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ARTICLE INFO ABSTRACT
Keywords: Birds rely on precise navigational mechanisms, especially for long-distance migrations. One debated mechanism
Bird migration is their use of the geomagnetic field. It is unclear if and how different species of birds are using intensity or
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Navigation

Satellite data
Compass navigation

inclination (or both) for navigation. Previous geomagnetic modelling research is based on static geomagnetic
data despite a temporally and spatially varying geomagnetic field. Animals supposedly have a high sensitivity to
those changes of the geomagnetic field. In order to understand how birds respond in real-time to its temporal
variation, we need to use accurate geomagnetic information linked to the position of the bird through co-location
in space and time.

We developed a data-driven approach to simulate geomagnetic migratory strategies, using, for the first time,
accurate contemporaneous geomagnetic data obtained from Swarm satellites of the European Space Agency. We
created biased correlated random walk models which were based on both GPS data from greater white-fronted
geese (Anser albifrons) during fall migration between north-west Russia and central Europe and contemporaneous
satellite geomagnetic data. Different strategies of geomagnetic navigation associated with different geomagnetic
values were translated into probability surfaces, built from geomagnetic data, and included into the random walk
models. To evaluate which strategy was most likely, we compared the measured GPS trajectories to the simulated
trajectories using different trajectory similarity measurements. We propose this as an approach to track many
bird species for future comparative studies.

We found that navigational strategies in these geese using magnetic intensity were closer to the observed data
than those using inclination. This was the case in 80% of the best models and is an indication that it should be
more beneficial for these geese to use intensity over inclination. Additionally, our results supported results from a
previous study, that navigation based on taxis and compass mechanisms were more similar to the observed data
than other mechanisms. We therefore suggest that these geese may use a combination of these strategies for
navigation at a broad-scale. Overall, it seems likely that for successful navigation to the target location more than
one mechanism is necessary; indicating a multifactorial navigation mechanism of these migratory geese in the
study area. The satellite geomagnetic data are available at a higher temporal resolution and the use significantly
improved the fit of the modelled simulations in comparison to the modelled geomagnetic data. Therefore, using
annotated geomagnetic data could greatly improve the modelling of animal geomagnetic navigation in future
research.
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1. Introduction

Birds rely on accurate and effective navigational mechanism espe-
cially for long-distance migration (Alerstam, 1987; Baker and Mather,
1982; Gwinner, 1977; Mouritsen, 2015; Thorup and Holland, 2009;
Tryjanowski et al., 2002). It is widely believed that migratory birds use
multifactorial navigation mechanisms which is defined as using several
different cues for navigation (Holland et al., 2009; Mouritsen, 2015;
Wiltschko and Wiltschko, 1996). These can be based on visual (Cochran
et al., 2004; Emlen, 1975; Griffin, 1952; Holland, 2003; Kramer, 1953;
Moore, 1987; Muheim, 2011; Sauer, 1957), olfactory (Bonadonna and
Bretagnolle, 2002; Bonadonna and Gagliardo, 2021; Safi et al., 2016;
Wikelski et al., 2015), pressure (O'Neill, 2013), auditory (Hagstrum,
2013; Hagstrum et al., 2000) or geomagnetic cues (Kramer, 1953;
Phillips, 1996) but less is known how these mechanisms interact or
function together. One of the most debated navigational mechanisms is
based on the Earth's magnetic field. It is still unclear how much birds rely
on the use of the geomagnetic field and how they navigate with it.
However, it has been suggested in the past that birds can detect different
values of the Earth's magnetic field, intensity, F (Holland, 2010;
Winklhofer et al., 2013) or inclination, I (Muheim et al., 2002; Ritz et al.,
2000). Different experiments indicate a potential for different naviga-
tional strategies based on those values.

There are two main navigational strategies, compass and map nav-
igation. Compass navigation is defined as using a global geomagnetic
extreme for navigation either along a gradient (Deutschlander and
Beason, 2014; Mueller and Fagan, 2008) or to maintain a constant
heading with the use of the global extreme (Cochran and Wikelski, 2005;
Hore and Mouritsen, 2016; Mouritsen, 2015; Wiltschko and Wiltschko,
2015, 1972). In contrast, map navigation is based on a two-dimensional
grid, within which the navigating animal can position itself relative to
the value of the target location. These navigational mechanisms can
either be used by the birds independently or in combination with other
mechanisms (e.g. landmark-based-navigation). Research has mostly
focused on how animals may use these mechanisms independently
(Akesson and Hedenstrom, 2007; Gagliardo, 2013; Moore, 1987,
Wikelski et al., 2015), either focusing on a single navigational strategy
(Hore and Mouritsen, 2016; Wiltschko and Wiltschko, 2015) or on one
geomagnetic value (Muheim et al., 2002; Ritz et al., 2000; Schiffner and
Wiltschko, 2011; Wiltschko and Wiltschko, 2013). Combinations of
different navigational mechanisms have been addressed in several
modelling studies (Akesson and Bianco, 2015; Zein et al., 2021). To date,
most studies have only used either a static representation of the
geomagnetic field where field does not vary across time at all (Akesson
and Bianco, 2015), varies across time scales of decades, i.e. with secular
variation (Putman, 2020), or in rare cases, varies spatially and tempo-
rally at coarse-scales, using modelled geomagnetic data (Zein et al.,
2021). However, birds are navigating at a local scale and may be
affected by sudden changes of the geomagnetic field, which are caused
by the solar wind and range at temporal scales of seconds to hours. To
understand their responses to these changes, we need to know the exact
measurements of the geomagnetic field at the location and time of the
birds' passage. Until recently, the only way to do so was to use
geomagnetic data from magnetometers on animal-borne loggers, how-
ever at present, these magnetometers are very small and they create data
that are very noisy and not accurate enough for study of geomagnetic
navigation (Brum-Bastos et al., n.d., in preparation.).

Global real-time geomagnetic data are measured by satellites, such
as the Swarm constellation of the European Space Agency (ESA). New
developments that use geomagnetic data from these satellites in the
study of animal navigation (Benitez-Paez et al., 2021) might help
disentangle an ongoing debate about geomagnetic bird navigation.
These data represent records of fast local changes of the geomagnetic
field induced by solar storms and enable the use of fine-scale temporal
data which can be linked to the precise spatial position of an animal. The
use of these data might improve modelling approaches of geomagnetic
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bird navigation.

Data-driven approaches, like Agent Based Models (ABMs), can be
used to study bird navigation and simultaneously incorporate in-
teractions with the environment (Bousquet and Le Page, 2004; Grimm
et al., 2005; Hogeweg and Hesper, 1990; Huston et al., 1988; Johnson
et al., 1992; O'Sullivan and Perry, 2013; Siniff and Jessen, 1969; Tang
and Bennett, 2010). Mathematically, the movement can be modelled as
arandom walk (Turchin, 1998) where the movement is simulated based
on random decision of the simulated animal. The models are based on
random changes of step length and turning angle but can be extended to
include bias in movement direction based on previous steps (correlated
random walks (CRW)) and/or a bias/drift component based on external
factors (O'Sullivan and Perry, 2013). CRW models have been success-
fully used to study geomagnetic bird navigation in a previous publica-
tion by Zein et al. (Zein et al., 2021). This study utilised temporally
coarse magnetic models and found that compass navigation based on
taxis lead to the most similar simulations in comparison to empirically
collected GPS trajectories. However, the magnitude of the effects of the
different strategies and especially the effect of the different geomagnetic
field values was low. One way to improve this methodology is to use fine
resolution temporally varying geomagnetic data from satellites, which
capture solar wind-induced short-term variation of the geomagnetic
field.

The range of movement affects the grain of environmental variables
perceptible to and useful for navigation of wild animals (Meyer and
Thuiller, 2006; Nams, 2005). Migratory birds are traveling up to thou-
sands of kilometres, and it is unclear to what scale navigation is
depending on local or global environmental conditions. Evidence for
this can come from the sensitivity thresholds of birds to geomagnetic
values and to the spatial and temporal scales of the change in the
geomagnetic field. Previous research indicates that birds can detect
changes in the magnitude of the geomagnetic intensity of 20-200
nanotesla (nT) (Beason and Semm, 1987; Schiffner and Wiltschko, 2011;
Semm and Beason, 1990; Wiltschko and Wiltschko, 2013) and changes
of the geomagnetic inclination of 1-5 degrees (Akesson et al., 2001;
Lefeldt et al., 2015; Sandberg et al., 1998). The geomagnetic field is
spatially changing about 10nT and 0.009° per km but there is local
temporal variation, induced by strong solar wind resulting from erup-
tions on the Sun, of magnitude of about 30-100nT in mid-latitudes and
up to 1000nT in polar regions over a period of a few minutes to hours
(Campbell, 2003). Based on these values a bird would need to fly for at
least 2 km to detect changes in geomagnetic intensity and 112 km to
detect changes in geomagnetic inclination. However, it is unknown to
what extent birds are relying on the geomagnetic field and how large the
area of the geomagnetic field is a bird can sense. Most research on
modelling geomagnetic navigation is based on large-scale geomagnetic
values and studying whole migration flights. Finer temporal and spatial
resolutions of geomagnetic data could increase the understanding of
local geomagnetic bird navigation. However, movement and behaviour
is scale dependent and models need to be tested for the scale of their
input variables to make reliable predictions with the results (Guisan and
Thuiller, 2005; Guisan and Zimmermann, 2000; Nams, 2005; Pearson
et al., 2004; Postlethwaite and Dennis, 2013).

This study takes an ABM approach to study geomagnetic bird navi-
gation developed by Zein et al. (Zein et al., 2021). Here we use high-
resolution GPS tracking data of greater white-fronted geese (Anser a.
albifrons) as a model species and fine-scale contemporaneous satellite
geomagnetic data along the entire migration of each individual. Corre-
lated random walk models are modified to include an additional bias
based on five different navigational strategies associated with dynamic
geomagnetic field conditions, as captured by the satellite geomagnetic
data. We address the following four questions: 1) which modelled
navigational strategy most closely aligns with the real GPS tracking data
2); which geomagnetic components are associated with the best models;
3) what spatial scale is best for modelling bird navigation using
geomagnetic cues; and 4) does the use of satellite geomagnetic data
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improve the fit of the modelled simulations.
2. Material and methods

2.1. Tracking data

We used high resolution GPS tracking data of adult greater white-
fronted geese collected in an earlier study by Kolzsch et al. (Kolzsch
et al., 2016). These geese travel between their breeding grounds in the
Russian Arctic and their West-European wintering sites. For our study
we selected migration flights in autumn (September-November) as the
geese stop very little then (Kolzsch et al., 2016) and we only included
migrations completed in 3 days. Greater white-fronted geese perform
their autumn migration both at day and night-time which makes them a
good study subject for geomagnetic navigation during migration
(Kolzsch et al., 2016). We pre-processed the data to remove outliers due
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to GPS error and excluded GPS positions in the breeding/wintering areas
(Fig. 1). Additionally, we selected GPS points in flight by excluding GPS
points with ground speed of less than 6 km/h based on maximum
running speed of bar-headed and barnacle geese 1.2 m/s = 4.2 km/h
(Hawkes et al., 2014).

2.2. Geomagnetic data

There are two main sources of temporally varying geomagnetic data.
One source is modelled data, which are created from terrestrial and
satellite measurements of the field and are available at coarse temporal
resolutions — an example are daily global magnetic models from the
National Centres for Environmental Information (NCEI) of the National
Oceanic and Atmospheric Administration (NOAA) which are based on
the 12th Generation International Geomagnetic Reference Field released
by the International Association of Geomagnetism and Aeronomy
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Fig. 1. Migratory trajectories of individual greater white-fronted geese in autumn 2016-2019 in the lambert conformal conic projection.
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(IAGA) (Thébault et al., 2015). These modelled data capture the slowly
changing part of the geomagnetic field (core, crust and magnetosphere),
but do not capture short-term variability induced by the solar wind. We
used these modelled data in a previous study of geomagnetic navigation
of geese (Zein et al., 2021).

The second source are satellite data, for example those from ESA's
Swarm constellation (https://earth.esa.int/eogateway/missions/swa
rm), which provide exact measurements of the geomagnetic field,
including the solar-induced variability, at the location of each satellite
with a high temporal resolution (1 Hz). In this study, we used the
MagGeo tool (Benitez-Paez et al., 2021) to accurately annotate our
tracking data with Swarm measurements.

The MagGeo tool uses a spatio-temporal interpolation approach to
assign a geomagnetic value from the satellite data to the GPS position of
the tracked animal (Benitez-Paez et al., 2021).These data differ from
modelled geomagnetic data because they measure the actual values of
the geomagnetic field induced by particles from solar storms entering
Earth's magnetosphere, rather than providing a general description of
the field, such as geomagnetic models do. We used data for geomagnetic
intensity (F, nT), horizontal intensity (H, nT) and magnetic inclination
(I, degrees) derived from the satellite data in a grid with a spatial res-
olution of 5 km.
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2.3. Modelling

To model navigation during long-term migration, we used correlated
random walk models (CRW) (Kleyheeg et al., 2019; van Toor et al.,
2018a, 2018b). These models simulate movement based on a pre-
defined step length and turning angle distribution where the direction
of the current step was correlated with the direction of the previous step
(Turchin, 1998). We interpolated the GPS tracking data to one fix every
hour. The distributions of step lengths and turning angles were derived
from the interpolated GPS tracking data pooled for all individuals. With
these distributions we calculated a two-dimensional probability distri-
bution and a unidimensional distribution of the differences of step
length and turning angles. To maintain autocorrelation for each term we
included a lag of 1 for step length and turning angle. This ensured that
the simulated trajectories were geometrically similar to the original GPS
tracking data.

The movement parameters were used to derive probability surfaces
that represent the probabilities of subsequent steps in the CRW models.
For including the navigational strategies into our models, we condi-
tioned the models with an additional probability surface. These rasters
were based on the geomagnetic data provided by the satellite annotation
tool and conditions defined by each strategy (Fig. 2). Based on literature
we included five different strategies: no bias, geomagnetic taxis, con-
stant heading, bi-gradient taxis and a combination of bi-gradient taxis
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and constant heading navigation (Table 1). These were based on the
approach in (Zein et al., 2021).

We simulated 100 trajectories for each of the four navigational
strategies and the three associated different geomagnetic values (in-
tensity F, inclination I and horizontal component H; Table 2) indepen-
dently or in combination for each individual navigation flight.
Therefore, for each of the 11 autumn migration flights we simulated and
tested 19 different models, for a total of 1100 simulations per model and
20,900 simulations in total (Table 2).

All computation was done with the software R 3.6.3 using the
following packages: move (Kranstauber et al., 2019) and adehabitatLT
(Calenge, 2006) to analyse trajectories and lme4 (Bates et al., 2015) to
fit the statistical models.

2.4. Statistical analysis

We compared the simulated trajectories to the empirical trajectories
using three different similarity measurements (Ranacher and Tzavella,
2014): mean distance between trajectory points — a measure of
geographical proximity (Ranacher and Tzavella, 2014), dynamic time
warping (dtw) — a measure of spatial similarity (Cleasby et al., 2019) and
a dynamic interaction index (DI) — a measure of coordination in move-
ment direction of the step-length (Long and Nelson, 2013). The mean
distance is calculated by taking the geographical distance between the
observed tracking fix and the corresponding point in the simulated
trajectory (in meters) and then taking the arithmetic mean of all of these
values for each track and simulation pair. The mean distance measure is
useful comparing the geographical proximity of the observed vs simu-
lated routes, where lower values reflect a simulation that is more
geographically close in comparison to the observed GPS tracking data.
Dtw is a time series similarity measure that is sensitive to outliers and
corrects for slight differences in the alignment of corresponding points
along the trajectory (Cleasby et al., 2019). Lower dtw values reflect
lower distances between simulated and real trajectories. The DI index
evaluates the similarity in the distance (step length) and direction
components of each movement step and it is a measure of coordination
of the vectors between consecutive fixes along two trajectories (Long
and Nelson, 2013). Coordination of the movement path between two
tracks is expressed in the DI index with +1 representing movement that
is perfectly coordinated in terms of the similarity of movement direction
and speed, 0 no similarity in movement direction and speed, and —1
opposite movement directions and low similarity in movement speeds.

For each of the three-similarity measurements we calculated the
relative average values of the modelled data vs the measured data for
each migratory track to quantify the degree of improvement provided by
using the measured geomagnetic data for each individual bird. We then
perform separate linear mixed effect models to compare the simulated
navigational strategies with geomagnetic navigational mechanisms with
the navigation without geomagnetic navigation. We included a random
intercept effect term for animal identity. To evaluate fit of the models we
calculated marginal and conditional R? values.

Table 1
Overview of the four different navigational mechanisms including a geomag-
netic bias.

Navigation Geomagnetic Constant Bi-gradient Bi-gradient
strategy taxis heading taxis taxis &
constant
heading
Definition Following a Keeping a Geomagnetic Combination
gradient constant value at target of two
towards a angle to a location is used previous
global global to maximise strategies
geomagnetic extreme two different
extreme value value gradients
Calibration - not necessary - daily - not necessary - as previous
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Table 2
List of all combinations of strategies and associated geomagnetic values.
Strategy Geomagnetic values used in models Total number
of
simulations
1. No bias none 1100
2. Geomagnetic F H I 3300
taxis
3. Constant Max Max Max Min Min Min 6600
heading F H I F H I
4. Bi-gradient FH FI IH 3300
taxis
5. Combination FH FI HF HI IF IH 6600

Bi-gradient
taxis-Constant
heading

To evaluate the navigational strategies related to the best performing
simulations in our models, we evaluated the top 10% of our model
simulations (following Oudman et al., 2020). However, we needed to
correct for different numbers of simulations for each of the five different
navigational strategies (Table 1.). Therefore, we used the results of the
linear mixed effect models to choose the specific geomagnetic cue (i.e.,
F, I, or H) that represents each of the five navigational strategies best and
used the selected results for the evaluation. The final sample of 5500
simulations were then used to acquire the best performing navigational
strategies and geomagnetic characteristics, by counting the occurrence
of the best performing geomagnetic navigational strategies for each
similarity measurement. The proportion of the navigational mechanisms
and geomagnetic values in the best 10% of our models is than used es-
timate which navigational mechanism is most similar to the true
movement data.

2.5. Spatial resolution sensitivity test

Previous simulation studies on navigation during migration were
based on a coarse spatial resolution (often hundreds of kilometres). Here
we included sensitivity analysis, to help choose the optimal spatial
resolution of the input raster for our analysis. We randomly sampled 3
birds and repeated the analysis at 5 different spatial resolutions (5, 10,
50, 100, 250 km). We averaged the model outputs for the three different
similarity measurements and found best performance for a resolution of
5 km (supplement, Table S1), which was chosen for subsequent analysis.

2.6. Evaluation of real vs. modelled geomagnetic data

The current study is the first application of contemporaneous
geomagnetic data acquired by satellite sensors to represent geomagnetic
conditions as experienced by birds in real-time (Benitez-Paez et al.,
2021). We explored if there is a difference in using modelled geomag-
netic data (e.g., from NOAA) with the measured satellite data by
comparing the results from this study to those in a similar previous study
(Zein et al., 2021). To compare both studies, we took the average of all
19 simulations for each bird and for each of the two studies. We
compared the results of the three trajectory similarity measurements for
each bird using linear mixed effect model.

3. Results
3.1. Geomagnetic parameters

In our simulation experiment we used three different geomagnetic
values. To measure the effect of those values on the simulated trajec-
tories in relation to the real trajectories we looked at the proportion of
the different geomagnetic values in the best 10% of our models. At least
80% of the best simulations were based on geomagnetic intensity and
the horizontal component of the magnetic intensity, independently or in
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combination with each other. This result can be seen for all three
different similarity measurements (Table 3). This indicates, that simu-
lated trajectories based on navigation with geomagnetic intensity are
most similar to the real trajectory of the migratory bird. In comparison,
the navigation with no geomagnetic bias is represented in 14-25% of the
best models in the similarity measurements and I is not represented in
most similarity measurements in the best simulations.

3.2. Navigational strategies

Similarly, we estimated the effect of the different navigational stra-
tegies on our simulated trajectories. The four different navigation stra-
tegies in combination with the different geomagnetic values (19
different simulations) were used to model navigation for every indi-
vidual bird (example Fig. 3, full output of all simulation in Supplement
S1, Fig. S1-S11). The most represented strategy in the top 10% of our
model was based on the combination of bi-gradient taxis and compass
navigation and the two different compass navigations alone (Table 4).
The count for the combination of bi-gradient taxis and compass navi-
gation was in 29-30% of all models and the two compass navigations
were represented in 22-27% of the best models. The least similar sim-
ulations are based on Bi-gradient taxis navigation and no magnetic bias
(9-14%).

3.3. Evaluation of geomagnetic data

To evaluate if the outputs of our models have improved with the use
of annotated geomagnetic satellite data, we compared the current study
with a previous study based on modelled geomagnetic data (NOAA),
which additionally differed in their temporal resolution. The modelled
data can only be obtained daily whereas the geomagnetic satellite data
are available at a much higher temporal resolution (1 Hz). We compared
the averaged model outputs of both studies of the three different simi-
larity measurements for all models combined (19 models with 100
simulations each) for each bird. The models based on the measured
geomagnetic data perform better than those based on modelled
geomagnetic data with every single animal track for all three measures
of similarity. Improvement when measured by the mean distance
ranging from 4 to 17%, dtw improvement ranged from 4 to 20%, and DI
improvement ranged from 27 to 54% (Fig. 4). In all three cases of the
similarity measurements (mean distance, dtw, DI), we found that the
simulations based on the satellite annotated geomagnetic data were
significantly better than the models based on modelled geomagnetic
data (Fig. 4, statistical outputs in supplement Model 4-6). Additionally,
the likelihood ratio test showed a significantly better fit (p < 0.001 for
mean distance, dtw and DI) of the current models based on measured
geomagnetic values in comparison to the previous models based on
modelled geomagnetic data.

4. Discussion
Birds may potentially sense two main geomagnetic values (intensity -

Table 3

Ecological Informatics 69 (2022) 101689

F and inclination - I) (Mouritsen, 2015) which they could potentially use
for navigation. Our results show a strong indication that when using
geomagnetic intensity (F) as the main geomagnetic cue, our simulations
produced trajectories that were the most similar to the original paths of
these migratory geese. Specifically, in our results, in 80% of the cases the
best models were based on F. This is evidence that under given
geomagnetic condition these birds may be using the geomagnetic in-
tensity, F rather than inclination, I. This result is supported by
comparing the scale of the spatial dynamics of the two different
geomagnetic field values and the sensitivity threshold of birds for these
two values (Akesson et al., 2001; Beason and Semm, 1987; Lefeldt et al.,
2015; Sandberg et al., 1998; Schiffner and Wiltschko, 2011; Semm and
Beason, 1990; Wiltschko and Wiltschko, 2013). This comparison means
that a bird needs to fly approximately 2 km to detect a change in F but
about 112 km to detect a change in I. This would indicate that changes in
F are sensed on finer spatial scale and therefore could be used for a finer
scale mechanism for navigation.

These geomagnetic values could be used by animals in various ways.
In literature, there are two main mechanisms suggesting either compass
and/or map type navigation (Gould, 2011; Mouritsen, 2015). Our re-
sults, support previous findings by Zein et al. (Zein et al., 2021), indi-
cating that simulations based on strategies using either a combination of
constant heading and bi-gradient taxis or on taxis and constant heading
produced the most similar trajectories when compared with the original
trajectories. This indicates that several navigation types based on com-
pass navigation could be used by these birds for navigation, a result that
is in line with previous studies based on behaviour experiments
(Wiltschko and Wiltschko, 2007). However, in our outputs the simulated
trajectories rarely ended up directly near the final point of the original
trajectories indicating that a multifactorial navigation mechanism is
most likely necessary for precise navigation to specific locations. Addi-
tionally, this is supported by our results in that a combination of two
navigational strategies, constant heading and bi-gradient taxis, allows a
more precise navigation. Again, a multifactorial navigation system
would be best suited to achieve such a task (Chernetsov, 2017; Schiffner
etal., 2016) but it is unknown to what degree these birds switch between
different strategies. They can make movement decisions on a very fine
temporal scale and these decisions largely depend on the environmental
conditions at the position of the animal. However, our model cannot
account for a sudden change of navigational strategies of birds and can
only look at a general movement pattern of the whole length of the
trajectory.

There is a debate if birds are using compass and/or map navigation
which is additionally suffering from a lack of clear methodological ex-
planations of the different strategies. For example, in our study the
constant heading navigation could represent a form of compass or map
navigation depending on how the birds acquire the knowledge of its
final migratory destination. If the bird uses knowledge of the angle of the
final location to the geomagnetic extreme from a previous migratory
flight, then the navigation could be entirely classified as compass type
navigation. This is supported by previous research on juvenile birds,
indicating that they are able, without prior knowledge, to navigate into

Counts and probability proportions in the best 550 models for the similarity measurements (mean distance, dtw, similarity) evaluating the use of the different

geomagnetic values (F, I, H).

mean distance dtw DI

Strategy Count [#] Proportion [%] Count [#] Proportion [%] Count [#] Proportion [%]
No additional bias 104 19 140 25 78 14

F 114 21 103 19 121 22

I 0 0 0 0 0 0

H 125 23 116 21 142 26

FH 207 38 191 35 48 9

FI 0 0 0 0 161 29

IH 0 0 0 0 0 0
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Fig. 3. Example of the correlated random walk simulations of geomagnetic navigation for one animal. Panel A shows the GPS trajectory of one animal in red and 100
black simulations without geomagnetic bias. Equally, panel B shows geomagnetic navigation with constant heading navigation based on the minimum magnetic
intensity F. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Counts and probability proportion of the best 550 simulations for the similarity measurements (mean distance, dtw, DI) evaluating the 5 different navigational
strategies.
mean distance dtw DI

Strategy Count [#] Proportion [%] Count [#] Proportion [%] Count [#] Proportion [%]

No additional bias 54 10 55 10 78 14

Geomagnetic taxis 137 25 127 23 121 22

Constant heading 138 25 150 27 142 26

Bi-gradient taxis navigation 59 11 51 9 48 9

Combination Bi-gradient taxis-Constant heading 162 29 167 30 161 29

the right direction even after displacement (Perdeck, 1958; Thorup
et al., 2020, but also check Piersma et al., 2020). A system based on the
magnetic angle would indicate that birds have a general sense of di-
rection even without previous information and would indicate that in
our navigational strategy constant heading can be classified as compass
navigation. However, to maintain a constant heading towards the final
point the simulated bird needs knowledge where, or in what relation this
point is to its actual position. In migratory birds an element of map
navigation is involved, if the birds are using a map-based mechanism to
position themselves frequently in relation to a target (Kramer, 1953).
Therefore, it is also possible that the bird has a map sense which could be
used for constant heading navigation. It is difficult to simulate how the
bird actually acquired this information for constant heading navigation.
However, independent of these contrasting definitions, we can show
that taxis and compass navigation can be used to simulate migratory
trajectories of our study species and might be used by these birds at a
large scale.

There are different models estimating the geomagnetic field which
are based on the field generated by the core of the Earth (Barrois et al.,
2018; Finlay et al., 2020; Olsen, 2002; Thébault et al., 2015). These
models can vary from the real geomagnetic field by at least 3.4nT-5.4nT
(Olsen, 2002) which would not largely affect the simulation of bird
navigation as the sensitivity of birds is around 20-200 nT (Beason and
Semm, 1987; Schiffner and Wiltschko, 2011; Semm and Beason, 1990;
Wiltschko and Wiltschko, 2013). However, these models are based on
the conditions of the geomagnetic field without incorporating large
changes of the geomagnetic storms generated by the sun which have
been suggested to affect bird navigation (Chernetsov, 2017; Emlen and
Emlen, 1966; Kishkinev et al., 2015; von Middendorff, 1855). Our study
is the first application of real geomagnetic satellite data to the study of
migratory navigation and uses a precise estimate of the experienced

geomagnetic values at the positions of the bird along a trajectory. We
compared simulations with modelled geomagnetic data from NOAA
(Thébault et al., 2015) and measured satellite geomagnetic values (Zein
et al., 2021) to estimate the effect on the outputs of our simulations. In
our results we found a highly significant difference between these two
studies when comparing the outputs of the 3 similarity measurements.
We could model more similar trajectories in comparison to the measured
GPS trajectories of the birds when using the satellite geomagnetic data.
This shows that satellite geomagnetic data from the MagGeo annotation
tool allowed us to create more realistic simulations than modelled
geomagnetic data. These fine-scale satellite data, by incorporating
temporal changes of the geomagnetic field, can greatly improve the
modelling of animal geomagnetic navigation in the future.

It is a common procedure to use environmental raster data in
movement models, however how the spatial resolution of the raster data
affects simulations is rarely studied. Ecological processes work at vary-
ing scales and therefore it is important to identify the right resolution for
each process studied (Boyce, 2006; Levin, 1992; Meyer and Thuiller,
2006; Nams, 2005; Pearson et al., 2004). To optimise the method in this
paper we compared different spatial resolutions of the geomagnetic
rasters used in the biased correlated random walk models and explored
the effects of the different resolutions on the model outputs. We found
that if a lower resolution of the raster, in this case 5 km, was used the
average outputs of the similarity measurements over all birds were
lowest. This might also indicate that the optimum resolution might also
be at lower than 5 km resolution. The range of the outputs greatly varied
depending on the resolution of the input rasters and indicates that
optimising this parameter in a movement model should become stan-
dard practice (Guisan and Thuiller, 2005; Guisan and Zimmermann,
2000; Nams, 2005; Pearson et al., 2004; Postlethwaite and Dennis, 2013;
Wiens, 1989).
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One limitation of applying this method to migration flights is the
relatively large temporal scale of the trajectories required for running
the models. Migration flight trajectories are geometrically straight lines
and have a low variability in the distribution of turning angles. One
solution to increase the variability of the turning angle distribution, is to
create a pool of all animals within a population to draw the empirical
values of step length and turning angles for the simulations of random
walk models of migratory birds.

Research shows that birds likely rely on multiple mechanisms for
navigation (Holland et al., 2009; Mouritsen, 2015; Wiltschko and
Wiltschko, 1996) and yet studies addressing combinations of naviga-
tional strategies or the switch between these are rare. Our current
models focus on a single navigation mechanism, and we are able to
demonstrate that geomagnetic navigation can be used for broad-scale

10 11

navigation (based on observed movements and the structure of the
geomagnetic field). However, while these results are in line with existing
literature, they raise further questions about the integration of multiple
mechanisms during navigation, which remain difficult to study. The
approach we have presented here could be used to address the inter-
action of geomagnetic strategies with those based on other senses (e.g.
visual or auditory cues) or to study whether navigation mechanisms
change during different stages of the migration. On the other hand,
environmental factors, like the wind (Amélineau et al., 2014; Liechti,
2006) or thermals (Sapir et al., 2010), can largely impact flight ener-
getics and could therefore influence individual navigation (Amélineau
et al., 2014; Liechti, 2006; Sapir et al., 2010). Previous studies have
shown that wind and geography can shape the routes birds are flying
(Mitchell et al., 2015; Nourani et al., 2021, 2018). Therefore, future
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studies should investigate methods of combining navigational mecha-
nisms and environmental factors affecting the flight trajectory of birds.
This could improve the similarities of the modelled trajectories in
comparison to the measured GPS trajectories further. However, since we
did not include any environmental factors in our study design, we
cannot validate geomagnetic navigation under near natural local con-
ditions. Including environmental factors might alter the output of our
models. Especially local and temporal variations of environmental fac-
tors like the wind are considered very important for migration. How-
ever, even with a large uncertainty of local environmental factors in our
models we can show that that geomagnetic navigation can be used for
broad-scale navigation in the study area.

5. Conclusion

In this study, we presented a data-driven approach to study the po-
tential geomagnetic migratory navigational mechanism of Greater
white-fronted geese during fall migration from Russia to central Europe.
Based on our simulations, there is evidence that these geese could rely
more heavily on navigation based on geomagnetic intensity F than
inclination I. Additionally, we show that compass and taxis navigation
could be used by these birds for broad-scale navigation. However, our
results support the findings of previous studies indicating that birds most
likely rely on a multifactorial navigation mechanism for fine scale
movements towards the final location. This study is the first application
of using fine-scale satellite geomagnetic data associated directly with the
animal's position in space and time. Our results show that the use of
satellite geomagnetic data significantly improves model fit over
modelled geomagnetic data. Therefore, fine-scale satellite data in-
corporates temporal changes of the geomagnetic field which can greatly
improve the modelling of animal geomagnetic navigation in the future.
Nevertheless, we highlight that these results are so far only applicable to
the geese migrating along the observed route and thus more studies
using this approach are necessary to generalize across populations,
species and migration systems.
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