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Abstract
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wildlife responses to disturbance and on the spatiotemporal distribution of disquantification of wildlife responses as a function of the distance to a disturbance
source. We provide a framework to derive such distance–response curves and
combine those with disturbance source presence data to quantify energetic costs
of disturbance at a landscape scale.
2. We tracked 90 Eurasian Oystercatchers Haematopus ostralegus and all aircraft in a
military training area in the Dutch Wadden Sea. We quantified distance–response
curves estimating flight probability and additional displacement for five types of
aircraft activities, by comparing bird movement prior to aircraft presence with
movement during aircraft presence. We then used the distance–response curves
to map mean and variation in additional daily energy expenditure due to cumulative aircraft disturbance across the landscape for a 700-day period.
3. Flight probability and displacement responses differed strongly among aircraft activities and decreased from transport aeroplanes, through bombing jets, helicopters, jets to small civil aeroplanes. Since the most disturbing aircraft activities were
also the rarest ones, mean additional daily energy expenditure did not exceed
0.25%. However, days with substantial (>1%) additional expenditure occurred between 0.1% and 3.7% of all days across high-tide roosts in the tidal basin. Notably,
expenditure particularly spiked on days with transport aeroplane activity (up to
8.5%).
4. Synthesis and applications. We quantified cumulative energetic flight costs due to
aircraft disturbance and found that these were low and unlikely to impact survival
of oystercatchers in our study area. Our results provide evidence that the legal
minimum flight height of 450 m for small civil aeroplanes effectively limits the
disturbance of oystercatchers. Mitigation should focus on limiting the number of
days when disturbance has a high impact by reducing rare but highly disturbing
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activities, especially transport aeroplanes. Our approach can be applied to other
species and disturbance sources that are automatically tracked, for example boats
and walkers, ultimately to quantify the entire anthropogenic disturbance landscape.
KEYWORDS

biologging, disturbance, energetics, flight, GPS tracking, Haematopus ostralegus, recreation
ecology, Wadden Sea

1 | I NTRO D U C TI O N

Biologging is increasingly applied to study how disturbance influences movement (Preisler et al., 2006), home ranges (Leblond,

Human–nature interactions have increased dramatically in recent

Dussault, & Ouellet, 2013; Perona, Urios, & López-López, 2019),

decades due to various factors such as the growth in human popula-

habitat use (Marchand et al., 2014) and longer term behaviours

tion and outdoor recreation (Balmford et al., 2009). Human–nature

(Brambilla & Brivio, 2018; Linssen et al., 2019). A novel development

interactions cause wildlife to exhibit anti-predator responses like

in this field is to directly link animal movements with the trajectories

flight (Frid & Dill, 2002) and altered behavioural rhythms (Gaynor,

of potential disturbance sources (McKenna, Calambokidis, Oleson,

Hojnowski, Carter, & Brashares, 2018). Consequently, disturbance

Laist, & Goldbogen, 2015). Distance–response relationships can be

affects energy expenditure and foraging efficiency (Beale, 2007;

derived from combined tracking of wildlife and disturbance source

Speakman, Webb, & Racey, 1991), which in turn can lower survival

movements by identifying whether an animal responds (e.g. a sud-

and reproduction (Beale & Monaghan, 2004). Since many natural

den movement) and how strongly it responds (e.g. how far it moves)

areas are accessible by humans for both recreational and commercial

in relation to the distance to the disturbance source. Combined with

purposes, disturbance is an important consideration for nature man-

data on disturbance source presence this enables predictions of dis-

agement. Ultimately, effective conservation actions require an un-

turbance impacts over large areas, but so far no studies have ad-

derstanding of which areas and time periods experience disturbance

opted such an approach.

levels above thresholds that lead to reduced survival propensity and

We aimed to quantify distance–response relationships of

reproductive success (Goss-Custard, Triplet, Sueur, & West, 2006;

Eurasian oystercatcher Haematopus ostralegus for aircraft overflights

West et al., 2002). However, quantifying disturbance impacts in

and subsequently to estimate how disturbance impacts varied in

large areas and over longer time periods is challenging, because im-

space and time. Aircrafts have the potential to cause large ecological

pacts depend on both the spatiotemporal distribution of disturbance

impacts given that they traverse large areas, have access to remote

sources and on the responses of wildlife to disturbance (Sastre,

natural areas and produce high noise levels (Delaney, Grubb, Beier,

Ponce, Palacín, Martín, & Alonso, 2009; Tablado & Jenni, 2017).

Pater, & Reiser, 1999). The oystercatcher population has declined

Wildlife responses to disturbance are often quantified in the field

strongly in the last few decades and disturbance is among the many

by estimating characteristics of the flight response, such as flight ini-

threats listed for the species (van de Pol et al., 2014). Our study

tiation distance, flight time and flight distance (Collop et al., 2016;

was conducted in the Wadden Sea World Heritage nature area, in

Livezey, Fernández-Juricic, & Blumstein, 2016; Stankowich, 2008).

a part with high levels of aircraft activity due to the presence of

Without simultaneously quantifying disturbance frequencies, how-

both military air force training and frequent overflights of small civil

ever, such response measures provide in itself little information about

aeroplanes.

the potential fitness impacts of disturbance. In addition, measured re-

The impact of aircraft disturbance on birds varies depending on

sponse characteristics cannot be easily used to derive general distur-

the type of aircraft (van der Kolk et al., 2019; Smit & Visser, 1993).

bance impacts, since they are often measured in specific situations in

We therefore related movement tracks of oystercatchers to the ac-

which focal animals are experimentally approached in a straight line.

tivities of both civilian and various military aircraft and quantified

For example, flight initiation distances and the magnitude of an ani-

flight responses due to disturbance in relation to the minimum dis-

mal's response depend on the distance at which a disturbance source

tance between an aircraft and bird. We subsequently quantified

passes by (Fernández-Juricic, Venier, Renison, & Blumstein, 2005;

potential disturbance impacts throughout the study area by calcu-

Frid, 2003). Distance–response relationships describe the flight prob-

lating additional daily energy expenditure (DEE) of flights caused

ability and the flight costs of an animal as a function of the minimal

by aircraft disturbance, a measure relating the costs of disturbance

distance at which a disturbance source passes by, and would be suit-

relative to an animal's normal energetic budget (Riddington, Hassall,

able for assessing such disturbance impacts. However, they have

Lane, Turner, & Walters, 1996). Critical thresholds of disturbance at

only been quantified for a limited number of species and disturbance

which winter mortality would increase have previously been esti-

sources, including for disturbance of geese and Dall's sheep by air-

mated at 0.7% and 5.4% additional DEE for oystercatchers in harsh

craft (Frid, 2003; Marcella, Gende, Roby, & Allignol, 2017; Preisler,

and mild winters respectively (Goss-Custard et al., 2006; see also

Ager, & Wisdom, 2006; Ward, Stehn, Erickson, & Derksen, 1999).

Section 4). We illustrate how distance–response relationships can
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be extrapolated across a large (>300 km2) area to understand how

period (1 May 2017 to 31 March 2019) and focussed on the barrier

the disturbance impacts of different aircraft activities on DEE vary in

island Vlieland. Aircraft are common on Vlieland because the west-

space and time, knowledge that is vital for predicting and minimizing

ern half of the island (‘Vliehors’) is a military air force training area

the effects of anthropogenic disturbance.

(4.92°E, 53.24°N) and an airport for small civil aeroplanes is present
on the neighbouring island Texel (4.83°E, 53.115°N; Figure 1). The

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study system

area is remote with few other anthropogenic disturbance sources
(van der Kolk et al., 2019).
We distinguished four types of aircraft and two activities of jet
fighters, described in Appendix S1 (Supporting Information), resulting in five levels of what we hereon refer to as ‘aircraft activity’: (a)

Oystercatchers are medium-sized (~0.5–0.6 kg) long-lived shore-

small civil aeroplanes (Figure 1c), (b) jets, (c) bombing jets, (d) helicop-

birds with high site fidelity that spend the winter in coastal areas,

ters (Figure 1d) and (e) transport aeroplanes. Small civil aeroplane

feeding on shellfish. Approximately 100,000 oystercatchers winter

overflights and exercises with jets were common, whereas bombing

in the Dutch part of the Wadden Sea. Our study covered a 700-day

jets and transport aeroplanes occurred rarely (Figure 2).

(a)

(b)

(c)

(d)

F I G U R E 1 (a) Overview of the western Wadden Sea islands of Texel, Vlieland and Griend. Black rectangle is the study area shown in
(b)–(d). (b) Locations of GPS-tagged oystercatchers during daytime (green) and night-time (blue). (c) Tracks of small civil aeroplanes over the
study area on Saturday 1 September 2018. (d) Targets and flight routes of helicopters and jets. H: helicopter gun shooting target, B: jet target
for explosive bombs, D: jet target for dummy bombs, G: jet target for gun shooting. Red flight paths show standard routes of jets when they
approach the target and fly at their lowest altitude
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F I G U R E 2 Occurrence of each aircraft activity in the study area (a) during the study period, (b) per month, (c) per weekday and (d) per
hour of the day, calculated from 1 May 2017 to 31 March 2019. Due to their rare occurrence, bombing jets and transport aeroplanes are
not depicted in (b)–(d). Note the different scales on the y-axis for military aircraft (left axis, hr/day or hr/hr) and civil aeroplanes (right axis,
n/day or n/hr). For small civil aeroplanes, presence is defined as the number of aircraft flights within a 6-km radius of the helicopter target
(Figure 1d)

2.2 | Data collection
2.2.1 | Oystercatcher GPS data

In contrast to the highly standardized flight paths of jets, helicopter
movements were less standardized. Consequently, our results are
less accurate for helicopters than for the other aircraft activities.
High-accuracy GPS locations and altitudes with 4-s intervals of small
civil aeroplanes and military transport aeroplanes were provided

Twenty locally breeding (May–July 2017) and 82 wintering oyster-

for the vicinity of the Vliehors for the whole study period, and for

catchers (20 in December 2016–January 2017, 42 in December 2017,

small civil aeroplanes in the entire Dutch Wadden Sea area for July–

20 in December 2018) were caught on Vliehors and equipped with

September 2018 [source Flight Track and Aircraft Noise Monitoring

UvA-BiTS 13.5 g GPS trackers (Bouten, Baaij, Shamoun-Baranes, &

System (FANAMOS) from the Netherlands Aerospace Centre (NLR)].

Camphuysen, 2013). The trackers took GPS fixes with 16-s intervals
for maximum 2 hr per day when the battery was fully charged, that
is, in summer. Otherwise, the trackers took GPS fixes with 288 s in-

2.2.3 | Environmental data

tervals as long as the battery was sufficiently charged (see Appendix
S2 and van der Kolk, et al., 2020 for more details). The final GPS

Tidal water height data with 10-min intervals were obtained for

dataset comprised 2,820,459 GPS fixes of 90 individuals (14,211

Vlieland harbour (Rijkswaterstaat, 2019). These data were used to de-

individual-days) inside the study area (Figure 1b).

termine whether small civil aeroplanes flew over during low or high
tide using a threshold water level of −10 cm Amsterdam Ordnance

2.2.2 | Aircraft data
The Royal Netherlands Air Force provided start and end times for all

Datum (NAP), below which intertidal flats become exposed.

2.2.4 | Oystercatcher–aircraft interactions

military aircraft exercises on Vliehors. Exact timings of when jets approached targets and whether they were dropping explosive bombs

We combined oystercatcher GPS data with aircraft data to obtain

were also recorded, but for helicopters these data were unavailable.

timings of interactions and minimum horizontal distances between
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aircraft and birds. Given the differences in aircraft behaviour and

chance that movements were caused by factors other than distur-

available data, methods differed slightly among the five aircraft

bance. Specifically, we expected that the 96-s measurements would

activities.

detect small disturbances when birds were briefly in flight, and at
times may return to the same location (Figure 3c). We furthermore

1. Small civil aeroplanes. We determined the exact time when the

expected the 10-min and 1-hr measurements to detect disturbances

aeroplane was closest to the bird, and used this aeroplane position

in which birds did not return to the same location (Figure 3c). The

to calculate the distance to the bird, aeroplane height and path

1-hr measurements were included to accurately measure displace-

tortuosity over the previous minute (mean 4-s turning angle).

ment responses to rare large disturbances (i.e. transport aeroplanes),

2. Jets. A bird–jet interaction could occur at three moments during mil-

that were not fully captured by the 10-min measurements. In all

itary training: (a) when jets entered the study area (flying at low al-

measurements, a time buffer between the end of the control mea-

titude in northward direction at 53.2276°N, 4.932°E), (b) when jets

surement and aircraft presence was included to ensure that birds did

first approached the dummy bombs target (Figure 1d) or (c) when

not respond to aircraft presence during the control measurements

jets first approached the gun shooting target (Figure 1d). In the

(Figure 3b; Appendix S3).

field, we observed that disturbance of oystercatchers mostly oc-

The aircraft data did not allow response measurements for all

curred upon first approach of the targets (van der Kolk et al., 2019).

aircraft activities on all temporal scales. Ninety-six-second measure-

3. Bombing jets. We selected all timings of explosive bombs dropped

ments were only possible for small civil aeroplanes, as other aircraft

from jets and used the explosive bombing target as the distur-

activities were too infrequent and high-frequency bird GPS data were

bance location for this event (Figure 1d).

limited. All aircraft activities were included for the 10-min measure-

4. Helicopters. We selected all start times of helicopter exercises and

ments except for helicopter exercises because only start time and end

used the most frequently used helicopter target as location for

time of helicopter exercises were available, while disturbance often

this event (Figure 1d). Since the actual flight paths of helicopters

occurred when helicopters approached and fired on targets (field

were not available and actual disturbance may occur 1–2 km away

observations). As these moments were not exactly known, only 1-hr

from this point, the estimated distance–response curves may un-

measurements were calculated for helicopters. We did not calculate

derestimate responses when helicopters fly near oystercatchers,

1-hr displacement of oystercatchers in response to civil aeroplanes,

but overestimate the distance at which disturbance is initiated by

as the effects of civil aeroplanes were small (see Results) and over-

a single helicopter overflight.

flights were frequent, such that control measurements without civil

5. Transport aeroplanes. Most transport aeroplanes caused disturbance from large distances. Therefore, for every transport aer-

aeroplane presence could not be acquired for 73% of the 1-hr measurements (see Table S1 for sample sizes of final datasets).

oplane we selected the timestamp at which a disturbance was

In the analysis, data from all seasons were pooled for two reasons.

initiated. This occurred when mass responses (i.e. flight initiation,

First, most (~70%) oystercatcher–aircraft interactions were obtained

see Video S1) were detected in the study area. Based on the air-

between July and October (Figure S1). Most oystercatchers returned

craft track, we calculated the minimum distance between trans-

from their breeding grounds in July, and the solar-powered GPS track-

port aeroplanes and each bird using the bird's last control position

ers generally remained fully charged until autumn. The GPS trackers

before disturbance was initiated.

collected little data in November–February when there was insufficient sunlight to charge the battery. After February most birds were

2.2.5 | Control and disturbed displacement

at their breeding grounds and not in the study area. Second, the most
disturbing activities (transport aeroplanes and bombing activities)
were rare and these limited datasets could not be further divided into

To quantify the effects of aircraft disturbance, oystercatcher dis-

different categories. Consequently, the results generally apply to oys-

placement during aircraft presence (‘disturbed displacement’) was

tercatchers in the non-breeding season in autumn. Although shorebird

compared with pre-disturbance displacement (‘control displace-

responses to disturbance can vary throughout the year (Stillman &

ment’) directly preceding the disturbance bout (Figure 3b). This

Goss-Custard, 2002), such variation may be relatively small in compar-

paired sampling design ensured that other factors that can influence

ison to variation in responses to different aircraft activities.

movement, such as season, weather, tide and time of the day, were
similar between control and disturbed displacement and thus did not
need to be accounted for in statistical models.
The control and disturbed displacements were compared using
three different measurement durations: 96 s (six 16-s GPS intervals),
10 min (one 10-min GPS interval) and 1 hr (six 10-min GPS inter-

2.3 | Analysis
2.3.1 | Definitions for flight probability and
additional displacement

vals; Figure 3b). The 96-s and 10-min measurements were chosen
because they were expected to be long enough to capture typical

Two response variables were derived from the paired control and

flight responses, that normally last for less than a minute (van der

disturbed displacement measurements. First, a binary variable de-

Kolk et al., 2019), but also to be as short as possible to minimize the

scribed whether the control or the disturbed displacement was

van der
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Oystercatcher GPS data sampling design
96-s measurements
96-s (6 x 16-s)

(c)
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96-s measurement
10-min measurement

(ii) Disturbance
96-s measurement
10-min measurement
flight
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T I M E
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10-min interval (control measurement)
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F I G U R E 3 (a) General outline of study design: From raw tracking data of animal and disturbance sources to disturbance landscape maps.
(b) Data sampling schemes comparing displacement during aircraft presence with control displacement before aircraft presence. Aircraft
icons indicate for which aircraft types each measurement was used (see main text for details). Black lines in the disturbed measurements
indicate when an aircraft was closest to the bird. (c) Potential responses of birds to aircraft depicted with hypothetical GPS data with 16-s
and 10-m intervals: (a) no response to aircraft overflight, (b) flight response to aircraft overflight where bird returns to same location,
(c) flight response to aircraft overflight where bird displaces to another location
highest. From this variable, we modelled flight probability, that is,

a biologically relevant way, that is the response curves would ap-

the probability that aircraft presence caused birds to displace fur-

proach (but not drop below) zero when birds were at large distances

ther during disturbed bouts. Under a scenario of no disturbance re-

from aircraft. Equation 1 shows the general form of the logistic

sponses, we expected a probability of 0.5 by chance that disturbed

function in which the minimum y-axis asymptote (ymin) and maximum

displacement was higher than control displacement and we used this

y-axis asymptote (ymax) are specified. To derive flight probability, the

as a null model before calculating the actual flight probability (see

probability that disturbed displacement was larger than the control

Section 2.3.2). Second, we calculated the displacement difference in

displacement (Pdisturbed > control) was modelled using Equation 2, which

metres (m) between control and disturbed measurements. We used

is derived from Equation 1 by setting the minimum asymptote (ymin)

the displacement difference to quantify the effects of aircraft pres-

at 0.5 and the maximum asymptote (ymax) at 1. The minimum asymp-

ence on additional displacement.

tote was set at 0.5 as this was the expected probability that displacement was larger in the disturbed measurement if no response

2.3.2 | Distance–response relationships

to disturbance occurred (null model). It is important to note that
this function is now very similar to a conventional binomial regression model, where ymin, however, would be set at 0. After estimat-

We modelled both flight probability and additional displacement

ing Pdisturbed > control from our data, the actual flight probability (P flight)

using logistic regression to generate distance–response curves in

due to disturbance was derived from Pdisturbed > control (Equation 3).
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an unrealistic steep slope in the distance–response curve of bombing

into a flight probability of 0 in Equation 3.
y=
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jets (see Figure 4c). See Figure S2 how β0 affects the shape of the
distance–response curves. It is important to note that the additional

ymax − ymin
1 + e−(𝛽 0 +𝛽 1 ×x1 +𝛽 2 ×x2 …)

displacement reflects the average of events with (additional displace-

(1)

+ ymin

ment > 0) and without (additional displacement ≈ 0) actual disturbance
and consequently is determined by both how often a bird is actually

Pdisturbed > control =

1 − 0.5
1 + e−(𝛽 0 +𝛽 1 ×x1 +𝛽 2 ×x2 …)

disturbed (flight probability) and the displacement responses upon ac-

(2)

+ 0.5

tual disturbances.
(3)

Pflight = 2 × (Pdisturbed > control − 0.5)

Additional displacement (m) =

1+

ymax
−(𝛽
+𝛽
0
1 ×x1 +𝛽 2 ×x2 …)
e

(4)

The logistic function was also used to estimate the distance–response
curves for additional displacement. For this purpose, the minimum as-

Separate models were constructed for combinations of response vari-

ymptote (ymin) was set to 0 and the maximum asymptote (ymax) was

able, aircraft activity and temporal scale at which data were available

estimated for each model separately (Equation 4). β0 Varied per aircraft

(total of 18 models). In all models, the main predictor of a disturbance

activity, as the shape of the response curve differed among aircraft

effect was the distance to the aircraft. For small civil aeroplanes

activities. For each aircraft activity, we fitted models ranging β0 be-

10-min measurements, the large sample size (n = 18,193) allowed in-

tween −5 and 5 and selected the model with the minimum residual

clusion of aircraft height, tortuosity (tortuous or non-tortuous flight;

sum of squares. Using this approach, β0 was set on −5 for small civil

threshold at 20° per 4 s, see Figure S3) and tide (high or low tide) as

aeroplanes, bombing jet fighters and transport aeroplanes and on 5 for

additional predictor variables. Small civil aeroplanes' height was scaled

jet fighters and helicopters. For the 10-min measurement of bombing

prior to analysis by subtracting the minimum flight height detected in

jet fighters we manually changed β0 to 1.5: In contrast to oystercatch-

our dataset (69 m) from all values. In the final models used to quan-

ers at 2 to 4 km distance, oystercatchers at 1 to 2 km distance sur-

tify spatiotemporal disturbance impacts (see Section 2.3.3), distance

prisingly responded less strong to disturbance. This would have forced

and height were always retained even though they were sometimes

Flight probability
10-min measure

(a)

0.1

0.50

0.0

0.25

−0.1

Flight probability
1-hr measure
Add. displ. (km)
10-min measure
Add. displ. (km)
1-hr measure

(d)

Jet

Bombing jet

0.2
0.0
−0.2

0

2

4

6

8

0

10

1

2

0

3

1

2

3

4

5

0.50
0.25

2

4

6

8

−0.2
0

0.06

1

2

3

4

5

0

2

4

6

8

10

−0.06

−0.5
−1.0
0

2

4

6

8

1.0

0.6

1.0

0.5

0.3

0.5

0.0

0.0

0.0

−0.5

−0.3

−0.5

−1.0

−0.6
0

2

4

6

1

2

3

4

5

6

−0.05

20

0

5

10

15

20

0
0

3

15

1

0.0

2

10

2

0.4

1

5

3

0.00

0

0

−1.0
0

8

0.8

1

2

3

4

5

6

15

0

2

4

6

8

2

0.2
0.1

10

0.0

−0.5

6

−0.03

1

0.5

0.0

0.05

0.00

2

0.5

0.10

0.03

3

0

0.0

10

4

Transport
1.0

6

0.2

Civil
Jet
Bombing jet
Helicopter
Transport

0.75

0

Helicopter

1.0

−1.0

−0.2

1.00

0.00

(c)

Civil
0.2

0.75

0.00

(b)

All

1.00

1.0

12

1

0.5

8

0

0.0

4

0

4

8

12

16

20

0

4

8

12

16

20

0.0
5

−0.1
−0.2

0

0

2

4

6

8

10

−0.5

−1
0

1

2

3

4

5

6

0

2

4

Minimum distance to aircraft (km)

6

8

0
0

1

2

3

4

5

6

F I G U R E 4 Distance–response relationships of aircraft disturbance: Oystercatcher flight probability (a: 10-min measurements, b: 1-hr
measurements) and additional displacement (c: 10-min measurements, d: 1-hr measurements) in response to different aircraft types. Note
that the effect of civil aeroplanes in (c) is small, and that the line is therefore not visible in the plot showing all aircraft types. Data are binned
for graphical purposes only
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not significant because effects were small or sample sizes low. Leaving

civil aeroplane data for July–September 2018 were used to construct

out distance or height, however, would result in unrealistic models

a disturbance impact map for the entire Dutch Wadden Sea. We

that would predict a similar disturbance effect over an infinite range

identified which high-tide roosts experienced the highest mean dis-

of distances at which aircraft pass by oystercatchers. For small civil

turbance impacts by small civil aeroplanes. Oystercatcher high-tide

aeroplanes, we did not retain tortuosity and tide in the final model.

roost counts for July–September 2014–2018 were provided by the

All parameters, standard errors and p values were estimated
using nonlinear least squares analysis with the nls function in

r

(R

Dutch Centre for Field Ornithology and were per roost expressed as
the percentage of the total population (~100,000 individuals).

Core Team, 2019). Confidence intervals were computed using the
predictNLS function from the propagate r package.

3 | R E S U LT S

2.3.3 | Spatiotemporal disturbance impacts

3.1 | Distance–response relationships

We used distance–response curves for additional displacement and

The flight probability of oystercatchers was lowest for small civil aer-

aircraft presence data to predict how disturbance costs varied spa-

oplanes and increased via jets, helicopters and bombing jets to being

tiotemporally and to construct cumulative aircraft disturbance maps

highest for transport aeroplanes (Figure 4a,b; Table S2; Video S1).

for our study area. For every grid cell (500 × 500 m), additional dis-

For example, the distance from the aircraft at which flight probability

placement (m) due to disturbance was calculated per day (1 May

was 5% was 0.26, 2.5, 2.9, 5.0 and >10 km for small civil aeroplanes,

2017–31 March 2019; n = 700 days) for every aircraft activity. We

jets, helicopters, bombing jets and transport aeroplanes respectively

used the 10-min distance–response curve for civil, jet and bomb-

(Figure 4a, for helicopters Figure 4b). The results were very similar

ing disturbance and the 1-hr distance–response curve for helicopter

between the 10-min and 1-hr measurements (Figure 4a,b).

and transport aeroplane disturbance, since disturbance responses

The effects of aircraft on additional displacement were similar to

to transport aeroplanes extended beyond 10 min. We converted

the flight probability curves, but differences between aircraft activi-

additional displacement to % DEE using the following parameters:

ties were even more pronounced (Figure 4c,d). Based on the 10-min

Displacement speed during disturbance 8.3 m/s (Figure S4), flight

measurements, a directly overhead flight of an aircraft would result in

costs 36 J/s (Pennycuick, 2008) and DEE 700 kJ (Zwarts, Ens, Goss-

0.058, 0.049, 0.616 and 3.4 km additional displacement for small civil

Custard, Hulscher, & Kersten, 1996). A DEE of 700 kJ is representative

aeroplanes, jets, bombing jets and transport aeroplanes respectively

for a bird with a weight of 550 g, which is the mean body weight of

(Figure 4c). Following disturbance by transport aeroplanes, oystercatch-

oystercatchers in autumn. Energy expenditure is often higher in winter

ers often flew to other islands. Consequently, additional displacement

(~860 kJ), when it is colder and when oystercatchers store more fat.

was large in the hour following disturbance and up to 12.1 km when

Consequently, 700 kJ per day is a precautionary estimate, since higher

transport aeroplanes flew directly overhead focal birds (Figure 4d).

DEE values result in lower estimates of additional energy expendi-

Small civil aeroplanes were the most frequent disturbance source,

ture caused by disturbance. Maps were constructed for mean daily

but evoked generally little response (Figures 4 and 5). The distance–

disturbance levels for each aircraft activity separately and all aircraft

response curves for small civil aeroplanes were slightly higher using

activities combined. To quantify how disturbance impacts varied over

the 96-s measurements in comparison to the 10-min measurements,

time, predicted additional DEE for all days during the study period was

but due to a smaller dataset the 96-s curves were also less precise

compared among the seven main high-tide roosts in the study area.

(Figure S5; Table S2). Using the 10-min measurements, we quanti-

Finally, to illustrate how distance–response curves can be ex-

fied that the height of small civil aeroplanes affected flight probability

trapolated to predict disturbance impacts over a larger area, small

and additional displacement similarly as the horizontal distance of the
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3.2 | Spatiotemporal disturbance impacts

aircraft to the bird (Figure 5). Tide (low or high tide) and aircraft tortuosity (tortuous or non-tortuous flight) did not significantly affect the flight
probability or additional displacement of birds following small civil aero-

We constructed disturbance maps for our study area to estimate

plane overflights (Table S2). When small civil aeroplanes flew directly

spatiotemporal variation in disturbance impact over a 700-day pe-

overhead an oystercatcher (distance = 0), at a height of 450 m (by law

riod expressed in % additional DEE (Figure 6). The mean additional

the minimum flight height in the Wadden Sea area) the estimated flight

DEE due to cumulative aircraft disturbance was higher towards the

probability was 14% and resulted in 73 m additional displacement.

centre of the military air force training area and maximally 0.25%
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F I G U R E 6 Spatial differences in aircraft disturbance costs for oystercatchers, expressed as the average percentage of additional daily
energy expenditure (% DEE). (a–f) Disturbance landscape maps for total aircraft activity and all aircraft activities separately in the study area
from 1 May 2017 to 31 March 2019. (g) Disturbance landscape map of the entire Dutch Wadden Sea for July–September 2018 for small civil
aeroplanes showing predicted disturbance costs and high-tide roost locations of oystercatchers as percentage of the total population size
of approximately 100,000 (inset: Frequency distribution of high-tide roosts with respect to average disturbance cost). Coordinates are in
the Dutch RD coordinates system (one unit is 1 km). Note that (a) and (g) have different colour scales than (b)–(f). (a) Numbers 1–7 show the
locations of high-tide roosts displayed in Figure 7
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(390–691 out of 700) across the seven high-tide roosts in the study
area (Figure 7). On days with multiple helicopters or bombing jets

roosts, on 0.1%–3.7% of the days (1–26 out of 700), DEE increased
by at least 1% due to aircraft disturbance (Figure 7).

4 | D I S CU S S I O N
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strongly over time. Additional DEE due to total aircraft disturbance
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4.1 | Spatiotemporal disturbance impacts
Additional energetic costs of oystercatcher flight responses to

0
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F I G U R E 7 Daily variation in disturbance impacts within seven
high-tide roosts in the main study area (numbers refer to locations
in Figure 6a). Shown is the distribution of additional daily energy
expenditure (DEE) for all days for the whole study period (1 May
2017 to 31 March 2019; n = 700 days). Note the transformed x-axis
(0.1% intervals between 0% and 2%, 0.25% intervals between 2%
and 5%, 1% intervals between 5% and 10%) and log-transformed
y-axis

aircraft disturbance were generally quite low in our study area. In
comparison, existing model studies for wintering oystercatchers,
although applied on the Baie de Somme in France, suggest that
these costs are far below disturbance thresholds at which mortality increases (Goss-Custard et al., 2006). Oystercatcher winter mortality was predicted to increase when disturbance costs exceeded
0.29%–1.14% DEE in winters with bad weather and low food availability or 2.1%–8.6% in winters with good conditions (0.2 and 1.5
disturbances of 1–4 kJ per hour daylight, respectively, and assuming
10 hr daylight per day; Goss-Custard et al., 2006). Aircraft disturbance costs were on average low because birds rarely reacted to
common aircraft activities: small civil aeroplanes and jets. However,

(Figure 6a). For small civil aeroplanes throughout the entire Dutch

daily costs spiked at 8.5% (59.7 kJ) on days when low-flying trans-

Wadden Sea, highest disturbance frequencies were predicted to

port aeroplanes were present or on days where impacts of differ-

occur at flight routes to and from the airports on the islands of Texel

ent sources (e.g. bombings and helicopters) accumulated. Model

and Ameland (Figure 6g). Impacts of small civil aeroplane distur-

studies have mainly included disturbance costs as a constant daily

bance were below 0.01% DEE for 48% (35 of 73) of high-tide roosts

factor over longer time periods (Goss-Custard et al., 2006; West

and above 0.1% for 10% (7 of 73) of the roosts (Figure 6g), during the

et al., 2002), and the effect of rare, but higher-impact, disturbance
events needs better assessment in future scenario analyses.

2416

|

Journal of Applied Ecology

van der

KOLK et al.

Under normal conditions, it is unlikely that aircraft disturbance

et al., 2019). In our study, we showed how the impact of transport

affects oystercatcher survival by increased energetic costs due to

aeroplanes on displacement was much higher when measured over

flight responses. However, disturbance can also negatively impact

a 1-hr period in comparison to a 10-min period. Such prolonged dis-

wildlife in other ways, for example through increasing stress levels

turbance responses are difficult to quantify in the field when birds

(Blickley et al., 2012), limiting foraging time (Klett-Mingo, Pavón,

fly out of sight (van der Kolk et al., 2019). We also observed that even

& Gil, 2016) and reducing foraging efficiency (Coleman, Salmon, &

after the most heavy disturbances, all GPS-tracked birds returned

Hawkins, 2003). It is important that all these effects are assessed

to the study area, often within a few hours. There was no indication

when inferring population consequences. Whether disturbance

that individuals permanently moved away from the study area.

ultimately affects survival will also depend on the available food
sources and weather conditions, since these determine the ability
of animals to compensate for disturbance (Burton, 2007; GossCustard et al., 2006). Animals can also avoid disturbed areas which

4.3 | Management implications and future
perspectives

may limit available breeding or foraging areas (Dwinnell et al., 2019;
Leblond et al., 2013; Mallord, Dolman, Brown, & Sutherland, 2007).

In nature areas where there is high intensity of human activities,

Disturbance impact maps, as presented here, could be combined with

disturbance source presence needs to be regulated and coordinated

data on food availability and animal presence to determine whether

to minimize impacts on individual animals and on populations. Our

some areas are underutilized by animals because of disturbance.

results show that the energetic flight costs due to aircraft disturbance are probably low for oystercatchers in an area where aircraft

4.2 | Effects of different aircraft activities

are frequent. Especially the impact of small civil aeroplanes was
low, and our distance–response curves provide further scientific
underpinning that the minimum flight height of 450 m for aircraft

All aircraft can cause disturbance, but the disturbance potential

in the Wadden Sea is an effective policy tool for oystercatchers.

varies strongly among aircraft activities, indicating that birds per-

However, birds cannot anticipate (e.g. by avoiding specific areas)

ceive different threat levels from different aircraft (Derose-Wilson,

rare disturbance sources like transport aeroplanes, which are un-

Fraser, Karpanty, & Hillman, 2015; Frid & Dill, 2002; van der Kolk

predictable and initiate disturbance responses from large distances.

et al., 2019). Transport aeroplanes elicited disturbances from 10-km

Consequently, restricting flights of low-flying transport aeroplanes

distance and caused large responses probably because they were

is currently the most effective measure to reduce the number of

rare, large and slow flying. Although aircraft sound can cause distur-

days on which the flight costs of disturbance are high, thereby also

bance (Brown, 1990), sound levels may not be the primary cause of

significantly reducing overall aircraft disturbance impacts. The num-

transport aeroplane disturbance: despite transport aeroplanes being

ber of days with high impact can be further reduced by avoiding

clearly visible, they could not be heard by humans at the distances at

multiple disturbing aircraft activities on the same day, for example,

which they caused disturbance (field observations). Oystercatchers

bombing and helicopter exercises. The timing of disturbing aircraft

rarely responded to small civil aeroplanes and jets, which were fre-

activities is also an important consideration, since large additional

quent and predictable in the study area, meaning that oystercatch-

energetic costs are expected to impact the condition and survival of

ers may have become habituated to these disturbance sources.

oystercatchers more under harsh conditions, such as cold weather

Alternatively, birds could have redistributed such that individuals

or prolonged periods with high water levels when feeding grounds

that are susceptible to aircraft disturbance have moved to other

are inaccessible.

areas, while individuals that are less susceptible have remained in
the area (Bejder, Samuels, Whitehead, Finn, & Allen, 2009).

Levels of aircraft activities are high in our study area, since
the airspace is heavily utilized by both military and civil aircraft. In

Our results regarding the disturbance potential of different air-

many other intertidal areas aircraft occur less frequently, and con-

craft activities and energetic costs of disturbance are consistent with

sequently our results suggest that energetic costs of flight due to

field observations in the same study area (van der Kolk et al., 2019;

aircraft disturbance may be low for oystercatchers throughout most

Figure S7). However, here we were able to estimate distance–

of their wintering range. However, given the long presence of both

response relationships which we could use to estimate disturbance

civil and military aircraft in our study area, it is difficult to determine

impacts over larger areas and time spans. Distance–response curves

to what extent habituation has occurred or if the most susceptible

can only be estimated when accurate positions of both animals and

individuals have permanently moved away. Such potential effects of

disturbance sources are known. In the field, a range finder can be

disturbance source presence could be evaluated at locations where

used to measure distances between disturbance sources and animals

aircraft activities begin or increase. Nonetheless, our study pro-

(e.g. Marcella et al., 2017), but studies have rarely obtained sufficient

vides insights on distance–response curves for frequent generally

sample sizes to reliably estimate flight probability curves. In addition,

straight-flying aircraft and thus how birds near civil airports may

by using biologging techniques, it is possible to follow animals over

respond. Furthermore, our distance–response curves of infrequent

longer time periods and study longer term impacts of disturbance,

disturbances may be especially relevant for assessing how novel air-

such as additional displacement (Brambilla & Brivio, 2018; Linssen

craft may disturb wildlife. Consequently, our results emphasise the

van der

Journal of Applied Ecology

KOLK et al.

value of quantifying distance–response curves across a gradient of
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disturbance frequencies but our results should also be inferred to
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other areas with caution, and there remains a need to quantify flight
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and jet fighters are less frequent.
Our approach enables quantification of energetic flight costs
of disturbance over large areas and long time periods and can be
applied to other species and disturbance sources. Besides aircraft,
automated tracking of boats (AIS; McKenna et al., 2015) and humans
via GPS and smartphone apps can provide data that can be linked
with animal tracking data to quantify disturbance distance–response
relationships. Studies that combine human-tracking data and animal
movement data could yield new insights about the magnitude of,
and varying distance–response relationships of human disturbance
on wildlife and improve the accuracy and quality of mapping disturbance landscapes. Ultimately, this results in disturbance impact
maps of the complete cumulative disturbance landscape, including
all disturbance sources, which can then be used to quantify disturbance impacts on animal survival and distributions.
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