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CHAPTER 4.
Niche separation of wetland birds revealed
from airborne laser scanning
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Abstract
Numerous organisms depend on the physical structure of their habitats, but
incorporating such information into ecological niche analyses has been
limited by the lack of adequate data over broad spatial extents. The
increasing availability of high-resolution measurements from country-wide
Airborne Laser Scanning (ALS) surveys — a Light Detection And Ranging
(LiDAR) technology — now provides unprecedented opportunities for
characterizing habitat structure. Here, we use country-wide ALS data in
combination with presence-absence observations of birds from a national
monitoring scheme in the Netherlands to quantify niche filling, niche overlap
and niche separation of three closely-related wetland birds (great reed
warbler, Eurasian reed warbler, and Savi’s warbler). We developed a
workflow to derive LiDAR metrics capturing different aspects of vertical and
horizontal vegetation structure and used a Principal Component Analysis
(PCA), niche equivalency and niche similarity tests to analyse the fine-scale
breeding habitat niches of these warbler species in the Netherlands. The
widespread Eurasian reed warbler almost completely filled the available
wetland habitat space (93%) whereas the two other species showed
considerably less niche filling (64% and 74%, respectively). Substantial niche
overlap occurred among all species, but each species occupied a distinct
part of the habitat space. The great reed warbler mainly occurred in tall and
vertically complex wetland vegetation and was absent in areas with large
proportions of reedbeds. The Eurasian reed warbler occupied all parts of the
wetland habitat space, whereas the Savi's Warbler mainly occurred in large
homogenous reedbeds with low vegetation height. Our results demonstrate
that broad-scale ecological niche analyses can incorporate the fine-scale 3D
habitat preference of species with unprecedented detail (e.g. 10 m
resolution), and thus go much beyond quantifying the climate niche and 2D
habitat information from land cover maps. This is important to identify habitat
features and priorities for biodiversity conservation in wetlands and other
habitats.
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Introduction
The quantification of the ecological niche is of fundamental importance
for ecology, biogeography and conservation (Grinnell, 1917;
Hutchinson, 1957; Schurr et al., 2012). It provides information on how
populations of species can persist (Holt 2009), how multiple species
coexist in the same habitat (Chase and Leibold, 2003), and how
species’ respond and adapt to global environmental change (Pearman
et al., 2008; Schurr et al., 2012). The rapid development of ecological
niche models (Araújo et al., 2019; Guisan and Thuiller, 2005; Soberón
and Nakamura, 2009) and new statistical frameworks for quantitative
ecological niche comparisons (Brown and Carnaval, 2019) now
facilitate studies of ecological niche separation in unprecedented
detail, both in geographical (Warren et al., 2008) and environmental
space (Broennimann et al., 2012). Such methods allow us to assess
whether the ecological niches of two species are equivalent or whether
they are more similar than expected by chance given a background
environment (Broennimann et al., 2012; Brown and Carnaval, 2019;
Warren et al., 2008). Various studies have used such methods to test
for similarities and differences in ecological niches of closely related
species (Warren et al., 2008) or among different areas of occupancy
of the same species, for instance in relation to biological invasions
(Petitpierre et al., 2012). However, most broad-scale niche studies
focus on characterizing the climatic niche whereas niche aspects
related to habitat structure have received less attention.
The growing spatial and temporal availability of spaceborne and
airborne remote sensing products offers new opportunities for
mapping and monitoring vegetation structure with fine resolution
across broad spatial extents (Kerr and Ostrovsky, 2003; Pettorelli et
al., 2016). Specifically, country-wide Airborne Laser Scanning (ALS)
provides a method for quantifying fine-scale vegetation structure
across broad spatial extents (Kissling et al., 2017; Lefsky et al., 2002;
Vierling et al., 2008). ALS is an active remote sensing method using
LiDAR (Light Detection and Ranging) technology to capture
information on the 3D structure of vegetation (Lefsky et al., 2002).
During ALS measurements, the scanner emits a laser pulse which is
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reflected back from different parts of the vegetation (e.g. leaves,
branches and stems) or from the ground. In order to derive ecologically
relevant information, the obtained 3D point cloud needs to be further
processed, e.g. into metrics which statistically aggregate the 3D point
cloud information within raster cells (Bakx et al., 2019; Davies and
Asner, 2014). LiDAR metrics can then be used to map animal habitats
(Koma et al., 2021b; Lucas et al., 2019) or to model the geographical
distribution of animals such as birds, mammals and invertebrates
(Bakx et al., 2019; Zellweger et al., 2014, 2013). Most applications
have shown that the distribution and abundance of birds and other taxa
are related to the vertical and horizontal heterogeneity of the
vegetation as measured by various LiDAR metrics (Davies and Asner,
2014). While several studies have used LiDAR metrics in species
distribution models (SDMs) (see review of Bakx et al. 2019), their
application in studies of niche separation in habitat space (i.e. in
environmental rather than geographic space) are rarely carried out
(Brown and Carnaval, 2019).
LiDAR technology has been predominantly used for quantifying the
effect of vegetation structure on animal habitat and space use in
forests (Hill et al., 2014). However, recent studies have shown that
ALS has also the potential to be used in non-forested habitats such as
wetlands, e.g. for quantifying vegetation height (Hladik and Alber,
2012; Luo et al., 2015; Nie et al., 2018), for mapping the density and
biomass of reed beds (Corti Meneses et al., 2017; Luo et al., 2017), or
for classifying wetland-related habitat types (Koma et al., 2021b). This
is remarkable because wetland habitats such as marshes, reedbeds,
swamps or peatlands predominantly consist of low vegetation which
limits the detection of vegetation structure with LiDAR. One reason is
that subsequent laser returns from low vegetation (or dense forest
canopies) may be too short to be detected so that only one laser hit is
recorded by the sensor (Hladik and Alber, 2012; Hopkinson et al.,
2005). Nevertheless, low-stature habitats still vary substantially in
vegetation structure (e.g. reed height and density) and horizontal
structure at the landscape scale (e.g. patchiness and edges) which
strongly determines the habitat niche of animals inhabiting wetlands
(Gilbert and Smith, 2012). For instance, local field studies of reed
warblers (songbirds breeding in reedbeds) have shown that their
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habitat niches are separated by vegetation height and distance from
the water (Graveland, 1998; Leisler and Schulze-Hagen, 2011). Field
observations further show that the availability of insects depends on
the density of the undergrowth (van der Hut, 1985) which shapes the
feeding strategies of these species (Leisler and Schulze-Hagen,
2011). Other studies have shown that the horizontal distribution of
vegetation structure and differences in wetland plant communities
(e.g. the homogeneity and extent of reedbeds or the amount and
patchiness of bushes) are important components for characterizing the
habitat niches of these species at the home range scale (Gilbert and
Smith, 2012; Graveland, 1998; van der Hut, 1985). However, most
field observations are restricted to local study areas, and it remains
unclear how general these animal-habitat relationships are.
Here, we use country-wide ALS data from the Netherlands to test
whether the breeding habitat niches of three closely-related wetland
birds can be separated in environmental (i.e. vegetation structural)
space. We focus on the great reed warbler (Acrocephalus
arundinaceus), the Eurasian reed warbler (Acrocephalus scirpaceus)
and the Savi's warbler (Locustella luscinioides) and derive high
resolution (10 m) LiDAR metrics to test for niche overlap using niche
similarity and niche equivalency tests (Di Cola et al., 2017; Warren et
al., 2008). The general breeding habitat niche of these three warblers
is highly overlapping (i.e. all species are breeding in reedbeds), but
various field studies suggest that they separate their niches at a finer
scale along different gradients of vegetation structure (Graveland,
1998; Leisler and Schulze-Hagen, 2011; van der Hut, 1985). Using
high quality and detailed bird territory mapping data from a
comprehensive national monitoring scheme we test (1) to what extent
niche filling of habitat space as derived from LiDAR metrics differs
among the three warblers (with the Eurasian reed warbler being the
most widespread and probably least specialized species), and (2) how
the use of vertical and horizontal vegetation structure (e.g. height,
density of low vegetation, proportion and patchiness of reed) differs
among the warbler species (with the great reed warbler potentially
preferring tall water reed and the Savi's warbler relatively large and
homogenous patches of reed vegetation). Country-wide ALS data
thereby allow us to separate the fine-scale breeding habitat niches of
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wetland birds using a standardized protocol across broad spatial
extents. This goes much beyond the coarse habitat information
typically provided by other remote sensing products such as land cover
maps.

Materials and Methods
We developed an open-source workflow to process and analyse the
bird observation and ALS data (Fig. 4.1). This included three main
processing steps: (1) processing of bird observation data, (2)
processing of LiDAR data, and (3) statistical analysis of the results.
For processing the LiDAR point cloud data at the national scale, we
used the recently developed open-source Python toolkit
‘Laserchicken’ (Meijer et al., 2020) within the associated framework for
research
applications
(‘Laserfarm’,
https://github.com/eEcoLiDAR/Laserfarm). The developed workflow
(Fig. 4.1) is freely available as R scripts via GitHub
(https://github.com/eEcoLiDAR/Niche_separation_wetland_ALS).
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Figure 4.1. Workflow for analysing habitat niches of wetland birds using
field observations (presence-absence data derived from territory mapping
within survey plots) from a national monitoring scheme and country-wide
Airborne Laser Scanning (ALS) data based on Light Detection and Ranging
(LiDAR). The workflow contains three main processing steps (grey boxes).
Input datasets are located on the left side and output on the right side (in
white boxes).
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Processing of bird observation data
The breeding bird observations were collected by Sovon (Dutch
Centre for Field Ornithology, https://www.sovon.nl/en) which
coordinates the monitoring of wild bird populations in the Netherlands.
We used the bird observations from 2014–2018 collected by the
Breeding Bird Monitoring Program (BMP) which encompasses areal
surveys of territorial behaviour during the breeding season (territory
mapping). The time span of the bird observations matched the LiDAR
data acquisition time and provided presence-absence information
within survey plots across the Netherlands using a standardized field
sampling protocol with a similar observation effort across species
(Vergeer et al., 2016). Each year between March and July all survey
plots (ranging from 10 to 500 hectares in size) were visited 5–10 times
in the early morning by an experienced ornithologist. During the field
visits the spatial location of all birds with territorial and nest indicative
behaviour (e.g. song, alarm, nest) were mapped. The sampling
scheme thus provides high-resolution presence data (i.e. exact spatial
locations of observed individuals during the breeding season) as well
as absence information (i.e. those areas within survey plots in which a
species has not been observed given a standardized sampling effort).
We selected three wetland bird species which prefer reedbeds as their
breeding habitat: the great reed warbler (Acrocephalus arundinaceus),
the Eurasian reed warbler (Acrocephalus scirpaceus) and the Savi's
warbler (Locustella luscinioides). All three species are closely related
and belong to the Old-World warblers. We used a 200 m radius around
each bird observation point to characterize the habitat use of each bird.
This corresponds to the estimated activity range of these species
based on observational data from Sovon and the literature (van der
Hut, 1985). To select absence points, we randomly placed points in
the survey plots (Fig. 4.1, substep 1a) and only included those which
(1) were outside a 200 m radius around presence points (Fig. 4.1,
substep 1b), and (2) spatially coincided with wetland land cover types
(Fig. 4.1, substep 1c; Fig. S3.1). This provided absence points within
areas that had been intensively surveyed but without recording the
species (i.e. wetland land cover types within sampled survey plots, but
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sufficiently away from recorded presences). To select wetland land
cover types, we constructed a wetland mask using the Dutch land
cover map (Landelijk Grondgebruik Nederland, LGN2018) which is
based on high-resolution satellite imagery and aerial photographs at 5
m resolution. The wetland mask included five wetland-related
LGN2018 land cover classes: open water, salt marsh, shrub
vegetation in wetlands, reedbeds and forest in wetlands. A total of 453,
83,613 and 9,005 presence records were included for the great reed
warbler, Eurasian reed warbler and Savi’s warbler, respectively. We
initially generated 150,000 random absence points within the survey
plots and finally used a total of 6,307 absence points after applying the
wetland mask and the activity range around presence points. We used
both presence and absence records for characterizing the background
environment (i.e. wetland habitat space). The total covered area in this
study was 3600 km2.

Processing of LiDAR data
The LiDAR data were acquired during the third Dutch national ALS
flight campaign (AHN3, Actueel Hoogtebestand Nederland) between
2014–2019 during the spring, autumn and winter months. The AHN3
dataset is openly accessible, captures multiple returns and has an
average
point
density
of
8
pt/m2
(https://ahn.arcgisonline.nl/ahnviewer/). The raw point cloud has been
pre-processed by ‘Rijkswaterstraat’ (the executive agency of the Dutch
Ministry of Infrastructure and Water Management) and comes with a
classification of ground, building, water and non-ground points. Our
study covers the whole Netherlands, except for the province of
Groningen, because those point clouds were not yet released when
conducting the analyses. The processing of the AHN3 data for the
purpose of this study consisted of five substeps (Fig. 4.1, step 2 a–e).
First, the point cloud data were normalized by subtracting the terrain
height from the height of each point. The digital terrain model was
defined by using the minimum height of points in each 1 m x 1m cell
(Fig. 4.1, substep 2a).
Second, points associated with the ground, water or buildings were
dropped, resulting in a point cloud that can be attributed to vegetation.
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With these points we calculated various LiDAR metrics capturing
vertical vegetation structure within 10 m resolution grid cells (Fig. 4.1,
substep 2b). We selected metrics including height, foliage height
diversity and vegetation density within specific strata (see Table 4.1).
These are commonly used in LiDAR-based habitat studies of birds
(Bakx et al., 2019) and capture complementary measurements of
vertical vegetation structure that are relevant for the selected reed
warbler species (Table 4.1).
Third, we applied various data filters to ensure that the grid cells
including human infrastructures were removed (Fig. 4.1, substep 2c).
We excluded grid cells overlapping with cities and rail tracks based on
information from the LGN2018 data. Because power lines are not
included in LGN2018, we filtered them directly based on the TOP10NL
cadastre data (https://zakelijk.kadaster.nl/-/top10nl) using a 20 m
buffer around the polylines and intersecting these with the 10 m LiDAR
metrics dataset.
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Table 4.1. LiDAR metrics for studying ecological niche overlap among reed
warblers. Metrics capturing vertical vegetation structure were directly
calculated from the LiDAR point cloud at 10 m grid cell resolution whereas
horizontal heterogeneity metrics were calculated using 10 m resolution grid
cells of vegetation height values (VV_p95) around a 200 m radius of each
focal cells. SD = standard deviation; z = height value of LiDAR point.
Metric name
(abbreviation)

Metric calculation

Ecological relevance

Vertical vegetation structure
Vegetation height
(VV_p95)

95th percentile of
normalized z within 10
m grid cell

Vegetation height of
tallest plants (e.g.
trees, shrubs, reed)

Foliage height
diversity (VV_FHD)

Shannon entropy of
normalized z within 10
m grid cell derived
from height layers with
0.5 m thickness

Structural complexity
of vertical biomass
distribution and
layering of vegetation

Vegetation density of
0–1 m layer (VD_0_1)

Ratio of number of
points <1 m relative to
number of total
vegetation points
within 10 m grid cell

Density of vegetation
in lowest understory
layer

Vegetation density of
1–2 m layer (VD_1_2)

Density of vegetation
Ratio of number of
points between 1–2 m 1–2 m above ground
relative to total number
of vegetation points
within 10 m grid cell

Vegetation density of
2–3 m layer (VD_2_3)

Density of vegetation
Ratio of number of
points between 2–3 m 2–3 m above ground
relative to total number
of vegetation points
within 10 m grid cell

Horizontal structure of vegetation
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Horizontal variability of
total vegetation height
(HH_sd)

SD (within 200 m
radius) of 95th
percentile of
normalized z (VV_p95
values of 10 m
resolution grid cells)

Heterogeneity of total
vegetation height
within the home range
scale of reed warblers

Horizontal variability of
height of reed
vegetation and other
helophyts
(HH_reedveg_sd)

SD (within 200 m
radius) of 95th
percentile of
normalized z
(VV_p95), including
only those 10 m grid
cells that have z > 1 m
AND z < 3 m

Heterogeneity of reed
and helophyt
vegetation (with 1–3 m
canopy height) within
the home range scale
of reed warblers

Proportion of reed
vegetation and other
helophyts
(HH_reedveg_prop)

Proportion of 10 m grid
cells with z > 1 m AND
z < 3 m within 200 m
radius, based on 95th
percentile of
normalized z (VV_p95)

Amount of reed and
helophyt vegetation
within the home range
scale of reed warblers

Patchiness of reed
vegetation and other
helophyts
(HH_reedveg_patch)

Number of patches of
reed and helophyt
vegetation within 200
m radius (based on
95th percentile of
normalized z, including
only cells with z > 1 m
AND z < 3 m)

Homogeneity and
coherence of the reed
and helophyt
vegetation within the
home range scale of
reed warblers

82

Chapter 4

Fourth, we calculated second-order LiDAR metrics that capture the
horizontal heterogeneity of vegetation within the 200 m radius around
bird observations (Fig. 4.1, substep 2d). This was done with a moving
window approach based on the 95th percentile of vegetation height in
10 m grid cells (VV_p95, see Table 4.1) and a radius of 200 m around
a focal grid cell. These LiDAR metrics were either based on the
standard deviation (SD) of VV_p95 or on the proportion and
patchiness of reed and helophyt vegetation (Table 4.1). Reed and
helophyt vegetation was defined by using a VV_p95 threshold (>1m
and <3m) to differentiate reedbeds from other vegetation such as
bushes and trees (>3m) because the height of reed (Phragmites
australis) and other helophyts (e.g. Typha angustifolia) in our study
area typically lies between 1–3 m. This threshold was then used to
derive the SD of reed vegetation (HH_reedveg_sd) and to capture the
proportion and the number of patches of reed and helophyt vegetation
within a 200 m radius (Table 4.1). Patches were defined as spatially
connected grid cells (using a queens neighbourhood, i.e. the eight
adjacent grid cells). We also included one horizontal variability metric
of total vegetation (HH_sd, see Table 4.1).
Fifth, we intersected the LiDAR metrics with the bird observation data,
i.e. with both the presence and absence points (Fig. 4.1, substep 2e).
We excluded observation points where the 95th percentiles of
normalized height was above 30 m. This step was necessary to
exclude any remaining human infrastructures (e.g. wind turbines) that
could not be filtered out using the cadastre data.

Statistical analyses
The statistical analysis included four parts (Fig. 4.1, substeps 3a–c).
First, we performed a principal component analysis (PCA) (Fig. 4.1,
substep 3a) to reduce the dimensionality of the nine LiDAR metrics
and because subsequent niche similarity and equivalency tests are
only available for two dimensions. The PCA was done with the
presence and absence points of all three bird species (n = 99,404).
We assessed the ecological relevance and meaning of the PCA axes
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by analysing the factor loadings with Pearson’s correlation coefficients
(r) between the LiDAR metrics and the PCA axes.
Second, we analysed niche filling (Fig. 4.1, substep 3b) by quantifying
the extent to which the available wetland habitat space is occupied by
the three species. We calibrated the PCA on the entire environmental
(wetland habitat) space (compare PCA-env in Broennimann et al.,
2012) using a kernel density function for smoothing the density of
presence records within the wetland habitat space (i.e. using all 10 m
grid cells intersected with presence and absence records within
wetland-related land cover types, see above). The application of a
kernel smoother to standardize species densities within the twodimensional PCA makes moving from a geographical space to a
multivariate environmental space independent of both sampling effort
and resolution in environmental space (Broennimann et al., 2012). The
environmental space (here captured by the first two PCA axes) was
divided into a grid of 500 × 500 cells, including all parts with low and
high density of presence records. We additionally tested 100 × 100
and 1000 × 1000 grid cell sizes for the multivariate environmental
space (Table S3.2 and Table S3.3). Niche filling was then quantified
for each species as the percentage of occupied niche space relative
to the total available background (i.e. wetland habitat space along the
two PCA axes). Niche filling was calculated for both the total occupied
area (i.e. no percentile threshold applied for the kernel density) and for
high species densities only (i.e. 50th percentile of kernel density).
Third, for calculating niche overlap among pairs of species (Fig. 4.1,
substep 3c), we used the Schoener’s D statistic (Warren et al., 2008)
which varies from 0 (no overlap) to 1 (complete overlap). This
quantifies the amount of niche overlap by computing the absolute
differences in densities of occurrences between two species for every
grid cell in environmental space. Two tests can then be carried out to
assess the statistical significance of the niche overlap with a
randomization procedure (Brown and Carnaval, 2019; Di Cola et al.,
2017; Warren et al., 2008). First, the niche equivalency test assesses
whether the niches of two species are identical or not. The
randomisation places the occurrences of both species randomly
across the density grids of both species in environmental space. If the
84

Chapter 4

observed niche overlap value is significantly lower than the frequency
distribution of randomized D values, the habitat niches of the two
species are different, i.e. they are not equivalent. Second, the niche
similarity test assesses whether the overlap between the observed
niches of two species significantly differs from the frequency
distribution of overlaps when the habitat niche of one species is
randomly allocated in the environmental background by shifting the
centroid of its occurrence density grid (Di Cola et al., 2017). This is
done 1000 times and the similarity between each simulated density
plot and the observed density plot is then calculated (Fig. S3.2). If the
observed D value is significantly greater than the frequency
distribution of the random D values, it indicates that the species’ niches
are more similar than expected by chance given the available
environmental space (here wetland habitat structure). If the niche
similarity test is not significant, it indicates that the niches are not
similar, i.e. they do not substantially overlap. For both statistical tests,
we used 1000 randomisations and assessed a difference to be
statistically significant when the observed value of D fell outside the
95% of the simulated values (i.e. equivalent to p < 0.05 for a one sided
test).

Results
The PCA reduced covariation among the nine LiDAR metrics into two
main dimensions (PCA 1 & PCA 2; Fig. 2d). PCA 1 explained 37% and
PCA 2 24% of the variance, with any other axis only contributing ≤
10%. PCA 1 was mainly characterized by LiDAR metrics capturing the
vertical structure of vegetation around bird observation points (10 m
resolution), specifically foliage height diversity (VV_FHD), vegetation
density between 0 and 1 meters (VD_0_1) and vegetation height
(VV_p95) (Fig. 4.2d, see variable loadings in Table S3.1). Hence, large
and positive values of PCA 1 reflected tall and vertically complex
wetland vegetation with a low density of herbaceous vegetation <1 m.
PCA 2 mainly reflected horizontal vegetation structure within a radius
of 200 m around the bird observation points (Fig. 4.2d), i.e. a high
proportion and large areal extent of reedbeds (HV_reedveg_prop) with
little fragmentation and few patches (HV_reedveg_patch) (see
variable loadings
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Figure 4.2. Habitat niches of three reed warbler species in the Netherlands.
(a) Great reed warbler (Acrocephalus arundinaceus) (photo credit: Michele
Lamberti, source: Flickr). (b) Eurasian reed warbler (Acrocephalus
scirpaceus) (photo credit: Martien Brand, source: Wikipedia). (c) Savi's
warbler (Locustella luscinioides) (photo credit: Ron Knight, source:
Wikipedia). (d) First two axes of a Principal Component Analysis (PCA)
based on nine LiDAR metrics capturing vertical vegetation structure and
horizontal heterogeneity of vegetation in Dutch wetlands (see metric
abbreviations and definitions in Table 4.1, and variable loadings in Table
S1). (e–g) Niche filling of the three reed warbler species illustrated with a
50% and 100% kernel density estimation (dashed lines and straight lines,
respectively). Niche filling for each species is shown relative to the
available background environment (i.e. presence and absence records
intersected with LiDAR metrics within wetland-related land cover types).
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in Table S3.1). Some LiDAR metrics did not load clearly on only one
PCA axis, e.g. vegetation density (VD_1_2) and two of the horizontal
heterogeneity metrics (HV_reedveg_sd and HV_reedveg_patch, see
factor loadings in Table S3.1).
Niche filling (Fig. 4.2e–g) was greatest for the Eurasian reed warbler,
with about 94% of the available background environment (wetland
habitat space) being occupied by this species (Fig. 4.2f). The other two
species (great reed warbler and Savi’s warbler) only filled 64% and
76%, respectively (Fig. 4.2e,g). Restricting the kernel density
estimation to a 50% percentile threshold showed that the great reed
warbler had the most restricted density of occurrences in this wetland
habitat space (5%), followed by the Savi's warbler (14%) and the
Eurasian reed warbler (20%) (Fig. 4.2e–g).
Besides niche filling, the three bird species also differed in their
occurrence densities within the available wetland habitat space (Fig.
4.2e–g). The great reed warbler had the highest occurrence density in
tall and vertically complex vegetation (PCA 1 axis in Fig. 4.2d),
indicating that it is present in reedbeds with tall reeds and some
bushes and trees (Fig. 4.3). In contrast, the Eurasian reed warbler was
less specialized, and often occurred in linear strips of reed vegetation
along ditches (Fig. 4.3c), a type of reed habitat that is widespread in
the Netherlands. The Savi’s warbler occurred in large homogenous
reedbeds or other low-stature wetland vegetation interspersed with
few bushes or small trees (Fig. 4.3d). These differences in breeding
habitat among the three species were reflected in the occurrence
densities of the PCA in which the Eurasian reed warbler showed a
wide distribution along both PCA 1 and PCA 2 (Fig. 4.2f), whereas the
Savi’s warbler had the highest occurrence densities in large
homogenous reed vegetation (PCA 2) with low vegetation height (PCA
1) (Fig. 4.2g). The great reed warbler was absent in areas with high
reedbed proportions (PCA 2 capturing HV_reedveg_prop, see Fig.
4.2e), probably reflecting territories with a large amount of water in the
surroundings (no LiDAR vegetation points) since they occur close to
the water edges (Fig. 4.3a, b).
Each species had a distinct occurrence density within the twodimensional habitat space (Fig. 4.4). While there was substantial niche
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overlap among all species (Schoener’s D: 0.46–0.61, Table 4.2), the
niche equivalency tests revealed that the observed niche overlaps
were substantially smaller than expected by chance, indicating niche
separation among all three warbler species (Table 4.2, Fig. 4.4).
The niche similarity tests further revealed interesting differences
among species pairs (Table 4.2). The great reed warbler and the reed
warbler were the only species for which niche overlap was significantly
more similar than expected from random shifts of both occurrence
density grids into the background environment (Table 4.2). This
suggested that both species can in principle occupy similar habitat
structures. The comparison of Savi’s warbler and the Eurasian reed
warbler showed no significant difference in the niche similarity test
when the Savi’s warbler occurrence density grid was shifted, but a
significant difference when that of the Eurasian reed warbler was
shifted (Table 4.2). This indicated that the Savi’s warbler did not
occupy specific habitat structures that the Eurasian reed warbler used,
but that the Eurasian reed warbler could occupy habitat structures
used by the Savi’s warbler. Finally, the comparison of the great reed
warbler and the Savi’s warbler showed no significant differences in the
niche similarity tests (Table 4.2). This indicated that the two species
occupied distinct breeding habitats.
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Figure 4.3. Examples of reed warbler observations in relation to land cover
and habitat structure. (a) A typical wetland area near Kampen in the
Netherlands in which the Eurasian reed warbler, great reed warbler and
Savi's warbler co-occur. The map shows the observed presence
observations of all three species (based on territory mapping) in relation to
a land cover map (LGN8 at 5 m resolution). (b–d) A typical territory for each
of the three species in relation to habitat structure as captured by LiDAR.
Left shows a 200 m radius around bird observation points with rasterized 1
m resolution LiDAR data showing the normalized height (z-value) above
ground. The colour indicates vegetation classified into height classes (0–1
m: predominantly herbaceous vegetation; 1–3 m: predominantly reed
vegetation; 3–5 m: predominantly bushes and small trees and tall reeds; 5–
20 m: trees). Right shows a 100 m crossplot (indicated in the left with a
dashed line) with the LiDAR point cloud classified into ground, vegetation
and water.
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Table 4.2. Results of the niche similarity and niche equivalency tests along
two axes of a principal component analysis (PCA 1 and PCA 2, compare
Fig. 4.2a). The species column indicates which species are compared (a
and b). Observed niche overlap is represented with Schoener’s D. The
niche equivalency test indicates whether the observed D is statistically
different from simulated D values (simD) based on randomly placing
occurrences within the density grids of both species. The niche similarity
test indicates whether the observed D is statistically more similar than simD
based on randomly shifting the occurrence density grids of one species
(either a or b) into the background (wetland) environment. We here chose a
cell size of 500 × 500 for the occurrence density grids, but results were
similar when choosing 100 × 100 and 1000 × 1000 grids (see Table S3.2
and Table S3.3). * p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant.
Species

a

Niche
overlap
(D)

Niche
equivalen
cy

b

Niche similarity

a->b

b->a

Great
reed
warbler

Eurasian
reed
warbler

0.61

different**
*
mean
simD =
0.84
sd simD =
0.02

similar*
mean
simD =
0.29
sd simD =
0.15

similar*
mean
simD =
0.27
sd simD =
0.14

Savi’s
warbler

Eurasian
reed
warbler

0.56

different**
*
mean
simD =
0.94
sd simD =
0.01

ns
mean
simD =
0.31
sd simD =
0.15

similar*
mean
simD =
0.23
sd simD =
0.16

Great
reed
warbler

Savi’s
warbler

0.46

different**
*
mean
simD =
0.86
sd simD =
0.02

ns
mean
simD =
0.19
sd simD =
0.17

ns
mean
simD =
0.29
sd simD =
0.17
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Figure 4.4. Pair-wise habitat niche comparisons among three reed warbler
species (GrW = great reed warbler, RW = Eurasian reed warbler, SW =
Savi’s warbler). Left: The difference in density of occurrence among two
species along two axes of a principal component analysis (PCA 1 and PCA
2, compare Fig. 4.2a). The outer line indicates the 100% kernel density of
the background environment (based on presence-absence records
intersected with LiDAR metrics within wetland-related land cover types).
Right: Results of the niche equivalency test which compares the observed
Schoener’s D (statistic of niche overlap) with a null distribution of simulated
D values based on randomizing the occurrences of both species across
their occurrence density grids. ObsD = observed Schoener’s D; mean simD
= mean of the simulated Schoener’s D values; sd simD = standard
deviation of the simulated Schoener’s D values.
91

Chapter 4

Discussion
Using detailed presence-absence data of birds from a national
monitoring scheme together with high resolution LiDAR metrics
derived from country-wide ALS data we show that the breeding habitat
niches of three closely related reed warbler species can be clearly
separated along two major axes of wetland vegetation structure. While
all three species show considerable niche overlap, they also differ in
their occurrence densities within the wetland habitat space, especially
in relation to specific aspects of vertical vegetation structure (e.g. reed
height, foliage height diversity and density of low vegetation) and
horizontal vegetation structure (extent, patchiness and height
variability of reedbeds, and presence of shrubs, trees or water). Our
study therefore demonstrates that LiDAR data from country-wide ALS
surveys offer promising opportunities for studying niche overlap and
niche separation of animals, at unprecedented detail over broad
spatial extents. This extends the toolset of ecologists beyond the
inclusion of 2D habitat information from land cover maps, not only in
forests but also in low-stature ecosystems such as wetlands.
The niche filling analysis revealed that the abundant and widely
distributed Eurasian reed warbler occupies a large part (93%) of the
available wetland habitat space whereas the two less abundant
species (great reed warbler and Savi’s warbler) showed considerably
less niche filling (69% and 74%). Earlier field studies on niche breadths
of reed warblers (marsh warbler, Eurasian reed warbler, great reed
warbler, sedge warbler and Savi's warbler) suggest that the great reed
warbler and the Savi's warbler are the most specialized species
(Rolando and Palestrini, 1989). Our study confirms these findings at a
national scale using vertical and horizontal vegetation variability
metrics derived from LiDAR.
Local field studies suggest that the habitat requirements of the
Eurasian reed warbler and the great reed warbler considerably overlap
(Graveland, 1998; Leisler and Schulze-Hagen, 2011). Our niche
similarity tests confirm this by showing that their breeding habitat
niches are similar. However, our niche equivalency test further
revealed that the breeding habitat niches of the two species are
separated, i.e. their occurrence densities differ within the available
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habitat space. Previous field studies report that the great reed warbler
prefers structurally diverse and tall reedbeds with some trees and
bushes near open water bodies whereas the Eurasian reed warbler is
particularly abundant in small patches of reed (Dyrcz, 1981;
Graveland, 1998). Our results confirm this by showing that the great
reed warbler is mainly found in vertically complex reed vegetation
(PCA 1). Furthermore, our results suggest that both species could
occupy similar habitat structures, but that they separate their niches
within reedbeds, maybe as a consequence of competition because
great reed warblers do not tolerate Eurasian reed warblers in their
territories (Leisler and Schulze-Hagen, 2011).
The niche similarity tests further revealed that the breeding habitat
niche of the Savi’s warbler is distinctly different from that of the
Eurasian reed warbler, but that the Eurasian reed warblers’ breeding
habitat niche largely overlapped with the Savi’s warbler. Field
observations suggest that the Savi’s warbler prefers wetland
vegetation with a moderate height and a dense ground layer (van der
Hut, 1985), and large reedbeds mixed with herbaceous fen vegetation
(Neto, 2006). This is reflected in PCA 2 for which the Savi’s warbler
showed a higher occurrence density in areas with large and
homogenous reedbeds compared to the Eurasian reed warbler. The
LiDAR metric ‘HH_reedveg_prop’ (representing PCA 2) was
calculated as the proportion of 10 m grid cells with a vegetation height
between 1–3 m in a 200 m radius. Besides reed (Phragmites australis),
this vegetation may also include other perennial plants >1 m such as
sedges (Schoenoplectus, Juncus, Cladium) or the bulrush (Typha).
These are typically dry reed habitats in which the Eurasian reed
warbler is rarely found. Instead, the Eurasian reed warbler prefers
taller reed vegetation and a low density of vegetation at the ground
level (van der Hut, 1985). Both aspects were reflected in PCA 1 along
which the occurrence densities of the Eurasian reed warbler were
higher than those of the Savi’s Warbler.
The great reed warbler and Savi’s warbler were the only species pair
for which the niche similarity tests were not statistically significant in
both directions, suggesting little competition for the same type of
habitat. Territory observations from Hungary suggest that the great
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reed warbler prefers areas close to open water (e.g. 5 m away from
the water edge) whereas the Savi’s warbler avoids such habitats (Báldi
and Kisbenedek, 1999). Moreover, the Savi's warbler prefers large
reedbeds and helophyte vegetation with few bushes and trees, a
habitat that the great reed warbler would rarely occupy (Báldi, 2006).
This difference in habitat choice is also reflected along the PCA 2 axis
of our analysis which captures the proportion of reed and helophyt
vegetation (‘HH_redveg_prop’). Our results therefore suggest a strong
niche separation between those two species, probably not driven by
competition but by different habitat preferences.
Our analyses support an important role of LiDAR for studying
ecological niches at broad spatial scale and with high resolution,
especially the aspects of the Grinnellian niche (Grinnell, 1917;
Soberón, 2007). While local in-situ vegetation or habitat studies often
measure plant species composition (Neto, 2006; van der Hut, 1985),
LiDAR technology enables the direct measurement of the 3D structure
of vegetation, both vertically and horizontally. Field studies can also
directly measure vegetation structure in wetlands (e.g. reed stem
thickness, ratio between old and new shoots, vegetation cover,
maximum height, density of vegetation in height layers, or litter
thickness) (Dyrcz, 1981; Graveland, 1998; Leisler and SchulzeHagen, 2011; Neto, 2006; van der Hut, 1985), but such measurements
are costly and time consuming and usually only taken locally (e.g.
within a few plots). In contrast, remote sensing data from LiDAR can
scale-up to a national level and provide vegetation structural
parameters in a standardized way, at high resolution (e.g. 10 m),
spatially contiguous and with comparably low costs. Nevertheless,
available country-wide ALS datasets also show limitations, e.g. they
are often surveyed in winter when broadleaf trees have no leaves
because the main purpose of many LiDAR surveys is terrain mapping
(Reutebuch et al., 2005). ALS data captured in winter months may thus
not fully represent the variability of vegetation structure within wetlands
(Onojeghuo et al., 2010). Future studies should investigate the effect
of seasonality of ALS data on capturing vegetation structure within
wetlands. Moreover, extending our analyses to other country-wide
ALS data would allow us to test whether breeding habitat niches of
bird species vary across latitudinal or longitudinal gradients in Europe.
94

Chapter 4

Conclusion
Our study shows that broad-scale analyses of ecological niches can
be extended beyond climate, land cover and topography by making
use of country-wide ALS datasets to characterize the 3D structure of
animal habitats. Combining LiDAR metrics of vegetation structure
derived from ALS with niche equivalency and similarity tests thus
provides a promising framework for studying fine-scale habitat niches
of species over broad spatial extents. The increasing availability of
open-access country-wide ALS data therefore opens up new avenues
for measuring, monitoring and predicting important aspects of the
ecological niche, at an unprecedented resolution and spatial coverage,
and even in ecosystems that are predominantly characterized by lowstature vegetation. Future macroecological niche studies should
quantify not only aspects of the climate niche, but also integrate finescale information on vertical and horizontal vegetation structure
derived from LiDAR. With the increasing availability of open-access
country-wide ALS data, studies on the geographic variability of finescale habitat preferences along latitudinal and longitudinal gradients
will also become possible.
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