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Abstract
In the present Anthropocene, wild animals are globally affected by human
activity. Consumer fireworks during New Year (NY) are widely distributed inW-
Europe and cause strong disturbances that are known to incur stress responses
in animals. We analyzed GPS tracks of 347 wild migratory geese of four species
during eight NYs quantifying the effects of fireworks on individuals. We show
that, in parallel with particulate matter increases, during the night of NY geese
flew on average 5–16 km further and 40–150 m higher, and more often shifted to
new roost sites than on previous nights. This was also true during the 2020–2021
fireworks ban, despite fireworks activity being reduced. Likely to compensate for
extra flight costs, most geese moved less and increased their feeding activity in
the following days. Our findings indicate negative effects of NY fireworks onwild
birds beyond the previously demonstrated immediate response.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2022 The Authors. Conservation Letters published by Wiley Periodicals LLC.
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1 INTRODUCTION

In the present Anthropocene, wild animals are globally
affected by human activity (Tucker et al., 2018). Even if
no harm is intended, animals can perceive human pres-
ence or actions as predation risk (Frid & Dill, 2002; Gill,
2007) and react accordingly in their “landscape of fear”
(Laundré et al., 2001). As a result, animals often avoid areas
with local and frequent, yet unpredictable disturbances
(van der Kolk et al., 2021). If disturbances are large in
magnitude (Commander&White, 2020) or occur at a land-
scape scale (Shilton et al., 2008), they may have large-scale
demographic consequences (Gill, 2007). To mitigate such
disturbance effects, global and local conservation direc-
tives (e.g., EU Birds Directive) have to be enforced with the
help of detailed insights in short- and long-term effects.
Fireworks explosions with colorful lighting and loud

acoustic effects for entertainment (Kukulski et al., 2018)
are known to have strong immediate effects on animals,
causing fear and anxiety in pets (Gähwiler et al., 2020)
and stress responses inwild birds (Shamoun-Baranes et al.,
2011; Stickroth, 2015; Bosch & Lurz, 2019). During New
Year (NY; the night from December 31 to January 1), fire-
works are lit in cities and in the countryside across large
areas of the Western world (Sijimol & Mohan, 2014). In
W-Europe, the main fireworks activity is not by organized,
local fireworks displays, but by widespread, unconstrained
lighting of huge quantities of consumer fireworks by the
public on streets, backyards, and fields (ten Brink et al.,
2019). An especially large response to those fireworks has
been measured in the Netherlands, where waterfowl take
flight en masse from night-time roosting sites for at least
45 min following NY’s midnight (Shamoun-Baranes et al.,
2011).
However, possible longer term behavioral effects and

potential fitness consequences of such large-scale distur-
bances on birds have not been quantified. When animals
experience higher energetic costs due to disturbance, they
will need to forage more to compensate (Nolet et al., 2016).
In order to gain a better understanding of such longer term
effects, measurements at the individual level are needed.
Fox et al. (2018) tracked five individual white-fronted geese
and showed a modest flight response to a single evening,
organized fireworks display, with birds returning to their
roosts within 45 min. However, this local event is proba-
bly incomparable to the large-scale effects of NY fireworks
that can hardly be escaped due to their omnipresence.

Here, we used tracking data from four Arctic, migra-
tory goose species wintering in W-Europe to quantify the
effects of NY fireworks on their behavior. All species spend
their nights on small lakes or coastal sites and are sen-
sitive to disturbance there, leading to flight responses
(Nolet et al., 2016). In parallel with estimated fireworks
intensities, we studied changes in nightly flight distance
and roost site use, energetic costs, and foraging behavior
in the 12 days/nights before NY, during NY, and the 12
days/nights after NY. We compared results from NY 2014
to 2020 with NY 2021, during the COVID-19 pandemic,
when fireworks were banned in most countries covered by
this investigation, expecting nodisturbance response in the
latter.

2 METHODS

2.1 GPS tracking data

We analyzed GPS data from December 19 to January
12 of 8 years (2014–2021), from a total of 347 individ-
ual geese of four different species (greater white-fronted
goose Anser albifrons, bean goose Anser fabalis, bar-
nacle goose Branta leucopsis, pink-footed goose Anser
brachyrhynchus), equipped with backpack or neckband
GPS transmitters (Kölzsch et al., 2022). We only included
data from migratory adults, and when these had carried a
transmitter for >2 weeks to minimize tag effects (Lameris
et al., 2018; Clausen et al., 2020). Data resolution varied due
to different fix rates (between 5 and 30 min; Table S1) and
byweather conditions often leading to low battery charges.
The median interval between positions was 30.0 min dur-
ing the day (95% confidence interval [CI]: 10.0–1080.2min)
and 30.4 min at night (95% CI: 10.0–539.8 min).

2.2 Night movement

All GPS positions were split into night and day posi-
tions, delineated by sunrise and sunset +30 min (as geese
tend to stay at foraging sites until 30 min after sunset;
Supporting Information). For each night and individ-
ual, we calculated the proportion of locations in flight
(GPS ground speed above 10 m/s), the maximum pairwise
distance (Vincenty approximation), and the maximum
altitude (height above mean sea level; outliers removed,
Supporting Information).
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2.3 Night roosting and roost switches

Geese usually spend thenight on one safe roosting sitewith
little disturbance, and tend to return to the same site for
nights in a row (Giroux, 1991). However, when disturbed
they fly up and may switch roost site between nights or
even within a night. We extracted all roosts per full night
(December 19/20 to January 11/12) and individual from the
night GPS positions (Kölzsch, 2022). Roosts were defined
as all sites at night where a goose stayed at least 2 h within
a radius of 1 km, not moving faster than 1m/s (GPS ground
speed).We then calculated howmany roosts were detected
per night and for how long each individual stayed in the
roost(s) of each night.
To explore successive roost use and switching between

nights, we extracted the minimum pairwise distance
between roosts of successive nights, the number of succes-
sive days in the future during which the last roost of each
night was used, and the number of geese that switched
roosts (i.e., >2 km away) and returned to it within our
time frame. Note that the latter values are affected by the
relatively short duration of our time frame, but compar-
isons between NY and nights before and shortly after NY
are still meaningful.

2.4 Fireworks intensity at roosts

To link fireworks intensity with goose movement and
explore if the birds moved away from it during and after
NY, we quantified the spatial–temporal variation of esti-
mated fireworks use. The most direct approximation of
intensity of consumer fireworks lit by the public is particu-
latematter in the air PM10 (Khaparde et al., 2012; ten Brink
et al., 2019). We annotated each roost with the maximum
PM10 measurement of the respective night within a circle
of 10 km around the central roost position (accessed from
https://sensor.community).
As the availability of PM10 measurements was limited

and the spatial distribution of PM10 is strongly influenced
by wind and rain, we additionally tested for an effect of
human population density. Each roost was annotated
with the maximum adjusted human population density
within a circle of 10 km around its central position (data
resolution 1 km; downloaded from the NASA SEDAC
[Center for International Earth Science Information Net-
work [CIESIN], Columbia University, 2018]). Relations
between the two measurements were tested with linear
mixed models (random factor “year,” see below) for all
roosts used during NY.

2.5 Testing the effect of NY

To test for effects of NY fireworks (or NY in short) on
goose behavior, all movement, roost, firework intensity,

and foragingmeasurements (see below) were grouped into
“before NY” (all nights before NY), “during NY” (night of
December 31 to January 1), and “after NY” (all nights after
NY). Using linear mixed models (lmer in R package lme4)
with random factors “individual” and “year,”we compared
them per species between the three time periods (before,
during, and after NY). Using the model estimates, we cal-
culated relative changes of the movement properties by
dividing theNYeffect size estimate by the beforeNYmodel
intercept.

2.6 Flight energetics and costs

To judge how the additional flight movement during NY
potentially impacted the geese’ energy budget, we related
the cost per distance flown to each species’ daily energy
expenditure. Flight costs were calculated from chemical
power (Table S2; Pennycuick et al., 2011), based on liter-
ature values and estimates of body mass, basal metabolic
rate (BMR), ground speed, wing span, and wing area
(Cramp et al., 1996; Baveco et al., 2011). On days without
extra flights, daily energy expenditure was estimated as a
multiple (factor 1.9) of BMR (Stahl et al., 2001; Baveco et al.,
2011). Finally, we calculated the proportional increase of
daily energy intake (approximated by daily energy expen-
diture) required to compensate for the extra flight costs of
NY (model average) for each species.

2.7 Compensation by more foraging

Weexploredwhether goose foraging behavior changed as a
reaction to the disturbance of NY by characterizing the use
of feeding sites. To identify feeding sites, we extracted all
sites during daytime (Kölzsch, 2022), where a goose stayed
for at least 2 h within a radius of 1 km with GPS ground
speeds below 1m/s (no outliers allowed). For each individ-
ual and year, we calculated the cumulative daily duration
at feeding sites, the number of distinct daily feeding sites,
and the pairwise distance between all feeding sites of the
same day.

2.8 Disturbances during NY fireworks
ban

During the first full winter of the COVID-19 pandemic,
2020–2021, the sale and/or ignition of fireworks were
banned in all W-European countries where our tagged
geese were present, with the exception of Denmark
(Bundesministerium des Innern und für Heimat, 2020;
Rijksoverheid, 2020). Using this anthropause (Rutz et al.,
2020) as a likely control case, we calculated and tested
the NY effect on a selection of variables, namely, flight
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F IGURE 1 Roost sites (dots) and night tracks (lines) of the tagged geese of four species (see color legend) of all eight analyzed years (a)
during the night of December 22/23 (as a “normal” night) and (b) during New Year (NY)

activity, maximumdistance, and altitude for that year only,
and compared findings with those of the complete dataset.

3 RESULTS

The compiled GPS dataset consisted of 702 tracks of a 25-
night period around NY, including 170,165 night positions
(Table S1). All individuals spent their winter in W-Europe,
mostly concentrated in the Netherlands, Northern Ger-
many, and Denmark (Figure 1).

3.1 Night movement

The immediate response ofmost geese toNY fireworkswas
high and far flying behavior. In comparison to previous
nights, for greater white-fronted, bean, and barnacle geese,
our data showed an added 1%–11% (minimum–maximum
species value) of GPS locations with flight behavior dur-
ing NY, amounting to a 29%–92% relative increase of flight
behavior (Figure 2a; Table 1). These geese increased their
movement distances during NY by 5–16 km on average
(relative increase by 139%–443%; Figure 2b; Table 1), with
extremes of up to 500 km (Figure 1). Interestingly, pink-
footed geese did not show significant increases in flight
behavior and distance moved. However, maximum flight
heights increased for all four species during NY: they
flew on average 40–150 m higher than in previous nights

(relative increase of 54%–246%; Figure 2c; Table 1),
amounting to about 100–220m flight height, with extremes
of 700 m, which is similar to radar measurements of
waterfowl flight duringNY (Shamoun-Baranes et al., 2011).

3.2 Night roosting and roost switches

Before NY, geese roosted about 10–14 h per night, but dur-
ing NY pink-footed geese and barnacle geese decreased
their average cumulative roost duration by 0.2 and 1.9 h,
respectively (Figure 3a; Table 1), while the cumulative
roost duration did not change for greater white-fronted
geese and bean geese during NY. Even so, the number
of used roosts per night did increase significantly for all
species from 1.1–1.2 roosts per night to 1.2–1.6 (Figure 3b;
Table 1).
Before NY, roosts were used for 2.4–4.1 successive

days. This revisitation decreased due to NY by 0.2–1.5
days (Figure 3c; Table 1). Nightly averages of minimum
distances between roosts of successive nights were 9.5–
23.7 km, but increased significantly between NY and the
night of January 1 by 1.7–11.2 km (Figure S1a; Table 1).
Interestingly, already roosts of December 30/31 and NY
were further apart than before for bean geese. Before NY,
geese revisited previously used roosts at average rates of
0.29–0.39, which decreased by 0.09 and 0.19 for roosts
used on NY for greater white-fronted geese and barna-
cle geese (Figure S1b; Table 1). Similar to above, strong
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F IGURE 2 Averages of night movement per species. The
underlying colors indicate the nights before NY (gray), NY (rose),
and the nights after NY (beige). The nightly averages (dots) of the
four species (colors as in Figure 1, i.e., orange: greater white-fronted
goose, green: pink-footed goose, red: bean goose, blue: barnacle
goose) are augmented with half standard errors (vertical dotted
lines). Night = 0 indicates NY (i.e., night of December 31/January 1)
and night = 364 the night of December 30/31, also in leap years

decreases of use duration and revisitation were already
notable between December 30 and NY (Figures 2c and
S1b).

3.3 Fireworks intensity at roosts

During NY, maximum PM10 was significantly related to
human population density at roosts (n = 95, effect size:
0.21, p = 0.005). Depending on the regions in which
the species wintered, before NY, maximum PM10 values
and maximum human population densities around the

roosts ranged between 49.4 and 196.1 μg/m3 and 525 and
1235 people/km2, respectively (Table 1). For all species
and regions, PM10 at used roosts rose drastically dur-
ing NY, with relative increases of 324%–655% (Figure 4a;
Table 1). This increase remained after NY for bean geese
and barnacle geese (Table 1). Greater white-fronted, bean,
and barnacle geese selected roosts with less surrounding
maximum human population densities during and after
NY, namely, decreased by 217–295 people/km2 and 32–224
people/km2, respectively (Figure 4b; Table 1). Only pink-
footed geese used roosts of similar surrounding human
population density during NY.

3.4 Flight energetics and costs

Energetic costs due to additional flights during NY were
estimated to increase the daily energy expenditure of geese
by 1%–10% (Tables 1 and S2). Costs were especially high for
geese that flew longer distances during NY (greater white-
fronted geese) and those that are heavy andhave high flight
costs (bean geese).

3.5 Compensation by more foraging?

Cumulative foraging durations increased by 0.1–0.5 h dur-
ing and after NY (Table 1; Figure 5a). The consequent
relative increase of 2%–10% daily foraging duration lasted
(at least) until the end of our observation period (11 days),
indicating a longer termeffect. Thenumber of anddistance
between feeding sites per day did not differ before, during,
and after NY (Table 1; Figures 5b and S2).

3.6 Disturbances during NY fireworks
ban

The analyses of goose tracks during the fireworks ban of
2020–2021 show that the geese still reacted with increased
flight activity, distance, and altitude during NY (Table S3;
Figure S3). Greater white-fronted geese and bean geese
showedhigh increases, whereas pink-footed geese and bar-
nacle geese showed lower responses to NY during the
2020–2021 ban than during the previous NYs, with no
increase in flight height.

4 DISCUSSION

Adding to previous insights into the immediate effect of
fireworks on wild animals (Shamoun-Baranes et al., 2011;
Fox et al., 2018), we have demonstrated that NY fireworks
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F IGURE 3 Nightly averages of roost properties per species.
Note data truncation effect in panel (c). Colors and symbols as in
Figures 1 and 2

are intensive disturbances lasting beyond the duration of
the fireworks. The increased night movement of the geese
during NY potentially depletes energy supplies that they
need in order to survive the winter in W-Europe (Béchet
et al., 2004), leading to two notable aftereffects: (1) long-
lasting increased foraging and (2) roost shifts.
To compensate for the extra flight costs, the geese must

forage more, notably on agricultural lands (Clausen et al.,
2015; Pot et al., 2019) adding to a recently strong conflict
withW-European farmers (Fox&Madsen, 2017).We found
an increase of daily foraging in all analyzed days after NY,
which might indicate that the short winter days prevent
the geese to quickly compensate (Lameris et al., 2021). The
long-lasting increased foraging might furthermore relate
to yet additional costs of settlement in new roosting and

F IGURE 4 Nightly averages of fireworks intensity measures
around the different species’ roosts. Colors and symbols as in
Figures 1 and 2

F IGURE 5 Daily averages of foraging site properties per
species. Colors and symbols as in Figures 1 and 2

 1755263x, 2023, 1, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/conl.12927 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [06/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



9 of 11 KÖLZSCH et al.

foraging areas during and after NY, as initial intake rates
in unfamiliar sites are usually low (Béchet et al., 2004;
Shamoun-Baranes et al., 2011). However, the geese seem
to have been successful in avoiding human disturbance, as
their new roosts were situated in less humanly populated
areas.
All species responded to NY fireworks, yet some

responses differed by species, most likely due to differ-
ing local conditions (Table S4): Pink-footed geese showed
higher but not further flight movements during NY and,
even though they experienced highest PM10 values during
NY, they did not show a shift to less humanly popu-
lated areas for roosting after NY. The former might be
due to often stagnant weather causing naturally higher
PM10 concentration in coastal areas (ten Brink et al., 2019).
The latter can be explained by a stronger stationarity due
to heavy hunting outside the species’ usually protected
roosts (Clausen et al., 2019), which is also in line with
their shorter movements during NY. Furthermore, the far-
ther roost displacements of greater white-fronted geese
might be caused by the immense fireworks activity in their
most usedwintering sites in the densely populated Nether-
lands (Shamoun-Baranes et al., 2011). PM10 values did not
portray this activity, which might be caused by relatively
strong winds in the Netherlands dispersing the particles.
Notably, cumulative roost duration decreased only for

some species and not with a large effect size (0.2 and 1.9 h);
still, the number of used roosts increased only somewhat
(by 0.1 to 0.4), indicating that several individuals did not
shift to new roosts during NY. Between 18.1% (barnacle
geese) and 37.5% (pink-footed geese) of maximum nightly
distances were below 2 km (Figure 2), indicating that some
geese stayed at their roost all NY. In some examples, these
roosts were surrounded by forest, likely with less distur-
bance. Thus, staying putmight be an alternative strategy to
NY disturbance. About half of those geese displaced their
roost the next night, indicating a delayed response.
Different from passerines that were less disturbed dur-

ing the fireworks ban of 2020–2021 than during previous
NYs (Bosch & Lurz, 2021), disturbance effects were still
visible in at least two of our four goose species. Migra-
tory geese may be more reactive than other birds as they
are hunted in part of their ranges, and the ban appeared
not completely effective, as, for example, in the Nether-
lands fireworks activity was estimated about 30% of that
of the years before (RIVM Team Samenmeten, 2021). We
have noticed fireworks activity during NY 2020–2021 also
in other countries, indicating that it is not easy to ban
this usually unconstrained, public custom (ten Brink et al.,
2019). In addition, fireworks are (illegally) often already
lighted the night before NY, which explains our findings of
differing roost use already following the night of December
30/31. Thus, NY fireworks activity in W-Europe is difficult

to predict and animals cannot adapt their reactions to it
(van der Kolk et al., 2021).
In conclusion, on top of the already demonstrated nega-

tive immediate impacts of fireworks on wild animals, pets,
humans, and the environment (Shamoun-Baranes et al.,
2011; Kukulski et al., 2018; Gähwiler et al., 2020), we show
thatNY fireworks also have aftereffects, lasting longer than
the fireworks themselves, on wild geese. According to the
EU Birds Directive (Directive 2009/147/EC, 2009), mem-
ber states shall take steps to avoid deliberate disturbance
of birds in protected areas.We believe people are not inten-
tionally disturbingwild geese by lightingNY fireworks, but
our results show that they disturbmany of them away from
their roosts.
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