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Abstract 

Ecological studies need accurate environmental data such as vegetation characterization, 

landscape structure and organization, to predict and explain the spatial distribution of 

biodiversity. Few ecological studies use remote sensing data to assess the biophysical or 

structural properties of vegetation to understand species distribution. To date, Synthetic 

Aperture Radar (SAR) data have seldom been used for ecological applications. However, 

these sensors provide data allowing access to the inner structure of vegetation which is a key 

information in ecology. The objective of this article is to compare the predictive power of 

ecological habitat structure variables derived from a TerraSAR-X image, an aerial photograph 

and a SPOT-5 image for species distribution. The test was run with a hedgerow network in 

Brittany and assessed the spatial distribution of the forest ground carabid beetles which 

inhabit these hedgerows. The results confirmed that radar and optical images can be 

indifferently used to extract hedgerow network and derived landscape metrics (hedgerow 

density, network grain) useful to explain the spatial distribution of forest carabid beetles. In 

comparison with passive optical remotely sensed data, VHSR SAR images provide new data 

to characterize vegetation structure and more particularly hedgerow canopy cover, a variable 

known to explain the spatial distribution of carabid beetles in an agricultural landscape, but 

not yet quantified at a fine scale. The hedgerow canopy cover derived from the SAR image is 
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a strong predictor of the abundance of forest carabid beetles at two scales i.e. a local scale and 

a landscape scale.  

Keywords 

biodiversity, remote sensing, forest carabid beetles, hedgerow canopy cover, landscape scale, 

quantitative maps 

1. Introduction 
 

Ecological studies aiming to explain and predict species distribution or spatial variability of 

species richness over landscapes need accurate data for quantifying the structure and 

organization of habitats (St-Louis et al., 2009). Understanding spatial species distribution is 

directly linked to the ability to characterize the environmental conditions that drive species 

distribution. Remotely sensed data offer a unique opportunity to provide environmental 

information with complete coverage, at different spatial and temporal resolutions and extents, 

such as land cover classification (Kerr and Ostrovsky 2003) and vegetation biophysical 

properties (Turner et al. 2003; Jacquemoud et al. 2009) or structural properties (Lee and 

Pottier, 2009; Imhoff et al., 1997).  

The use of remotely sensed data for ecological applications has increased in recent years, for 

instance to predict species richness (Kerr and Ostrovsky, 2003; Levanoni et al. 2011), or map 

plant assemblages (Betbeder et al. 2014a; Pu 2009; Clark et al. 2005). Most of the time, the 

imagery used in ecology is optical remotely sensed imagery (Kerr and Ostrovsky 2003), for 

instance the Normalized Difference Vegetation Index (NDVI) is used for many ecological 

applications (Pettorelli et al., 2014). NDVI provides information on vegetation distribution 

and dynamics and can be used to predict animal distribution, abundance etc. (Pettorelli et al., 

2005). Other remote sensing data, such as SAR (Synthetic Aperture Radar) and LIDAR (Light 

Detection And Ranging) images, offer new opportunities to characterize vegetation structure 

over a whole landscape. Indeed, LIDAR remote sensing has the ability to acquire three 

dimensional measurements of the landscape surface of a study site at a fine spatial resolution, 

which is useful for estimating a variety of vegetation features (such as tree height, volume, 

biomass) (Heinzel and Koch 2011; Müller and Brandl 2009). However, LIDAR is costly 

meaning that regular time-series monitoring is operationally constrained. Synthetic Aperture 

Radar (SAR) data are easier to acquire and provide a reliable alternative to optical images, 
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because they are not sensitive to visibility conditions and they can be acquired by day or night 

(Ulaby, 1990). As radar sensors with very high spatial resolution (VHSR) are all weather 

instruments, they increase the possibility of frequent data collection allowing inter and intra 

annual monitoring at fine scales. Moreover, they allow access to the inner structure of 

vegetation (Betbeder et al. 2014b). Images acquired by these sensors should allow an increase 

in the amount and accuracy of ecological information extracted from remote sensing data 

(Kasischke et al., 1997) and improve their utility in ecological studies. 

The objective of this article is to test the information provided by SAR imagery as compared 

to aerial photographs and SPOT-5 imagery for ecological applications and more specifically 

to explain species abundance. We ran the test with a hedgerow network in Brittany, France. 

Hedgerows fulfill ecological, social and economic functions such as control of soil erosion, 

landscape beautification, wood production, microclimatic effects, water quality and 

conservation of biodiversity (Baudry et al. 2000). Hedgerow networks play a key role in 

habitat connectivity for some species and thus influence the degree of fragmentation of the 

landscape (Petit and Burel 1998). Furthermore, hedgerow structure (tree and shrub cover, 

width) is a major variable to determine habitat quality for plants and animals (Le Cœur et al., 

2002). A recurrent question in landscape ecology is to determine the "forest" character of such 

hedgerow network landscapes (Forman and Baudry, 1984). Hedgerows where shade and 

humidity are permanent because of the vegetation density can be forest-like habitats for small, 

less mobile species. This can be reinforced by the landscape structure as in fine grain 

landscapes wind speed is lower, therefore evapotranspiration is also lower. This fosters the 

ability of hedgerows to harbor species thriving in shady, cool habitats (Burel 1989). Most 

studies therefore use maps of networks and a qualification of hedgerow structure. Hedgerow 

structure is mostly described for small areas from field measurements. Because this process is 

too time-consuming, hedgerow structure is estimated over landscapes in a semi-quantitative 

manner (e.g. Defra 2007). The estimation of tree density, cover, shrub cover in the field is 

subject to the observers' bias. Furthermore, it is performed on segments of hedgerow networks 

corresponding to a "hedgerow" defined as either the segment between two connections or the 

segment along a field defined by its land cover (Baudry et al. 2000). So these segments are of 

different sizes and the parameters used to describe them are estimated at a scale that is not 

always relevant to the study species that inhabit them. Therefore the internal homogeneity or 

heterogeneity of hedgerows is not assessed. Moreover, in many ecological studies, 

information on the fragmentation of hedgerow networks and canopy cover is often retrieved 
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in the field using accurate ground surveys (Baudry et al. 2000).  Therefore, this type of 

landscape is a good candidate to run our test, as structural patterns at different scales from the 

individual hedgerow to the network drive species composition.  

Most of the time, wooded hedgerows are digitized by hand from conventional airborne 

photographs (Burel and Baudry 1990) over small study sites, which is a time-consuming 

approach. Some studies dealing with the mapping of landscape features from remote sensing 

data have shown that VHSR satellite images are suitable for automatic hedgerow mapping 

(Vannier and Hubert-Moy 2010; Aksoy et al. 2008; Bargiel 2013). Vannier et al. (2011) i) 

show the influence of spatial and spectral resolutions of optical images for hedgerow 

extraction and ii) explore how predictions of species distributions might be affected by the 

information derived from the extractions realized with different remotely sensed data.  

 Betbeder et al. 2014b show the potential of TerraSAR-X imagery to i) detect 

hedgerow networks and ii) quantify the hedgerow canopy cover. They established a 

relationship between a polarimetric indicator, derived from the SAR data, i.e. the Shannon 

entropy, and hedgerow canopy cover. This study supplies information about the possibilities 

for the determination of ecological metrics based on remote sensing data. We hypothesized 

that TerraSAR-X imagery would provide more valuable information than that of aerial 

photographs or SPOT-5 images as it explores both the inner structure of the hedgerow and the 

network structure. As a biological model, we chose forest carabid beetles as their ecology is 

well known (Thiele, 1977; Burel, 1989; Aviron et al. 2005),  along with their relations with 

the hedgerow network landscape structure. Ground beetles (Coleoptera, Carabidae) are an 

appropriate group to select as indicators of environmental quality or change (Kromp, 1999; 

Pearson, 1994).  

2. Materials and methods 

2.1 Study site 
 

The investigated area is a Long Term Ecological Research site named ‘Pleine Fougères’ (130 

km²), located in the southern part of the Bay of the Mont-Saint-Michel, France (Fig. 1). The 

area has a temperate oceanic climate with an average precipitation of around 600 mm/year. 

This study focuses on a hedgerow network which offers contrasted structures related to 

management structures (Baudry and Jouin 2003) and which is dominated by Castanea sativa 
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and Quercus robur in generally planted on an earthern bank. The hedgerow network’s density 

is about 74 m/ha (Vannier et al. 2011).  

 

Figure 1. Location of the study site focusing on a sub-network where biological data sampling has 
been performed. This sub-network presents different canopy structures (a) (c), with (a) or without (b) 

(c) underlying shrubs and pruned trees. 

 

2.3. Remote sensing data  
 

Three types of remotely sensed data were acquired: one SAR TerraSAR-X image, one optical 

SPOT-5 image and aerial photographs. Their characteristics are summarized in Table 1. 

Remotely sensed data were acquired over two years: 2012 and 2013. We made the assumption 

that only small changes occurred in the hedgerow network during this time period. The SAR 

image was acquired during the leaf-off period (i.e. February) to assess the inner structure of 

the canopy (Betbeder et al., 2014b) 
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Table 1. Characteristics of remote sensing data 

 TerraSAR X SPOT-5 Aerial photographs 

Dates 02/16/2013 09/30/2012 07/14/2013 

Spatial resolution (m) 1.5 (High resolution spotlight) 2.5  0.5 

Band Band X (3.1 cm, 9.65 GHz) 

 

B1 (green): 0.5-0.59 µm 

B2 (red): 0.61-0.68 µm 

B3 (NIR): 0.78-0.89 µm 

B4 (MIR):1.58-1.75 µm 

Panchromatic 

Polarization Dual polarization (HH/VV)   

Incidence angle 37° (Right Ascending) 8.5° Nadir 

Type of map Raster (1.5 m resolution) with 

hedgerows as objects with 

canopy cover measured by the 

Shannon entropy polarimetric 

indicator 

Raster (2.5 m resolution) 

with hedgerows as 

homogeneous objects 

First a vector map 

with hedgerows as 

polylines, then, 

rasterization at 5 m 

resolution 

 

2.4. Carabid surveys 
 

The sampling was conducted in 45 hedgerows from April to September 2013. The hedgerows 

were chosen to maximize the diversity of the hedgerow canopy cover sampled. The hedgerow 

canopy cover was quantified using SAR images (Betbeder et al. 2014b). Indeed, Betbeder et 

al., 2014 b showed that the Shannon entropy (SE) index derived from SAR images is directly 

related to the canopy cover, high values of SE corresponding to high canopy cover and vice-

versa. Betbeder et al., 2014 b studied a landscape similar to the landscape in this study. It 

presented different hedgerow canopy cover (correlated with SE values comprised between -2 

and 2). Figure 2 presents the different values of canopy covers of the hedgerow network on 

the study site and those of the sampled hedgerows as detected by SAR images. The histogram 

(Figure 2. b) of the SE values computed on the hedgerows sampled shows that the values of 

SE are quite heterogeneous (ranging from -2 to 1). These values are representative of the 

canopy cover types present in the whole hedgerow network of the study site (Betbeder et al., 
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2014 b) , which ShE values range from -5 to 3 with a majority of values being comprised 

between -2 and 1, Figure 2. a). Adult carabid beetles were caught with pitfall traps filled with 

monopropylene glycol solution. In each hedgerow, we set up one sampling station made up of 

three pitfall traps set 4 m apart, located at the top of earthen banks and collected every 2 

weeks, during 24 weeks, thus for a total of 12 sampling period.  

 

 

Figure 2. Hedgerow canopy cover detected by SAR images (Shannon entropy (ShE) values for all 
hedgerow pixels) over the entire study site (a) and hedgerow canopy cover detected by SAR images in 
sampled hedgerows for carabid surveys (Shannon entropy values for all pixels of sampled hedgerows) 

(b). 

 

 The mean Euclidian distance between sampling points was on average 60 m (min: 35 

m and max: 230 m), much greater than the possible movement of ground beetles: Loreau and 

Nolf (1993) report that a non-flying beetle such as Abax parallelepipedus, one of the most 

abundant forest species, can travel about 1.8 m per day. Loreau and Nolf, 1993 estimate that 

their home range in a forest is about 660 m², 25 X 25 m. Charrier et al., 1997 found similar 

results for woods and a range of 15 to 20 m in hedgerows. The species has a maximum 

activity-density in spring and autumn.  

 

2.4. Hedgerow network extraction  
 

The first part of the methodology consists of extracting the hedgerow network using satellite 

and airborne remote sensing data (Fig. 3) (aerial photographs). Once the data had been pre-

processed in order to correct any distortion due to the characteristics of the imaging sensor 
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and imaging conditions, various parameters were derived from the images to be used in the 

classification process to extract the hedgerow network.  

 

Figure 3. Workflow of pre-processing and processing of images for hedgerow network extraction. 

 

2.4.1 Pre-processing of remote sensing data  
 

 Polarimetric images are sensitive to object orientation and scattering properties. In 

synthetic aperture radar (SAR) polarimetry, the emitted and received states of polarization 

change during data collection (HH, HV, VH and VV for full polarimetric data), providing the 

phase and magnitude of the backscattered signal which is related to the material properties of 

the studied object (roughness, orientation, structure...). Although three major scattering 

mechanisms can be studied (Fig. 4), in our case we only investigated single and double 

bounce scattering mechanisms because the TerraSAR-X data only contained HH and VV 

information (and not HV used to study volume scattering). 
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Figure 4. The three major scattering mechanisms studied with polarimetric data: (1) Single bounce 
from a flat surface backscattered towards the radar, (2) Double bounce from a flat surface that is 
horizontal with an adjacent vertical surface (for instance the ground and a trunk) and (3) Volume 
scattering from randomly oriented objects (for instance the canopy trees). 

 A 2x2 covariance (C2) matrix was firstly extracted from the SAR scattering matrix 

(Fig. 3) image using PolSARpro v4.0 software (Polarimetric SAR Data Processing and 

Educational Toolbox) (Pottier and Ferro-Famil 2012). A Lee refined filter (Lee, 1981) was 

then applied to this image using a window of 3*3 pixels to reduce speckle noise. The 

geocoding process was in this case directly applied to the elements of the 2x2 C2 matrix which 

were independent of the polarimetric absolute phase (Lee and Pottier 2009). From the 

covariance matrix we measured the Shannon entropy (ShE) (Lee and Pottier 2009). ShE 

values were transformed using a natural logarithm. This corresponds to the random scattering 

of a pixel which can be due to the variation of backscattering power or the variation of 

backscattering polarization. According to Betbeder et al. (2014b) this polarimetric indicator is 

directly linked to the canopy cover. In parallel, a 2X2 coherency (T2) matrix was extracted 

from the scattering matrix S using the Pauli spin elements  (Lee and Pottier 2009). The 

first element of the diagonal and the second  were used to study the 

single bounce and double bounce mechanisms respectively.  

 Concerning the SPOT-5 image, radiometric and atmospheric corrections were 

performed by applying the 5S model (Tanré et al., 1990), and geometric correction was 

undertaken (Fig. 3) using ArcGIS 10.0 (Esri Inc.). All the data were georeferenced based on 

the Lambert 93 conformal conic system, and the Root Mean Square Error was less than 1 

pixel. One vegetation index, the Normalized Difference Vegetation Index (NDVI) which 

detects live green plant canopies, was calculated (Tucker, 1979).   

The aerial photographs, acquired by an Ultra Light Motorized (ULM) summer flight in 

2013, were georeferenced and mosaicked. 
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2.4.2 Processing of remote sensing data for hedgerow extraction 
 

            An object-oriented approach was used to classify the SPOT-5 and TerraSAR-X 

images to extract wooded hedgerows (Benz et al., 2004) using eCognition software (Definiens 

Imaging) (Fig. 3). The object-oriented approach consists in classifying homogeneous groups 

of pixels using spatial and contextual information (Blaschke and Strobl 2001).   

The rule set developed to classify the radar image used the multi-threshold segmentation 

algorithm that segments the image into objects based on a threshold value that splits the image 

object domain and classifies the resulting image objects based on a defined pixel value 

threshold. This threshold can be user-defined, dividing the selected set of pixels into two 

subsets so that spectral heterogeneity between objects is increased to a maximum. The 

Shannon entropy image was used to eliminate grassland and crops and the single bounce to 

eliminate bare soils in order to identify hedgerows (Betbeder et al. 2014b). Indeed, the 

Shannon entropy presents higher values for grassland and crops than for bare soils because 

the number of backscattering mechanisms that occur in these two land use classes is higher 

than that for bare soils. Single bounce was used to eliminate bare soils because it is the 

dominant backscattering mechanism for this type of land surface. 

 Concerning the SPOT-5 optical image, we applied a multi-threshold segmentation that 

generates objects, based on scale, shape and reflectance values. Then, a threshold for the 

Normalized Difference Vegetation Index (NDVI) band was defined to extract hedgerows. 

Indeed, hedgerows present higher NDVI values than other land cover types (i.e. grasslands, 

crops and bare soils). 

 The hedgerow network map derived from the aerial photographs was produced from a 

manual digitization using ArcGIS 10.0 software. In the resulting map, each hedgerow is 

represented by a polyline, the common way to represent hedgerows (Forman and Baudry 

1984). In this case, only the location of hedgerows is available, but there is no information 

concerning the tree canopy width or its internal structure. The map was rasterized with a 5 m 

resolution for subsequent analysis. 

In conclusion, we obtained a map of the network with hedgerows represented by lines from 

the aerial photographs; a map of the network and information on the tree canopy width from 

the SPOT-5 image and a map of the network with information on the tree canopy width and a 



11 

 

characterization of the internal structure of hedgerows (Shannon entropy (ShE)) from the 

TerraSAR-X image (Table 1). 

Thirty points in hedgerows and 30 points in agricultural plots were taken in the field using a 

DGPS (Trimble, accuracy 0.10 m). The accuracy of the classification was defined using a 

precision index (percentage of correctly classified pixels) since we considered only 2 classes.  

2.5 Global evaluation of the relationship between remote sensing data and the 
distribution of carabid beetles 
 

The second part of the methodology consisted in evaluating landscape metrics and variables 

derived from remote sensing data to explain the spatial distribution of forest carabid beetles 

(Fig. 5). We calculated landscape metrics characterizing the hedgerow network using optical 

satellite images and aerial photographs. In parallel, not only the same landscape metrics were 

derived from the SAR data but also variables characterizing the hedgerow canopy cover 

(Betbeder et al., 2014 b). 

 

Figure 5.  Workflow of the global evaluation of the relationship between remote sensing data and the 
spatial distribution of carabid beetles 

 

2.5.1  Multiscale characterization of hedgerow network structure  
 

We characterized the hedgerow network structure with the three maps derived from the three 

sensors using two landscape metrics: hedgerow density and landscape grain at different scales 
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using different windows sizes (150 m, 250 m, 350 m in diameter). The hedgerow density 

corresponds to the area covered by hedgerows in the different windows.  The landscape grain 

is the size of the mesh of the network, ranging from many small elements (fine grain) to larger 

ones (coarse grain) (as defined by Forman and Godron, 1986, adapted by Vannier et al. 2011 

for hedgerow networks). Hedgerow networks have many discontinuities and, therefore, do not 

comprise "closed meshes", i.e. the space between hedgerows. The size of these meshes 

controls the local climate by reducing, wind speed and capturing the energy from the sun. We 

use "grain" as a surrogate of these meshes to characterize the more or less open character of 

the landscape. Hedgerow density alone is not sufficient as for similar densities the spatial 

distribution of hedgerows, thence the landscape grain, may be different. In practice, every 

pixel of the raster map was classified according to its distance from the closest hedgerow. 

Four distance classes were used to classify each pixel: (1) hedgerows (2) less than 50 m, (3) 

proportional to hedgerow length, 50-100 m and (4) more than 100 m. Between 50 and 100 m 

the influence of hedgerows decreases rapidly and for distances greater than 100 m, the 

influence of hedgerows (10 times their height) is negligible (Caborn, 1955). We then 

computed the number of pixels of the different land use classes centered on carabid sampling 

sites in different sizes of windows (150 m, 250 m, 350 m). The following formula, which was 

used to measure the landscape grain, is an adaptation of the methods developed in Vannier et 

al. (2011). 

 

This means that when the number of pixels located over 50 m from hedgerows in the 

landscape is high, the landscape is coarse-grained, and when it is small (minimum 0) the grain 

is fine.  

2.5.2  Multiscale characterization of hedgerow canopy covers 
 

Betbeder et al. (2014b) established a relationship between the Shannon entropy (ShE) derived 

from the TerraSAR-X image and the hedgerow canopy cover. As explained in the material 

section, this metric has high values for high canopy cover (when the density of branches is 

high and they are interwoven). Conversely, a simple structure of straight branches with low 

canopy cover, for example, yields a low value of this metric. The aim of this section is to 
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identify the range of ShE values that represent the hedgerow canopy cover present on the 

study site  that best explain the forest carabid beetle distribution. 

 

Figure 6. Examples of maps produced from ShE (TerraSAR-X image). Each one shows a different 
range of hedgerow canopy cover. 

Different maps were produced presenting different ranges of ShE values, and thus different 

hedgerow canopy cover (Fig. 6). ShE varied between 5 and -5 nat for hedgerow objects on 

our study site. 5 represents the highest level of canopy cover and -5 the lowest level of canopy 

cover (e.g. trimmed hedges). We know that forest carabid beetles are sensitive to internal 

hedgerow structure (Burel, 1987). Starting from the maximum ShE values (i.e. 5), 

representing the highest level of canopy cover, we split the range of values by adding 0.1 to 

the highest value for each new map. For instance, the values in the first range were comprised 

between 5 and 4.9, in the second between 5 and 4.8, in the third between 5 and 4.7, etc, until 

the largest range possible comprised between 5 and -5 was reached (Fig. 6). The Shannon 

entropy values of the sampled hedgerows encountered in our study site were comprised 

between -2 and 2 (Fig. 2). Betbeder et al., 2014 b showed that variations in canopy cover 

appeared mainly at break values of 0.5. An interval of 0.1 was chosen to be fine enough to 

detect changes in canopy cover. In other words, we created different maps presenting different 

hedgerow canopy cover from the highest range of canopy cover on our study site, adding 

increasing variability of hedgerow canopy cover. In total, 150 maps were produced. Each map 

represents different hedgerow canopy structures from the highest canopy cover for high ShE 

values to more heterogeneous canopy covers for high, medium and low ShE values (Fig. 6). 

For each of the 150 maps presenting the hedgerow canopy cover, we measured the area 
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covered by these structures for 5 window sizes (15 m, 50 m, 150 m, 250 m, 350 m) centered 

on the carabid beetle samples. Statistical analyses were conducted in order to find the ShE 

“value range” that best explains the spatial distribution of carabid beetles and thus to create 

the hedgerow canopy cover metric. Following Legendre and Legendre (2012), carabid beetle 

abundance was cubic root transformed to assess normal distribution. Generalized linear mixed 

models (GLMM) were then built to evaluate the effect of hedgerow canopy cover on the 

abundance of forest carabid beetles. Model fits were estimated using the coefficient of 

determination (R-squared) and p-values in order to identify the hedgerow canopy structures 

that best explained the abundance of forest carabid beetles. We used a significance threshold 

of p < 0.05.  

 2.5.3 Relationship between metrics derived from the three sensors and the distribution 
of abundance of forest carabid beetles 
 

We tested the different landscape metrics and variables derived from the remotely sensed data 

that best explained the spatial distribution of forest carabid beetles for each type of remote 

sensing data. A summary of the explanatory variables tested is presented in Table 2. 

 

Table 2. Explanatory quantitative variables tested on the distribution of the abundance of 
forest carabid beetles 

Aerial photographs SPOT-5 TerraSAR-X  

 

 

Explanatory 

variables 

Hedgerow density  

(150 m, 250 m, 350 m) 

Landcape grain  

(150 m, 250 m, 350 m) 

Hedgerow density  

(150 m, 250 m, 350 m) 

Landcape grain  

(150 m, 250 m, 350 m) 

Hedgerow density  

(150 m, 250 m, 350 m) 

Landcape grain  

(150 m, 250 m, 350 m) 

Hedgerow canopy cover  

(15 m, 50 m, 150 m, 250 m, 350 m) 

 

 Generalized linear mixed models (GLMM) were built to assess the effect of the 

hedgerow network structure from the aerial photographs and SPOT-5 image, and to assess the 

effect of the hedgerow network structure and hedgerow canopy cover from the TerraSAR-X 

image on the abundance of forest carabid beetles. We performed a model selection based on 

the comparison of the values of the corrected Akaike information criterion (AICc) (Burnham 
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et al. 2011) and adjusted r-squared to test the effects of hedgerow network structure and 

internal hedgerow structure at different scales on carabid beetle abundance. All possible 

models containing any subset of explanatory factors for each sensor were fitted to the data and 

ranked according to their AICc values from the model with the lowest AICc and the highest 

adjusted r-squared (Burnham and Anderson 2002). We used a significance threshold of p < 

0.05. We also conducted test to determine whether the model residuals displayed spatial 

autocorrelation using an I-Moran test (Carsten, et al., 2007; Legendre and Legendre, 2012). 

The correlation between the different explanatory variables (for each sensor), measured at 

different scales, always yielded an r-squared below 0.7 for similar variables (density or grain). 

For the two types of variables, density and grain, the maximum r-squared value was 0.5 

(Appendix A).  

Finally, to quantify the predictive power of the best model, a cross-validation was performed 

using the “leave-one-out” method (Hastier et al., 2009). In this method all but one sampling 

surveys of carabid beetle abundance were used to obtain multiple regression parameters. The 

sampling survey which was left out was then estimated (predicted value) using the regression 

model and the predicted abundance value was compared with the observed sample carabid 

abundance (using sampling points). The process was repeated 45 times (as many times as 

there is sample carabid abundance). Thus, model robustness was assessed by calculating the r-

squared and Root Mean Square Error (RMSE) measured using the leave-one-out method 

(differences between the predicted values of the abundance of forest carabid beetles and the 

real abundance of carabid beetles measured in the fields). All analyses were performed in the 

R 2.9.0 software package (R core Development Core team 2010) and MuMIn 1.7.11 and qcc 

packages.  

3. Results 
 

3.1 Carabid beetles 

We captured 9786 individuals belonging to 71 species. 1572 individuals belonging to nine 

forest carabid beetle species were found: Abax parallelepipedus, Carabus granulatus, 

Carabus intricatus, Carabus nemoralis, Carabus problematicus, Pterostichus nigrita, 

Pterostichus niger, Elaphrus Riparius, Pristonychus terricola. Individuals of Abax 

parallelepipedus represented 78 % of the total. Forest carabids were found at 39 of the 45 

sampling points, with an average of 30 individuals per sampling point. 
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 3.2 Hedgerow extraction 
 

The accuracy of the hedgerow network classification was high, with an overall match of 92 % 

and 90 % for SPOT-5 and TerraSAR-X respectively (Table 3). Any errors were mainly due to 

an underestimation of trimmed hedgerows, because the spatial resolution of SPOT-5 (2.5 m) 

and TerraSAR-X (1.5 m) is too coarse to detect them. 

 

Table 3. Hedgerow classification accuracy 

Sensor Percentage of correctly 
detected pixels 

Percentage of over-
estimated pixels 

Percentage of 
under-estimated 

pixels 
SPOT-5 92% 0% 8% 

TerraSAR-X 90% 0% 10% 
 

We note that hedgerow discontinuity detected by the SAR image (Fig. 7) was mainly due to 

the presence of gaps in hedgerows (as shown in the picture in Figure 1) (Betbeder et al., 2014 

b). These gaps are due to agricultural practices performed on hedgerows. This point is 

interesting, because compared to optical data mostly acquired in summer during cloudless 

periods when trees have leaves that hide gaps in hedgerows, radar data better detect hedgerow 

discontinuities, which constitutes a reliable source of information to study species distribution 

patterns (Burel & Baudry, 1990). 
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Figure 7. Hedgerow map classifications from the aerial photographs, SPOT-5 and TerraSAR-X 
images 

 

Linear regressions between the same landscape metrics extracted from the three sensors were 

tested (Appendix B). Landscape metrics derived from satellite imagery are highly correlated, 

especially for hedgerow density, and less correlated for landscape grain. Correlations between 

landscape metrics derived from the aerial photographs and landscape metrics derived from 

satellite data are lower, comprised between 0.4 and 0.8 (Appendix B). 

3.3 Relationships between forest carabid beetles and metrics characterizing the 
hedgerow network structure and hedgerow canopy cover at multiple scales 
 

We first determined the range of Shannon entropy values that represent the hedgerow canopy 

cover, derived from the TerraSAR-X image, which was the best predictor of the abundance of 

forest carabids. We then looked, independently for each sensor, for the combination of 

variables that best explained the distribution of forest carabids. 
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3.3.1 Range of “hedgerow canopy cover” that best explains spatial distribution of forest 
carabid beetles 
 

 

Figure 8. Results of linear regressions between ShE-derived maps and abundance of carabid beetles 

 

Figure 8 shows the evolution of the correlation coefficient (R²) between the repartition of 

forest carabid beetles and different range of canopy covers derived from the TerraSAR-X 

image (ShE) in buffers of different sizes (i.e. buffer sizes of 15 m, 50 m, 150 m, 250 m, 350 

m). We can observe (Figure 8) that at all scales the value range of ShE that best explained the 

spatial distribution of carabid beetles was comprised between 5 and 0.5 values (r-squared 

around 0.6). In other words, whatever the scale, one range of ShE values (from 0.5 to 5) that 

corresponds to high canopy cover (Betbeder et al., 2014 b) best explains the distribution of 

forest carabid beetles in the studied landscape. This metric (area covered by pixels 

corresponding to high canopy cover, at different scales) was included into the SAR model as 

an explanatory variable in addition to the metrics characterizing the hedgerow network 

structure. 

3.3.2 Global evaluation of the relationship between remotely sensed data and the distribution 
of forest carabid beetles 
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 We firstly evaluated the predictive power of the metrics characterizing the hedgerow 

network structure (i.e. hedgerow density and landscape grain at 3 scales) derived from the 

SPOT-5 optical image and from the aerial photograph to explain the spatial distribution of 

forest carabid beetles. According to the AICc and the adjusted r-squared from the models, the 

most informative levels of the hedgerow network structure, derived from the aerial 

photographs or SPOT-5 images, for explaining the abundance of carabid beetles were both the 

distance from the forest and the landscape grain at a scale of 250 m. These models had the 

smallest AICc and the highest r-squared (AICc=115 and r² adjusted= 0.55 for SPOT-5 and 

AICc=116 and r² adjusted= 0.55 for aerial photographs). We can thus conclude that the best 

explanatory variables were the same for these two types of remote sensing data. Indeed, all 

the explanatory variables derived from aerial photographs, SPOT-5 and TerraSAR-X images 

were highly correlated (Appendix B).  

 

 Secondly we evaluated the predictive power of the metrics derived from the 

TerraSAR-X image that best explained the spatial distribution of forest carabid beetles. These 

metrics characterize i) the hedgerow network structure (i.e. hedgerow density and landscape 

grain at 3 scales) and ii) the canopy cover (i.e. number of ShE pixels comprised between 0.5 

and 5 highlighting areas with dense canopy cover at 3 scales). The best model shows that the 

abundance of carabid beetles is explained by the distance from the forest and the area of dense 

canopy cover at two scales: a local scale (i.e. 15 m) and a landscape scale (i.e. 350 m) (AICc= 

91 and adjusted r-squared =0.81). The best models for TerraSAR-X, SPOT-5 and aerial 

photographs are presented in Appendix C. Models were considered different only if the AICc 

difference was greater than four (Burnham and Anderson, 2002).  

The ‘leave-one-out’ method was thus applied to the final TerraSAR-X model (i.e. 

carabid abundance = “area of dense canopy cover at 15 m” + “area of dense canopy cover at 

350 m” + “distance from the forest”). The results show a very high goodness-of-fit between 

the predicted values and the observed values (r-squared = 0.8) and a RMSE of 0.0006 (Figure 

9). 
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Figure 9. Result of the “leave-one out” method applied to the best TerraSAR-X model for carabid 
beetle abundance prediction 

4. Discussion 
 

 Internal hedgerow structure is of utmost importance for many species only thriving in 

dense hedgerows. Charrier et al. (1997) show that the hedgerow vegetation density in 

agricultural landscapes is an important variable in order to explain forest species survival, and 

hedgerow quality influences its efficiency for species diffusion. In contrast, dense hedgerows 

can be a barrier for butterflies (Mauremooto et al., 1995). Burel (1987) shows that the internal 

hedgerow structure interacts with the corridor function of hedgerows to control the presence 

and abundance of forest carabid species. Hedgerows with only a few trees and almost bare 

soil do not harbor forest carabid beetles. This may be due to a source/sink effect e.g. woods 

acting as a continuous source of carabids for hedgerow networks. Nevertheless, most 

ecological studies rely on landscape structure to explain the spatial distribution of hedgerow 

species, leaving hedgerow structure out (Le Féon et al. 2013; Billeter et al, 2008). This could 

be mainly due to the difficulty in evaluating inner hedgerow structures from field 

observations. Therefore, it is very important to develop methods using remote sensing images 

such as TerraSAR-X radar images, which can be used to monitor hedgerow canopy cover and 

to detect gaps in hedgerow network structures (Betbeder et al. 2014b). Our approach, by 
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analyzing the combination of satellite imagery and biological data, is a step forward in the use 

of remote sensing data for ecological applications, as advocated by Pettorelli et al. (2014). We 

established a strong correlation between hedgerow canopy cover and the abundance of forest 

carabid beetles at two scales: i.e. a local scale and a landscape scale. The originality of our 

approach lies in the fact that: 1) we used radar images for ecological applications and 2) we 

did not use an a priori segmentation of the map into classes, but looked for the best 

segmentation according to biological data. This implies that the segmentation may be 

different for another group of species. Radar images provide quantitative maps while almost 

all maps used in landscape ecology are categorical, therefore not suitable for the same 

segmentation process. 

Concerning the extraction of the hedgerow network, this study confirms that radar and passive 

optical images can be used indifferently. The accuracy of the classification we applied to 

SPOT-5 and TerraSAR-X images using an object-oriented approach is high (percentage of 

correctly detected pixels = 92% for the optical image and 90% for the SAR image). These 

results are comparable to those from similar studies that aim to develop methods to 

automatically extract linear landscape features such as hedgerows from VHSR (Very High 

Spatial Resolution) optical data (Wiseman et al. 2009; Czerepowicz et al. 2012; Tansey et al. 

2009) or VHSR radar data (Bargiel et al. 2013; Betbeder et al. 2014b). Therefore, the 

landscape metrics defined in order to characterize hedgerow network structure can be derived 

from classifications based on either image.  Indeed, metrics derived from radar and passive 

optical images are highly correlated and provide similar information to explain the spatial 

distribution of forest carabid beetles.  

However, hedgerow canopy cover cannot be assessed with passive optical remotely sensed 

data. Although many models have been developed to describe canopy structure using VIS-

NIR imagery, varied vegetation types such as grasses, shrubs and trees reflect in a similar way 

and cannot be distinguished (Jacquemoud et al., 2009).   

Among active remotely sensed data, LIDAR and radar data have already shown their potential 

to assess the internal tree structure (Kugler et al., 2014; Heinzel and Koch 2011; Popescu and 

Zhao 2008; Treuhaft and Siqueira, 2000). While information derived from LIDAR data has 

been successfully used to predict forest beetle assemblages in mountainous forests (Müller 

and Brandl 2009), the evaluation of information derived from SAR data has not been 

investigated until now. This study is the first, to our knowledge, to explore the potential of 
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SAR images and more particularly of one polarimetric indicator (ShE) to explain the spatial 

distribution of carabid beetles. Indeed, Betbeder et al. (2014b) show a strong correlation 

between the Shannon entropy signal derived from TerraSAR-X imagery and hedgerow 

canopy cover assessed from the ground. This means that ShE can be used as a metric of 

hedgerow structure. In comparison to other remotely sensed data, in our case SPOT-5 and 

aerial photographs, the TerraSAR-X image has proven, in this study, its ability to improve 

models that aim to explain the spatial distribution of carabid beetles. The results show that 

areas with dense canopy cover (ShE values comprised between 0.5 and 5) at different scales is 

a strong predictor of the spatial distribution of carabid beetles in landscapes (adjusted r-

squared = 0.81 and RMSE = 0.006). Indeed, this variable better explains the spatial 

distribution of the species (AICc = 87 and r-squared=0.81) than models only using hedgerow 

network structures e.g. “hedgerow density” or “landscape grain” (AICc=116 and r-

squared=0.55 for the aerial photographs and AICc=115 and r-squared=0.55 for SPOT-5). The 

models using metrics derived from the SPOT-5 image and aerial photographs showed that the 

landscape grain at 250 m and the distance from the forest are the most significant variables. 

All these results on the effect of network structure are consistent with previous knowledge of 

the strong dependency of forest carabid beetles on dense vegetation (Vannier et al. 2011; Petit 

and Burel 1998). Hedgerow canopy cover and hedgerow network structures derived from 

SAR imagery explained the distribution of forest carabid beetles at local and landscape scales. 

The local scale (i.e. 15 m) corresponds to favorable habitat of populations in hedgerows. It is 

close to the diameter of their home range in a hedgerow. The landscape scale (i.e. 350 m) 

represents the distribution of “good quality” hedgerows in a landscape and could be the scale 

of meta-populations. It is also the scale of micro-climate regulation (Cleugh and Hughes 

2002). These results are consistent with the theory that states that processes at multiple scales 

drive biodiversity (Levin, 1992). A noticeable result is that the optimum ShE value is the 

same for all scales of analysis, from a 15 m segment of hedgerow to a 12.25 ha area of 

landscape encompassing several hedgerows. This confirms that both the habitat structure and 

the landscape structure controlling the microclimate have synergistic effects.  

In all models, we note that the ‘distance from the forest’ variable is also important in 

explaining the carabid beetle distribution. This result is in accordance with previous studies 

that showed that distance from the forest is an important ecological variable in explaining the 

spatial distribution of carabid beetles (Burel 1989).  
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Our results open new avenues for a better understanding of the role of hedgerow and network 

structures and dynamics as drivers of biodiversity. Species distribution is more often driven 

by the spatio-temporal structure rather than the landscape structure at a given time (Burel, 

1993). SAR images can be used to monitor the spatio-temporal dynamics of hedgerow 

network structures. This would be useful to address questions on extinction or colonization 

debts, i.e. the fact that landscapes and species distributions do not change at the same rate 

(Vellend et al., 2006).   

In rural areas, ecological processes are increasingly taken into consideration in public policies 

and landscape management, especially for the maintenance or restoration of ecosystem 

services (Lant et al. 2008). For instance ecological networks are part of most planning 

schemes (Opdam et al. 2006). Hedgerow networks are often a reference in these schemes. 

Hedgerow structures are mainly determined by agricultural practices (Lotfi et al., 2010). 

Radar imagery could guide planners in land planning, by identifying hedgerows with a dense 

and complex vegetation structure that should be preserved in order to enhance the survival of 

forest carabid beetles (Charrier et al. 1997). Moreover, this kind of quantitative data set could 

help ecological scientists to establish their species sampling, i.e. in order to control certain 

structural hedgerow variables without performing time-consuming field inventories. 

Hedgerow structure derived from TerraSAR-X images could also help hydrological scientists 

in studying the role of hedgerows as a trap for nitrates, as more trees means more water with 

its nutrients absorbed.  

For further work it would be interesting to study what is the "functional"  value of the 

Shannon entropy that best explains the distribution of other species such as birds (Arnold 

1983; Hinsley and Bellamy 2000) or micro-mammals (Michel et al., 2007). It would also be 

interesting to take into account the phenology of surrounding crops and the agricultural 

practices applied to hedgerows, such as the use of pesticides, to improve the model developed 

in this study (Aude et al., 2004). 

Several authors have pointed out that the spatial scales provided by remote sensing systems 

and those used in ecological studies do not match (Turner et al. 2003; Kerr and Ostrovsky 

2003).  This paper is an example of how interdisciplinarity between remote sensing and 

landscape ecology can enhance our understanding of ecological patterns. Upcoming sensors, 

such as Sentinel 1 and Sentinel 2, will have new properties in order to study other aspects of 

land cover and land use which could be very useful in many ecological applications. Sentinel 
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1 and Sentinel 2 (respectively SAR and optical sensor) will be able to acquire high spatial and 

temporal (5 day revisit time) resolution images and thus will be able to precisely monitor 

vegetation phenology.  

5. Conclusion 
 

The purpose of this paper was not to obtain better knowledge of the ecology of forest 

carabids, but to test the ability of different remote sensing data to monitor the state of 

vegetation structure and organization at multiples scales. This complements the work by 

Vannier et al (2011) in which the relationships between optical images at different spatial 

resolutions and carabid distribution were tested. Here, we tested metrics which are 

inaccessible using ground-based methods alone. VHSR SAR images provide new data to 

characterize vegetation structure and more particularly hedgerow canopy cover, a variable 

known to explain the spatial distribution of carabid beetles in an agricultural landscape, but 

not yet quantified at a fine scale. Thus, this study shows the high potential of remotely sensed 

data for modeling biodiversity in hedgerow network landscapes at a broad scale. SAR images 

provide interesting information about vegetation structure and spatial distribution that could 

enable biologists and ecologists to evaluate habitats over large areas in order to understand 

species distribution and thus to understand and characterize their environment. It opens new 

avenues for further tests with other groups of species to address two main questions: 1) how 

different are the optima for the different groups and, 2) for a given group, are the optima 

similar at all scales. 
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APPENDIX A. Correlation matrix of the landscape metrics derived from the aerial photographs (A-
P), SPOT-5 and TerraSAR-X (TSX) at multiple scales used in the different models. Values are 
coefficients of determination (r²). HD = hedgerow density; LG = landscape grain, CS = canopy 

structure 
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APPENDIX B . Correlation matrix of the landscape metrics derived from the aerial photographs (A-
P), SPOT-5 and TerraSAR-X (TSX) at multiple scales. Values are coefficients of determination (r²). 
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APPENDIX C. Best models establishing relationships between the abundance of forest carabid beetles and the metrics derived from TerraSAR-
X (TSX); Aerial photographs (A-P) and SPOT-5 image. Best models were selected using the AICc and adjusted r-squared. HD = hedgerow 
density; LG = landscape Grain, CS = canopy structure 
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