 1027.701 0 
68.524 + - - - - 7 -4425.09 8864.297 2495.665 0 
64.649 - + - - - 7 -4425.75 8865.633 2497.001 0 
69.086 + + - - - 9 -4423.76 8865.726 2497.094 0 
48.69 - - - - - 5 -4450.74 8911.552 2542.92 0 



Figure A3.1 Fitted values (± se) for the top generalized additive mixed model for the mass 
growth of Common Tern juveniles up to 30 days old. Juvenile category, i.e., juveniles fitted with 
transmitters (treatment), untransmittered controls, and equivalent reference juveniles in the natal 
colonies, was not included as a covariate in the top model. 

 
  



Figure A3.2 Fitted values (± se) for the top generalized additive mixed model that includes an 
effect of BirdType (i.e., any effect of receiving a transmitter) for the mass growth of Common 
Tern juveniles up to 30 days old. Sex is set to Male (reference group); sex was not included in 
any interactions in this model. BirdType was not included as a covariate in the top model (ΔAIC 
= 6.139); the most parsimonious model that included this variable is presented here to 
demonstrate the lack of effect. 
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