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Review and Meta-analyses

A meta-analysis of disturbance caused by drones on nesting birds

Un meta-analisis de la perturbacion causada por drones en aves que anidan

Antonio Cantu de Le[ial , Rostam E. Mirzadi’, Jessica M. Randall?, Maxwell D. Portmann® , Erin J_Mueller? and Dale E.

Gawlik’

ABSTRACT. The use of drones for monitoring nesting birds is rapidly increasing given their affordability and efficiency in bird detection
and quantification across habitats. Reports of disturbance caused by drones on different bird species have been mixed, with no consensus
on the degree to which different factors affect disturbance responses. Given the lack of systematic assessments of disturbance from
drones on nesting birds, we conducted a formal meta-analysis to quantify the degree of disturbance caused by multi-rotor drones on
nesting birds, with a particular focus on the effects of altitude of flights and species nesting traits. Seventeen studies met our criteria
for inclusion in the analysis, from which we extracted 31 effect sizes in the form of log-odds ratio. Drones showed a small disturbance
effect (-1.54; 95% CI: -2.83, -0.26) on nesting birds overall, but heterogeneity was large. Drone flights > 50 m showed no evidence of
disturbance on nesting birds. Conversely, flights at lower altitudes (< 50 m) showed stronger evidence of disturbance effects, with the
largest odds of disturbance observed on ground solitary and non-ground solitary nesters. Only ground colonial nesters showed no
evidence of disturbance regardless of the drone altitude. We conclude that the use of drones can be an efficient and safe means of
surveying nesting birds if altitude and nesting traits are considered in survey protocols.

RESUMEN. El uso de drones para monitorear las aves que anidan esta aumentando rapidamente dada su asequibilidad y eficiencia
en la deteccion y cuantificacion de aves en todos los habitats. Los informes de perturbaciones causadas por drones en diferentes especies
de aves han sido mixtos, sin consenso sobre el grado en que los diferentes factores afectan las respuestas de perturbacion. Dada la falta
de evaluaciones sistematicas de la perturbacion de los drones en las aves que anidan, realizamos un metanalisis formal para cuantificar
el grado de perturbacion causada por drones multirotor en las aves que anidan, haciendo foco en particular en los efectos de la altitud
de los vuelos y los rasgos de anidacion de las especies. Diecisiete estudios cumplieron los criterios de inclusion en el analisis, de los
cuales se extrajeron 31 tamaiios del efecto en forma de relacion logaritmica de probabilidades. Los drones mostraron un pequeiio efecto
de perturbacion (-1,54; IC del 95%: -2,83, -0,26) en las aves que anidan en general, pero la heterogeneidad fue grande. Los vuelos de
drones > 50 m no mostraron evidencia de perturbacion en las aves que anidan. Por el contrario, los vuelos a altitudes mas bajas (< 50
m)mostraron una mayor evidencia de efectos de perturbacion, con las mayores probabilidades de perturbacion observadasen anidadores
solitarios y no terrestres. Solo los anidadores coloniales terrestres no mostraron evidencia de perturbacion, independientemente de la
altitud del dron. Concluimos que el uso de drones puede ser un medio eficiente y seguro para inspeccionar las aves que anidan si la
altitud y los rasgos de anidacion se consideran en los protocolos de monitoreo.
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Systems (sUAS ), Unmanned Aerial Vehicles (UAVs)

INTRODUCTION

Many bird surveys are focused on measuring reproductive
parameters such as nest abundance, nest survival, and brood size
at fledging because this information helps track fluctuations in
populations and environmental conditions to guide conservation
and restoration of habitats (Powell and Powell 1986, G6tmark
1992). Thus, significant efforts and resources have been and will
continue to be invested in monitoring nesting birds globally. But,
to accurately assess fluctuations in reproductive performance,
monitoring methods must be accurate, feasible, and consistent
(Martin and Geupel 1993, Sutherland et al. 2004, Afan et al.
2018).

Often, bird species nest in areas that are inaccessible by land, are
spaced large distances apart and may nest sympatrically with
other bird species (e.g., Frederick et al. 1996). Traditionally,
nesting birds have been surveyed using crewed aerial and ground-
based monitoring methods. Ground-based surveys are often used
to obtain productivity measures and estimate nest abundance of

populations that are difficult to observe aerially, whereas crewed
aerial survey methods are often necessary to monitor the size,
composition, and status of nesting birds (Tremblay and Ellison
1979, Gibbset al. 1988, Frederick et al. 1996). Ground monitoring
techniques are expensive and may cause disturbance resulting in
negative effects on reproduction (Tremblay and Ellison 1979,
Frederick et al. 1996). Crewed aerial surveys are expensive, can
have significant observer and detection biases, and often cannot
accurately measure productivity (Frederick et al. 1996, Rodgers
et al. 2005). Additionally, crewed aerial surveys are the leading
cause of job-related mortality for wildlife biologists (Sasse 2003).

Recently, interest has increased in the use of small uncrewed
aircraft systems (sUAS, also known as unmanned aircraft systems,
UAVs), hereafter drones, for environmental and wildlife
monitoring applications (Linchant et al. 2015, Pimm et al. 2015,
Lyonset al. 2019). Drones have proven effective in several wildlife
monitoring applications, most notably in monitoring avian
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species. For example, drone count surveys detected > 93% of
ground survey counts of Common Terns (Sterna hirundo), but
remarkably, ground counts required 12 surveyors and 4 hours to
complete whereas the drone survey took 2 surveyors and about
90 minutes total (Chabot et al. 2015). Drones outperformed
ground count surveys of breeding Eurasian Opystercatchers
(Heamatopus ostralegus) in significantly less time and resulting in
an overall 88% cost reduction compared to ground surveys (Valle
and Scarton 2020). Drones have also achieved higher detection
rates of birds than traditional surveys for species of waterfowl
(McEvoy et al. 2016) and for nesting Glossy Ibis (Plegadis
falcinellus; Afan et al. 2018). Moreover, drones allowed the
modeling of nest survival in Western Grebes (Aechmophorus
occidentalis), which had not been possible using traditional
methods given the difficulty to observe nests and the high risk of
nest or colony abandonment due to observer disturbance
(Lachman et al. 2020).

However, studies differ on the degree to which drones caused
disturbance to nesting birds (Barr et al. 2020, Valle and Scarton
2020, Gallego and Sarasola 2021), with no consensus on the traits
that affect the magnitude of disturbance. Nesting birds often
respond to disturbances by increasing vigilant behavior, agonistic
behavior, standing at or walking away from the nest, and escape
behavior (e.g., flushing; Weimerskirch et al. 2018, Barret al. 2020),
respectively. When these behavioral responses are severe, they may
lead to the abandonment of young and increased energy
expenditure, resulting in breeding failures (Borrelle and Fletcher
2017). Additionally, physiological responses to disturbance,
including increased heart rate and hormonal fluctuations, have
been previously linked to elevated metabolic rates that may cause
declines in condition (Borrelle and Fletcher 2017). These adverse
outcomes are ultimately influenced by the extent and severity of
the disturbance, as well as the sensitivity of the nesting bird
species.

Drones are often cited as causing less disturbance to nesting birds
than traditional survey methods, with recent studies suggesting
that the magnitude of disturbance associated with drone surveys
may vary by species, life-history traits, the type of drone used
(quadcopter vs. fixed-wing), and the altitude at which the drone
is flown (Chabot et al. 2015, Borrelle and Fletcher 2017, Barr et
al. 2020). For example, several studies have recorded low or no
disturbance, either behaviorally or reproductively, on wading
birds (Barr et al. 2020), seabirds (Brisson-Curadeau et al. 2017,
Fudala and Bialik 2022), and Chaco Eagles (Buteogallus
coronatus; Gallego and Sarasola 2021). In contrast, drone flights
have been shown to significantly exacerbate disturbance behavior
for species such as the Common Redshank (7ringa totanus; Valle
and Scarton 2020) and Osprey (Pandion haliaetus; Junda et al.
2016). Additionally, the altitude of drone surveys may influence
behavioral responses by nesting birds (Barr et al. 2020). For
example, swifts (Mesquita et al. 2021) and Franklin’s Gulls
(Leucophaeus pipixcan, McKellar et al. 2021) show stronger
disturbance when the drone is flying below 50 m from the nest
compared to > 50 m. In contrast, species like Siberian Cranes
(Leucogeranus leucogeranus; Wen et al. 2021) and Western Grebes
(Lachman et al. 2020) showed low or no disturbance regardless
of altitude. However, no systematic effort has been made to
quantify the degree to which drones cause disturbance in nesting
birds and how surveying practices (e.g., altitude of flights) and
species life-history traits may influence the response by birds.
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In this study, we conducted a meta-analysis to quantify the degree
to which drones cause disturbance on nesting birds. Additionally,
we examined the degree to which the magnitude of disturbance
varied relative to the altitude at which drones are flown and by
species nesting traits (i.e., nest location and companionship
behavior). We hypothesized that drones would have an overall
small disturbance effect on nesting birds; however, we expected
large heterogeneity across studies. Furthermore, we predicted that
the altitude of drone flights will best account for heterogeneity
across studies regardless of species nesting traits. Given the
increased use of drones for surveying nesting birds, we aim to
provide information that will help researchers in their study design
process and apply surveying practices that will reduce disturbance
on nesting birds.

METHODS

Study selection criteria

Following the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) Statement (Fig. 1; Pageetal. 2021)
to identify a pool of relevant studies, we began with database
searches through Google Scholar (https:/scholar.google.com/)
and Web of Science (https://www.webofscience.com) using
combinations of the following keywords: (UAV OR sUAS OR
drone) AND (birds OR wading bird OR shorebird OR raptor OR
waterfowl OR passerine OR upland game bird OR crane OR
vulture OR waterbird OR seabird) AND (disturbance OR
behavioral response) AND (nesting OR breeding).

Disturbance is generally defined as any behavioral response that
includes standing up and moving off the nest, alert behavior, or
increased vigilance, and flushing from nests, returning or not
(Klein 1993). However, this definition can be rather subjective
and can be interpreted differently for different species or research
goals (e.g., Weimerskirch et al. 2018). In this study, disturbance
was considered to occur if nesting birds moved off the nest,
returning or not, as a response to drone presence, including, but
not limited to flushing, swimming away, or escape behavior.
Leaving the nest in response to drones is considered the strongest
reaction because it involves leaving nests or chicks unprotected
(Riimmler et al. 2018). This definition allows disturbance
responses to be compared equally across studies regardless of how
each individual study defined disturbance and accounts for
studies that do not define what is considered as disturbance.

Once all the potential studies were identified through our database
search, we began the screening process by first extracting all the
duplicates and non-peer reviewed articles. We then removed those
studies that did not survey actively nesting or breeding bird
species. We further restricted our studies to those using multi-
rotor drones because fixed-wing drones have been found to
increase disturbance in some species due to their similarity to
predators (e.g., raptors; McEvoy et al. 2016), thereby holding
constant the effects of drone type.

We removed studies that did not provide a measure of bird
disturbance and/or the sample size of birds evaluated (direct
count, percentage, or proportion), studies that did not explicitly
measure and provide the altitudes at which the drone surveys were
conducted, as well as those that did not provide the altitudes at
which a disturbance response was elicited. For measurements not
explicitly stated in the text but presented in figures, we used values
(or closest values) from figures. We contacted authors if
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Table 1. List of included studies and data collected for meta-analysis.
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Study Year  Species Group Total Disturbed TAltitude flown (m) Altitude
birds category

Afan et al. 2018  Glossy Ibis Non-ground Colonial 7134 0 50 <50m
(Plegadis falcinellus)

Barr et al. 2020 Wading birds Ground Colonial 510 128 46 <50 m

Bevan et al. 2018  Crested tern Ground Colonial 926 285 50, 45, 40 <50m
(Thalasseus bergii)

Bushaw et al. 2020 Waterfowl Non-ground Solitary 118 24 31,5 <50 m

Fudala and Bialik 2022  Southern Giant Petrel Ground Colonial 137 2 50, 30 <50 m
(Macronectes giganteus)

Gallego and Sarasola 2021  Chaco Eagle Non-ground Solitary 48 1 5-10 <50 m
(Buteogallus coronatus)

Junda et al. 2016  Osprey Non-ground Solitary 88 88 3 <50 m
(Pandion haliaetus)

Junda et al. 2016 Bald Eagle Non-ground Solitary 16 16 3-6 <50 m
(Haliaeetus leucocephalus)

Junda et al. 2016  Ferruginous Hawk Non-ground Solitary 22 22 3-6 <50 m
(Buteo regalis)

Junda et al. 2016  Red-tailed Hawk Non-ground Solitary 10 10 3-6 <50m
(Buteo jamaicensis)

Lachman et al. 2020  Western Grebe Non-ground Colonial 1059 0 50-10 <50 m
(Aechmophorus occidentalis)

McKellar et al. 2020  Franklin’s Gull Non-ground Solitary 152 105 45 <50m
(Leucophaeus pipixcan)

McKellar et al. 2020  Black Tern Non-ground Solitary 12 5 45 <50m
(Chlidonias niger)

Mesquita et al. 2021  Swifts Non-ground Colonial 12000 8550 50,47.17,43.01, 29.15, <50m

26.93, 25.50, 25

Ryckman et al. 2022 Blue-winged Teal Ground Colonial 151 27 45 <50m
(Anas discors)

Ryckman et al. 2022 Northern Shoveler Ground Colonial 46 8 45 <50m
(Spatula clypeata)

Scholten et al. 2020  Tree Swallow Non-ground Colonial 42 42 1.5 <50 m
(Tachycineta bicolor)

Shewring and Vafidis 2021  European Nightjar Ground Solitary 5 0 50-5 <50m
(Caprimulgus europaeus)

Valle and Scarton 2020 Redshank Ground Solitary 198 198 10 <50 m
(Tringa totanus)

Weimerskirch et al. 2018  Seabirds Ground Colonial 324 0 50, 25, 10, 10-3 <50m

Wen et al. 2021  Siberian Crane Ground Solitary 71 0 50 <50 m
(Grus leucogeranus)

Zbyryt et al. 2021  White Stork Non-ground Solitary 101 83 20-1 <50 m
(Ciconia ciconia)

Barr et al. 2020 Wading birds Ground Colonial 510 99 122,91, 61 > 50 m

Bevan et al. 2018  Crested tern Ground Colonial 455 5 70, 60 >50m

Fudala and Bialik 2022  Southern Giant Petrel Ground Colonial 130 5 70, 100, 130, 200 >50m

Lachman et al. 2020  Western Grebe Non-ground Colonial 1059 0 60-51 >50m

McKellar et al. 2021  Western Grebe Non-ground Colonial 113 44 60 >50m

McKellar et al. 2021  Franklin’s Gull Non-ground Solitary 3803 665 60, 120 >50m

Mesquita et al. 2021  Swifts Non-ground Colonial 10500 881 64.03, 61.03, 52.20, >50m

50.99, 50.25
Weimerskirch et al. 2018  Seabirds Ground Colonial 324 0 > 50 >50m
Wen et al. 2021  Siberian Crane Ground Solitary 71 0 150, 100 >50m

TAltitude flown (m) = reported values or range of values used in each study.

measurements were unclear or referenced in the study but not
presented and publicly available. In the final step of the study
selection process, we compiled the relevant data from each study
into a comprehensive table for statistical analyses (Table 1).

After the study selection was complete, we incorporated the
quantitative measurements necessary to extract the effect sizes.
This constituted the total sample size of the birds observed and
a quantification of the number of birds disturbed during the
survey trials, reported as direct counts, proportions, averages, or

percentages. Each disturbance metric was converted into an effect
size thereby providing standardization across studies.

Moderator variables

In meta-analyses, moderator variables are covariates that act at
the study level (i.e., systematic difference among studies) used to
assess the impact of covariates and to predict the effect size in
studies with specific characteristics (Borenstein et al. 2009). We
defined the altitude of the drone and bird species nesting trait as
two moderator variables that may explain heterogeneity in the
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size of the disturbance effect by nesting birds to drones. The
altitude of a drone from the nest during observational surveys
(considered here as a measurement of the distance between the
nest and the drone, vertical or diagonal) has been previously
shown to have a large effect on the level of disturbance exhibited
by nesting birds. Barr et al. (2020) found that disturbance
increased significantly for nesting colonies of waterbirds when
drones were flown at 46 m, as opposed to altitudes of 61 m, 91
m, and 122 m. Rimmler et al. (2016) observed increased
disturbance in penguins during take-off at 50 m, with vigilance
remaining elevated at altitudes between 20 m to 50 m. Moreover,
related studies have recommended conducting drone surveys at
distances greater than 50 m to avoid moderate to high levels of
disturbance in nesting birds (Mesquita et al. 2021). Given the
repeated reference to an approximate altitude of 50 m as a
threshold or boundary for an effect, and to provide adequate
sample sizes to test for an effect of altitude, we classified the
altitude of each effect size as either < 50 m or > 50 m.

The nesting traits of avian taxa have also been reported to result
in differential sensitivity to disturbances (Blackmer et al. 2004,
Carey 2009). Colonial nesting species are often considered to be
at higher risk of certain disturbances because the high density
and proximity of nests may result in disturbance to many birds
simultaneously, and possibly favoring predation by opportunistic
nest predators (Gotmark 1992, Carney and Sydeman 1999).
Moreover, nest vulnerability has been shown to vary depending
on nest location (Burger 1981). For example, nesting on the
ground may influence the effects of researcher disturbance
because ground nest predators are mainly mammals, and ground-
nesting species may show an increased reaction to ground
intrusions (Richardson et al. 2009). Ground-nesting birds such
as Brown Pelicans (Pelecanus occidentalis) have been shown to be
particularly vulnerable to disturbances (Blackmer et al. 2004).
Therefore, we tested for differences in the size of the disturbance
effect caused by drones based on coloniality and nesting strata.
Bird species or groups of species were designated to one of the
following categories: ground colonial, ground solitary, non-
ground colonial, and non-ground solitary. Studies reporting
groups of multiple species (e.g., wading birds, swifts) with varying
nesting traits were split and the effect size was calculated for each.

Effect-size extraction and meta-analysis

We used the odds ratio statistic to calculate the effect size for each
species or group of species by the altitude at which the drone was
flown during observational surveys (< 50 m or > 50 m) and by
nesting traits. The odds ratio (i.e., the probability of one event
occurring rather than an alternative event) allowed us to
quantitatively compare the relationship between birds that were
disturbed by drones and those that were not (i.e., the size of the
disturbance effect; Borenstein et al. 2009, Viechtbauer 2010). The
odds ratio was transformed to the natural log scale to standardize
effect sizes among studies (Borenstein et al. 2009). We measured
95% confidence intervals (CIs) for each effect size to depict the
precision with which the effect size was calculated in each study
(Borenstein et al. 2009). We considered there to be strong evidence
of a disturbance effect when the upper and lower CIs were both
positive log-odds values, whereas Cls that were both negative
indicated strong evidence of no disturbance. Effect sizes with both
positive and negative Cls suggested that there was weak evidence
of a disturbance or no disturbance because Cls overlapping zero
may be due to a small sample size of observed birds or to a small
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ratio of one event being observed over the other (e.g., equal or near
equal number of disturbed and non-disturbed birds).

Effect sizes were used to construct three models to assess the overall
degree of disturbance (model 1) and how much heterogeneity could
be explained by altitude (model 2) and species nesting traits (model
3). First, to evaluate the overall degree to which drones caused a
disturbance to nesting birds, we constructed a random-effects meta-
analysis model using the maximum-likelihood estimate of
heterogeneity (Borenstein et al. 2009, Gurevitch et al. 2018) based
on the log-odds effect sizes of birds that were reportedly disturbed
by drones compared to the total number of birds observed.
Randome-effects meta-analysis assumes that the true effect sizes are
not identical across studies, and the magnitude of the effects can
vary due to “random” factors and characteristics in studies
(Borenstein et al. 2009). Then, to specifically assess if the altitude
of the drones (model 2; 2 levels) or the species’ nesting traits (model
3; 4 levels) could account for heterogeneity in the size of the
disturbance effect, we constructed a mixed-effects meta-regression
model including each variable as a moderator (Lopez-Lopez et al.
2014). Thisapproach allowed the modeling of heterogeneity among
studies by including these moderators as “fixed” effects in addition
to the random (between-studies variance) effect (hence “mixed-
effects meta-regression;” Borenstein et al. 2009, Lopez-Lopez et al.
2014). All models included the test for heterogeneity represented
by Cochran’s Q and P < 0.05 indicating large heterogeneity,
calculated as the weighted sum of squared differences between each
study’s effect and the pooled effect across studies (Borenstein et al.
2009). Additionally, effect sizes were assessed and visualized
through boxplots partitioned by altitude and species’ nesting traits
to represent the pooled distribution of individual study’s effect sizes
for each moderator variable. Boxplots indicate the median, upper
(75%), and lower (25%) interquartile range, max, and min values
(whiskers), and outliers (dots; if any).

Quantile-quantile normal plots (Q-Q plots) were used to assess the
goodness of fits on all three models, which show the theoretical
quantiles of a normal distribution against the observed quantiles
of the standardized residuals that should approximate a straight
vertical line (Viechtbauer 2010). We assessed publication bias (i.e.,
if included studies are a biased sample of all relevant studies)
visually by the asymmetry of effect sizes against their
corresponding standard errors in funnel plots (Gurevitch et al.
2018) and statistically by Egger’s test (Egger et al. 1997) with P <
0.05 indicating the presence of publication bias. If publication bias
is detected, a “trim and fill” method would be applied as a non-
parametric approach to estimate missing studies from the meta-
analysis (Viechtbauer 2010). All statistical analysis and plotting
were conducted in program R (R Core Team 2021) using the
“metafor” (Viechtbauer 2010) and “tidyverse” (Wickham et al.
2019) packages.

RESULTS

From atotal of 79 studies originally identified, 17 studies evaluating
nesting bird disturbance caused by drones met our selection criteria
(Fig. 1). From these 17 studies, we extracted 31 effect sizes, including
22 in which the drone was flown at or below 50 m and 9 flown above
50 m, and representing 10 ground colonial, 4 ground solitary, 10
non-ground solitary, and 7 non-ground colonial nesters across 19
species and 4 groups of species (n = 40,135 individuals observed;
Table 1).
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Fig. 1. Preferred reporting items for systematic reviews and
meta-analyses (PRISMA) flow diagram displaying the number
of studies considered at each step of the study selection process

for meta-analysis.

S
c Studies identified through Additional studies identified
= database searching: from references of relevant
_g (n=79) peer-reviewed articles
= (n=17)

c
[
3 }
-
—
Studies after duplicates
removed
o (n=58)
=
@ «— |
: |
]
; Studies excluded because
Stud|ens_sc7:rseened —> did not meet criteria
( ) (n=28)

N |
2 N
= Studies assessed for Studies _excluded because
5 eligibility effect sizes could not be
& — 47 —> calculated

(n=47) (n = 29)

)

= |
3
E Studies included in meta-

] analysis — > 32 effect sizes calculated
= (n=18)

—

The overall log-odds effect size across all studies was -1.54 (95%
CI: -2.83, -0.26), suggesting no strong evidence of a disturbance
effect on nesting birds caused by drones (Fig. 2; Appendix 1).
However, heterogeneity in the overall model was large (Q =
8726.55; df = 30; P < 0.001). The mixed-effects meta-regression
analysis indicated that altitude accounted for 13.05% of the
heterogeneity, with > 50 m showing no strong evidence of
disturbance (-2.72; 95% CI: -5.35, -0.08), whereas < 50 m (-0.73;
95% CI: -2.17, 0.70) showed weak evidence of disturbance (Fig.
2; Appendix 1). Species nesting traits accounted for 25.45% of
the heterogeneity. Ground colonial nesters showed no strong
evidence of disturbance effect (-2.95; 95% CI. -4.88, -1.02),
whereas non-ground solitary nesters showed strong evidence of
a disturbance effect (3.89; 95% CI: 1.13, 6.65), indicating a clear
difference in the odds of disturbance caused by drones depending
on species nesting traits (Fig. 2).

‘We found no evidence of publication bias in the overall model (P
=0.21), the altitude model (P = 0.33), nor the nesting traits model
(P = 0.32). Additionally, the funnel plot showed horizontal
symmetry in each model (Appendix 2, Fig. A2.2). Moreover, the
residual heterogeneity in the true effects followed a normal
distribution as shown by a normal quantile-quantile (QQ) plot
(Appendix 2, Fig. A2.1), further suggesting that model
assumptions were met and were a good fit for the data.

We detected no evidence of a disturbance effect (< 0 log odds) on
any species nesting trait group when the drone was flown above
50 m (Fig. 3). Conversely, when the drone was flown at or below
50 m, only ground colonial nesters show no strong evidence of
disturbance (Fig. 3). The strongest disturbance effect size was
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Fig. 2. Forest plot of effect sizes (points) and 95% confidence
intervals (whiskers) for overall random effects meta-analysis
and meta-regression models (top panel) and for each study
partitioned by drone altitude (mid and bottom panels). Effect
size is calculated as the log-odds ratio of reported disturbed vs.
non-disturbed nesting birds in each study. Increasing positive
log-odds values indicate stronger evidence of drone disturbance
effects and increasing negative values indicate stronger evidence
of no disturbance effect. Confidence intervals crossing zero
suggest weak evidence of disturbance/no disturbance effect.
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observed in ground solitary and non-ground nesters when drones
were flown at or below 50 m.

DISCUSSION

The results of this study indicate that the use of drones has an
overall small disturbance effect on nesting birds. Individual
studies’ effect sizes indicated strong evidence of no disturbance
for any species group when the drone altitude was > 50 m, whereas
the disturbance from drones at an altitude of < 50 m depended
on nesting traits. Disturbance effects were strongest for ground
solitary and non-ground solitary nesters at altitudes of < 50 m.
Conversely, ground colonial nesters showed no evidence of
disturbance effect regardless of the drone altitude. Two
conclusions from these results are that the use of drones flown
above 50 m provides a consistently low disturbance means to
monitor nesting birds, supporting recommendations in Mesquita
et al. (2021) and conclusions by Barr et al. (2020) and Riimmler
et al. (2018), whereas studies in which flights were < 50 m had
mixed effect sizes, with the magnitude of the disturbance varying
by species nesting traits.
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Fig. 3. Summary of individual studies’ disturbance effect sizes
on nesting birds by altitude and species nesting traits. Effect
size is calculated as the log-odds ratio of reported disturbed vs.
non-disturbed nesting birds in each study. Increasing positive
log-odds values indicate stronger evidence of drone disturbance
effects and increasing negative values indicate stronger evidence
of no disturbance effect. Values crossing zero suggest weak
evidence of disturbance/no disturbance effect. For each
boxplot, the medium line indicates the median; top and bottom
lines of the box indicate the upper and lower interquartile
range; whiskers indicate the max and min values.
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Despite our finding of overall small disturbance effect on nesting
birds caused by drones, heterogeneity was large across studies,
with several studies reporting high levels of disturbance for some
species (see Appendix 1). Thus, we expected these large effect sizes
to increase the disturbance effect size in the overall model.
However, this was not the case, likely due to most effects (22 out
of 32) having small effect sizes (< 0 log odds). The largest effect
size obtained in this analysis (5.98; 95% CI: 3.21, 8.76) was on a
study conducted for breeding Common Redshanks, but ironically,
the study concluded that drones provide less disturbance than
other traditional surveying methods (Valle and Scarton 2020).
However, results for altitude and species nesting traits as
moderators did show larger effect sizes or confidence intervals
overlapping zero, suggesting that these factors should be
considered in drone survey methodology.

Nesting traits accounted for higher heterogeneity (25.45%) than
did altitude (13.05%). This new finding was not expected because
studies consistently attribute disturbance to drone altitude.
However, no studies that we are aware of have assessed drone
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disturbance across species nesting traits, so the effects could have
been masked by other variables not considered. Only ground
colonial nesters showed strong evidence of no disturbance effects
by drones regardless of altitude. The degree of disturbance
exhibited by the ground-nesting species in our study is lower than
that observed via traditional methods (e.g., ground surveys) in
other studies in which breeding failure is commonly reported
(Gotmark 1992, Carney and Sydeman 1999). This may be due to
ground predators (e.g., mammals) being more important to most
ground-nesting birds than aerial predators (Richardson et al.
2009). Moreover, it has been suggested that traditional ground
surveys create trails that lead to bird nests, facilitating access to
predators (Skagen et al. 1999, Bushaw et al. 2020), which may
further increase disturbance to ground nesters compared to drone
surveys.

Our analysis was limited to 18 studies despite identifying at least
47 studies that examined disturbance of nesting birds. This is
because, surprisingly, most studies did not report sample sizes for
observed species, did not specify the number of birds that were
disturbed out of the total, or did not provide the altitude at which
the drone flew. We urge authors to report these factors at a
minimum, to increase the utility of their work for future meta-
analyses. Although a limited number of studies can lead to an
under-representation of species and systems, and therefore to
potential publication and reporting bias (Gurevitch et al. 2018),
our models did not provide evidence of any biases. Importantly,
our included studies were not restricted to a few species or
locations (12 countries represented), and the cumulative number
of birds observed across studies was large (n = 40,135). Notably,
most included studies focused on large-sized birds, presumably
because they are easier to detect with drone cameras and/or
because they nest in areas more accessible to drone cameras.
Nevertheless, the use of drones for monitoring nesting birds is
becoming increasingly popular due to their efficacy and
accessibility (Chabot et al. 2015, Lachman et al. 2020), and we
expect the increasing number of studies using drones will continue
to grow and expand to more species. In this sense, it is important
that studies include a definition of disturbance or specify what is
being considered as disturbance so the magnitude of effects and
interpretations can be more easily tracked. Additionally, studies
should consider (if applicable) assessing or reporting potential
disturbance effects on chicks in nests, particularly when adults
are flushed off nests.

The rapid advancement of technology incorporated into drones
could reduce the extent of disturbance on nesting birds in future
monitoring surveys. For example, throughout the relatively short
time (last ~10 years) drones have been used in wildlife monitoring
applications, the cost of high-end camera drones has dropped
considerably and there have been increases in the battery life, GPS
accuracy, and camera resolution of commercially available
models (Abdelmaboud 2021). As camera resolution improves on
commercially available cameras incorporated by drones,
researchers may fly their survey missions at higher altitudes and
capture images with an equal resolution to what would have
previously necessitated flying missions at a lower altitude (Barnas
et al. 2020). Distance between drones and nesting birds can be
increased by using stabilized telephoto lenses in conjunction with
high-resolution cameras, as smaller and higher quality cameras
become available (Altena and Goedemé 2014, Borrelle and
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Fletcher 2017). The smaller and higher quality cameras can then
be coupled with smaller drones to reduce visual impact, which
has also been reported to influence disturbance in wildlife
(Mulero-Pazmany et al. 2017). Also, propulsion systems may be
selected to reduce noise signatures and may further reduce
perceived threats (Sinibaldi and Marino 2013) thereby reducing
disturbance on nesting birds.

Studies have shown empirically that there are negative effects on
birds associated with investigator presence at nest sites (Borrelle
and Fletcher 2017). These negative effects may result in
abandonment of the nesting site, reduction in hatching success,
reduction in breeding success, deaths of individual adults, and a
reduction in local, regional, or total populations (Nisbet 2000).
The use of drones to survey nesting birds does not eliminate the
possibility for negative effects in some circumstances (Borrelle
and Fletcher 2017); however, this meta-analysis demonstrates that
if altitude and species traits are considered, drones can provide
an effective means of collecting useful demographic and
environmental data while reducing disturbance for nesting birds
and reducing chances of injury or death for investigators.
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Table Al.1: Effect sizes and model results.

Total Altitude
Index Study Year Species Group birds Disturbed flown (m) Altitude ES* SE* LCIs UCI
1 Overall Random Effects Model (Overall model) -1.54 0.65 -2.83 -0.26
2 <50 m (Altitude moderator model) -0.73 0.73 -2.17 0.7
3 >50 m (Altitude moderator model) -2.771 134 -535 -0.08
4 Ground Colonial (Nesting traits moderator model) -2.95 098 -4.88 -1.02
5 Ground Solitary (Nesting traits moderator model) 1.37 195 -2.44 5.19
6 Non-Ground Colonial (Nesting traits moderator -0.03 1.56 -3.09 3.03
model)

7 Non-Ground Solitary (Nesting traits moderator model) 3.89 14 1.13 6.65

Glossy Ibis
8  Afinetal. 2018  (Plegadis Non-Ground 713, o 59 <50m -9.57 2.00 -12.34 -6.79

; Colonial

falcinellus)

Waterbirds

(Leucopaheus

atricilla,

Eudocimus albus,

Thalasseus
9  Baretal 2020 Mevimus, Platalea Ground 510 128 46 <50m -1.09 0.01 -129 -0.89

ajaja, Egretta Colonial

rufescens, Ardea

alba, Rynchops

niger, Egretta

thula, Ardea

herodias)

Crested Tern Ground
10 Bevan et al. 2018 (Thalasseus Colonial 926 285 50,45,40 <50m -0.81 0.01 -0.95 -0.67

bergii)




11

12

13

14

15

16

17

18

19

Bushaw et al.

Fudala and Bialik

Gallego and Sarasola

Junda et al.

Junda et al.

Junda et al.

Junda et al.

Lachman et al.

McKellar et al.

2020

2022

2021

2016

2016

2016

2016

2020

2020

Waterfowl
(Aythya
valisineria,
Aythya
americana,

Aythya collaris,
Aythya affinis,

Oxyura

Jjamaicensis, Anas
platyrhynchos)

Southern Giant

Petrel
(Macronectes
giganteus)

Chaco Eagle
(Buteogallus
coronatus)

Osprey (Pandion

haliaetus)

Bald Eagle
(Haliaeetus

leucocephalus)

Ferruginous
Hawk (Buteo
regalis)

Red-tailed Hawk

(Buteo
jamaicensis)

Western Grebe
(Aechmophorus

occidentalis)

Franklin's Gull
(Leucophaeus

pipixcan)

Non-Ground
Solitary

Ground
Colonial

Non-Ground
Solitary

Non-Ground
Solitary

Non-Ground
Solitary

Non-Ground
Solitary

Non-Ground
Solitary

Non-Ground
Colonial

Non-Ground
Solitary

118

137

48

88

16

22

10

1059

152

24

88

16

22

10

105

50, 30

5-10

3-6

3-6

50-10

45

<50 m

<50 m

<50 m

<50 m

<50 m

<50 m

<50 m

<50 m

<50 m

-1.35

-3.99

-3.46

5.18

3.50

3.81

3.04

-7.66

0.80

0.05

0.41

0.69

2.01

2.06

2.04

2.10

2.00

0.03

-1.79

-5.24

-5.08

240

0.68

1.00

0.21

-10.43

0.46

-0.91

-2.74

-1.83

7.96

6.31

6.61

5.88

-4.89

1.14




20

21

22

23

24

25

26

27

McKellar et al.

Mesquita et al.

Ryckman et al.

Ryckman et al.

Scholten et al.

Shewring and Vafidis

Valle and Scarton

Weimerskirch et al.

2020

2020

2022

2022

2020

2021

2020

2018

Black Tern Non-Ground

(Chlidonias niger) Solitary 12 >

Swifts

(Cypseloides

senex, Non-Ground 1,459 g550
Colonial

Streptoprocne

zZonaris)

Blue-wing Teal =~ Ground

(Spatula discors) Colonial 2197 871

Northern Shoveler Ground

(Spatula clypeata) Colonial 871 429

Tree Swallow

(Tachycineta Non-Ground 42 42

. Colonial

bicolor)

Europ?an Nightjar Ground

(Caprimulgus . 5 0
Solitary

europaeus)

Redshank (7ringa Grqund 198 198

totanus) Solitary

Seabirds

(Aptenodytes

patagonicus,

Eudyptes

chrysolophus, E.

chrysochome,

Pygoscelis papua, Ground 324 0

Diomedea Colonial

exulans,

Phoebetria fusca,

P. palpebrate,

Macronectes

giganteus, M.
halli, Leucocarbo

45

50, 47.17,
43.01,
29.15,
26.93,
25.50, 25

45

45

1.5

50-5

10

50, 25, 10,
10-3

<50 m

<50 m

<50 m

<50 m

<50 m

<50 m

<50 m

<50 m

-0.31

0.91

-0.42

-0.03

4.44

-2.40

5.98

-6.66

0.32

0.00

0.00

0.00

2.02

2.18

2.01

2.00

-1.41

0.87

-0.51

-0.16

1.65

-5.29

3.21

-9.43

0.79

0.95

-0.33

0.10

7.23

0.50

8.76

-3.88




28

29

30

31

32

33

34

Wen et al.

Zbyryt et al.

Barr et al.

Bevan et al.

Fudala and Bialik

Lachman et al.

McKellar et al.

2021

2021

2020

2018

2022

2020

2020

atriceps,
Stercorarious
antarcticus)

Siberan Crane
(Grus
leucogerauns)

White Stork

Ground
Solitary

Non-Ground

(Ciconia ciconia) Solitary

Waterbirds
(Leucopaheus
atricilla,

Eudocimus albus,

Thalasseus

maximus, Platalea Ground

ajaja, Egretta
rufescens, Ardea
alba, Rynchops
niger, Egretta
thula, Ardea
herodias)

Crested Tern
(Thalasseus
bergii)
Southern Giant
Petrel
(Macronectes
giganteus)

Western Grebe
(Aechmophorus
occidentalis)

Western Grebe
(Aechmophorus
occidentalis)

Colonial

Ground
Colonial

Ground
Colonial

Non-Ground
Colonial

Non-Ground
Colonial

71

101

510

455

130

1059

113

&3

99

0

44

50

20-1

122,91,
61

70, 60

70, 100,
130, 200

60-51

60

<50 m

<50 m

>50 m

>50 m

>50 m

>50 m

>50 m

-4.96

1.51

-1.42

441

-3.13

-7.66

-0.45

2.01

0.07

0.01

0.18

0.19

2.00

0.04

-7.74

1.00

-1.64

-5.25

-3.98

-10.43

-0.82

-2.18

2.01

-1.20

-3.56

-2.27

-4.89

-0.07




Franklin's Gull Non-Ground
35 McKellar et al. 2020 (leucophaeus Solitar 3803 665 60, 120 >50m -1.55 0.00 -1.63 -1.47
pipixcan) Y

Swifts 64.03,

(Cypseloides Non-Ground 61.03,

36 Mesquita et al. 2020 senex, . 10500 881 52.20, >50m -2.39 0.00 -246 -2.32
Colonial
Streptoprocne 50.99,

zonaris) 50.25

Seabirds

(Aptenodytes

patagonicus,

Eudyptes

chrysolophus, E.

chrysochome,

Pygoscelis papua,

Diomedea Ground
37 Weimerskirch et al. 2018  exulans, . 324 0 >50 >50m -2.75 0.05 -3.16 -2.33

. Colonial

Phoebetria fusca,

P. palpebrate,

Macronectes

giganteus, M.

halli, Leucocarbo

atriceps,

Stercorarious

antarcticus)

Siberan Crane Ground
38 Wen et al. 2021  (Grus Solita 71 0 150,100 >50m -4.96 2.01 -7.74 -2.18
leucogerauns) Y

'ES = effect size (log odds); *SE = standard error; SLCI = lower confidence interval (95%); 'UCI = upper confidence interval (95%)



Sample Quartiles

QQ Plot: Overall Random-Effects Model

Theoretical Quanties

Sample Quartiles

QQ Plot: RE Model by Altitude

Theaoretical Quanties

Sample Cuantiles

QQ Plot: RE Model by Nesting Traits

Theoretical Quantiles

Fig. A2.1. Quantile-quantile (QQ) plots indicate a normal distribution of the residuals in the

overall random-effects model (left panel), meta-regression model with altitude moderator (center

panel), and meta-regression model with nesting traits moderator (right panel).
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Fig. A2.2. Funnel plot of studies (black dots) precision (as measured by the standard error); top
panel: overall random-effects model; bottom right: meta-regression model with nesting traits
model; bottom left: meta-regression model with altitude moderator.
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