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Abstract
1.	 Remote-sensing approaches have become of growing importance in biodiversity 

research and conservation. However, in Central Europe, studies on the small-
scale applicability of the Normalized Difference Vegetation Index (NDVI), despite 
its widespread use as a proxy for vegetation productivity, to predict bird species 
richness and density patterns in semi-natural ecosystems are missing.

2.	 We conducted this study to evaluate whether the time-consuming collection of 
field-survey habitat data can be replaced by NDVI parameters on a small spa-
tial scale without any significant loss of explanatory power. As a study area, we 
selected the semi-natural landscape of the Munster-South military training area 
(MTA) in the Lüneburg Heath (Northwest German Lowland, Lower Saxony). We 
conducted systematic bird surveys on 52 randomly selected plots of 30 ha size. 
Moreover, we sampled remote-sensing (NDVI parameters) and field-survey pa-
rameters (area of habitat types, habitat heterogeneity, ecotone length) to com-
pare the explanatory power of both types of predictors.

3.	 Our small-scale study demonstrated that remote-sensing data were as good as 
field-survey data in explaining species richness and territory density of threat-
ened breeding birds in semi-natural habitats. Solely, for overall species richness 
and territory density, the latter had a higher explanatory power. In general, NDVI 
predictors had positive effects on species richness and territory density of breed-
ing birds.

4.	 Practical implication. Consequently, NDVI data can be a useful tool to predict 
species richness and territory densities of breeding birds, at least for threatened 
species, on smaller scales in semi-natural landscapes if the environmental gradi-
ent is long enough. The combination of pronounced environmental gradients and 
restricted access make remote-sensing analyses a suitable alternative to time-
consuming field surveys on MTA. Overall, mid-productive and heterogeneous 
habitats, particularly ecotones, were identified as the hotspots of species rich-
ness and territory density of breeding birds in one of the largest heathland-mire 
complexes in Central Europe.
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1  |  INTRODUC TION

Remote-sensing approaches have become of growing importance 
in biodiversity research and conservation (Nagendra et  al.,  2013; 
Turner et al., 2003; White et al., 2022). Possible applications range 
from the use of aerial photographs to satellite data (Anderson & 
Gaston, 2013; Baumann et al., 2018; Gholizadeh et al., 2019). Today, 
the texture of satellite imagery is regularly used to explain biodi-
versity patterns (Farwell et al., 2021; St-Louis et al., 2006). One ap-
proach is to classify certain land-use types by specific image textures 
(Bell et al., 2016; Gould, 2000; Khatami et al., 2016). A simpler and 
less time-consuming one is to use vegetation indices calculated from 
raw satellite data (Bannari et al., 1995; Huete et al., 1997). The most 
widely known and extensively used of such indices is the Normalized 
Difference Vegetation Index (NDVI), which serves as an indicator 
of vegetation greenness and, by extension, productivity (Doughty 
et  al.,  2021; Fawcett et  al.,  2021; Pettorelli et  al.,  2011; Severson 
et al., 2022).

Birds are considered reliable indicators of environmen-
tal conditions and overall biodiversity (Reif et  al.,  2016; Reif & 
Hanzelka,  2020). Particularly, species richness and abundance 
of breeding birds are greatly influenced by habitat heterogene-
ity (Brüggeshemke et  al.,  2022; Farwell et  al.,  2020; Vickery & 
Arlettaz, 2012). So far, studies that explain distribution patterns 
of breeding bird assemblages by satellite-derived NDVI param-
eters have mainly been applied at large spatial scales, such as 
national or even continental levels (e.g. Bonthoux et  al.,  2018; 
Buermann et al., 2008; Fuller et al., 2007; Hunt et al., 2022). By 
contrast, small-scale studies are especially available from urban 
environments (Benedetti et  al., 2023; Bino et  al.,  2008; Leveau 
et al., 2018).

Significant portions of Central Europe have undergone extensive 
modification due to intensive agriculture and forestry practices as 
well as wetland destruction (Fartmann et al., 2021; Poschlod, 2017). 
Accordingly, today the landscapes are relatively homogeneous, 
semi-natural ecosystems are rare and environmental gradients are 
mostly short and lacking ecotone habitats. In line with this, in Central 
Europe, studies on the small-scale applicability of NDVI to predict 
bird species richness and density patterns in semi-natural ecosys-
tems are missing (Wood et al., 2013). Satellite imagery from ESA's 
Sentinel-2 mission is especially suitable for such studies because of 
the fine resolution of 10 × 10 m, out-competing similar programmes 
such as Landsat (Cohen & Goward, 2004; Drusch et al., 2012). One 
of the biggest advantages of using freely available satellite data to 
predict effects of environmental conditions on biodiversity patterns 
is the time saved compared to manual data collection in the field. 
Moreover, it can be applied in areas where access is often restricted, 
such as military training areas (MTA).

We conducted this study to evaluate whether the time-
consuming collection of field-survey data of landscape configuration 
can be replaced by the analysis of NDVI parameters on a small spa-
tial scale without any significant loss of explanatory power to predict 
environmental effects on species richness and territory density of 
breeding birds. As a study area, we selected the semi-natural land-
scape of the Munster-South MTA in the Lüneburg Heath (Northwest 
German Lowland, Lower Saxony), which contains one of the larg-
est mire-heathland complexes in Central Europe. We conducted 
systematic bird surveys on 52 randomly selected plots of 30 ha 
size within the open and semi-open part of the MTA. Moreover, we 
sampled remote-sensing (NDVI parameters) and field-survey hab-
itat parameters (area of habitat types, habitat heterogeneity and 
ecotone length) to compare the explanatory power of both types 
of predictors. As response variables, we used species richness and 
territory density of breeding birds, differentiated into all and threat-
ened species.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The study was conducted within the MTA Munster-South (60–
98 m a.s.l.; 52°56′44.4″ N/10°03′27.4″ E), which is located in the 
Lüneburg Heath in the eastern part of the Northwest German 
Lowland (Lower Saxony; Cordes et al., 1997). The MTA covers an area 
of 6500 ha (without external firing positions) and is characterized by 
a predominantly flat-undulating relief with marshy valleys and de-
pressions (Wegner, 2018). The study area has a suboceanic climate 
with relatively mild winters (mean temperature in January: 1.3°C), 
cool summers (mean temperature in July: 18.2°C), mean annual tem-
peratures of 9.3°C (weather station Fassberg, period: 1991–2020) 
and mean annual precipitation of 798 mm (weather station Munster, 
period: 1991–2020) (German Meteorological Service, 2023).

The study area has been in military use since the end of the 19th 
century and therefore has never experienced effects of agricultural 
intensification (Bundeswehr Joint Support Service,  2011; Müller 
et  al.,  1997). It comprises one of the largest heathland-mire com-
plexes in Central Europe, which is surrounded by extensive forests 
dominated by Scots Pine (Pinus sylvestris). The peatlands are pre-
dominantly transition mires and, after initial drainage attempts, have 
been extensively restored by damming from the end of the 1990s on 
(Federal Forestry Agency, pers. comm.). As a result, the area com-
prises a long environmental gradient since large-scale transitions 
between mires, wet and dry heathlands occur.

The heathland management on the MTA currently consists 
of prescribed burning and mechanical mulching (in demunitioned 

K E Y W O R D S
biodiversity conservation, ecotone, endangered species, heathland, military training area, 
normalized difference vegetation index (NDVI)
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areas) (Federal Forestry Agency, pers. comm.; Wegner,  2018). In 
addition, individual trees and shrubs are selectively removed to en-
sure the continuation of military training operations (Wegner, 2018). 
Additionally, accidental fires frequently occur to a significant de-
gree as a result of military training activities (predominantly barrel 
and rocket artillery) (Brüggeshemke et al., 2025; Bundeswehr Joint 
Support Service, 2011; Wegner, 2018).

2.2  |  Sampling design

2.2.1  |  Plots

We randomly chose square-shaped plots, each covering an area 
of 30 ha (approximately 550 × 550 m) with a minimum distance 
of 50 m to each other, within the central area of open and semi-
open landscape on the MTA, excluding the forested areas (N = 52; 
Figure 1). Forested areas were excluded from the analysis, since 
the study focused on breeding bird assemblages characteristic of 
open and semi-open landscapes. In total, our plots covered 24% of 
the whole MTA.

2.2.2  |  Remote-sensing parameters

The NDVI serves as an indicator of vegetation greenness, thereby act-
ing as a proxy for vegetation productivity and exhibiting an inverse 
relationship with the level of disturbance (Seto et al., 2004). NDVI data 
were derived from a raster image captured by the ESA's Sentinel-2 sat-
ellite mission, with a raster grid resolution of 10 m. The satellite image, 

obtained on 23 June 2022, corresponds to habitat conditions during 
the recorded breeding season. This relatively late date (concerning the 
breeding season of birds) was selected to allow for a more accurate 
distinction between dry heathlands and wet transitional mires, which 
tend to exhibit similar NDVI values at earlier dates, such as in March 
or April. NDVI values for each raster cell were calculated using the fol-
lowing equation (Sellers, 1985):

where B8 represents the near-infrared band (8) and B4 represents the 
red band (4) of the Sentinel-2 image. From these NDVI values, we com-
puted the mean NDVI for each study plot (NDVI_mean), determined 
the minimum and maximum raster value per study plot (NDVI_min and 
NDVI_max) and calculated the standard deviation of raster values per 
study plot (NDVI_stdev).

2.2.3  |  Field-survey parameters

Habitat composition for each plot was surveyed in the field follow-
ing the German habitat classification scheme (scale: 1:1000; 15 major 
habitat types [Table 1]; Finck et al., 2017). The resulting habitat maps 
were subsequently digitized using QGIS 3.0. Based on this data, we 
calculated the Shannon diversity index (H′), hereinafter referred to as 
habitat heterogeneity, to quantify the habitat heterogeneity of each 
plot (Fartmann et al., 2018; Schwarz et al., 2018):

NDVI =
(B8 − B4)

(B8 + B4)

H� = −
∑

i

pi ln pi

F I G U R E  1  Location of the Military Training Area Munster South and plots in northern Germany.
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with pi = ni/N and where N is the area of all habitat types within a plot 
and ni is the area of each habitat type in the plot. We also determined 
the ecotone length within each plot by measuring the length of bound-
aries between forested and open habitats on the one hand and wet 
and dry open habitats, on the other hand. The two were subsequently 
summed into one value. The field-survey parameter ‘burned area’ re-
fers to areas affected by fire during the survey year, predominantly in 
February and March 2022.

2.3  |  Bird surveys

Breeding bird territories were mapped across all plots between 
March and June 2022, following the methodology outlined by Fischer 
et al. (2005). Territory mapping is among the most accurate techniques 
for assessing species richness and abundance of breeding birds (Bibby 
et al., 2000). A total of five early-morning (from sunrise until 4 h after 
sunrise) surveys were conducted, each spaced by a minimum interval of 
10 days (Fartmann et al., 2018; Fumy & Fartmann, 2021). During each 
survey, observers followed a non-linear route encompassing the entire 
plot, recording all indicators of territorial behaviour, such as singing, 

on a digital map using QField for QGIS (Bibby et al., 2000). A breeding 
territory was confirmed when a bird exhibited territorial behaviour in 
at least two separate surveys (Fischer et  al.,  2005). Single observa-
tions were only classified as breeding territories if direct evidence of 
reproduction (e.g. nestlings in a nest) was observed (Brüggeshemke 
et  al.,  2022; Schmidt et  al.,  2022). If a territory centre was located 
at the edge of a plot, with observations of the same individual both 
inside and outside the plot boundaries, the territory was counted as a 
half territory. For subsequent analyses, we used species richness and 
territory densities of (i) all and (ii) threatened breeding bird species as 
response variables. Threatened species, including those classified as 
near-threatened, were identified based on the state-level Red List of 
breeding birds of Lower Saxony (Krüger & Sandkühler, 2022).

2.4  |  Statistical analysis

All statistical analyses were conducted using R version 4.1.2 (R 
Development Core Team, 2025). We employed multivariable generalized 
linear models (GLMs) with a negative binomial (for all species) and Poisson 
(for threatened species) error distribution to identify remote-sensing and 
field-survey parameters that explain species richness (=number of spe-
cies per plot) and territory densities of breeding bird assemblages (=num-
ber of territories per 10 ha), separately for all species and for threatened 
species. To prevent model overfitting, we excluded variables with high 
collinearity (|rs| >0.5), retaining only the most ecologically relevant vari-
able in each case (Table A1; cf. Löffler & Fartmann, 2017). Consequently, 
variables such as open forest, coniferous forest, semi-open heath, roads 
and firebreaks were omitted from the final GLM analyses. In contrast, 
remote-sensing variables showed no significant intercorrelation. All pre-
dictor variables were standardized (i.e. centred and scaled) to facilitate 
comparability of effect sizes (cf. Kämpfer et al., 2023). Automated model 
selection was conducted using the ‘dredge’ function (Bartoń,  2023). 
Thereafter, to enhance model robustness and determine the most influ-
ential environmental predictors, we applied model averaging based on an 
information-theoretic framework (Burnham & Anderson, 2010; Grueber 
et al., 2011). We used the ‘lme4’ package of Bates et al. (2015) for all GLM 
analyses and the ‘dredge’ and the ‘model.avg’ functions in the R package 
‘MuMIn’ by Bartoń (2023) for model selection and averaging. The model-
averaged regression coefficients were calculated from a range of top-
ranked submodels within ΔAICC <2 (Grueber et al., 2011). This means 
that the averaged coefficients represent a ‘weighted average’ (based on 
AICC weights) across all submodels. For more details on the calculation, 
see Burnham and Anderson (2010; eq. 4.7).

3  |  RESULTS

3.1  |  Species composition

Altogether, we detected 95 breeding bird species with 3229 terri-
tories in the 52 plots (Table A2). Among them were 42 threatened 
species (44%). The mean number of species per plot was 22.7 (min: 

TA B L E  1  Overview of sampled predictor variables 
(mean ± standard error [SE]; N = 52).

Parameters Mean ± SE

Remote sensing

NDVI_max 0.47 ± 0.01

NDVI_min 0.10 ± 0.01

NDVI_mean 0.28 ± 0.01

NDVI_stdev 0.06 ± 0.00

Field survey

Habitat area (ha)

Burned area 2.39 ± 0.43

Molinia-dominated heathland 4.20 ± 0.72

Open heathland 8.46 ± 0.78

Semi-open heathland 1.80 ± 0.44

Cytisus shrub 0.78 ± 0.37

Dry grassland 2.90 ± 0.70

Mesic grassland 0.35 ± 0.12

Pioneer forest 0.15 ± 0.05

Open forest 0.74 ± 0.28

Coniferous forest 2.74 ± 0.48

Transition mire 3.82 ± 1.04

Fringe 0.20 ± 0.04

Firebreak 0.43 ± 0.08

Track 0.72 ± 0.07

Built-up area 0.27 ± 0.05

Derived parameters

Habitat heterogeneity (Shannon habitat diversity) 1.42 ± 0.06

Ecotone length (km) 1.12 ± 0.11
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5, max: 39). On average, 62.1 territories per plot (min: 19, max: 124) 
were recorded. The mean number of threatened species per plot 
was 4.7 (min: 1, max: 10). On average, 12.8 territories of threatened 
species per plot (min: 2, max: 36) were recorded. The most common 
species (i.e. >150 territories in all plots) were, in decreasing order, 
skylark (Alauda arvensis), tree pipit (Anthus trivialis), yellowhammer 
(Emberiza citrinella), stonechat (Saxicola rubicola) and willow war-
bler (Phylloscopus trochilus). The most common threatened ones (i.e. 
>100 territories in all plots) were skylark, tree pipit, yellowhammer, 
woodlark (Lullula arborea) and red-backed shrike (Lanius collurio). The 
most frequent species were tree pipit (in 50 of 52 plots), stonechat 
(48/52), skylark (42/52), yellowhammer (42/50), red-backed shrike 
(40/52) and woodlark (40/52).

3.2  |  Relationship between breeding-bird 
assemblages and remote-sensing habitat parameters

Overall, the NDVI had positive effects on both species richness and 
territory density of breeding birds (Figure 2). NDVI_mean was the 
most important predictor of species richness. It had a positive effect 

on the number of all (model estimate: 0.21) and threatened spe-
cies (model estimate: 0.16). Moreover, NDVI_max favoured overall 
species richness (model estimate: 0.13) and NDVI_stdev favoured 
species richness of threatened species (model estimate: 0.15). By 
contrast, the most important predictor of territory density was 
NDVI_max, it had a positive effect on all (model estimate: 0.24) and 
threatened species (model estimate: 0.11). Additionally, territory 
densities of threatened species increased with NDVI_stdev (model 
estimate: 0.11).

3.3  |  Relationship between breeding-bird 
assemblages and field-survey habitat parameters

Ecotone length was the most important predictor among the field-
survey parameters (Figure 3). It had a positive effect on species 
richness and territory density of both all (model estimate for spe-
cies richness: 0.28; model estimate for territory density: 0.19) and 
threatened species (model estimate for species richness: 0.10; 
model estimate for territory density: 0.11). In our study area, 
forest-heathland ecotones harboured high densities of threatened 

F I G U R E  2  Estimates (±95% confidence intervals) of significant remote-sensing predictors of species richness (a, c) and density (b, d) of all 
(a, b) and threatened (c, d) breeding bird species, respectively (N = 52) (see Table A3). Model-averaged coefficients derived from top-ranked 
models (ΔAICC <2) are shown. Confidence intervals of significant predictors (p < 0.05) do not cross x = 0.

(a) (b)

(c) (d)
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breeding birds such as nightjar (Caprimulgus europaeus), tree pipit, 
woodlark and wryneck (Jynx torquilla) (see also Brüggeshemke 
et  al.,  2025). Heathland-mire ecotones were identified as the 
preferred habitat of the whinchat (Saxicola rubetra), which is also 
threatened. Additionally, both types of ecotones are essential 
habitats for the black grouse (Lyrurus tetrix), which is a focal spe-
cies of bird conservation and habitat management in the Lüneburg 
Heath, where the last remaining population in the North German 
Lowland occurs (Ludwig et al., 2009; Segelbacher et al., 2014; Tost 
et al., 2022).

Moreover, habitat heterogeneity had a positive (model esti-
mate: 0.10), and burned area (model estimate: −0.13) and Molinia-
dominated heathland (model estimate: −0.16) a negative effect on 
territory densities of all species. Additionally, the area of transition 
mire favoured species richness of threatened species (model esti-
mate: 0.15) and the area of dry grassland favoured territory den-
sities of threatened species (model estimate: 0.12). Among other 
threatened species, short-eared owl (Asio flammeus), barred warbler 
(Sylvia nisoria), common snipe (Gallinago gallinago) or Eurasian cur-
lew (Numenius arquata) established territories in the transition mires. 

Threatened species that exhibited high densities in dry grasslands 
were skylark, tree pipit and yellowhammer.

3.4  |  Comparison of the explanatory power of 
remote-sensing and field-survey data

The explanatory power of remote-sensing data (satellite-derived 
NDVI values) and field-survey data explaining species richness and 
territory density of threatened species did not differ (Figure 4). By 
contrast, field-survey data explained species richness and territory 
densities of all breeding birds better than remote-sensing data.

4  |  DISCUSSION

Our small-scale study demonstrated that remote-sensing data 
(satellite-derived NDVI parameters) were as good as field-survey 
data in explaining species richness and territory density of threatened 
breeding birds in semi-natural habitats across a long environmental 

F I G U R E  3  Estimates (standardized estimates ±95% confidence intervals) of significant field-survey predictors of species richness (a, c) 
and density (b, d) of all (a, b) and threatened (c, d) breeding bird species, respectively (N = 52) (see Table A4). Model-averaged coefficients 
derived from top-ranked models (ΔAICC <2) are shown. Confidence intervals of significant predictors (p < 0.05) do not cross x = 0.

(a) (b)

(c) (d)
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    |  7 of 11BRÜGGESHEMKE and FARTMANN

gradient. Solely, for overall species richness and territory density, 
the latter had a higher explanatory power. In general, NDVI predic-
tors (NDVI_max. NDVI_mean or NDVI_stdev) had positive effects 
on species richness and territory density of breeding birds.

Thus far, studies that predicted distribution patterns of breeding 
bird assemblages by satellite-derived NDVI parameters have mainly 
been applied at large spatial scales (e.g. Fuller et al., 2007; Buermann 
et al., 2008; Bonthoux et al., 2018). By contrast, small-scale studies 
are mainly available from urban environments, where NDVI values 
are negatively correlated with the extent of built-up areas and thus 
serve as effective predictors of bird diversity patterns (Benedetti 
et al., 2023; Bino et al., 2008; Leveau et al., 2018). In our research, the 
explanatory power of NDVI parameters was similarly precise as that 
of field survey data, at least for threatened species. Consequently, 
NDVI data can also be a useful tool to predict species richness and 
territory densities of breeding birds on smaller scales in semi-natural 
landscapes if the environmental gradients are long enough.

In contrast to large parts of Central Europe (see Section 1), large 
MTAs are usually still heterogeneous, rich in semi-natural habi-
tats and characterized by long environmental gradients (Busek & 
Reif, 2017; Svenningsen et al., 2019; Brüggeshemke et al., 2025; this 
study). Moreover, access to these areas (e.g. for field surveys) is often 
limited. Accordingly, remote-sensing analyses are a suitable alterna-
tive to classical field surveys at MTAs. Further areas that would bene-
fit from extended application of remote-sensing analyses because of 
difficult accessibility are, for example, alpine habitats, wetlands and 
river deltas. In addition, areas where species very sensitive to distur-
bance occur may profit from a less intensive field survey effort.

The NDVI measures the greenness of vegetation, that is, it is an 
approximation of productivity (Bannari et al., 1995; Seto et al., 2004). 
Usually, the relationship between species richness or abundance 

of breeding birds and productivity is not linear but hump-shaped 
(Fetcher et al., 2023; Sandal et al., 2024). In our study area, however, 
very productive habitats were missing. Our study was conducted in 
one of the largest heathland-mire complexes in Central Europe. The 
productivity gradient ranged from dry, very nutrient-poor heath-
lands to wet, mid-productive transition mires. Important predictors 
for species richness and territory density (all species, partly threat-
ened species) were NDVI_max and NDVI_mean. Accordingly, these 
response variables increased with the productivity and the presence 
of patches with higher productivity inside a plot. Overall, the ob-
served pattern confirms the relationship described above and is in 
line with our knowledge on breeding bird assemblages of heathlands 
and transition mires. The least productive, uniform types of heath-
lands are characterized by species-poor breeding bird assemblages, 
and the limited availability of nutrients in heathlands is generally 
known to restrict territory densities (Brüggeshemke et  al.,  2025; 
Fartmann et al., 2022). By contrast, semi-open heathlands, transition 
mires and their ecotones usually have a higher species richness and 
territory density than the prior, particularly when they are heteroge-
neous (Brüggeshemke et al., 2025; Flade, 1994), which was the case 
in our study.

Diverse habitats offer more available niches for both nest-
ing and foraging; hence, habitat heterogeneity is generally known 
to foster species richness and territory densities in breeding 
birds (Brüggeshemke et  al.,  2022; Farwell et  al.,  2020; Vickery & 
Arlettaz, 2012). Overall, three habitat parameters that directly re-
flect environmental heterogeneity had a positive effect on species 
richness and territory density. Among the remote-sensing predic-
tors, this was the case for NDVI_stdev. It fostered the number and 
territory density of threatened breeding bird species and is a mea-
sure of spatial heterogeneity in productivity (Bonthoux et al., 2018).

Among the field-survey habitat parameters, ecotone length was 
the most important predictor of both species richness and territory 
density of all and threatened species, respectively. Ecotones are tran-
sition zones between different ecosystems (Gosz, 1993; Kark, 2017). 
These transitions can be sharp or rather gradual (Gosz & Sharpe, 1989; 
Kent et al., 1997). In our study area, steep ecotones were found, for 
example, where firebreaks occurred next to forest edges to pre-
vent the spreading of forest fires caused by military training activity 
(Brüggeshemke et al., 2025). We found that more gradual ecotones 
existed in areas with less military training activity and gradual tran-
sitions between heathland, pioneer and open forests. Also, we ob-
served the near-natural transition mires forming an ecotone mosaic 
along a moisture gradient with the surrounding heathlands.

Ecotones are generally characterized by high biodiversity, since 
two ecosystems with different species assemblages are involved, 
but they also generate their own species community characteristics 
(Gosz, 1993; Habel et al., 2022; Holland & Risser, 1991; Risser, 1995). 
As stated above, forest-heathland ecotones in our study area har-
boured high densities of threatened breeding birds such as night-
jar, tree pipit, woodlark and wryneck (Brüggeshemke et al., 2025). 
Heathland-mire ecotones were identified as the preferred habitat 
of the whinchat (S. rubetra), which is also threatened. Additionally, 

F I G U R E  4  Explanatory power (McFadden R2) of the averaged 
models containing remote-sensing and field-survey predictors 
with respect to species richness and density of all and threatened 
breeding bird species, expressed as the mean proportion of 
variance explained exclusively by the respective averaged model ± 
SE. n.s. not significant, ***p < 0.001.
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both types of ecotones are essential habitats for the black grouse 
(L. tetrix), which is a focal species of bird conservation and habitat 
management in the Lüneburg Heath, where the last remaining pop-
ulation in the North German Lowland occurs (Ludwig et al., 2009; 
Segelbacher et al., 2014; Tost et al., 2022).

Moreover, habitat heterogeneity (Shannon habitat diversity), 
which is a relatively coarse parameter in comparison with the two 
aforementioned ones (Cooper et al., 2020; Fartmann et al., 2022), 
had a positive effect on overall territory density. Heterogeneity 
within certain habitat types also affected species richness and ter-
ritory densities of breeding birds. We found that burned area and 
Molinia-dominated heathland were very homogeneous in terms 
of vegetation structure (vegetation height and density) and had 
a negative effect on overall territory density. Nevertheless, they 
were essential habitats for some species. For example, burned 
areas are important breeding habitats of the skylark and are criti-
cal for black grouse as lekking sites (Ludwig et al., 2000; Prüter & 
Wübbenhorst, 2004). By contrast, we found transition mires and 
dry grasslands to be heterogeneous, thus fostering species rich-
ness and territory density, respectively, of threatened species. 
Mires are known to harbour many specialized and nowadays often 
threatened bird species (Alsila et al., 2021; Kloskowski et al., 2015). 
Among other threatened species, short-eared owl, barred warbler, 
common snipe or Eurasian curlew established territories in the 
transition mires of the study area. Threatened species that exhib-
ited high densities in dry grasslands were skylark, tree pipit and 
yellowhammer.

To sum up, NDVI data can be a useful tool to predict species richness 
and territory densities of breeding birds, at least for threatened species, 
on smaller scales in semi-natural landscapes if the environmental gra-
dient is long enough. The combination of pronounced environmental 
gradients and restricted access makes remote-sensing analyses a suit-
able alternative to time-consuming field surveys on MTA. Moreover, in 
our case, the breeding bird data collected at the MTA Munster-South 
could be used, for example, to model the abundance and distribution of 
endangered breeding bird species at other large MTAs in the Lüneburg 
Heath region without the need for further breeding bird mapping, thus 
saving even more time. Overall, mid-productive and heterogeneous 
habitats, particularly ecotones, were identified as the hotspots of spe-
cies richness and territory density of breeding birds in one of the largest 
heathland-mires complexes in Central Europe.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table A1. Results of Spearman rank correlations (rs) of field-survey 
variables.
Table  A2. Breeding-bird species, threat status and number of 
territories in the studied plots (N = 52).
Table  A3. Model-averaging results (GLM): relationship between 
species richness (a, c) and density (b, d) of all (negative binomial error 
structure) and threatened (Poisson error structure) breeding-bird 
species, respectively, and remote-sensing variables (N = 52).

 26888319, 2025, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/2688-8319.70170, W

iley O
nline L

ibrary on [17/12/2025]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.landurbplan.2018.04.007
https://doi.org/10.1016/j.landurbplan.2018.04.007
https://doi.org/10.1111/geb.13170
https://doi.org/10.1111/oik.02276
https://doi.org/10.1111/1365-2656.14136
https://doi.org/10.1111/1365-2656.14136
https://doi.org/10.1016/j.scitotenv.2022.158318
https://doi.org/10.1016/j.scitotenv.2022.158318


    |  11 of 11BRÜGGESHEMKE and FARTMANN

Table  A4. Model-averaging results (GLM): relationship between 
species richness (a, c) and density (b, d) of all (negative binomial error 
structure) and threatened (Poisson error structure) breeding-bird 
species, respectively, and field-survey variables (N = 52).
Table A5. Overview of candidate models used for model averaging 
of (a) remote-sensing and (b) field-survey models for species richness 
and territory density of all and threatened species, respectively.

How to cite this article: Brüggeshemke, J., & Fartmann, T. 
(2025). Predicting species richness and abundance of breeding 
birds by remote-sensing and field-survey data. Ecological 
Solutions and Evidence, 6, e70170. https://doi.
org/10.1002/2688-8319.70170

 26888319, 2025, 4, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1002/2688-8319.70170, W

iley O
nline L

ibrary on [17/12/2025]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/2688-8319.70170
https://doi.org/10.1002/2688-8319.70170

	Predicting species richness and abundance of breeding birds by remote-sensing and field-survey data
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Study area
	2.2  |  Sampling design
	2.2.1  |  Plots
	2.2.2  |  Remote-sensing parameters
	2.2.3  |  Field-survey parameters

	2.3  |  Bird surveys
	2.4  |  Statistical analysis

	3  |  RESULTS
	3.1  |  Species composition
	3.2  |  Relationship between breeding-bird assemblages and remote-sensing habitat parameters
	3.3  |  Relationship between breeding-bird assemblages and field-survey habitat parameters
	3.4  |  Comparison of the explanatory power of remote-sensing and field-survey data

	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


