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Abstract: Alert and flight initiation distances are important elements of bird behavioral responses and
indicators of their adaptation to external disturbances; therefore, they provide an important basis for
bird conservation. With continual rapid advancements in drone technology, the use of drones in bird
field surveys is becoming increasingly important. However, the disturbance impact of drones on birds
remains controversial and needs further assessment. This study measured the distances at which
coots (Fulica atra) tolerated drones in the Baiyangdian wetland, Northern China, over 42 days from
August to November 2023 and at the end of July 2024. The results show the maximum alert distance
(AD) and maximum flight initiation distance (FID) of the coot to be 44 m and 35 m, respectively. The
coots showed no signs of disturbance when the drones flew at an altitude of 50 m. The AD of the
coot showed a significant relationship with whether it saw the drones in advance, environmental
conditions, and the drone’s behavior before it approached, whereas the FID was only significantly
affected by whether the coot saw the drones in advance. The sight of drones in advance considerably
increased the AD and FID.

Keywords: drone; coots; alert distance; flight initiation distance

1. Introduction

Routinely and accurately monitoring wildlife population sizes is crucial for species
conservation [1]. Traditional bird survey methods typically involve monitoring the popula-
tion of a target species at fixed locations. However, the vegetation of specific habitats may
reduce the visibility of birds for observers on the ground, resulting in an underestimation
of actual population numbers, a situation that has been confirmed in waterbird surveys [2].
While continuous and rapid advancements in drone technology have gradually prompted
their use in wildlife monitoring [3], uncertainties regarding their disturbance effects in bird
surveys remain.

Numerous past studies have confirmed the higher efficiency and more precise mon-
itoring data obtained via drone-assisted surveys of bird populations in comparison to
traditional methods [4–7]. Drones provide a substantial advantage in monitoring inac-
cessible areas [8]. However, the increasing deployment of drones in wildlife habitats has
emerged as a significant source of potential animal disturbance [9], and these concerns
have been amplified by the accelerating use of drones for wildlife research [10]. Given that
drones share the airspace with birds, birds are particularly susceptible to drone interference,
and the use of recreational drones for filming bird activities has been shown to profoundly
disturb bird populations [11]. The frequent manifestation of bird disturbance responses
can lead to increased energy expenditure and reduced available feeding time [12,13]. The
expected increasing use of drones for avian research and monitoring has highlighted the
need for the establishment of scientifically based conservation policies regulating the use of
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drones in this context. The establishment of such policies will require extensive data on
the distances at which birds respond to drones, their behavioral reactions, and the factors
influencing these interactions.

The distances at which birds tolerate drones encompass both the bird alert distance
(AD) and the flight initiation distance (FID). The AD and FID are critical factors in the
behavioral responses of birds, reflecting their adaptation to external disturbances [14],
and they serve as vital metrics for avian conservation [15]. The AD is defined as the
distance between a bird and an approaching stimulus for which the bird first shows an
alert response, whereas the FID is the distance at which a bird begins to exhibit an escape
response [16]. Historically, while humans have been the primary stimulus in studies of
avian disturbance responses [17,18], the responses of birds to other stimuli, such as cars
and boats, have also been examined [19,20]. The increasing emergence of drones in recent
years has led to studies on their impacts on avian disturbance responses [10,14,21].

Research has shown that the FID is regulated by both inter- and intraspecies factors,
such as bird group size and reproductive status, as well as by the method of observation
and environmental elements (e.g., habitat type) [16]. The responses of birds to drones are
regulated by various parameters, with past studies identifying the drone flying altitude
rather than horizontal distance or vertical descent rate as being the main factor initiating
a bird disturbance response [22]. The responses of waterbirds during the non-breeding
season are influenced by group size and habitat type; bird sensitivity to drones is positively
correlated with flock size, and waterfowl in coastal areas and arable land are more likely to
respond to drones compared to those in inland freshwater bodies [11]. The angle at which a
drone approaches has also been shown to have a substantial impact on bird responses, with
vertical approaches triggering larger reactions [21]. The starting distance (SD), the distance
at which a drone is deployed relative to the target bird, has been shown to be positively
correlated with the FID, suggesting that drones launched from greater distances tend to
increase the FID [14,23].

The “Flush Early and Avoid the Rush” (FEAR) hypothesis suggests that, at the initia-
tion of a predator alarm response, animals rapidly evacuate an area to lower the cost of
monitoring the predator [24]. The importance of considering this theory when analyzing
the effect on the FID in the context of the predator alert has been highlighted by the valida-
tion of the theory in certain species [25–27]. These past studies have raised the question
of whether the detection of a predator in the absence of a subsequent reaction may affect
the AD and FID. The detection distance (DD), which relates to the distance at which a
bird initially detects a stimulus but does not react [16], has been largely overlooked in
previous studies. The DD can have an impact on a bird’s subsequent reactions to a stimulus,
potentially influencing the AD and FID.

The formulation of scientifically based policies for avian conservation management
requires further data on the effects of drones on bird reaction distances, behaviors, and
influencing factors. However, past related studies are scarce [9–11,14]. We hypothesize that
changes in coots’ response to drones may be influenced by the following factors: (a) the
type of environment, (b) pre-approach behavior, and (c) whether the drone was seen in
advance. To investigate this, we conducted a series of experiments flying drones over coots
in different areas.

2. Methods
2.1. Study Area

Baiyangdian (38◦43′ N–39◦02′ N, 115◦38′ E–116◦07′ E, Figure 1) is the largest fresh-
water lake wetland in the North China Plain, encompassing 143 shallow lakes with an
average depth of 2.84 m [28]. The present study selected eight research zones in the study
area, including two environment types, namely lakes, and reed ponds, with each zone
separated by at least 3 km. These study areas allow drones to fly, so there is interference
from recreational drones, as well as other factors such as vehicle noise and boat movements.
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Figure 1. The geographical location of the Baiyangdian wetland. The red boxes represent the eight
selected research zones.

2.2. Drone

All flight experiments were conducted using a DJI Mavic 3E drone, manufactured by
DJI Technology Co., Ltd. in Shenzhen, China. The drone had a gray-black color and had a
length of 35 cm (propeller to propeller), a width of 28 cm (propeller to propeller), a height
of 11 cm (landing gear to propeller), and a weight of 915 g. The drone was equipped with a
7× digital zoom (56× hybrid zoom) (see Appendix A, Figure A1). The noise level of the
drone ranged from 44.2 to 64.5 dB (51.3 ± 6.3 dB) (Table 1).
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Table 1. Drone noise data.

H (m) 5 10 15 20 25 30 35 40 45 50

dB 64.5 57.4 54.6 53.2 51.3 48.5 47.8 46.1 45.0 44.2

2.3. Measurement of Response

Most previous related studies have shown that drones flying at altitudes of 50 m
and above have little impact on birds [22,29]. Prior to the experiment, we conducted
50 drone test flights over coots at an altitude of 50 m. These initial observations indicated
no disturbance to the coots at that height. Consequently, we chose a drone flight altitude of
50 m for the experiment. Furthermore, since previous research has indicated that birds are
more likely to respond to a drone taking off within 100 m [21], the present study launched
the drone at a distance of >100 m from the target zone. The presence of vegetation between
the takeoff site and the target area also hid the experiment from the birds’ view in the
target area. Following takeoff, the drone’s altitude was increased to 50 m before it was
flown horizontally toward the target. Upon sighting the coots, the drone maintained a
steady flight directly above the target bird, recording was initiated, and the drone began
a controlled descent at 1 m/s to record the reactions of the target bird at various heights
and distances. In outdoor conditions, the vertical fall of the drone needs to overcome the
resistance generated by the horizontal wind speed, which may cause the drone fuselage to
tilt or increase its noise. Although we chose mild weather for the experiment, we still could
not eliminate the influence of this uncontrollable factor, which may have slightly increased
the coots’ response to the drone.

The logged behaviors of the coots included the following: (1) ceasing current activity
and frequently gazing at the drone or displaying irregular head movements as a sign of
alarm, recorded as AD, and (2) rapidly moving away, diving, or flying off, recorded as FID.
Unfortunately, we could not determine whether the same birds were approached across
multiple days, and recreational drone interference was present in all eight study areas,
so we could not assess longer-term habituation. In this experiment, a total of 274 flight
experiments were conducted over 42 days from August to November 2023 and at the end of
July 2024. The coots in the experiment were in the non-breeding period or the late breeding
period, and there was no brooding behavior and no coots with chicks. The experimental
subjects were all adult birds.

2.4. Classification of Factors Influencing Tolerance Distance

The factors influencing the tolerance distance of coots were divided into four categories:
(1) environmental, (2) pre-approach behavior, (3) number, and (4) whether the coot saw the
drone in advance (See Table 2).

Table 2. Sample sizes for AD and FID obtained in different factor types.

AD (N = 159) FID (N = 274)

Factor Type Sample Size Sample Size

Environment
Lake 80 153

Reed pond 79 121

Behavior

Feeding 101 185
Preening 25 37
Roosting 17 25
Loafing 16 27

See
Yes 98 127
No 61 147
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Environmental factors were further subdivided into those associated with lakes and
reed ponds, defined as open expanses of water without any encircling blockages and smaller
bodies of water encircled by dense reeds with a restricted field of vision, respectively.

Pre-approach behavioral factors included feeding, preening, roosting, and resting.
The number of birds was counted by reviewing the video recorded by the drone.
This study considered a coot to have seen a drone in advance if the observed coot

continued its previous behavior as after seeing the drone and did not show any interference
reaction, which was recorded as “Yes”, and the interference reaction was recorded as “No”.

2.5. Analysis

The present study constructed a generalized linear mixed model (GLMM) in R version
4.3.2 using the lme4 package [30]. The model employed a Poisson distribution and a
log-link function. During the AD and FID analysis, environmental, pre-approach behavior,
number (continuous variable ‘N’, which was log-transformed), and whether the drones
were seen in advance were included as fixed effects. Location was set as a random effect to
counter pseudo-replication, as some areas were repeatedly visited. Results with p < 0.05
were considered statistically significant. The emmeans package was used for post hoc
multiple comparisons, and if p < 0.05, the results of the test were classified as significant.

3. Results

We obtained warning distance (AD) data for 159 coots and alarm distance (FID)
data for 274 coots (Table 2). The statistical data of eight plots are shown in Table A1 of
Appendix A.

The AD and FID ranged from 5 to 44 m (17.73 ± 9.00 m) and from 2 to 35 m
(7.41 ± 4.12 m), respectively (Figure 2).
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3.1. Influences of Different Factors on Tolerance Distance
3.1.1. Influence of Related Factors on Alert Distance (AD)

Figure 3 provides a summary of the factors that significantly affected the coots’ alert
distance and flight initiation distance (Figure 3). The AD showed a significant correlation
with habitat type, pre-approach behavior, and whether the drones were seen in advance.
Coots in reed ponds (Est = 0.212, p < 0.001) exhibited higher alertness to drones; those
engaging in preening (Est = 0.171, p = 0.002), roosting (Est = 0.291, p < 0.001), and loafing
(Est = 0.290, p < 0.001) demonstrated lower tolerance to drones compared to those feeding;
coots that detected drones earlier (Est = 0.355, p < 0.001) displayed alert behaviors sooner
(Figure 4 and Table A2 in Appendix A).
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3.1.2. Influence of Related Factors on Flight Initiation Distance (FID)

The FID only showed a significant correlation with whether the drones were seen in
advance, with coots detecting drones earlier (Est = 0.293, p < 0.001) and being more prone
to flight (Figure 5 and Table A3 in Appendix A).
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4. Discussion

The present study documented the responses of coots to drone disturbances, using AD
and FID data obtained via field experiments, which involved monitoring coots’ responses
to a gradual and continuous vertical approach by a drone. The approach used in the present
study differs from that of previous research in which the response variables were artificially
segmented, including applying fixed drone heights [22,31]. The AD (17.73 ± 9.00 m) and
FID (7.41 ± 4.12 m) obtained in the results were both small, which may be due to a certain
habituated mechanism to drone interference. There are human activities near these study
areas, with various forms of interference, such as vehicle noise or ships running, and
recreational drones are used, so the coots in these areas may be less sensitive to drone
interference [32].

Past related studies have shown that the tolerance distance of birds is influenced by
multiple intra- and interspecies factors, such as species type, environmental type, group
size, and survey method [10,11,16,23,33]. However, these studies generally did not consider
whether researchers were detected by the target birds in advance, which would affect the
tolerance distance results. Coots that detect drones early exhibit alert responses at greater
distances, and the intensity of these responses increase with the decreasing drone distance.
In contrast, coots that failed to detect the drone in advance displayed strong alert or flight
responses with the decreasing drone distance, which may include a “stress response” [16].
Therefore, the disturbance responses of coots when the drone was detected in advance
represent their natural AD and FID. Therefore, the results of the present study suggest
that only data collected in scenarios in which the coot detected the drone early should
be considered for estimating the AD and FID. Future animal tolerance distance studies
should consider whether the animal detected the observer beforehand to ensure genuine
experimental data.

The results of this study show that coots in reed ponds displayed higher sensitivity
to drones compared to those in wetland lakes, displaying earlier disturbance responses,
possibly related to habitat location and concealment. Past studies have shown that the
responses of non-breeding waterfowl to an approaching drone are related to bird habitat;
birds in farmland showed higher sensitivity to an approaching drone due to their higher
alertness triggered by vegetation blocking their view of their surroundings [11]. In the
experiment conducted in the present study, the reeds encircling the pond reached a height
of approximately 4 m, and the coots were positioned far from the shore. Consequently,
while the coots were at no risk from predators such as weasels (Mustela sibirica), they were
vulnerable to upland buzzards (Buteo hemilasius) and common buzzards (Buteo japonicus)
in the area. These relative risks resulted in the coots devoting more attention to the skies
above to avoid birds of prey. However, the insignificant effect of the type of environment on
the FID can be related to coot risk response, with this behavior reducing the time available
for other activities, such as feeding [34].

The responses of coots to an approaching drone depend on the activity or behavior
they were displaying prior to the drone’s approach. For example, a foraging coot noticed
the drone at a closer distance, which could be related to the coot giving higher priority to
food acquisition during foraging and responding less to the drone.

The factors responsible for the responses of birds in different colony sizes are complex,
with one study finding that larger groups are more likely to respond to approaching drones
at greater distances [11]. This response can be explained by the “multi-eye” hypothesis,
with larger groups of individuals allowing predators to be detected earlier than in smaller
groups [35]. The present study found no significant effect of group size on the AD and FID;
this may be related to the size of the coot group recorded in the experiment, which were all
small (up to 70 individuals), so a larger dataset may be required. In addition, one study
found that the response of the mixed group was largely determined by the most sensitive
species in the flock [14]. A similar situation may exist in single-species groups, wherein the
response of one coot to drone interference may be influenced by other individuals in the
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group. This may involve more sensitive individuals responding to drones earlier or less
sensitive individuals reducing their early warning of drones.

Many studies have demonstrated the feasibility of using drones as an auxiliary tool
for bird surveys given their significant advantages of convenience, survey efficiency, and
data accuracy over traditional methods [4,6,7]. The results of the present study showed a
relatively small AD (15.85 ± 8.24 m) and FID (7.02 ± 4.13 m) for coots. In no experiment
did the coots exhibit an alert or flight response to a drone flying at an altitude of 50 m, with
the maximum AD recorded at 44 m. Therefore, these results suggest that drone surveys
conducted at a typical flying altitude of 50 m do not disturb coots. Given improvements
in drone technology, such as the increasing magnification power of cameras, the standard
flight altitude for drone surveys can be further increased, thereby minimizing their impact
on birds. Thus, provided that there is a thorough understanding of the minimum distance
tolerance of a target bird in the survey area and the consequent use of appropriate flight
altitudes, drones show significant promise in bird surveys.

The AD and FID serve as key metrics of the disturbance tolerance distances of birds and
are crucial for the standardized management of drones in avian surveys. Therefore, further
characterization of the AD and FID during avian drone surveys is vital for the regulatory
management of drone usage in bird studies. The most recent related studies used the FID
as the primary criterion for drone usage in ornithological surveys [10,14,29,36]. Under the
premise of minimizing disturbances to birds as much as possible, it is unreasonable to use
the FID as a threshold for drones to approach birds. Consequently, emphasis should be
placed on studying the AD of birds, using it as a benchmark to set the approach distance
for drone surveys to minimize inference in the regular behavior of birds. Further research
on mixed populations of birds and the use of different types of drones is needed to gain
more data on their impact on birds.

In conclusion, coots showed an earlier disturbance response to drone flight experi-
ments when they had previously detected the drone. In contrast to previous studies, the
present study placed more emphasis on bird AD than FID, potentially providing more
reliable evidence for the management of drone use in ornithology.
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Table A1. Statistics of the 8 sites.

Site N Mean (m) SD (m) Median (m)

AD

1 12 17.92 9.67 15.5
2 13 16.31 7.74 14.0
3 18 20.50 7.14 22.0
4 21 18.81 9.20 17.0
5 22 22.77 11.75 24.5
6 20 23.20 7.29 24.5
7 43 11.33 5.18 10.0
8 10 17.60 6.11 16.5

FID

1 29 7.83 3.90 6.0
2 26 8.69 6.73 6.5
3 25 7.16 2.87 7.0
4 28 8.96 4.88 7.0
5 33 7.88 3.50 7.0
6 29 7.66 2.51 8
7 86 5.77 3.44 5
8 18 9.44 3.93 9.5

Table A2. Coefficients of the variables included in the prediction model of the coots’ alarm
distance (AD).

Estimate Std. Error z-Value p

AD (Intercept) 2.479 0.112 22.044 <0.001
Environment Reed pond 0.212 0.052 4.064 <0.001

Behavior Preening 0.171 0.056 3.036 0.002
Behavior Roosting 0.291 0.059 4.922 <0.001
Behavior Loafing 0.290 0.060 4.835 <0.001

Log (N) −0.020 0.018 −1.089 0.276
See (Yes) 0.355 0.047 7.487 <0.001

Site −0.007 0.018 −0.375 0.708
Note: Significant (p < 0.05) variables are shown in bold. The reference levels of the factor variables represented by
the intercept are environmental: lake, behavior: feeding, and see: “No”.



Diversity 2024, 16, 518 11 of 12

Table A3. Coefficients of the variables included in the prediction model of the coots’ flight initiation
distance (FID).

Estimate Std. Error z-Value p

FID (Intercept) 1.836 0.103 17.851 <0.001
Environment Reed pond 0.122 0.075 1.629 0.103

Behavior Preening 0.052 0.068 0.761 0.447
Behavior Roosting 0.073 0.076 0.957 0.339
Behavior Loafing 0.052 0.077 0.672 0.501

Log (N) 0.0004 0.021 0.018 0.985
See (Yes) 0.293 0.048 6.102 <0.001

Site −0.009 0.016 −0.562 0.574
Note: Significant (p < 0.05) variables are shown in bold. The reference levels of the factor variables represented by
the intercept are environmental: lake, behavior: feeding, and see: “No”.
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