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ABSTRACT

Remote sensing concepts are needed to monitor open landscape habitats for environmental change and
biodiversity loss. However, existing operational approaches are limited to the monitoring of European dry
heaths only. They need to be extended to further habitats. Thus far, reported studies lack the exploitation
of intra-annual time series of high spatial resolution data to take advantage of the vegetations’ phenolog-
ical differences. In this study, we investigated the usefulness of such data to classify grassland habitats in
a nature reserve area in northeastern Germany. Intra-annual time series of 21 observations were used,
acquired by a multi-spectral (RapidEye) and a synthetic aperture radar (TerraSAR-X) satellite system, to
differentiate seven grassland classes using a Support Vector Machine classifier. The classification accuracy
was evaluated and compared with respect to the sensor type — multi-spectral or radar - and the number
of acquisitions needed. Our results showed that very dense time series allowed for very high accuracy
classifications (>90%) of small scale vegetation types. The classification for TerraSAR-X obtained similar
accuracy as compared to RapidEye although distinctly more acquisitions were needed. This study intro-
duces a new approach to enable the monitoring of small-scale grassland habitats and gives an estimate
of the amount of data required for operational surveys.

© 2014 Elsevier B.V. All rights reserved.

Introduction

To cope with environmental change and biodiversity loss, plan-
ning authorities need tools to monitor environmental habitats.
A current major challenge is the improved integration of remote
sensing into ecological research to enhance the measurement of
changes in ecosystem diversity at local and global levels (Scholes
et al.,, 2008; Naeem et al., 2012). A major driver in this respect has
recently been the European Union Habitats Directive (European
Commission, 2005) and the subsequent establishment of the
pan European Natura 2000 network of nature protection sites.
According to §7 European regional authorities are legally obligated
to report on the status and extent of such sites in six-year intervals.
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To meet the demand for appropriate monitoring techniques,
remote sensing options are explicitly requested and increasingly
investigated by researchers (Bock et al., 2005; Vanden Borre et al.,
2011). For forest habitats several successful approaches exist (e.g.,
Foerster et al., 2008); however, developed (and operationally
available) concepts for mapping and updating open landscape
habitat information are limited to European dry heaths only (Chan
et al., 2012; Spanhove et al., 2012; Moran-Ordénez et al., 2012).
New approaches need to be developed to extend remote sensing
based monitoring concepts to further habitats.

Grasslands represent one of the largest managed landscape
units in the terrestrial system. As such, they are essential con-
tributors to global biodiversity. They are directly affected by the
increasing competition of land use for food or energy production
and for environmental benefits (Tilman et al., 2009). Grassland
and grassland biodiversity faced a dramatic decline over the last
decades (Klimek et al., 2007; Sullivan et al., 2010; Wright and
Wimberly, 2013). Therefore, area-wide inventories and monitoring
capacities are needed, beyond the frame of Natura 2000 (Scholes
et al., 2008; De Bello et al., 2010).
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Grassland mapping, though, is a difficult task, in particular,
when native or semi-natural habitats are concerned. The capacity
to differentiate individual grassland habitat classes using remote
sensing data is not reported. Despite recent successful attempts,
even the mapping of differently managed grassland types is still
regarded as challenging (Hill et al., 2005; Bock et al., 2005; Sullivan
et al., 2010; Prishchepov et al., 2012; Franke et al., 2012; Wright
and Wimberly, 2013). More sophisticated approaches for grassland
mapping need to be developed, compared to relatively homo-
geneous agricultural areas, which have been more commonly
targeted in remote sensing maps. The particular challenge is (a)
in the small spatial extent of such habitats, (b) in their spectral
similarity and (c) in the high spatial, structural and temporal diver-
sity of the vegetation composition (Mehner et al., 2004; Hill et al.,
2005; Schmidtlein et al., 2007; Schuster et al., 2011; Wright and
Wimberly, 2013; Feilhauer et al., 2013). To cope with the spa-
tial diversity, high ground resolutions are required (Franke et al.,
2012; Feilhauer et al., 2013). Structural diversity could be observ-
able using synthetic aperture radar (SAR) data. Provided that the
employed sensors are sufficiently sensitive to capture such habitat
differences, the temporal diversity might even be the key issue for
amapping solution: it theoretically allows for the discrimination of
habitats via the distinction of different vegetation growth phases
(Schmidtlein et al., 2007; Schuster et al., 2011; Atzberger, 2013).

The primary challenge for mapping fine scale grassland habitats
therefore is to acquire intra-annual time series of both high spatial
and high temporal resolution satellite data of relevant spectral sen-
sitivity. Traditionally, though, remote sensing studies have to face
an initial trade-off in the selection of either high spatial or high
temporal resolution data (Lambin and Linderman, 2006). Clearly,
using time series of satellite data to classify vegetation has been the
topic of many surveys in the past, particularly as the temporal capa-
bilities of satellite systems steadily improve (Justice and Hiernaux,
1983; Zhangetal., 2003; Atzberger and Eilers, 2011). Until recently,
multitemporal remote sensing of vegetation has been a domain of
spatial coarse scale (250 m to 1 km) optical sensors, such as NOAA
AVHRR, TERRA MODIS, ENVISAT MERIS or SPOT VEGETATION (Hill
et al,, 1999; Zhang et al., 2003; Fontana et al., 2008; Gu et al.,
2010; Jacquin et al., 2010; Boyd et al., 2011; Conrad et al., 2011;
Lhermitte et al., 2011; Alcantara et al., 2012; Ullah et al., 2012;
Atzberger and Eilers, 2011). With the development of multi-sensor
satellite systems such as RapidEye or future Sentinel-2, however,
the temporal resolution of high spatial resolution optical sensors is
increasing remarkably. RapidEye data has been successfully applied
to classify vegetation units or canopy nitrogen using single-date
approaches (Schuster et al., 2012b; Ramoelo et al., 2012). Multi-
temporal RapidEye data sets showed notable benefits to classify
area-wide vegetation details (Conrad et al., 2012; Franke et al,,
2012; Tigges et al., 2013). To test if intra-annual time series of
optical high resolution data allows classifying heterogeneous semi-
natural grassland habitats, we acquired an exceptionally dense
series of cloud-free RapidEye imagery.

While optical satellite data has been the traditional basis for
vegetation surveys, synthetic aperture radar (SAR) systems are
advancing in this domain. The principal advantage of SAR sensors is
their all-weather capability, so that the acquisition of steady time
series is not hampered by frequent cloud coverage. They collect
information on the height and structure of vegetation, in contrast
to optical data, which is sensitive to chemical leaf composition. Sev-
eral previous reported SAR studies indicated the potential benefit
of analyzing SAR data to differentiate vegetation (Price et al., 2002;
Moreau and Le Toan, 2003; Hill et al., 2005; Baghdadi et al., 2009;
Hadria et al., 2010; Evans and Costa, 2013). Nevertheless, recent
spaceborn C-band (Envisat-ASAR, Radarsat-2) or L-band (ALOS PAL-
SAR) systems have not been sufficiently sensitive for grassland
mapping. Due to the relatively long electro-magnetic microwaves

and low spatial resolutions, previous studies did not achieve proper
classification of heterogeneous grassland patterns (Hill et al., 1999;
Price et al., 2002; Hill et al., 2005). Moreover, none of them are con-
cerned with time series data, although multitemporal steadiness is
commonly regarded as the major advantage of SAR systems.

The TerraSAR-X system has brought many new opportunities
in terms of spatial resolution and signal sensitivity. It provides
the sensitive X-band and high spatial resolution data for the first
time in an operational space-born SAR-system. Thus, it has made
the sensing of finer vegetation structures possible (Lopez-Sanchez
et al., 2010; Baghdadi et al., 2010; Bargiel and Herrmann, 2011;
Schuster et al., 2011; Esch et al., 2011; Bargiel, 2013). TerraSAR-X
data can be ordered in steady 11-day period with constant sensor
configuration. Therefore, we acquired a very dense and homoge-
nous intra-annual time series. We demonstrated its usability for
investigating the temporal development of highly-variably com-
posited semi-natural grassland vegetation (Schuster et al., 2011,
2012a). However, can we also use that data for pixel-based classi-
fications of grassland habitats?

The ultimate goal of this study is to test if the use of intra-
annual time series of high spatial resolution satellite data enables to
successfully classify fine-scaled and heterogenous grassland habi-
tats. We generate intra-annual time series from satellite systems
which are capable of delivering both high spatial and high tem-
poral resolution data: RapidEye and TerraSAR-X. We investigate if
the acquired time series allow differentiating seven habitat types
using a Support Vector Machine (SVM) as well-established classi-
fication algorithm. Our approach intends to compare the systems
with respect to the maximum classification accuracy reached, and
the number of acquisitions needed to provide sufficient quality for
monitoring applications.

Methods
Study site

The study site is part of the Doberitzer Heide, a nature pro-
tection site west of Berlin, the capital of Germany. It extents over
60 km? from 52.54° N/12.98°E to 52.46° N/13.10° E. The landscape
is dominated by woodland. As former military training area, it also
comprises large sections of open landscape. It represents a rich
semi-natural landscape mosaic with various small-scale vegeta-
tion habitats. Dry sandy heaths, semi-natural grasslands, humid
meadows, and wetlands dominate the flat open landscape. Many
species-rich habitats, including highly endangered Natura 2000
habitats, are present. Therefore, interest in testing remote sensing
monitoring tools arises beyond the frame of the EU Habitats Direc-
tive (European Commission, 2005). Remote sensing approaches are
also needed since large sections of the area are inaccessible due to
remnants of military munitions. In accordance with the common
area coverage from both satellite tracks, the closer research area
of this study is situated in the northwestern part of the Déberitzer
Heide, mainly covering the humid meadow sections of the Ferbitzer
Bruch (Fig. 1).

Optical and radar time series

This study is based on RapidEye and TerraSAR-X. Both systems
are capable of providing both high spatial and high temporal res-
olution data. From each system, 21 scenes were acquired for the
study site. Fig. 2 illustrates the information content of respective
single scenes.

The optical Earth observation system RapidEye provides a
ground resolution of 6.5m at nadir. It is designed as constella-
tion of five mini-satellites in sun-synchronous orbit. Thus, the
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Fig. 1. The study site west of Berlin, as seen in a RapidEye true color image subset from July 27th 2009. (For interpretation of the references to color in text, the reader is

referred to the web version of this article.)

system is capable of delivering comparatively high frequency revis-
its of theoretically 5.5 days at nadir with a constant look angle
(RapidEye, 2012). Apart from common sensor limitations (on board
storage capacity, etc.), the actually achievable temporal resolution
rate is significantly reduced due to cloud coverage. Nevertheless,
we finally received a very large time series of 21 rather cloud-
free scenes collected during the main vegetation periods (March
to October) between 2009 and 2011. RapidEye data products are
multi-spectral, recorded in five optical bands in the 400-850 nm
range (blue, green, red, red-edge, near infra red) in 12 bit dynamic

."03!.

range. The additionally delivered red-edge band appears particu-
larly suitable for vegetation mapping (Conrad et al., 2012; Schuster
et al,, 2012b). Imagery of the research area is recorded at approx-
imately 11a.m. daily. The data were ordered in level 1B (basic
geometric and radiometric corrections; RapidEye, 2012) in order
to achieve higher radiometric and geometric accuracy than that
provided by the standard level 3A product.

The pre-processing began with the production of geomet-
ric image subsets by manual extraction from the study area.
Each image was then geo-rectified based on a Quickbird scene

Fig. 2. Single date acquisition for RapidEye (2009-07-27, color - red edge composition) and TerraSAR-X (2010-07-27, single band gray scale). (For interpretation of the

references to color in text, the reader is referred to the web version of this article.)
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Table 1

Acquisition distribution over the year RapidEye and TerraSAR-X, indicated by date, day of year (DoY), and the temporal distance to the previous acquisition. The distribution
for RapidEye, phenologically corrected and integrated into an artificial one-year series, is still quite uneven, while the TerraSAR-X series features an almost constant 11-day

period.
Acquisition date DoY? RapidEye TerraSAR-X DoY Acquisition date
Temporal distance to Temporal distance to
previous acquisition previous acquisition
2011-03-24 79 65 2010-03-06
2009-04-03 94 15 11 76 2010-03-17
2011-04-21 111 17 11 87 2010-03-28
2011-05-06 129 18 11 98 2010-04-08
2010-05-26 139 10 22 120 2010-04-30
2010-06-04 147 8 22 142 2010-05-22
2009-05-24 155 8 11 153 2010-06-02
2011-05-30 158 3 11 164 2010-06-13
2011-06-04 164 6 11 175 2010-06-24
2010-06-27 170 6 11 186 2010-07-05
2010-07-08 182 12 11 197 2010-07-16
2010-07-16 191 9 11 208 2010-07-27
2009-07-27 216 25 11 219 2010-08-07
2010-08-21 234 18 11 230 2010-08-18
2009-08-19 236 2 11 241 2010-08-29
2009-09-20 267 31 11 252 2010-09-09
2011-09-26 269 2 11 263 2010-09-20
2010-09-22 273 4 33 296 2010-10-23
2010-10-04 285 12 11 307 2010-11-03
2011-10-22 295 10 11 318 2010-11-14
2009-10-19 297 2 11 329 2010-11-25

2 Phenologically corrected.

(1m resolution) to obtain sub-pixel spatial accuracy using 25
ground control points and 2nd order polynomial coefficients, and
projected to ETRS 1989, UTM 33N. Due to the flat terrain of the study
site, no terrain related corrections were performed. Next, all images
were atmospherically corrected using the Erdas Imagine ATCOR 2
tool (Richter, 1996). Only five images were affected by cloud cover
at all. The remaining minimal cloud and cloud shadow areas (each
covering up to 2% of the study site area) were masked out.

As is commonly done in optical time series analysis (e.g.,
Alcantara et al., 2012; Jacquin et al., 2010; Zhang et al., 2003;
Esch et al., 2014), the vegetation index NDVI was calculated to
estimate the vegetation’s greenness and photosynthetic activity
by area (Tucker, 1979). As previous studies reported an increase
in classification accuracy for the RapidEye red-edge band when
used for observation of open landscape vegetation (Conrad et al.,
2012; Schuster et al., 2012b; Ramoelo et al., 2012), this study
was extended on red-edge based adaptations of the classic NDVI.
Two further indices were calculated: (a) the NDVI Red-Edge-Red
(NDVI-RE-R) where the NIR band is substituted by the red-edge
band (Souza et al., 2010; Schuster et al., 2012b) and (b) the NDVI
NIR-Red-Edge (NDVI-NIR-RE) (Gitelson and Merzlyak, 1994; Sims
and Gamon, 2002) where the red band is replaced by the red-edge
band.

To achieve a rather dense and relatively homogenous intra-
annual time series, the individual dates of acquisition, spanning
over three vegetation periods from April 2009 to September 2011,
were phenologically corrected with respect to the target year,
2010. Therefore, long-term phenological observation data from
the German National Meteorological Service (DWD) were used to
reallocate the images as introduced by Foerster et al. (2012). The
corrected data were ordered according to their phenological date
(Table 1) and integrated into one NDVI, one NDVI-RE-R, and one
NDVI-NIR-RE layer stack. Temporal gaps resulting from the cloud
mask were substituted by linear interpolation using the previous
and the following pixel in the time series.

Due to the radar system’s independence from cloud interfer-
ence, it was much easier to achieve a dense and continuous time
series with TerraSAR-X than with RapidEye. The TerraSAR-X series
consists of 21 scenes all acquired during the vegetation growing

period in 2010. It represents an almost continuous and truly
equidistant 11-day time series with few exceptions (Table 1). All
data are recorded in X-band (~3 cm wavelength), HH-polarization
and strip map imaging mode with a spatial resolution of 3m in
ground range and 3.3 m in azimuth direction. They were acquired
at 5:33a.m. from the same satellite track (orbit 78) with a con-
stant incidence angle of 27.9°. The scenes were ordered partly
pre-processed as enhanced ellipsoid corrected (EEC) ground range
level 1B products, with equidistant pixel spacing in azimuth and
ground range direction. To complement the small habitat spatial
extents, high geometric precision was targeted by ordering the
data in ‘high orbit precision’ (Infoterra, 2008; Breit et al., 2010).

To match the spatial pixel size of the RapidEye data, the scenes
were sampled to 6.5m pixel size during the process of image
co-registration. After co-registration, the multitemporal DeGrandi
filtering (Jong-Sen et al., 1999), as implemented in the ENVI
SARSCAPE 4.5 software package, was performed on all images to
reduce radar speckle. Next, the individual scenes were layer stacked
and geometric image subsets of the study area were extracted. In
contrast to the individual application used for each of the RapidEye
scenes, the geo-rectification process could be performed for the
entire stack. Analogous to the RapidEye data, a sub-pixel spatial
accuracy was achieved based on the use of a Quickbird scene (1m
resolution), and terrain corrections were not performed. The geo-
rectification was done using 21 ground control points and 2nd order
polynomial coefficients and projected to ETRS 1989, UTM 33N. The
resulting layer stack was a backscatter intensity time series.

As final pre-processing steps, a mask was build to exclude for-
est and other non-grassland section of the research area from
the classification process. Fig. 3 illustrates several results from
pre-processing and indicates the information gain when several
acquisition dates were overlaid.

Reference data

The semi-natural open landscape vegetation in the Ferbitzer
Bruch research area was mapped to cover the full range of vegeta-
tion diversity. Grassland habitats, vegetation classes and dominant
single plant types were determined according to respective state of
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Fig. 3. Vegetation mask (black), time-series image overlays for (a) RapidEye and (b) TerraSAR-X, and (c) sampling spots (blue). Illustrated bands are for (a) RapidEye NDVI
(red: 2010-08-21, green: 2009-07-27, blue: 2010-07-16) and for (b) TerraSAR-X backscatter (red: 2010-08-29, green: 2010-08-18, blue: 2010-08-07). (For interpretation of

the references to color in text, the reader is referred to the web version of this article.)

the art literature (Dierschke, 1994; Rothmaler, 2000, 2005; Klapp
and von Boberfeld, 1995). The mapping was performed primarily
from May to June 2010 during the vegetations’ maximum develop-
ment phase, including frequent control visits to observe temporal
ground dynamics, in particular human mowing impacts. Stratified
sampling was done based on a pre-selection of suitable areas for
sampling locations according to two main deliberations: first, the
accessibility of sub-areas, limited by remnants of munitions and
the swamp area, second, the aim to cover all vegetation types in
the research area (Fig. 3).

Based on this area-wide mapping, the spatial delineation of
habitat patches was optimized to meet the requirements for an
image-based analysis of RapidEye 6.5 m resolution data. There-
fore, individual patches should cover no less than an area of 3 x 3
pixels and add up to cover a minimum overall sample size of
approximately 30 image pixels per habitat class to ensure suffi-
cient training and validation pixels (Foody et al., 2006; Congalton
and Green, 2009). Provided that they represented ecologically rel-
atively homogenous areas of a size, the aggregation was performed
according to the nomenclature of the §32 official biotope map
of the federal state of Brandenburg, as described by Pott (1995)
and Schubert et al. (2001). The resulting scenario to be classified
includes seven grassland habitat classes, mainly humid meadow
and partly wetland sections (Table 2). The investigated habitats
represent an ideal study case since they comprise many perennial

Table 2
Investigated habitat classes (plant societies) and respective sample sizes (pixel size:
6.5m).

Class No. Plant society Sample size (No.
of pixels)
1 Molinion caeruleae 130
2 Calthion palustris 88
3 Caricion elatae 50
4 Arrhenatheretum elatioris 153
5 Arrhenaterion elatioris 30
6 Solidago canadensis 29
7 Phragmitetum australis 85

herbaceous plants with clear and dominant phenological develop-
ment aspects.

Permanent plots were established and regularly visited for
a field spectrometry measurement survey for the time of data
acquisition until September 2011. Thus, habitat conditions could
be frequently observed and updated. Mowing activities as major
change impacts were precisely recorded by the local area stake-
holders and were apparent in the field.

Classification and feature assessment

Both data sets were classified using the Support Vector Machine
(SVM) algorithm (Rabe et al., 2010b). SVMs represent a powerful
method for the classification of remote sensing data. Over the last
decade, several studies have shown that these machine-learning
algorithms exceed the performance of established classifiers
(Huang et al., 2002; van der Linden and Hostert, 2009; Schuster
et al., 2012b; Baumann et al., 2012). SVM is a supervised non-
parametric statistical learning technique. As a binary classifier, the
SVM training algorithm separates two classes by using an opti-
mal separating hyperplane to distinguish the training samples in
a multidimensional feature space. This procedure is repeated for
each pair of classes to divide the data into the predefined num-
ber of classes. Support vectors are the training samples that are
located closely to the class borders; the hyperplane aims at maxi-
mizing the distance to them in a learning process of structural risk
optimization. Apart from the high discrimination power in general,
SVMs are particularly well-suited for classifications with only small
training data sets and no underlying assumptions of statistical dis-
tribution (Foody and Mathur, 2004; Waske and Van der Linden,
2008; Mountrakis et al., 2010), which is of specific advantage in the
context of this study.

The ground truth data sets deducted from the habitat classes
mapped in the field (Table 2) were divided into training and vali-
dation data sets using stratified random sampling, thereby keeping
70% of each class sample for training and 30% for the validation.
Classification accuracy was assessed using three different kinds of
measure - overall accuracy (percentage of the correctly classified
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Table 3

Classification accuracies for the TerraSAR-X and RapidEye time series - total averages (overall accuracy, Kappa coefficient, F; measure) and class-specific (F; measure).
Sensor TerraSAR-X RapidEye
Index NDVI NDVI-RE-R NDVI-NIR-RE
Overall accuracy (%) 91.1 91.7 89.9 91.7
Kappa coefficient 0.89 0.90 0.88 0.90
F; measure (%) 89.3 87.9 84.2 88.2
Molinion caeruleae 96 98 97 96
Calthion palustris 80 89 88 84
Caricion elatae 73 69 64 80
Arrhenatheretum elatioris 96 98 95 96
Arrhenaterion elatioris 94 80 71 80
Solidago canadensis 94 85 81 85
Phragmitetum australis 88 87 88 93

pixels in the validation dataset), the kappa coefficient of agreement
(difference measure between the actual and the chance agreement)
(Laurin et al., 2013), and the averaged F; measure as the harmonic
mean of producer and user accuracy (Halder et al., 2009; Schuster
et al., 2012b; Baumann et al., 2012). The latter is regarded as the
more meaningful measure than the kappa coefficient and over-
all accuracy. However, these standard measures are incorporated
to enhance the comparability with other remote sensing applica-
tions.

To investigate how many acquisitions are needed to optimize
classification accuracy, the SVM-based forward feature selection
(FFS) as implemented in imageSVM was used (Rabe et al., 2010b).
Basically, it ranks the features of a feature stack according to their
discriminant power by selecting relevant, non-redundant features
via a stepwise forward selection (Kohavi and John, 1997). The pro-
cess starts with selecting the most relevant feature for the given
training and independent validation sample. Then, in the second
iteration, SVMs are trained for each pair of features consisting of
the best performing feature and one additional feature. In a five-fold
‘forward selection’ process, additional features are added accord-
ing to their extra classification power - referring to the information
content of the respective previously selected features. The increase
in classification accuracy for each additional feature is documented
in a learning curve (compare Fig. 3) (Rabe et al., 2010a; Griffiths
et al., 2010; Tigges et al., 2013). While the actual ranking of fea-
tures is not stable mainly due to the randomized selection process
and redundancy problems, it returns a reliable estimation of the
rise in classification accuracy for the subsequent integration of fea-
tures into the classification process. Therefore, the learning curve
can be interpreted in order to determine accuracy accumulation
points, i.e., for deciding on relevant time series extents.

In remote sensing studies, no clearly defined levels exist for
the evaluation of classification accuracy (Foody, 2008). For this
evaluation, the accuracy accumulation is characterized by two
observation marks: how many features are needed to obtain a
classification accuracy level of 85% (F; measure)? Also, when is
a relative saturation in accuracy reached, determined by 95% of
the respective time series’ highest (total) classification accuracy (F;
measure)?

Results
Classification accuracy

The results for the classification show that the produced time
series of both sensors can achieve very high classification accu-
racies of more than 90% overall accuracy (Table 3). The highest
accuracies are obtained using the RapidEye NDVI-NIR-RE stack,

closely followed by the TerraSAR-X stack and the NDVI-stack,
depending on which accuracy measure is compared. Yet, these
differences are marginal. The classification accuracy for TerraSAR-
X, NDVI-NIR-RE, and the NDVI commonly reaches high accuracy
values around 90% or 0.9 kappa coefficient, respectively. The
NDVI-RE-R stack is slightly less accurate.

The best class-specific results are returned for the plant societies
Molinion caeruleae and Arrhenatheretum elatioris, with accuracies
above 95% for all feature stacks. Both are classified best using the
NDVI. The lowest accuracies, 64-80%, occurred for Caricion elatae.
The TerraSAR-X feature stack allows for distinctively higher class-
specific classification accuracies for Arrhenaterion elatioris, with
949% compared to 70-80% for the RapidEye stacks, as well as for
Solidago canadensis, with 94% compared to 81-85%. Vice versa, the
RapidEye information content appears to be more valuable for the
classification of Calthion palustris, returning 84-89% compared to
80% for the TerraSAR-X stack.

Scene number learning curve

All learning curves produced by the SVM Feature Subset Selec-
tion show a common general pattern. It is characterized by an
initial rather steep increase, followed by a relatively continuous
accumulation of classification accuracy on a high level with minor
oscillations (Fig. 4). Yet, a clear difference is visible between the
RapidEye and TerraSAR-X time series. While the asymptotic classi-
fication accuracies are rather similar, the RapidEye-stacks begin at
a much higher initial (single-date) classification accuracy and gain
the relative saturation level distinctly earlier. The RapidEye feature
stacks’ classification accuracy begins at approximately 40% with
one scene, rises rather quickly to 60-70% with two images, and -
for the NDVI-NIR-RE - reaches almost 80% with only three images.
The 85% mark is broken with six (NDVI) or seven (NDVI-NIR-RE)
scenes (while never quite obtained for the NDVI-RE-R-stack). The
TerraSAR-X feature stack accuracy begins rather low with only 23%
and barely reaches 60% with three scenes. It takes eight images to
exceed the 80% level and 13 images to reach the 85% mark, before it
finally obtains the same accuracy as the RapidEye stack. The over-
all increase in classification accuracy is relatively steady and more
homogenous compared to the RapidEye stacks. Hence, 15 scenes
are needed to approach 95% of the final accuracy in the TerraSAR-X
stack, while for RapidEye only five features (six for the NDVI-RE-R)
are needed to attain this level of accuracy.

Discussion - implications for grassland habitat mapping

The results demonstrate the potential of intra-annual high res-
olution time series for accurately classifying small-scale grassland
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habitats. To the best of our knowledge this is the first reported
study to classify individual units of semi-natural grassland vegeta-
tion using satellite data. The high accuracy level holds for RapidEye
data and to the same extent for TerraSAR-X time series.

Most certainly, the main reason is found in the characteristic
phenological development of individual habitat classes. The evo-
lution of greenness per area, supplemented by additional coloring
aspect from different blossoming phases, supports the separability
using dense intra-annual time series of optical data. The evo-
lution of the vegetations’ height and structure affects the radar
backscatter over time. Such indicative characteristics are very much
supported by the characteristical phenology of the perennial herba-
ceous plants with their annual regrowth of stems and distinct
florescence. Moreover, the hay cut, as a major human impact, fur-
ther influences the temporal signal evolution for both systems.
These temporal effects seem to be sufficiently well captured by
the presented approach for differentiation of individual habitat
classes.

High spatial and temporal resolution

Joint high spatial and high temporal resolution appears to be a
key system requirement to map small-scale vegetation habitats.
Our study confirms the need for high spatial resolution optical
data and repeated acquisitions during the vegetation period, as
emphasized by Franke et al. (2012). Their study reports an overall
accuracy of up to 86% when mapping four grassland use intensity
classes based on five RapidEye scenes. Bargiel (2013) reported a
maximum producer’s accuracy of 76% for the grassland class in a
5-class scenario based on six TerraSAR-X acquisitions. Our results
show that employing dense intra-annual time series allows for
higher classification accuracy on finer thematic and spatial scale.
The more acquisition dates are used, the better the mapping qual-
ity. In accordance with Prishchepov et al. (2012), high quality
grassland mapping requires as many acquisition dates as possi-
ble. We observed this for both of the investigated fundamentally
different satellite systems that return rather diverging classifica-
tion power when only a few scenes are used. Therefore, we believe
that, in contrast to the assumption of Feilhauer et al. (2013), high
revisit capacity could be more important than sensor characteris-
tics.

Our study agrees with recent work in the agricultural domain
that demonstrates the crop monitoring potential of Formosat-2
as the first optical system to provide both high spatial and high
temporal resolution (Duchemin et al., 2008; Claverie et al., 2012).
Apparently, the trade-off paradigm of using either high temporal

or high spatial resolution data (Lambin and Linderman, 2006) has
been resolved due to improved system configurations.

Performance comparison

For both RapidEye and TerraSAR-X a very high overall accuracy
of >90% (Table 3) is attained. While the performance comparison
of the sensor systems investigated in this study appears undecided
in general, we observed obvious differences in regard to individ-
ual classes: In our 7-class scenario, the best overall results are
returned for Molinion caeruleae and Arrhenatheretum elatioris: more
or less sensor and index independent, and extremely high accura-
cies of >95% without exception. Most certainly, the reason is found
in the unique phenological development of these habitats: Molin-
ion caeruleae meadows, e.g., adopt a dominant yellow coloring in
autumn. Its flowering phase is later than for any other species,
which makes it very suitable for observation in optical time series.
It is an herbaceous perennial bunchgrass that grows up rather high,
has closely packed stems, and a dense tussock (Klapp and von
Boberfeld, 1995; Rothmaler, 2000, 2005). This distinct structural
development is further characterized by a specific required mow-
ing regime that determines a single hay cut in late summer. For
Arrhenatheretum elatioris, the vegetation growth phase is even sep-
arated into three phases. Two hay cuts are mandatory, the first one
not before mid June (BfN, 2011; Schuster et al., 2011). While these
two classes may also profit from the relatively high sample size
(Table 2), this aspect appears not to be very influential. Following
the same argumentation, the results for C. elatae could be the overall
worst, since this habitat shows a less distinct phenological pattern.

Sensor-specific best results for TerraSAR-X are returned for
Arrhenaterion elatioris and S. canadensis. In these habitats the dom-
inant plants grow up very high and rather quickly, returning a clear
structural trajectory in the X-band response. In general, compara-
bly low accuracy is attained for C. palustris with their relatively low
structural development, in this respect similar to C. elatae, where
the accuracy is lower than for the optical data. Caltha palustris as
a perennial herbaceous plant is especially known for its distinct
blossoming period (Klapp and von Boberfeld, 1995; Rothmaler,
2000, 2005), which could be a reason for the comparably better
performance of the RapidEye optical time series. Particularly good
class-specific results for RapidEye are returned for C. elatae and
Phragmitetum australis when the NDVI-NIR-RE is used. Only for
these two habitats, a clearly positive red-edge effect is observed.
The findings of class-specific red-edge effects confirm previous
results by Schuster et al. (2012b). However, neither of the red-edge
adaptations outperforms the classic NDVI in general.
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Number of image acquisitions

The mapping quality increases with the number of acquisition
dates. Findings of previous grassland studies also suggest a gen-
eral rise in classification accuracy with increasing scene numbers
(e.g., Prishchepov et al., 2012). However, the question of how many
scenes are ultimately needed is becoming a major issue in remote
sensing research as the availability of high temporal resolution data
increases. Yet, the relationship between costs and quality stan-
dards must be considered (Franke et al., 2012), in particular with
respect to operational surveys. For distinguishing crops, accurate
maps can be produced with only a few selected scenes from mul-
tiple observations (Murakami et al., 2001; Van Niel and McVicar,
2004). Our study indicated that a reduced number of time steps
can be sufficient for accurate grassland mapping depending on the
data type.

Only six to seven (out of 21) RapidEye scenes led to 85% classi-
fication accuracy, in case of TerraSAR-X 13 scenes were necessary.
Nevertheless, these numbers only provide arelatively broad indica-
tor of sensor-specific data requirements. In fact, the actual number
of scenes needed may vary considerably; in our study, the algorithm
may choose the best out of 21 available features. This is advan-
tageous over a study where the algorithm cannot select the best
scenes out of so many but must deal with fewer features given a
priori due to external framework conditions. In addition, the num-
ber of scenes actually required depends on the specific mapping
target, environmental conditions, and inter-annual variability in
phenological development. Thus, it is not possible to infer a rec-
ommendation on the actual number of scenes from this study.
However, the results give an estimate for the data requirements,
also in operational surveys.

Implications of the sensor selection for operational mapping

A recommendation regarding sensor choice for operational
habitat mapping cannot be derived clearly; achievable accuracies
are very high using both technologies. The difference is in the
way this can be achieved. While RapidEye has the important cost-
relevant advantage of requiring significantly less data, TerraSAR-X
provides better data availability and less pre-processing expen-
diture. The acquisition of intra-annual time series is much more
feasible and reliable using TerraSAR-X. It gathered data in almost
constant 11-day periods (in average 12.5 days). Time series acqui-
sition is only interfered by potential order conflicts or data storage
limitations. The generation of dense intra-annual time series still
remains a major challenge for optical data acquisition. While fre-
quent overall coverage may be achieved, the acquisition is not
reliable and long acquisition gaps due to cloudiness occur despite
the advanced multitemporal capabilities of RapidEye (this study)
or Formosat-2 (Claverie et al.,, 2012). Due to cloud interference
even coarse spatial resolution studies using MODIS 16-day compos-
ites lack truly equidistant time series gaps (e.g., Alexandridis et al.,
2009; Zhang et al., 2009; Verbesselt et al., 2010). This issue required
employing the phenological correction approach introduced by
Foerster et al. (2012). Apart from that, the pre-processing of the
optical data set requires further additional procedures for each
individual scene, like geo-rectification, atmospheric correction,
cloud masking and interpolation. It is therefore much more elab-
orate as compared to the SAR time series, where the data is
acquired in homogeneous viewing geometry without atmospheric
interference. Thus, when the data are ordered as EEC products,
considerably fewer and simpler pre-processing steps must be per-
formed (e.g., geo-referencing applied only once for the entire layer
stack).

Suitability of TerraSAR-X time series

In accordance with the expectations of Hill et al. (2005), our
results support the observation that, while land-cover classifica-
tions are the traditional domain for optical data, radar is advancing
with the technical evolution of SAR system configurations. Since
the start of TerraSAR-X the usability for vegetation mapping has
greatly improved (Lopez-Sanchez et al., 2010; Baghdadi et al.,
2010; Bargiel and Herrmann, 2011; Esch et al., 2011). Our study
introduces the separability of different habitat types within semi-
natural grassland vegetation. It extends previous observations on
the sensitivity of X-band data to semi-natural grassland vegeta-
tion (Schuster et al., 2011; Ali et al., 2013) and for the classification
of grassland and semi-natural vegetation structures in agricultural
areas (Bargiel, 2013). Our findings further corroborate early stud-
ies concerning the prospective applicability of X-band satellites (Le
Toan et al., 1989). They confirm the expectations of Rizzoli et al.
(2011), who emphasize the high potential of characterizing the X-
band backscatter for different vegetation classes, particularly for
the monitoring of X-band backscatter variability with time. In fact,
the general strength and advantage of SAR systems, multitemporal
reliability because of all-weather capability, is being realized for
grassland monitoring in the first place.

Conclusions

Remote sensing based mapping of small-scale semi-natural
vegetation habitats is possible. The key, however, is to acquire intra-
annual time series from satellites that provide both high spatial and
high temporal resolution. Thus, we achieved very high classifica-
tion accuracies for the humid grassland habitats in our study site,
a nature reserve area in northeastern Germany. The challenge of
mapping small-extent habitats of high diversity can be met using
either optical (RapidEye) or X-band SAR (TerraSAR-X) data. We con-
clude that not only optical analyses of greenness and brightness
information, but also structural-morphological parameters from
imaging radar are ultimately indicative of grassland compositions.
Using RapidEye, distinctly fewer scenes are required to attain rel-
evant classification accuracy. TerraSAR-X provides more reliable
time series acquisition and reduced pre-processing expenditure.

In summary, the achieved classification quality is a prerequi-
site for operational usage. It enables reliable application for a wide
range of grassland and biodiversity monitoring purposes. In par-
ticular, mapping the Natura 2000 habitat types 6410 (M. caeruleae)
and 6510 (Arrhenatheretum elatioris) was achieved with >95% over-
all accuracy for any of the employed feature stacks. Classified as
‘highly endangered of extinction’ (BfN, 2011), these habitats are of
special interest for the extension of remote sensing approaches as
part of the Natura 2000 monitoring. Additionally, our results sug-
gest intra-annual TerraSAR-X time series cannot only be used for
the detection of mowing events as additional monitoring param-
eter (Schuster et al., 2011, 2012a), but also for direct pixel-based
mapping purposes.

Despite the assumed transferability, other factors such as topog-
raphy, site-specific ecosystem composition (no and type of classes)
and characteristics (area dominance of single species depending on
soil conditions, etc.) could affect the performance of the separability
study. Thus, e.g., the time steps sufficient for successful separation
of grassland classes, can hardly be forecasted. Following on this
study, the approach should be applied on different research sites
to test its robustness and to extend it to further habitat types.

The overall effort for data collection and proper pre-processing
isimmense and needs to be reduced in view of operational surveys.
Future studies should therefore investigate optimal trade-offs in
terms of data requirements and mapping quality. To this end,
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finding reliable statistical methods to determine optimal acqui-
sition time windows remains a key challenge (Schmidt et al.,
in review). Also, different ways of synergistic analysis could be
evaluated to exploit the complementary advantages of optical
and SAR data. Finally, the integration of classification and the
mowing regime as management parameter (Schuster et al., 2011)
should be investigated to further approach the establishment of
comprehensive grassland monitoring schemes.
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