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ABSTRACT Human activities at sea, including offshore energy develop-
ment, along with environmental changes, are altering marine ecosystems.
Their impact on land-based migratory species crossing marine areas re-
mains poorly understood. Songbirds frequently traverse even remote ocean
areas, facing risks such as drowning at sea and interactions with man-
made structures. Yet, their spatial distribution at sea, critical for assessing
potential threats, remains largely unquantified. Using a 30-year dataset
of ship-based observations, we map the large-scale marine distribution of
mainly daytime songbird migrants in German waters. Despite their regular
offshore occurrence, even in large flocks, migration intensity declined with
increasing distance from the coast and consistently across regions (North
and Baltic Sea), seasons (spring and autumn), and the abundant species.
Due to observational challenges, nighttime migrants are underrepresented,
but we assume a similar distribution pattern. When integrated with radar
surveys, individual tracking, and phenological data, these insights inform
conservation strategies as offshore developments expand.
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Introduction

Human activities at sea—such as wind energy development, and the introduc-
tion of artificial light at night—along with broader environmental changes
like climate change, are profoundly altering marine ecosystems (Halpern et
al. 2008; Hoegh-Guldberg and Bruno 2010; Walsh et al. 2025). The growing
demand for ocean space and resources is intensifying both individual and
cumulative pressures on marine biodiversity and ecosystem functions (Halpern
et al. 2015). In this context, understanding species distributions is crucial for
assessing impacts on wildlife, allocating conservation resources, and inform-
ing marine management. Extensive efforts have been made to map marine
vertebrate distributions using ship-based and aerial surveys (e.g. Waggitt
et al. 2019). However, these methods primarily focus on space usage of
sea-dwelling species, overlooking land-based animals that frequently traverse
offshore areas—including remote areas far out in the open ocean—without
the ability to land and rest. This includes migratory birds and bats, which
do not inhabit marine environments but can experience significant risks from
human activities at sea, including potential collisions with offshore wind farms
(Hiippop et al. 2016; Hiippop, Michalik, et al. 2019). Among them, song-
birds represent the largest group in terms of species diversity and abundance
(Huppop et al. 2016), making them a key conservation concern.

To assess species’ exposure to anthropogenic threats, it is essential to
understand their occurrence patterns across different temporal and spatial
scales. These patterns must be linked to individual behaviour to determine
where individuals using marine areas originate from, evaluate population
vulnerability, and ultimately inform marine spatial planning (Wood 2014).
Various methods have been used to study songbird migration over marine
areas, but each has limitations and none has made large-scale analyses possible.
Ship and dedicated bird radar systems as well as infrared-cameras provide high-
resolution, continuous temporal data, detecting local migration patterns of
small birds (Hiippop, Ciach, et al. 2019). However, their effectiveness is limited
by a range of less than 10 km, and offshore mounting options are currently
restricted, hindering large-scale mapping of migration. Long-range weather
radar systems (with ranges of up to 40 km for biological monitoring) have been
proposed to quantify aerial movements on a continental scale (Nilsson et al.
2018; Desmet et al. 2025). However, their implementation in Europe has been
hindered by numerous technical difficulties (Nebuloni and Capsoni 2024), and
there are currently no weather radar systems in the North Sea. Additionally,
these methods do not allow for species or even bird group identification.
Bird ringing enables species-specific migration analyses but is of limited use
offshore due to the negligibly low probability of resighting ringed birds at
sea. Tracking individual birds provides valuable insights into environmental
influences on migration and helps identify population-specific vulnerabilities
(Brust and Hiippop 2021; Riippel et al. 2023). However, GPS tracking is
not feasible for small songbirds due to size constraints, and offshore radio
receiver networks—essential for light-weight radio-tracking—are currently



underdeveloped. It is therefore notoriously difficult to comprehensively assess
songbird presence across marine areas.

Previous research has identified key temporal patterns of songbird migra-
tion, including seasonal peaks, weather-dependent variations, and differences
between daytime and nighttime migration (e.g. Brust et al. 2019; Michalik et
al. 2020; Nilsson et al. 2018). However, the spatial aspects of their marine
crossings remain poorly quantified. This gap is particularly concerning in
regions where offshore industrial expansion is a political priority (Leung and
Yang 2012), such as the German North Sea and Baltic Sea, where large-scale
offshore wind farm developments are planned under the Offshore Wind Energy
Act (2017).

Each year, millions of songbirds breeding in Scandinavia migrate through
Europe, and a subset of these birds are known to cross these marine areas
(Hahn et al. 2009; Brust and Hiippop 2021). To address this gap, we utilise a
database spanning more than 30 years of year-round ship-based observations
from the German North Sea and Baltic Sea, providing a basis to assess the
general spatial exposure of mainly daytime songbird migrants to offshore
industrialisation. Ship-based observations provide long-term data across
extensive marine regions and have proven valuable in assessing offshore wind
farm effects on seabirds (Peschko et al. 2020). We hypothesise that migration
intensity decreases with increasing distance from the coast across all species,
both during autumn and spring migration, as songbirds rely on terrestrial
stopover sites for rest, recovery, and refuelling (Schmaljohann et al. 2022).

Methods

Data collection

Seabirds at sea data was obtained from monitoring and research surveys con-
ducted from 1990 to 2024, covering both the German North Sea and the Baltic
Sea, including the exclusive economic zone (EEZ). Ship-based observations
were conducted along transects during daytime hours. Multiple observers sys-
tematically recorded seabirds while also noting landbirds identified visually or
acoustically (see Camphuysen and Garthe 2004 for comprehensive methodol-
ogy). Although songbird observations were collected non-systematically, these
surveys provide extensive records of species presence and behaviour across
marine regions. The analysis focused on data both from the German EEZ
(200-nautical-mile zone) and coastal waters (12-nautical-mile zone) (Figure 1).
Details on survey effort are provided in Supplement S1. Bird behaviour was
systematically recorded, allowing for the exclusion of individuals exhibiting
ship-association behaviour. Although all birds encountered offshore were
assumed to be active migrants, individuals attracted to the survey vessel
were subject to undefined survey effort, as those remaining near the ship
for extended periods could have been counted multiple times at different
locations.

Analysis

All analyses were conducted in R version 4.5.2 (R Core Team 2025), with
the sf package (Pebesma and Bivand 2023) used extensively for geographical
data manipulation.



Single observations and survey effort—measured as the total kilometres
of ship transect—were aggregated within European 10 x 10 km reference
grid cells (European Environment Agency 2013) and by day of year. Bird
abundance was defined as the number of observed birds per 100 km of ship
transect. Because small songbirds are not the focus of these surveys, they are
not recorded using distance sampling or snapshot methods as seabirds are.
Consequently, the bird abundances presented here are on a relative scale and
do not represent densities in individuals per km?. The geographic distance
from each cell’s centroid to the coast (excluding the isolated offshore island
Helgoland) was calculated.

We estimated the number of birds observed per grid cell using a gamma-
Poisson model to account for overdispersion, and included a zero-inflation
component to address the excess zeros in the data. Survey effort (kilometres
travelled) was incorporated as an offset. The main predictor of interest
was distance to the coast, which we modelled as an interaction with region.
Temporal phenology was modelled using cyclic cubic regression splines for
day-of-year (Wood 2017). To account for spatial clustering, we included a
varying intercept for raster cell ID. The zero-inflation component was modelled
as a function of day-of-year represented with a smooth term. We fitted three
model variants. In the first, all species were pooled and effect sizes were
estimated for the Baltic Sea and the North Sea while allowing the effect to
vary with region, migration season (first versus second half of the year), and
distance to the coast. In the second, we estimated separate effect sizes for
the four most common species, permitting the effect to differ among species,
regions, and distance to the coast. In the third, we estimated separate effect
sizes for daytime and nighttime migrants, permitting the effect to differ among
migration type, regions, and distance to the coast.

The models were implemented via Hamiltonian Monte Carlo in Stan (Stan
Development Team 2024), accessed through the brms package using default
prior distributions (Biirkner 2017). Standard posterior predictive checks
confirmed model fit and all inferences are based on over 1000 effective posterior
samples.

Results

The dataset includes 3295 observations from 18,321 individuals in the North
Sea and 1346 observations from 6271 individuals in the Baltic Sea (Table 1).
Birds were detected in 492 out of 765 grid cells (64%)—also far off the coast.
The mean abundance per raster cell was 4 individuals per 100 km ship transect,
with values ranging from 0 to 234.

Songbird abundance decreased with distance to the coast in both regions
(Figure 1, 2). For the North Sea, these general patterns were consistent on
species-level for the four most common species, across seasons, and for both
daytime and nighttime migrants (see Supplement 3-5).

Migration intensity showed two distinct peaks—one in spring on April 6
and another in autumn on October 18—with relatively low activity observed
during summer and winter. Autumn migration involved markedly more birds
than spring migration. Among the four most common species, migration
periods varied, with little to no overlap between species (Figure 3).



Table 1: Observation data for the ten most frequently observed species in the North and
Baltic Sea, reporting the number of observations, total individual counts, and maximum
flock size (Max). Note that many birds could not be identified to species level. A
complete list, including unidentified songbirds and taxonomic groups, is provided in
Supplement S2.

‘ Species Observations Individuals
North Sea | Meadow pipit Anthus pratensis 813 2551
Barn swallow Hirundo rustica 778 1320
Common starling Sturnus vulgaris 450 10545
Western house martin Delichon urbicum 135 222
White wagtail Motacilla alba 118 153
Eurasian skylark Alauda arvensis 111 308
Eurasian chaffinch Fringilla coelebs 95 968
Fieldfare Turdus pilaris 65 271
Redwing Turdus iliacus 56 265
Song thrush Turdus philomelos 53 104
Baltic Sea | Eurasian skylark Alauda arvensis 307 820
Barn swallow Hirundo rustica 219 457
Common starling Sturnus vulgaris 100 818
Carrion crow Corvus corone 94 153
Rook Corvus frugilegus 82 2121
Meadow pipit Anthus pratensis 70 177
Hooded crow Corvus corniz 62 117
Eurasian chaffinch Fringilla coelebs 59 266
White wagtail Motacilla alba 51 71
Eurasian siskin Spinus spinus 28 260
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Figure 1: Abundance map of songbird migration intensity across the German North
Sea (western portion of the map) and the Baltic Sea (eastern portion), derived from
ship-based survey data. Posterior predictions represent peak autumn migration for each
European 10 x 10 km reference grid cell, expressed as the number of birds observed
per 100 km of ship transect. The German EEZ is outlined with a thin black line; the
remaining grid cells represent coastal waters, and both Helgoland and the Dogger Bank
are indicated for reference. An animated map of the full annual migration cycle is
provided in Supplement S3
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Figure 2: Relationship between distance to the coast and songbird migration intensity,
measured as the number of birds observed per 100 km ship transect in the German
North (left panel) and Baltic Sea (right panel). Curves show 100 posterior predictions for
expected outcome values for peak spring (dark blue) and autumn (light blue) migration,
dots represent raw data. The locations of Helgoland and Dogger Bank in the North Sea
are indicated for reference. Note that the y-axis is scaled logarithmically.
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Figure 3: Phenology of songbird migration intensity, measured as the number of birds
observed per 100 km ship transect in the German North (left panel) and Baltic Sea (right
panel). Black lines with grey ribbons show mean and 95% credible intervals across all
species, curves show 100 posterior predictions for expected outcome values per species.

Discussion

This study presents the first abundance maps of mainly daytime songbird
migrants over marine areas, offering valuable insights into large-scale spa-
tial patterns. Our results highlight the broad-front migration behaviour of
songbirds, meaning they do not follow specific, sometimes socially inherited
routes, as seen in taxa like geese or swans (Aikens et al. 2022). Even far
offshore, large flocks of common starlings Sturnus vulgaris were recorded (see
Supplement S2); nevertheless, our findings support the general expectation
that migration intensity declines with increasing distance from the coast.

An important consideration when interpreting these results is the non-
systematic nature of the data collection. The ship-based observations used in
this study originate from national monitoring programs focused on seabirds.
As songbirds are not the focus, detection and recording of migrating songbirds
are considerably affected by the observer as well as survey conditions, species
characteristics, and flight altitude, leading to underestimation (Morelli et al.
2022). As a result, the data presented here represent only a small fraction
of the overall songbird migration and—while these records provide valuable
insights into species presence—they do not represent absolute abundances of
migrating songbirds. Instead, our findings should be interpreted as relative
abundances and not as precise counts of individual birds.

Additionally, the surveys were conducted exclusively during daytime hours,
introducing a bias towards daytime migrants, given that the majority of
songbird migrants are ‘strict’ nighttime migrants (Dorka 1966). Nighttime
migrants were also observed during the day, as they can extend their flight



times into daylight hours, particularly when crossing ecological barriers such
as seas. The availability of orientation cues differs between day and night, with
landscape features such as coastlines being more easily detected in daylight
(Martin 1990). Consequently, nighttime migrants are generally considered
less influenced by coastal landscape structures and may migrate offshore
more frequently than daytime migrants (Bruderer and Liechti 1998; but see
Michalik et al. 2020). Given that daytime and nighttime migrants share
similar physiological and anatomical constraints, we assume that the general
pattern of decreasing songbird abundance with increasing distance from the
coast observed for daytime migrants may also apply to nighttime migrants.
This notion is further supported by tracking data of nighttime migrants from
the German Bight (Riippel et al. 2026). However, the data sampling method
is not suitable for quantifying specifically nighttime migrants and did not
provide a sufficiently high sample size to generalise their offshore distribution
and potential exposure to offshore wind farms. Quantifying this exposure
is biologically of high concern, as nighttime migrants might be particularly
vulnerable to such exposure especially under unfavourable weather conditions
(fog, rain, headwinds) in combination with the attraction to artificial light
sources in offshore wind farms during the night (Walsh et al. 2025).

Songbird abundance declined with increasing distance from the coast in
both the North Sea and the Baltic Sea (Figure 1, 2). This pattern persisted
across seasons, and in the North Sea it was also evident across species and
for both daytime and nighttime migrants (see Supplement S4-5). However,
because the sample size for nighttime migrants was small, this particular
finding should be interpreted with caution. The overall consistency of the
trend suggests that the pattern might be a general characteristic of songbird
migration over marine areas, extending beyond German territory. In the
Baltic Sea region, the pattern of migration intensity differs from that in
the North Sea because the Baltic Sea is much narrower (the German EEZ
extends about 300 km into the North Sea but only about 55 km into the
Baltic Sea, Figure 1). As a result, it does not act as a substantial barrier
for migratory songbirds. Although the primary migration corridors follow
geographic features (Alerstam and Pettersson 1977), songbirds cross the Baltic
Sea on a broad front. Consequently, the transferability of these findings to
other regions or kinds of barriers (e.g. deserts) depends largely on geographical
factors. Large water bodies aligned with the primary migratory direction
will tend to act as partial barriers, leading to a stronger coastal effect, even
though some birds still cross directly. In contrast, smaller water bodies like
the German Baltic Sea do not impose the same concentration of songbird
migration. Furthermore, these findings may not be limited to songbirds as
for migratory bats similar reaction to environmental conditions have been
shown (Lagerveld et al. 2021; Seebens-Hoyer et al. 2026). The same might
also apply for other land-dwelling bird groups, who show similar migratory
phenotypes as songbirds, such as quails, pigeons, cuckoos, nightjars, swifts,
rails, bee-eaters, and kingfishers.

In addition to spatial patterns, the observational data also reveals the
temporal occurrence of songbirds offshore. Migration activity peaks in both
spring and autumn, with higher intensities generally observed during autumn.
Furthermore, the timing of migration varies by species, depending on their
migration strategy; birds undertaking longer migrations tend to migrate later
in spring and earlier in autumn (Dierschke et al. 2011). This temporal dimen-



sion is critical when assessing the interactions between migrating songbirds
and offshore wind farms and when designing effective mitigation measures.

Conclusion

With the expansion of offshore wind farms and other human activities at
sea, assessing the risks to mobile animals is essential for effective marine
spatial planning that balances renewable energy development with biodiversity
conservation. Our findings contribute to the general understanding of the
distribution of daytime songbird migrants over marine areas, supporting
informed decision-making to minimise ecological impacts on them. While ship-
based surveys provide valuable large-scale insights, they cannot fully capture
the complexity of songbird migration across offshore and remote regions,
especially during the night. No single method—whether direct observation,
radar, acoustical monitoring, or individual tracking—can comprehensively
map movements and vulnerabilities across all spatiotemporal scales. A fully
integrated approach, combining multiple methods, is essential for mitigating
risks and ensuring the protection of migratory songbirds.
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