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METHODOLOGY

Nesting attempts and success 
of Arctic-breeding geese can be derived 
with high precision from accelerometry 
and GPS-tracking
Kees H. T. Schreven1* , Christian Stolz2,3, Jesper Madsen4 and Bart A. Nolet1,5 

Abstract 

Sensors, such as accelerometers, in tracking devices allow for detailed bio-logging to understand animal behav-
iour, even in remote places where direct observation is difficult. To study breeding in birds remotely, one needs to 
understand how to recognise a breeding event from tracking data, and ideally validate this by direct observation. 
We tagged 49 adult female pink-footed geese (Anser brachyrhynchus) with transmitter neckbands in Finland in spring 
of 2018 and 2019, and in Svalbard in summer 2018, and validated inferences from tracking by field observations of 
nesting sites and family status in 2018–2020 (54 spring–summer tracks). We estimated nesting locations by taking the 
median coordinates of GPS-fixes at which the goose was motionless (overall dynamic body acceleration, ODBA  <  1) 
on days with a daily median ODBA  <  1, which approached the real nesting locations closely (within 1.6–3.7 m, n  =  
6). The start of nesting was defined as the first day on which the goose spent  >  75% of time within 50 m of the nest, 
because nest site attendances steeply increased within one day to above this threshold. Nesting duration (number of 
consecutive days with  >  75% nest site attendance) ranged between 3 and 44 days (n  =  28), but was 30–34 days in 
confirmed successful nests (n = 9). The prolonged nesting of 39–44 days (n = 3) suggested incubation on unhatch-
able egg(s). Nest losses before hatching time occurred mostly in day 3–10 and 23–29 of nesting, periods with an 
increased frequency of nest site recesses. As alternative method, allowing for non-simultaneous GPS and accelerome-
ter data, we show that nesting days were classified with 98.6% success by two general characteristics of breeding: low 
body motion (daily median ODBA) and low geographic mobility (daily SD of latitude). Median coordinates on nesting 
days approached real nest sites closely (within 0.8–3.6 m, n  =  6). When considering only geographic mobility (allow-
ing for GPS data only) nesting locations were similarly accurate, but some short nesting attempts were undetected 
and non-breeding tracks misclassified. We show that nesting attempts, as short as 3 days, and nesting success can be 
detected remotely with good precision using GPS-tracking and accelerometry. Our method may be generalised to 
other (precocial) bird species with similar incubation behaviour.
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Background
The tracking of individual breeding attempts allows us 
to estimate population growth parameters and study 
individual variation in reproductive decisions which 
influence these parameters. In birds, the timing of breed-
ing, especially relative to the local onset of spring, has 
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profound effects on breeding propensity [1], clutch size 
and hatching success [2–4], chick growth and survival 
[5–7] and local recruitment [8 reviewed for geese in 9]. 
Generally, birds are found to time their breeding so that 
the peak food demand of the offspring during growth 
coincides with the peak in food abundance [10, 11] or 
food quality [12].

Due to climate warming, the onset of spring is advanc-
ing [13] and the highest rate of climate change on Earth 
occurs in the Arctic [14]. In response, Arctic-breeding 
migratory birds may adjust their arrival to the breed-
ing grounds and timing of breeding to keep up with this 
environmental change [6], or may adjust their breeding 
location to a place or habitat with a more favourable phe-
nology [15].

A remote region does not easily allow for direct obser-
vations of breeding birds. With modern tracking devices, 
migratory birds can be tagged in a non-breeding location 
and followed without direct observation to their remote 
breeding areas such as the Arctic [e.g., 16], while addi-
tional sensors such as accelerometers allow for detailed 
bio-logging to understand the birds’ behaviour [e.g., 17, 
18]. However, to enable the study of breeding biology in 
such birds, one needs to understand how to recognise a 
breeding event from tracking data, and ideally validate 
this with individuals that were observed directly, which is 
challenging in remote areas.

Breeding events have been detected in previous stud-
ies based on GPS data [e.g., 19, 20, 21], but additional 
sensors, especially an accelerometer, are expected to 
increase the power and precision of nest(ing) detection. 
Accelerometry enables us to focus on GPS-fixes, or days, 
on which the bird displayed an activity level or body ori-
entation of interest [e.g., 22]. Especially for short nest-
ing attempts, which might otherwise be indiscernible 
from daily roosting or foraging routines based on GPS 
patterns, accelerometry could increase the detection 
probability. Previous studies on wood stork (Mycteria 
americana), lesser kestrel (Falco naumanni), Mediterra-
nean gull (Ichthyaetus melanocephalus) [21] concluded 
that nesting attempts shorter than 7–14 days can usually 
not be detected based on GPS-tracking data. Also, [19] 
and [20] defined nests of GPS-tracked barnacle geese 
(Branta leucopsis) and greater white-fronted geese (Anser 
albifrons) as locations from which geese stayed within 
2 km for at least 10 days, during a defined breeding sea-
son. However, a more precise method which can detect 
short nesting attempts is important to distinguish a low 
breeding propensity from a high breeding failure. Fur-
thermore, nesting success can be determined, by evaluat-
ing if the bird incubates the clutch long enough for it to 
hatch successfully.

We focus on the migratory pink-footed goose (Anser 
brachyrhynchus), which breeds in remote arctic regions 
and exhibits similar behaviour before, during and after 
the breeding season as many other goose species [23, 
24] (see Fig. 1). During spring staging, pink-footed geese 
forage large parts of the day and move tens of kilome-
tres daily between roosting and foraging sites [25]. They 
complete the over-sea migration from Norway and Fin-
land to the breeding grounds in 2 days (range 1–9), arriv-
ing on the Svalbard breeding grounds mid–late May [26 
and own data]. Just after arrival on the breeding grounds, 
they may roost for the biggest part of a day (pers. comm. 
J. Prop), and then forage actively on different sites before 
nesting [26, 27]. We define nesting here as the combina-
tion of egg-laying, nest-building, incubation, and hatch-
ing. Pairs may visit prospective nesting sites several times 
before settling [28]. Once a nest site has been selected, 
the pair does not leave the area anymore and starts with 
egg-laying and nest-building immediately, with most 
nest-building happening up to 6 days after nest initiation 
[28]. The start of egg-laying occurs usually in late May to 
early June, but ranges from mid-May to mid-June [3, 24, 
29, 30]. The clutch is completed with commonly 3–5 eggs 
(range 1–8) around day 5–9 after nest initiation, when 
incubation sharply increases from 40–60% to 90–100% of 
time [3, 24, 28–30]. Incubation is solely carried out by the 
female, in a sedentary posture with the head forward or 
leaning on the back, while the male stands nearby. The 
incubation period until hatching is 25–28  days, during 
which females usually leave the nest to feed once per day 
[3, 24, 29, 31, 32]. All chicks in one nest hatch within 24 h, 
and the family leaves the nest within 36–48  h, or even 
within 12–24 h if disturbed [28, 29 pers. obs. J. Madsen). 
During this period, the female may forage with the chicks 
around the nest, but also go back to the nest to brood 
the chicks [28]. After incubation, females spend much 
time feeding and little time vigilant [33]. Wing moult in 
adults starts 2–3 weeks after hatching, 1 week earlier for 
non-breeders and renders birds flightless for 25  days in 
July–August [24, 29]. During moult, geese mainly forage, 
preen and roost [34]. Geese depart from Svalbard to Nor-
way around mid-September [35, own data].

We use the above descriptions of breeding behaviour in 
this species to define characteristics of nesting behaviour 
that can be measured quantitatively by GPS-tracking and 
accelerometry, and thereby extract nesting locations and 
durations for 49 adult females, tagged in Svalbard and 
Finland. We ground-truth this by direct observation of 
nesting sites on the Svalbard breeding grounds in sum-
mer and family status on subsequent autumn, wintering, 
and spring staging sites. We further assess how nesting 
failure covaries with nest attendance. We believe that our 
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method can also be used in other (precocial) bird species 
with similar incubation behaviour.

Methods
Catching geese
Pink-footed geese were tagged in Svalbard and Finland. 
In Svalbard, geese were caught during wing moult, in 
family groups, on 30 July 2018 (the lake of Isdammen, 
Longyearbyen, 78°12′12.7′′N, 15°48′10.3′′E) and 1 August 
2018 (the coastal plain of Daudmannsøyra, 78°13′16.6′′N, 
13°04′10.8′′E). More details on catching and handling 
procedure are given in [34]. The capture and tagging 
caused the birds to increase their amount of time spent 
preening, but this effect disappeared within 6–7  days 
after tagging [34]. In Finland, geese were caught during 
spring migration, by canon-net on agricultural fields in 
the novel staging area in Tyrnävä, Oulu (64°49′33.1′′N 
25°33′25.1′′E, see also [36]) on 28 April 2018, 27 April 
2019 and 1 May 2019.

Geese were sexed by cloacal examination in the field, 
which was validated molecularly following [37], using 
blood taken from medial metatarsal vein, primer pair 
2550F/2718R and the PCR-programme of [38] and run-
ning results on a 2% agarose gel.

In total, 56 geese received a transmitter in Svalbard 
(n  =  35) and Finland (n  =  21), of which 49 were females 

and 7 males. Here, we focus on females, although limited 
data on males suggest the method also works when using 
males. Of the 49 female geese, we obtained 54 tracks dur-
ing the breeding season, over 3 years (2018: 4, 2019: 29, 
2020: 21).

GPS‑tracking and accelerometry
We used solar-powered GPS-GSM transmitter neck-
bands, type OrniTrack-N38 (Ornitela UAB, Lithuania) 
with a weight of 38  g (c. 1.5% of body mass) and an 
inner diameter of 38  mm (see Fig.  1). Tags were white 
and had a black two-digit individual code that could be 
read from a distance in the field. The tags recorded a 
GPS-fix every 10 min (when battery voltage is 75–100%, 
4000–4150  mV), 20  min (50–74%, 3850–3995  mV), 
30 min (25–49%, 3760–3845 mV) or 60 min (< 25%). In 
addition, when the voltage was above 85% (4060  mV), 
instead of a single GPS-fix a GPS-burst of 10 fixes was 
taken at 1 Hz, to increase accuracy of elevation and speed 
measurements.

Immediately after each GPS-fix, or GPS-burst, a 2-s 
accelerometer measurement burst was taken at a fre-
quency of 20  Hz. Gravitational acceleration (unit g) 
was measured in three dimensions: along the neck 
(y-axis), and around the neck (x and z-axes, which are 

Fig. 1 A pink-footed goose with a transmitter neckband. Incubating female ‘2M’ (solar-powered GPS-GSM transmitter neckband) and guarding 
male ‘KK9’ (normal plastic neckband) at their nest site in Endalen, Longyearbyen, Svalbard, 29 June 2020. Photo: Christian Stolz, colour-edited by Stijn 
Schreven
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interchangeable due to free rotation of the neckband). 
Battery voltage level was recorded with each GPS-fix.

For analysis, a subset of data was taken in which, 
besides the single GPS-fixes, only the first GPS-fix of 
each GPS-burst was kept, to keep data quantity and qual-
ity homogeneous. Further subsetting was not necessary, 
as the variation in logging interval on the level of interest 
(i.e. the within-individual within-day level) was limited: 
on average only 7% of days contained multiple different 
logging intervals and on these days on average only 17% 
of fixes had a different logging interval than the most 
common logging interval length of that individual on that 
day. Overall, 98.3% of fixes were taken at 10-min inter-
val, 1.3% at 20-min, 0.4% at 30-min, and 0.1% at intervals 
of 1 h or longer. Overall, voltage levels were on average 
95.6  ±  SD 7.8% (range 0–100%).

The precision of a GPS-fix was evaluated with two tags 
placed on a fixed known coordinate, i.e. a wooden pole 
at Adventdalen weather station during 4–9 August 2019. 
This showed that 24% of GPS-fixes was within 5 m of the 
pole, 47% within 10 m, 74% within 20 m and 96% within 
50 m (n  =  1424 fixes).

Field observations
For ground-truthing, nesting and roosting/forag-
ing locations of geese on their breeding grounds were 
observed in Adventdalen, Svalbard, during 20 June–11 
July 2020. These locations were identified with a rough 
procedure: selecting condensed clusters of GPS-fixes 
on a map, and taking the average coordinates per clus-
ter. A cluster was defined as a collection of GPS-fixes 
showing that a goose frequently revisited an area with a 
diameter of 20–50 m, for at least 2 days, with relatively 
few fixes elsewhere during this period, and occurring 
within the time frame of arrival (mid–late May) until 
the usual hatching period (late June). This procedure 
included all nesting sites as identified by the final proce-
dure below, but also additional roosting/foraging sites. 
In the field, these sites were observed from a distance 
(to check presence of a tagged goose, possible partner 
and chicks), and visited (if no goose was present). In the 
majority of cases, female geese were not flushed from 
the nest by the observer; only in two cases, the female 
left the nest. From a distance it was observed that the 
female returned to the nest site. During a visit, the sur-
roundings within 20  m of each site were checked for 
the presence of a nest, of which the coordinates were 
then taken with a handheld GPS device (GPSMAP 64 s, 
 Garmin®). For each nest, the number of eggs and pres-
ence of egg remains in and around the nest was noted. 
Egg remains were evaluated as coming from hatched 
nests if a thick membrane was present, yolk remains 
and predator bite marks were absent, and if they were 

trampled in the lining of the nest. Remains from depre-
dated eggs were recognised by an irregular shape, pres-
ence of bite or peck marks, yolk remains and/or a weak 
thin membrane. If no eggshells were present, the nest 
was assumed to be depredated [3, 24, 29].

These field observations resulted in direct observations 
of two geese incubating on their nests, and checks of 13 
sites of in total seven geese (six geese with one site each, 
one goose with two sites and one goose with five sites). 
These sites concerned six confirmed nests (one per goose, 
including the two nests where incubating geese were 
observed), five roosting/foraging areas (all of one goose), 
and one uncertain site, which was excluded (i.e. first site 
of the goose with two sites). Of the six confirmed nests, 
three had hatched and three were depredated. The uncer-
tain site was attended by the goose for  >  75% of time 
within 50 m on both 1–2 June 2020, whereas the goose’s 
second site, a confirmed nest 302 m away, was attended 
for  >  75% of time within 50 m on all 11–13 June 2020. 
This uncertain site might also have concerned a nest, as 
the time and distance between the sites corresponds to 
recent findings about replacement clutches of early-failed 
Barnacle geese (Branta leucopsis, pers. comm. Jouke 
Prop, Nordenskiöldskysten, Svalbard). However, replace-
ment clutches are not known for pink-footed geese [24, 
29, 30] but are difficult to observe, as early-failed nests 
have only accumulated little down [28] that can be blown 
by wind. At this uncertain site, only goose droppings 
were found.

We further increased the sample size of confirmed suc-
cessful geese by seven, based on observations of geese 
after nesting on Svalbard and during autumn migration 
in Norway, Sweden, Denmark, Netherlands, and Belgium 
entered into the citizen science platform www. geese. org 
[39]. In geese, partners migrate together and with their 
fully fledged brood, enabling an evaluation of breeding 
success and pair status in autumn and even up to early 
spring when juveniles leave their parents [e.g., 40]. The 
four tracked females in 2018 were seen without chicks 
in autumn. Of the 29 females tracked in 2019, one was 
seen with chicks in summer and/or autumn, 28 without. 
Of the 21 females tracked in 2020, eight were seen with 
chicks in summer and/or autumn, and 13 without. Thus, 
the total sample of confirmed nesting geese was 13, of 
which ten were successful and three had failed.

We further increased the sample size of roosting sites 
by including geese roosting just upon arrival at the 
breeding grounds, as nesting then is physiologically not 
yet possible [41]. Therefore, if potential ‘nesting’ sites 
were detected (by the final procedure below) within 
3 days after arrival, they were regarded as roosting sites 
(n  =  4 geese). From the five roosting sites checked in the 
field, described above, only one was detected as potential 

http://www.geese.org
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‘nesting’ site, and therefore the total sample of roosting 
sites was five.

Deriving nesting attempts
Nesting attempts were derived from GPS tracking and 
accelerometry by identifying cut-off values of several 
quantifiable characteristics that follow from the breeding 
behaviour descriptions in the background. We selected 
May–July for analysis, i.e. from spring staging and migra-
tion until halfway moult and/or chick rearing, and used 
the tracks of confirmed nesting geese. We developed 
two approaches suitable for different data structures (see 
Fig. 2 for a schematic representation of the approaches).

For our first and main approach, simultaneously 
recorded GPS and ACC data is needed (Fig.  2a). As 
nesting is characterised by prolonged periods of sitting 
still, we expected to measure for breeding geese a time 
window of consistently low values of body motion. As 
proxies for body motion, overall dynamic body accelera-
tion (ODBA) and vectorial dynamic body acceleration 
(VeDBA) are in use [42]. Although VeDBA is mathemati-
cally better in line with theory of acceleration [42], in our 
case, ODBA gave clearer contrasts for a goose within a 
season, and we therefore used ODBA. We first calcu-
lated the static acceleration for each of the three dimen-
sions (x, y, z) within a burst as the average raw measured 

Fig. 2 Schematic representation of the approaches to extract nesting attempts and success of pink-footed geese based on tracking data. The 
main approach (a) requires simultaneously recorded GPS and accelerometer (ACC) data, whereas the second approach (b) uses general movement 
characteristics summarised on a daily level, and can handle non-simultaneous GPS and ACC data, or GPS data only. ODBA overall dynamic body 
acceleration (see “Methods” Section for calculation). In b, cut-off values were determined using Recursive Partitioning and Regression Trees (see 
“Methods” section; Fig. 4), and the success of these classifications was determined by comparison with results of approach (a). After identifying 
possible nests in b, certain nests and successful nests can again be identified with the attendance threshold, period threshold and nesting duration 
as described in a 
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acceleration of each dimension within the burst. We then 
subtracted for each dimension (x, y, z) the static accelera-
tion from the raw measured acceleration. This gives the 
dynamic acceleration, of which then the absolute value 
was taken. The absolute values were then summed for all 
40 points of all three dimensions within a 2-s burst to get 
the ODBA of that burst. We defined an ODBA threshold 
to identify periods of ‘motionlessness’ based on the direct 
observation of geese incubating their clutch (n  =  2) and 
other geese that were confirmed to have nested (n  =  11, 
see “Field observations” section). As geese attend their 
nest almost continuously during nesting, we determined 
the potential nesting location of each goose by taking the 
median values of the longitude and latitude of a subset 
of GPS-fixes. The subset was made by selecting the days 
on which the goose was predominantly motionless (i.e. 
daily median ODBA below threshold), and then taking 
from these days all GPS-fixes during which the goose was 
motionless (i.e. ODBA below threshold). The standard 
deviation of the coordinates of the selected fixes was used 
to evaluate the precision of the derived potential nest-
ing site. We assessed nest site attendances by calculating 
the distance of each GPS-fix of a goose (also on days on 
which the goose was not mostly motionless) to its poten-
tial nesting location and then reporting the daily amount 
of time that the goose spent within a radius of 5, 10, 20, 
and 50  m of its potential nest site. The radius of 50  m 
gave the clearest contrasts over time and was used in fur-
ther analysis. We then defined an attendance threshold: 
a daily proportion of time spent within the radius of the 
nest that is typical of nesting. We derived this by evalu-
ating for confirmed nests (n  =  13, see “Field observa-
tions” section) if there was a steep increase in nest site 
attendance, which was defined as the start of nesting, and 
what values characterised attendance before and after the 
start. Incubation may be confused with roosting behav-
iour (i.e. geese also sitting still, resulting in low ODBA), 
but roosting is expected to happen in shorter episodes 
and not always on the same location. Therefore, we calcu-
lated the nesting duration as the number of consecutive 
days on which the goose showed above-threshold attend-
ance to its potential nesting location. In order to exclude 
roosting locations and identify the location as a real nest, 
the nesting duration should be above a minimum num-
ber of days, i.e. the period threshold. To define the period 
threshold, we compared roosting locations (n  =  5) and 
nesting locations (n  =  13, see “Field observations” sec-
tion). If a goose spent fewer days than the period thresh-
old at its potential nesting site, roosting and nesting 
could not be distinguished.

Our second and complementary approach does not 
require that GPS and ACC data were collected simul-
taneously, and can use GPS only as well. We evaluated 

how well nesting can be predicted by two general char-
acteristics that geese display during nesting: low geo-
graphic mobility and low body motion, summarised on 
a daily level (see Fig. 2b for a schematic representation). 
Geographic mobility was measured by the daily stand-
ard deviation of latitude of GPS-fixes. Longitude was 
not analysed, as the daily SD in latitude and daily SD in 
longitude were strongly correlated (r  =  0.92, t  =  165.03, 
df  =  4797, p  <  0.0001). We compared daily median 
ODBA and daily SD of latitude between different stages 
of the annual cycle, for each goose based on its GPS and 
accelerometer data: spring migration (from May 1st until 
reaching the breeding grounds), pre-nesting (defined 
as the period between spring migration and nesting), 
nesting (as determined by our first approach above), 
post-nesting (after nesting until the end of July), and for 
non-breeding geese the summering period as one stage 
(i.e. from spring migration until the end of July). Stages 
were compared using Linear mixed models (LMM) using 
the R-package “lme4” [43] on natural logarithm-trans-
formed data to approach normality. A random effect of 
track ID (i.e. each year separately for each individual, n  =  
54) was included and p-values and degrees of freedom 
were estimated by Satterthwaite’s method (R-package 
“lmerTest”) [44]. We then established a procedure to clas-
sify days as either ‘nesting’ or ‘non-nesting’ using Recur-
sive Partitioning and Regression Trees (R-package ‘rpart’) 
[45]. We split our data randomly into a training set (50%), 
on which the tree was based, and a testing set (50%), with 
which the tree was validated. We tested two different 
classification trees: (1) using only geographic mobility as 
a single predictor, or (2) using both geographic mobility 
and body motion as predictors. The comparison of the 
two classifications allowed us to assess the added value of 
sensor data as opposed to GPS data without accelerome-
try. Following both classifications, nesting locations were 
determined by taking the median coordinates of nesting 
days, and compared ground-truthed nest coordinates 
(n  =  6). After determining possible nesting sites with 
this second approach, real nests could be identified by 
again using the attendance threshold and period thresh-
old as explained in the first approach. All statistical tests 
were performed in R [46].

Deriving nesting success
To derive nesting success—binary, i.e. whether any chicks 
hatched from a clutch or not—we defined a range in nest-
ing duration typical of successful nests (Fig. 2a). This was 
achieved by comparing confirmed successful geese (n  =  
9) with confirmed unsuccessful geese (n  =  3) and breed-
ing geese with unknown success, i.e. geese that were 
breeders according to our first approach, but not seen 
with young in autumn (n  =  16, see “Field observations” 
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section). One successful goose was excluded here 
because of tag failure from halfway incubation onwards. 
We expected the nesting duration of successful geese to 
be 30–38 days, i.e. 5–9 days egg-laying, plus 25–28 days 
incubation, plus 0–1  day hatching (see “Background” 
section). Any nesting duration outside this range would 
imply complete hatching failure.

To assess whether any nest with unknown nesting suc-
cess, but a nesting duration typical of successful nests 
could be assumed to be successful, we analysed the geo-
graphic mobility and body motion during the post-nest-
ing stage. We compared successful breeders, i.e. with 
chicks throughout summer (n  =  9), breeders that failed 
during nesting, i.e. without chicks in summer (n  =  16) 
and geese with a nesting duration typical of hatched 
nests, but with unknown hatching success and without 
chicks by the time of autumn migration (n  =  3). Addi-
tionally, one goose nested successfully but lost its chicks 
during summer or autumn. We used LMMs with a ran-
dom effect of track ID, on natural logarithm-transformed 
data.

Variation in nest site attendance
As we expected to find a range of nesting durations 
(relating to nests that had been depredated, hatched, or 
deserted), we aimed to better understand the moment 
in the nesting cycle at which nests failed. For this, we 
evaluated variations in the daily number and duration 
of nest site recesses, i.e. bouts of time that a goose spent 
beyond 50  m away from its nest. We divided the nest-
ing cycle before possible hatching into three periods: day 
0–10, day 11–19, and day 20–29 after nest initiation. For 
each goose, we selected the period from its first nest site 
visit to the day before the end of nesting, and calculated 
per day the number and average duration of bouts spent 
beyond 50 m away from the nest. When a bout spanned 
2 days, we included the bout only on the day on which it 
started. Bout duration was calculated by taking the time 
difference between the first and last GPS-fix within the 
bout, plus 10 min. Thereby, bouts with only one GPS-fix 
were assumed to have lasted 10 min, as the GPS-logging 
interval during nesting was nearly always 10 min (median 
voltage during pre-nesting and nesting stages 99.0%, 
mean 96.4  ±  SD 6.7%, range 33–100). Both the number 
and duration of recesses of all nesting geese were then 
compared between the three periods in the nesting cycle, 
using LMMs including a random effect of track ID.

Results
Extracting nesting locations and nest attendance
The ODBA threshold was defined at 1.0, because the 
daily median ODBA was below this value on 75% of 
days during prolonged time windows of motionlessness, 

typical for nesting (283 out of 377 days, n  =  13 nesting 
geese, Figs.  3a, c; 4a), During such time windows, geo-
graphic mobility was consistently low as well (Figs.  3b; 
4a). Our method to extract nesting locations reproduced 
the field-recorded nesting locations well, i.e. on average 
within 2.7 m (SD  =  0.9, range 1.6–3.7 m, n  =  6 nests). 
Per goose, the SD of latitude in the subset of GPS-fixes 
from which the nesting location was derived was on 
average 9.7  ±  SD 4.9 m (range 5.6–20 m). The subset of 
one specific goose with a prolonged incubation period 
showed an SD for latitude of 635 m, but the real nest site 
was still approximated within 1.7  m. For all identified 
roosting episodes (n  =  5 geese), the SD of the subset of 
GPS-fixes from which the roosting location was derived 
was on average for latitude 90.1  ±  SD 153  km (range 
54.5  m–356  km). The large values were generated by 
geese that were motionless for most of the day because 
of roosting, but moved between different roost sites, of 
which some were several hundred kilometres apart when 
the goose had just arrived in Svalbard.

For confirmed nesting geese (13 nests), the time a 
goose spent within 50 m from the nest steeply increased 
within one day by on average 70  ±  SD 17% (range 
35–93%), namely from a site attendance of on average 
23  ±  SD 21% (range 0–65%) to on average 94  ±  7% 
(range 81–100%, Figs. 3d; 5a). Therefore, the attendance 
threshold was set at 75% of the time spent within the 
50 m radius of the site. The period threshold was set at 
3 days, as confirmed nesting geese showed nesting dura-
tions of 3–44 days, i.e. subsequent days with  >  75% nest 
site attendance (n  =  12 nests), whereas roosting geese 
showed maximally 1 day meeting the attendance thresh-
old (n  =  5 geese).

General characteristics during breeding: body motion 
and geographic mobility
During May–July, body motion (daily median ODBA, 
log-transformed) of female geese plotted against their 
geographic mobility (daily SD in latitude, log-trans-
formed) showed clear clusters that corresponded to dif-
ferent stages of the annual cycle (Fig.  4). The nesting 
stage was characterised by lower daily median ODBA 
than all the other stages combined (Table 1, LMM, t  =  
86.77, df  =  4597, p  <  0.0001). Also, the geographic 
mobility was lower during nesting than all other stages 
combined (Table  1, LMM, t  =  52.09, df  =  3961, p  <  
0.0001). Classification success into nesting versus non-
nesting days was 96.4% when using only geographic 
mobility as predictor, and 98.6% when using both geo-
graphic mobility and body motion as predictors (Fig. 4). 
From the 29 breeders determined by the main approach, 
26 were recognised as such by GPS-only (i.e. showing at 
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Fig. 3 Body motion, geographic mobility, and nest attendance of a pink-footed goose during spring and summer. Overall dynamic body 
acceleration (ODBA) per burst varied largely but showed during nesting a time window of motionlessness (a, c: zoomed in), during which 
geographic mobility was also notably low (b). GPS-fixes with an ODBA  <  1 on days with median ODBA  <  1 were selected to extract the nesting site 
by taking median coordinates (c), from which then nest site attendance was calculated (d). Inferred start and end of nesting are indicated by orange 
arrows in d, given by a threshold of daily attendance above 75% within 50 m from the nest. This nest was confirmed to have hatched

Fig. 4 Body motion and geographic mobility of pink-footed geese during different annual cycle stages (May–July). Per goose, the daily median of 
the overall dynamic body acceleration (ODBA) was plotted against the daily standard deviation of latitude, both transformed by taking the natural 
logarithm. Nesting was characterised by days with low body motion and low geographic mobility. Exact cut-off values for the classification of 
nesting days were determined with Recursive Partitioning and Regression Trees, based on GPS data only (red dotted line) or GPS and accelerometer 
data combined (green dashed line). a Depicts females that nested (n  =  29 tracks), while b depict non-breeding females (n  =  25 tracks). The 
nesting period was defined based on nest attendance patterns (see Fig. 5). For the other periods, see text
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least 3 consecutive nesting days), and 28 by GPS  +  ACC. 
However, from the 25 non-breeding tracks determined 
by the first approach, four were classified as breeding by 
GPS-only, while GPS  +  ACC classified them all correctly 
as non-breeding. This resulted in a total classification 
success of breeding/non-breeding status for GPS-only 
of 87.0%, and for GPS  +  ACC of 98.1%. The difference 
was mainly caused by GPS-only missing short attempts 
and misjudging some non-breeding tracks. Nevertheless, 
nesting locations estimated by taking the median coor-
dinates of classified nesting days were similar based on 
GPS-only or GPS  +  ACC, and approached the ground-
truthed nesting locations within few metres (GPS-only: 
average 2.5 m, SD 0.8 m, range 1.6–3.6 m, n  =  5 nests, 
as 1 ground-truthed short nesting attempt was not 

detected; GPS  +  ACC: average 2.2  m, SD 1.0  m, range 
0.8–3.6 m, n  =  6 nests).

Deriving nesting success
The nesting durations of all nesting attempts identified 
with the first approach varied between 3 and 44 days (n  =  
28; Fig. 5a). Of these, nests that were confirmed to have 
hatched showed a nesting duration of 30–34  days (n  =  
9), while nests that were confirmed to have failed showed 
nesting durations of 3, 18 and 44 days, respectively. The 
nesting duration of all geese nesting for shorter than 
30 days (including those with unknown success) showed 
a bimodal distribution with most nest attempts stopping 
after 3–10 days (n  =  7) or 23–29 days (n  =  5) and only 
one after 18 days. Further nesting attempts of unknown 
success stopped after 32(2 × ), 33, 39 and 41 days.

Fig. 5 Nest site attendance and recesses throughout the nesting cycle. Nesting duration, i.e. number of subsequent days with  >  75% (dashed 
horizontal green line) of time spent within 50 m of the nest, varied between 3 and 44 days for all nests, but between 30 and 34 for successful 
nests (a). Most nest attempts stopped in the first or last 10 days of the incubation cycle (delineated by dashed vertical grey lines). In these periods, 
geese went more often beyond 50 m from the nest, than during the period in between, while the duration of each of those bouts did not vary 
significantly (b). Grey shading indicates the start and end of successful nesting. In b, means are depicted  ±  SE

Table 1 Body motion and geographic mobility of pink-footed geese during different annual cycle stages (May–July)

For five different annual cycle stages, the daily median overall dynamic body acceleration (ODBA) and daily SD of latitude are summarised here as mean ± SD (range). 
Nesting was characterised during spring–summer by days with low body motion and low geographic mobility. Post-nesting, breeders with chicks throughout 
summer showed lower body motion and geographic mobility than breeders without chicks. The nesting period was defined based on nest attendance patterns (see 
Fig. 1). For the other periods, see text

Annual cycle stage Female geese included Daily median ODBA Daily SD of latitude (km)

Spring migration (from 1 May) Breeders (n  =  29) and non-breeders (n  =  25) 20.38  ±  9.23 (0.35–54.59) 26.3  ±  59.0 (0.0356–381)

Pre-nesting Breeders (n  =  29) 30.01  ±  9.73 (0.70–50.57) 6.12  ±  16.7 (0.00857–130)

Nesting Breeders (n  =  29) 1.08  ±  2.40 (0.49–41.73) 0.0189  ±  0.0434 (0.00278–0.668)

Post-nesting (until 31 July) Breeders (n  =  29) 17.73  ±  10.80 (0.54–44.41) 0.568  ±  2.67 (0.0145–56.8)

 Successful, with chicks (n  =  9) 15.50  ±  7.24 (1.58–33.95) 0.301  ±  0.223 (0.0156–1.89)

 Failed, without chicks (n  =  16) 19.31  ±  12.02 (0.54–44.41) 0.523  ±  1.78 (0.0145–21.2)

 Successful, but lost chicks in summer/autumn 
(n  =  1)

22.51  ±  11.19 (0.49–35.53) 3.09  ±  6.41 (0.116–23.3)

 With unknown hatching success, with 
30–34 days nesting (n  =  3)

13.94  ±  9.65 (2.95–39.31) 0.323  ±  0.401 (0.0189–2.56)

Non-breeding summer (until 31 July) Non-breeders (n  =  25) 20.44  ±  12.82 (0.44–49.01) 1.67  ±  7.12 (0.00690–104)
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During the post-nesting stage, successful breeders 
with chicks had a lower daily body motion level (LMM, 
t  =  − 2.301, df  =  23.5, p  =  0.031; Table 1) and a lower 
geographic mobility (LMM, for latitude: t  =  −  2.641, 
df  =  20.4, p  =  0.015; Table 1) than failed breeders with-
out chicks. The body motion and geographic mobility 
of breeders with unknown nesting success but a nesting 
duration of 30–34  days, seemed more similar to that of 
breeders with chicks than failed breeders without chicks 
(Table 1), but was not significantly different from either 
group (with chicks: LMM, body motion, t  =  −  0.279, 
df  =  9.7, p  =  0.79; LMM, for latitude, t  =  0.932, df  =  
1020, p  =  0.35; without chicks: LMM, body motion, t  =  
−  1.432, df  =  17.5, p  =  0.17; LMM, for latitude, t  =  
− 1.076, df  =  15.6, p  =  0.30).

Variation in nest site attendance
In the middle of the nesting cycle (day 11–19), geese 
made 0.87  ±  SE 0.18 nest site recesses beyond 50  m 
from the nest per day, which tended to be lower, but not 
significantly, than the 1.1  ±  SE 0.14 recesses per day 
in the first period (day 0–10, df  =  719, t  =  1.882, p  =  
0.060) and was significantly lower than the 1.6  ±  SE 0.15 
recesses per day in the last period (day 20–29, df  =  709, 
t  =  4.537, p  <  0.001; Fig. 5b). The duration of these bouts 
was not different between the middle period (18.5  ±  SE 
4.7 min) and the first period (19.5  ±  SE 0.73 min, df  =  
400, t  =  1.342, p  =  0.18) or the last period (18.7  ±  SE 
0.76 min, df  =  399, t  =  0.222, p  =  0.82; Fig. 5b).

Discussion
We have presented a method to use GPS-tracking and 
accelerometry to remotely identify pink-footed goose 
nesting attempts and their locations, the start and end of 
each nesting attempt, and thus also an indication of nest-
ing success given by the duration of nest site attendance. 
We also showed that  >  98% of nesting days could be clas-
sified correctly by two main movement characteristics 
of the breeding phase of the annual cycle (i.e. low geo-
graphic mobility and low body motion) and that includ-
ing accelerometry especially helps to detect short nesting 
attempts correctly.

Our main approach acquires a high level of precision 
and can detect nest attempts as short as 3 days, which is 
not easily achievable with methods based on only GPS 
without additional sensor data. For example, [21] sug-
gest for three bird species that nesting attempts below 
7–14  days can usually not be detected based on GPS-
tracking data, and [19] and [20] use for two goose species 
a minimum duration of 10  days. The power of includ-
ing sensor data in the analysis lies in the fact that one 
can specifically select GPS-fixes (or days) with a certain 
body motion of interest and exclude those that are part 

of other activities than nesting, e.g., foraging or preen-
ing. This was apparent in our second approach, where 
accelerometry increased the likelihood that both short 
breeding attempts and non-breeding tracks are cor-
rectly classified, whereas the goose’s spatial behaviour 
per se could be ambiguous (i.e. low geographic mobility 
for a short time). This is useful when one aims to study 
the timing of breeding, or to distinguish a low breeding 
propensity from a high breeding failure. We argue that 
including accelerometer data, if available, can increase 
the power of nest detection.

By evaluating the proportion of time spent at such 
locations, our method could also distinguish roosting 
areas from nesting attempts that lasted at least three 
days. A goose may roost for longer periods, but appar-
ently rarely on exactly the same spot during subsequent 
days. Roosting behaviour may differ for other species, 
e.g., raptors, which may have specific roosting trees [47] 
or gulls, which consistently roost on the same breakwater 
[48]. For such species, the body orientation as measured 
by an accelerometer would still be useful to detect nest-
ing sites, e.g., straight up during roosting, versus horizon-
tal during nesting in raptors [49]. Our study provides a 
reliable method that enables the study of avian breeding 
in remote environments, which is often logistically chal-
lenging with classic observations.

The nesting period is unique in its virtual absence of 
movement. Although this would suggest low energy 
expenditure [42], nesting is energetically a demand-
ing time for geese, resulting in large body mass loss as 
egg production is costly and foraging opportunities are 
traded off against incubation activity and nest defence 
[50]. The higher daily activity levels we found in the pre-
nesting stage may reflect active foraging for large parts 
of the day [27], whereas movement patterns in the post-
nesting stage depended on family status. Geese with 
chicks had lower body motion and lower geographic 
mobility than geese without chicks, probably the result of 
regularly brooding the chicks in the field and flying less. 
The large geographic mobility that distinguishes spring 
migration results both from daily movements between 
roost sites and foraging sites within a stop-over, as well as 
directional movements between stop-overs [25].

The nesting duration of successful nests concentrated, 
as expected, at 30–34 days, whereas unsuccessful nests 
showed both shorter and longer nesting durations. 
For further studies, one may assume that any goose 
with unknown nesting success but a nesting dura-
tion of 30–34  days is successful, as post-nesting body 
motion and geographic mobility of such geese seemed 
more similar to those with hatched nests than failed 
nests. Nesting durations shorter than 30 days are likely 
caused by nest predation or abandonment [1]. Also 
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human disturbance might indirectly lead to nest loss 
by predation [51]. Nest losses before normal hatching 
time occurred in our study predominantly in the first 
and last ten days of a normal nesting cycle. This pat-
tern may be explained by the slightly higher recorded 
frequency of nest site recesses in these periods, com-
pared to the period in between. Nest recesses, to for-
age or drink, expose the nest to predators [3]. Because 
our GPS-fixes include GPS error, we cannot report 
exactly how far a goose was situated from its nest dur-
ing a bout. Also, recesses shorter than 10  min can be 
missed due to the logging interval. Still, our analysis is 
expected to give a reliable qualitative view on (far and 
long) nest site recesses. Moreover, the same pattern of 
nest attendance over the incubation cycle was reported 
based on direct observations and showed that females 
spend more time foraging in the first week and last 
days of nesting than in the period in between [28]. In 
contrast, dark-bellied Brent geese (Branta bernicla ber-
nicla) and greater snow geese (Chen caerulescens atlan-
tica) were found to make fewer and shorter recesses 
in the last days before hatching [50, 52]. Differences in 
incubation constancy between species may result from 
the interplay of remaining body stores (thus, the need 
for foraging trips), foraging opportunities close to the 
nest, and the local risk of nest predation (thus, the need 
to stay on the nest). Future studies using our method 
could evaluate how nest attendance and nesting dura-
tion vary with environmental factors and may change 
with arctic warming.

Nesting durations longer than 34 days are longer than 
expected, even for large clutches and may indicate that 
the goose was incubating unhatchable eggs. Pink-footed 
geese may continue to incubate an unhatched egg for 
3 more days after all other eggs have already hatched, 
before they leave with the brood [28]. However, when the 
whole clutch is unhatchable, many bird species extend 
their incubation duration by at least 50% [53]. A nest with 
solely unhatchable eggs is expected to be rare, but can, 
for example result from predation of already-hatched 
chicks—in our study one nest was incubated for 44 days, 
but contained only one egg on day 43. Egg hatching fail-
ure can be caused by environmental pollutants result-
ing in embryonal death or deformities [e.g., 54, 55]. To 
detect such phenomena, the study of individual breeding 
attempts by GPS-tracking and accelerometry, as facili-
tated by this study, is a valuable addition to the extensive 
monitoring of productivity on the population level [36]. 
Our study also highlights the importance of characteris-
ing successful nesting attempts not solely by a minimum 
nesting period, but by a defined range in nesting periods.

Technological advances in tracking devices make that 
GPS data are increasingly accompanied by sensor data. 

Combining GPS with accelerometer data can increase the 
power to detect short nesting attempts and determine the 
timing, location and success of breeding. Studying avian 
breeding in the changing remote arctic environment is of 
great interest and will be subject of future research, facili-
tated by the method presented in this paper.

Conclusions
Nesting attempts of Arctic-breeding pink-footed geese 
(as short as 3 days) and their locations can be derived 
remotely and accurately from GPS-tracking and accel-
erometry, while nesting success is indicated by the 
nesting duration. We predict that this method can be 
generalised to other (precocial) bird species with simi-
lar incubation behaviour.
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