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a  b  s  t  r  a  c  t

Impacts  of human  civilization  on  ecosystems  threaten  global  biodiversity.  In  a changing  environment,
traditional  in  situ  approaches  to  biodiversity  monitoring  have  made  significant  steps  forward  to quantify
and evaluate  BD  at many  scales  but still,  these  methods  are  limited  to comparatively  small  areas.  Earth
observation  (EO)  techniques  may  provide  a solution  to overcome  this  shortcoming  by  measuring  entities
of  interest  at  different  spatial  and  temporal  scales.
emote sensing
iodiversity

This  paper  provides  a comprehensive  overview  of the  role  of EO to  detect,  describe,  explain,  predict  and
assess  biodiversity.  Here,  we  focus  on three  main  aspects  related  to  biodiversity  − taxonomic  diversity,
functional  diversity  and  structural  diversity,  which  integrate  different  levels  of  organization  −  molecular,
pectral traits
pectral trait variations
pectral biodiversity

genetic,  individual,  species,  populations,  communities,  biomes,  ecosystems  and  landscapes.  In  particular,
we discuss  the  recording  of taxonomic  elements  of  biodiversity  through  the  identification  of animal  and
plant  species.  We  highlight  the  importance  of  the spectral  traits  (ST)  and  spectral  trait  variations  (STV)
concept  for  EO-based  biodiversity  research.  Furthermore  we  provide  examples  of  spectral  traits/spectral
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trait  variations  used  in EO applications  for quantifying  taxonomic  diversity,  functional  diversity  and
structural diversity.  We  discuss  the use  of  EO to monitor  biodiversity  and  habitat  quality  using  differ-
ent remote-sensing  techniques.  Finally,  we  suggest  specifically  important  steps  for  a better  integration
of EO  in  biodiversity  research.
EO  methods  represent  an affordable,  repeatable  and  comparable  method  for  measuring,  describing,
explaining  and  modelling  taxonomic,  functional  and  structural  diversity.  Upcoming  sensor  developments
will provide  opportunities  to  quantify  spectral  traits,  currently  not  detectable  with  EO, and  will surely
help  to  describe  biodiversity  in  more  detail.  Therefore,  new  concepts  are  needed  to  tightly  integrate  EO
sensor  networks  with  the identification  of  biodiversity.  This  will  mean  taking  completely  new  directions
in the future  to link  complex,  large  data,  different  approaches  and  models.
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. Introduction

The importance of biodiversity (BD) for ecosystem function-
ng and the provision of ecosystem services and its relevance for

ankind has been investigated by numerous recent studies (Duffy,
009; Cardinale et al., 2012) and is widely accepted in the Millen-
ium Ecosystem Assessment (MA, 2003). However, it is not only
ecessary to emphasize its significance but much more important
o provide precise statements about qualitative and quantitative
hanges and threats to BD as well as estimates of the monetary
alue of ecosystem functions for entire ecosystems (Pasher et al.,
014). It goes without saying that Earth Observation (EO) has
remendous potential for providing large-scale, long-term, stan-
ardized, spatially complete, continuous as well as economically

easible information that is urgently needed for the detecting,
uantifying, assessment and forecasting of global BD (Belward

Gillespie et al., 2008; Asner and Martin, 2008). Also, the monitor-
ing of Essential Biodiversity Variables (Pereira et al., 2013a,b) in
general and those using remote sensing in particular was recently
emphasized by Skidmore et al. (2015) and Pettorelli et al. (2016).

Implementing remote-sensing techniques for the detection,
describing, explaining, predicting and assessing of BD using forth-
coming EO sensors is expected to spark off some very new methods
of monitoring BD (Jetz et al., 2016). However, it remains to be
seen as to whether the current implementation of EO systems is
sufficient to make use of the purely physical potential in terms
of resolution and spectral bandwidth that these novel EO sensors
will provide. According to the sensor characteristics of the hyper-
spectral satellite EnMAP (Environmental Mapping and Analysis
Program, Guanter et al., 2015), significant progress for assess-
ing BD is expected by 2018. In the spectral range of 0.4-2.5 �m,
with more than a hundred narrowband spectral channels, a highly
nd Skøien, 2014; Kuenzer et al., 2015; Pettorelli et al., 2016).
onsequently, there has been an increasing focus on measuring,
uantifying and modelling BD, based on air- and spaceborne EO
echniques (Turner et al., 2003; Nagendra, 2001; Gould, 2000;
differentiated spectrometric signal of optical characteristics of
morphological and/or physiological traits and their changes in
plants, plant communities and BD will be possible across global
scales (Asner and Martin, 2008). The emergence of airborne imaging
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pectroscopy has really paved the way forward to a comprehen-
ive assessment of BD (Green et al., 1998; Asner and Martin,
008; Baldeck et al., 2015; Schaepman et al., 2015). Further-
ore a number of satellite-based imaging spectrometers such as

RISMA (ASI/Italy), HISUI (METI/Japan), HYPXIM-P (CNES, France)
r HyspIRI (NASA/USA) are planned in the future (Kuenzer et al.,
015; Houborg et al., 2015). For the first time, the combination
f 0.4-2.4 �m (VNIR − Visible and Near-Infrared, SWIR-Shortwave

nfra-Red) and thermal hyperspectral wavelengths on a satellite
latform will be available in 2020 from the Hyperspectral Infrared

mager HyspIRI (Roberts et al., 2012). Also, the development of
ery high spectral resolution sensors (0.3-3.0 �m)  will facilitate the
uantification of eco-physiological plant processes such as solar-

nduced chlorophyll fluorescence and photosynthesis in terrestrial
egetation (Jansen et al., 2009; Rascher, 2007; Rascher et al., 2015;
eroni et al., 2009; Rossini et al., 2015). The FLEX Satellite (Fluo-

escence Explorer, FLEX, ESA, 2018; Kraft et al., 2012), will allow
he physiological traits in plants to be measured, enabling anal-
ses on global photosynthetic activity, CO2 fluxes and budgets
Rascher, 2007; Kraft et al., 2012; Rascher et al., 2015). A num-
er of new EO technologies are planned, including laser-based

nstruments (Global Ecosystem Dynamics Investigation, GEDI −
D-LiDAR, NASA, launch in 2019, Fig. 7a), which will enable the
D quantification of vegetation such as volume, stand structure,
iomass with a 1 m resolution (Stysley et al., 2015). A combination
f FLEX and GEDI LiDAR will fill the gaps in the missing functional
nd structural information, enabling a more accurate modelling
nd understanding of climate change and its effects on ecosystems.
t the same time, the increasing openness of the data archives of
andsat, Spot, the Copernicus Mission (Sentinel 1–5) or EnMAP will
ake information relevant to BD research more readily available

n the future in a timely, continuous, comparable and transferable
anner (Wulder and Coops, 2014).

In addition to optical sensors, there is a wide range of radar sen-
ors (Radio Detection and Ranging) that play and will increasingly
lay a tremendous role in deriving BD indicators. Unlike optical
ensors, as cloud cover and unfavourable weather conditions do
ot limit them, these active sensors can record images both day
nd night and will thus continuously deliver EO data. The latest
nd upcoming radar satellites already provide and will increasingly
rovide in the future high spatial resolution data. The radar mis-
ion TerraSAR-X, launched in 2007, for example represent a new
eneration of radar satellites that has been extensively improved.
he HRWS mission (High Resolution Wide Swath) aims to address
ser needs by adding the capability to provide data with very high
patial resolution (up to 0.25 m).  The HRWS mission will initiate
he next steps in the German X-Band SAR data and will make
adar data available to users in approximately 2030 (Fischer et al.,
012; Kuenzer et al., 2015). Radar data can be used as single source
f information in BD research (DeFries et al., 1999; Amarsaikhan
t al., 2007; Urbazaev et al., 2015) or alternatively in combination
ith different optical EO data (e.g., Landsat TM,  RapidEye, Quick-

ird) by applying data merging techniques (Erasmi and Twele,
009; Malenovský et al., 2012; Joshi et al., 2016). In particular, the
rocesses of quantifying Land Use Cover Change (LUCC), land man-
gement systems, analysing Land-Use intensity (LUI) or monitoring
orest structure heterogeneity and complexity require time series

ith high temporal resolution (Estes et al., 2010; Pereira et al.,
013a,b; Stefanski et al., 2014; Joshi et al., 2015; Hostert et al., 2015;
erburg et al., 2015). This necessitates robust, comparable and

epetitive radar data and sensor combinations from radar, optical
nd thermal data. Sentinel-1, the latest EO radar satellite from the

opernicus mission provides robust and systematic information on
errestrial surface structures with a spatial resolution of typically
0 m (Torres et al., 2012). These data enable deriving various abiotic
ariables that are imperative for understanding processes relevant
ators 70 (2016) 317–339 319

to BD monitoring such as the detection of interferometric processes
in surfaces like earth-moving (Yague-Martinez et al., 2016), soil
moisture retrieval (Pause et al., 2012, 2014), flood mapping (Twele
et al., 2016) or the detection of earthquake processes (Grandin et al.,
2016). Moreover, all Sentinel-EO data are freely available and will
be saved in a consistent data archive for long time series (Torres
et al., 2012).

In light of these recent technical achievements, the require-
ments to meet the Aichi targets of the Convention on Biological
Diversity (CBD) for 2020 and the reporting needs for Natura
2000 (http://ec.europa.eu/environment/nature/natura2000/index
en.htm) or the United Nations Framework Convention on Climate
Change (UNFCC) the pressure and expectations to succeed in using
EO to monitor and assess BD are very high. Numerous reviews doc-
ument the technical issues and methodical applications in using EO
for quantifying and monitoring BD and ecosystem variables (Kerr
and Ostrovsky, 2003; Duro et al., 2007; Petrou et al., 2015).

Building on previous literature, our goal here is to provide a
comprehensive and up-to-date overview on this topic including
forthcoming EO missions. By considering taxonomic, functional as
well as structural BD (section 2), we  set a broader scope than pre-
vious papers. We  also specifically discuss how BD ‘entities’ need to
de defined from an EO perspective and explain the necessary con-
traints for recording entities of biodiversity using EO (section 3).
Based on this conceptual background, we  outline the state of the art
and identify recent trends in detecting and quantifying taxonomic,
functional and structural diversity using EO (section 4). We  finally
discuss the advantages, knowledge gaps and remaining limitations
of linking BD and EO (section 5).

2. Characteristics of biodiversity − taxonomic, structural
and functional diversity

Biological diversity or biodiversity means “the variability among
living organisms from all sources including, inter alia, terrestrial,
marine and other aquatic ecosystems and the ecological com-
plexes of which they are part; this includes diversity within species,
between species and of ecosystems” (CBD, Article 2, www.cbd.
int.). It therefore encompasses the diversity of living entities on
different levels of organization − from molecular, genetic, individ-
ual and species to populations, communities, biomes, ecosystems
and landscapes. As our focus here is on EO-applications, we slightly
modified the definition of BD after Noss (1990) who  proposed three
essential characteristics of BD: the composition, structure and func-
tion that integrate different levels of organization of biotic entities
(Fig. 1). The characteristics of BD that we focus on are: (I) Taxo-
nomic BD − the diversity of taxonomically different biotic entities
(molecular, genes, individuals, populations, communities, ecosys-
tems, landscapes); (II) Functional BD − the diversity of functions
and processes (genetic, demographic, intra-species, and landscape
processes) and (III) Structural BD − the arrangement and distribu-
tion (composition and configuration) of biotic entities (molecular
structures, genetic structures, population structures, physiognomy,
habitat structures and landscape patterns). These characteristics of
BD help us to categorise and understand how EO-derived infor-
mation is linked to BD. Furthermore, they help us to answer how
well and in which way  different EO sensors and platforms together
with EO-based model approaches can describe, explain, predict and
assess the taxonomic, structural and functional diversity (Fig. 1).
3. Entities of biodiversity from an EO perspective

When biodiversity is measured using EO technology, the follow-
ing key questions can be asked:

http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://ec.europa.eu/environment/nature/natura2000/index_en.htm
http://www.cbd.int
http://www.cbd.int
http://www.cbd.int
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ig. 1. Three essential characteristics of biodiversity − taxonomic diversity, struc
enetic, individual, species, populations, communities, biomes, ecosystems and lan

 Which entities of BD can be measured using EO technology?
 Why  are EO techniques suitable for detecting and recording enti-
ties of BD?

 Which framework conditions define the measurement of entities
of BD using EO?

 What are the constraints for recording of entities of biodiversity
using EO?

.1. Which entities of biodiversity can be measured using EO
echnology?

All EO techniques (optical, thermal and radar sensors) record
he characteristics or traits of the abiotic and biotic earth surfaces
vegetation as well as animal species) based on the “principles of
pectroscopy across the electromagnetic spectrum from visible to
icrowave bands” (Ustin and Gamon, 2010).

Traits of species have been defined for animal species (Deans
t al., 2012; Pettorelli et al., 2015) as well as for plants,
opulations, communities and beyond (Homolová et al., 2013;
érez-Harguindeguy et al., 2013). Likewise, animal species are char-
cterised by various anatomical, morphological, or functional traits
Pawar et al., 2015) that can be partly recorded using EO tech-
iques (e.g. the temperature of endotherms can be measured using
hermal sensors attached to drones or cameras, see chapter 4.1.1).

Traits of plants, plant populations or communities are anatom-
cal, morphological, biochemical, physiological, structural or
henological characteristics of entities of BD. There are an wide
ange of traits, the characteristics of which have been stored for
egetation in the Global Databases of Traits − TRY (Kattge et al.,
011). EO as a physical system based mostly on measuring spectral
eflectance can directly or indirectly record the “Spectral traits” (ST)
f plants (Fig. 2). An assessment of non-spectral traits is, however,
ossible through a high degree of trait inter-correlation (Feilhauer
t al., 2016). Usting and Gamon, (2010) defined spectral traits
s “optical traits” thereby excluding non-optical EO technologies

uch as radar from the definition of ‘optical traits’. We  therefore
ntroduce the term “spectral traits”, which includes the detection
apability of all spectral recorded EO data like optical, thermal or
adar EO technologies. Fig. 2 provides an overview of the spectral
iversity and functional diversity on different levels of organization − molecular,
es (modified after Noss, 1990).

traits of plants and animals that can be recorded using EO (Ustin
and Gamon, 2010; Homolová et al., 2013; Schimel et al., 2013).

Because the recording of animals by means of remote sensing,
however, is extremely limited (see chapter 4.1.1), the following
paragraphs mainly refer to plants, populations, communities and
beyond.

3.2. Why  are EO suitable for detecting and recording entities of
BD?

We  have to think about the question, why  are EO suitable for
recording entities of BD? EO can quantify entities of BD because
there exist basically the following relationship between the BD and
EO:

• Taxonomic, phylogenetic characteristics of species, as well as the
processes and drivers affect traits or lead to trait variations in
plants, populations, communities, habitats and biomes in space
and time (Garnier et al., 2007; Violle et al., 2014).

• Plant traits and trait variations are proxies of state, abiotic
and biotic limitations, processes and pressures acting on plant
species, populations or communities. These traits and trait vari-
ations can manifest themselves as a result of molecular, genetic,
biochemical, biophysical, functional and morphological or struc-
tural changes (De Vries et al., 2012; Garnier et al., 2016).

• EO is a physical-based system that can only record spectral traits
and spectral trait variations in plants, communities or biomes in
space and over time (Fig. 2 and Fig. 3).

• Spectral signatures, patterns and heterogeneity obtained from EO
data are hence proxies of the diversity of plant species traits and
the results of their state, abiotic source limitations and processes
and pressures.

The assessment of spectral traits using EO can be measured and
quantified on all levels of the vegetation and BD hierarchy − from

the molecular and biochemical level (Asner et al., 2008), to leaves
(Thenkabail et al., 2012) individual plants (Violle et al., 2007); pop-
ulations and plant communities (Ustin and Gamon, 2010; Baldeck
et al., 2015), biomes and ecosystems (Asner, 2015; Homolová et al.,
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Fig. 2. Spectral traits (ST) for quantifying biodiversity by earth o

013). Furthermore, the assessment of spectral traits using EO is
f paramount importance for the discrimination and monitoring
f taxonomically different plant species, communities or biomes.
pectral traits therefore form a crucial basis for the definition of
he entities of BD.

.3. What are the constraints for recording of entities of
iodiversity using EO?

The acquisition of spectral plant traits und trait variations using
O techniques is subject to several constraints, which have a con-
iderable influence on the demarcation, the detection and the
iscrimination of entities of biodiversity. These include the char-
cteristics and composition of spectral traits, the intensity and
rientation of spectral trait variations, the spatio-temporal configu-
ation and composition of spectral traits and their variations. A low

ensity, shape, small size or similar biochemical spectral traits (e.g.
ontent of chlorophyll, cellulose or plant water), morphological-
eometrical or physiological traits (e.g. photosynthetic activity,
vapotranspiration) can hinder or even prevent the discrimination
ation techniques and the relevant intrinsic and extrinsic factors.

and monitoring of different entities of biodiversity (Wang et al.,
2016; Lawley et al., 2016).

Besides this, the ability to detect entities of biodiversity is lim-
ited by the spatial, spectral, radiometric and temporal resolution
of the EO sensors used. In addition to the characteristics of the
sensor, the selection of the sensor platform (handheld RS sensors,
goniometer, cherry picker, drone, airborne, spaceborne) is also of
paramount importance, particularly for the geometric resolution.
These can range from just a few millimetres (spectral video camera
“Cubert”, multispectral camera by drones) to 0.5–2 m (hyperspec-
tral sensors on airborne platforms like HySPEX, APEX, AISA); to
3–10 m (WorldView, RapidEye, Sentinel 2); to 30 m medium spa-
tial resolution (IRS-1C, Spot, Landsat) right up to 250–1000 m or
more (MODIS and NOAA-AVHRR). The spectral and temporal res-
olutions likewise determine the detection and discrimination of
spectral traits and spectral trait variations in species, communities
or even biomes. Hyperspectral EO sensors with a spectral range

of 0.4-2.5 �m such as the airborne hyperspectral sensors HyMap,
HySpex, HyMAP, AISA or EnMAP (Ansner 1998, 2015; Guanter
et al., 2015) are very well suited to record different biochemical-
biophysical spectral traits (i.e. chlorophyll, xanthophyll, carotene or
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ig. 3. Quantification of spectral traits and their interactions with drivers and proc
iomes  using EO.

lant water content) as well as functional spectral traits and even
tructural spectral traits such as growth forms or 3D tree geome-
ry. In contrast, broad spectral bandage EO such as RapidEye, Spot,
ster, Sentinel-2, Landsat or MODIS with a low number of spec-

ral bands are much less suitable for recording spectral traits and
rait variations. Through the analysis of multi-temporal EO data
ets (Landsat, MODIS, NOAA-AVHRR) that allows recording spectral
rait variations over time, the goodness of fit regarding the discrim-
nation of plant traits and the identification of different land cover
r crop types is substantially improved. The same effect can be
btained from merging different EO sensors such as radar data (e.g.
entinel-1) and optical data (e.g. Landsat, RapidEye) (Joshi et al.,
015). Radar data and optical data record different spectral traits
nd trait variations in plant species, plant communities or biomes
hat are imperative for the discrimination and identification enti-
ies of biodiversity.

.4. What are the entities of biodiversity from an EO technology
erspective?

In order to answer the question as to what the entities of BD
rom an EO technology perspective are, one has to look very closely
t the two well known EO approaches for the discrimination or
lassification of entities of interest in BD, namely (a) the per-pixel
pproach (Hoffer, 1975) and (b) the spectral-spatial filtering and
egion growing approaches (Kauth et al., 1977; Skidmore, 1989), or
ater the (geographic) object based approach − GEOBIA (Blaschke,
010; Blaschke et al., 2014; Fig. 4).

The digital discrimination of entities of biodiversity using EO
rst began with classification techniques based on the per-pixel
pproach (Hoffer, 1975; Strahler et al., 1986). The characteristics
nd content, the proportion, density, shape, spatial distribution,
exture of spectral biotic and abiotic traits and trait variations,

hadows or context as well as the spatial, spectral, radiometric and
emporal characteristics of EO sensors determine the spectral infor-

ation that is contained within the pixel of a sensor. Every pixel can
ontain a combined reflectivity of various characteristics of abiotic
to discriminate and monitor plant species, populations, habitats, communities and

and biotic traits and trait variations as well as the afore-mentioned
factors (Strahler et al., 1986). If the size of the measured entitiy of
biodiversity (e.g. a tree) is larger than the grain of the EO data (Hay
et al., 2001; Blaschke et al., 2014), the characteristics and content of
the spectral traits of the tree will primarily influence the reflectiv-
ity of this pixel. On the contrary, if the spatial resolution of the EO
data is coarser than the entities of biodiversity (e.g. the same tree),
the obtained spectral signal made up of different pixels (“mixed-
pixel problem”). In the per-pixel approach, however, information
on density, shape or spatial distribution, texture and patterns of
the spectral traits is not used in the classification algorithm. For
this reason, the pixel-based approach has often been subject to
criticism (Fisher, 1997; Blaschke and Strobl, 2001; Blaschke, 2010).
Blaschke and Strobl (2001) and Blaschke (2010) have substantially
discussed the topic: “what is wrong with pixels”. In (geographic)
object-based approaches, in addition to the spectral trait character-
istic, one also uses the shape, density or distribution of the spectral
traits to identify entities (Inglada and Christophe, 2009; Blaschke,
2010; Blaschke et al., 2014; Kralisch et al., 2012; Fig. 4). A last factor
for detection of entities of BD is how well the EO algorithm and its
assumptions fit the RS data and the spectral traits of the species.

Therefore we  summarized, that the characteristics of spectral
traits (ST) and spectral trait variations (STV) of plants, populations
or communties, the shape, density and distribution of ST/STV, the
spatial, spectral, radiometric, angular and temporal characteristics
of EO sensors, the choice of the classification method (pixel-based
or (geographic) object-based approach), as well as how well the EO
algorithm and its assumptions fit the RS data and the spectral traits
of the species will determine the measurability, discrimination and
thus the derivation and assessing of the entities of BD using EO
(Fig. 4).

4. State of the art in quantifying biodiversity using EO
There is a wide range of remote-sensing applications and sen-
sors (Table 1) that deal with many topics and research questions
related to BD (Turner et al., 2003; Gillespie et al., 2008; Pettorelli
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haracteristics of earth observation sensors, the classification method (pixel-based o
iscrimination and thus the derivation and definition of the entities of biodiversity

t al., 2016; Kuenzer et al., 2015). Table 1 summarizes the broad
eld of applications of EO, which can only be covered briefly in this
aper. Based on their research focus, only some of these studies can
e assigned either to the fields of taxonomic, functional or struc-
ural diversity research. In most cases, however, there is substantial
verlap regarding the aspects of BD covered, also due to the use of

 plethora of indirect indicators or other surrogate variables.

.1. Trends in taxonomic diversity and modelling species
istributions by EO

Despite the multiplicity of efforts, our knowledge of the spatial
atterns of species distributions and diversity at global, regional,
nd even local scales is insufficient, a problem referred to as
he Wallacean shortfall (Whittaker et al., 2005). Three general
pproaches have been distinguished that aim at predicting species
istributions using EO data across different spatial scales (Kerr and
strovsky, 2003; Strand et al., 2007): (1) the direct detection or

dentification of individuals and populations, (2) the detection and
uantification of habitats or ecosystem types and (3) the analysis of
roxy variables for the use in predictive species distribution models
SDMs).

.1.1. Detecting animal species using EO
The most common method is to observe animals individuals

r flocks with the naked eye. The range of detectability can be
ncreased by distance-based techniques such as binoculars, where
he researcher is also the recorder, airborne cameras controlled
ither directly by the researcher out of the aircraft window or
ounted to the aircraft, sound recording with single microphones

r arrays (2D, 3D in air and water), and sonar (hydro-acoustic RS,
attray et al., 2009), thermal imaging (Franke et al., 2012; Dell

t al., 2014, Fig. 5a–c), radar and high-resolution X-ray micro-
omography (Johnson et al., 2007). The use of these techniques
epends very much on the species groups in focus, the scale of the
tudy area and the medium of the habitat.
ts, populations or communties, the shape, density and distribution of ST/STV, the
raphic) object-based approach) are factors which will determine the measurability,
arth observation techniques.

With the rise of microelectronics in the eighties, it became pos-
sible to mark larger animals with small devices that can either
actively send a radio signal on a specific frequency or even send a
signal with an individual marker. This was  a great advantage com-
pared to individual marks such as colour rings or wing marks, which
can only be recognized on rather short distances and only under
very good conditions of light and visibility. Meanwhile, these kinds
of transmitters are available in miniature (ca. the size of a child’s
finger nail), weighing around only 0.4 g. The most limiting part in
terms of size and weight is actually the battery. The detector for
these radio signals are either hand-held devices used for position-
ing and homing (direct tracking) or by means of triangulation (the
angles between the transmitter and the receiver to estimate an ani-
mal’s position at any given time). For smaller animals or a simple
detection of the flight direction, it is possible to construct automatic
tracking fields where two, three or four fixed antennae stations
with attached receivers are used to calculate the position inside
the field based on the differences in the strength of the received
radio signals from the stations. A similar principle is used if the
GPRS frequencies from mobile phone networks are used.

A very promising and less time and personnel consuming
approach is the use of GPS signals for positioning. This can either be
carried out actively (a receiver is combined with a radio transmit-
ter sending the coordinates to a satellite) or passively (a receiver is
combined with a data logger). The passive mode requires the ani-
mal  to be caught again after a certain period of time in order to read
the positions through USB etc. GPS tracking is particularly used for
tracking over a longer period of time with a rather coarse resolution
because of the sampling of positions.

Another approach using imaging techniques but in a very dif-
ferent way  compared to EO is the use of digital optical cameras
with an infrared sensor and an automatic trigger as “traps”, e.g.

for estimating lion density in the Serengeti National Park, Tanzania
(Cusack et al., 2015). In this case, the animal is not caught physi-
cally, but only in a picture. If the animal is marked individually (e.g.
with number tags, combinations of coloured marks/rings) or can be
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Table 1
Earth observation applications to understand biodiversity.

Topic or research question Characteristics of biodiversity
Taxonomic Diversity − TD
Functional Diversity − FD
Structural Diversity − SD

References

Animals
Animal species − discrete classification,
(e.g. birds, penguins, flamingos; wildebeest,
deer, whales)

TD Leyequien et al. (2007); Sasamal et al. (2008); Curtis et al. (2009); Groom et al.
(2011); Fretwell et al. (2014); Zhang et al. (2014)

Movement of animals − GPS tracking
(e.g. storks, cranes, gulls, geese)

TD Wikelski et al. (2007); Witt et al. (2010); Kranstauber et al. (2011); Safi et al.
(2013)

Modelling of animal behaviour
(e.g. elephants, bison, cattle, birds)

TD, FD Leyequien et al. (2007); Pasher et al. (2007); Kuemmerle et al. (2010); Murwira
et al. (2010), Barker and King (2012); Swatantran et al. (2012) Raizman et al.
(2013); Vermeulen et al. (2013); Kivinen and Kumpula (2014), Duro et al.
(2014), Luft et al. (2016)

Behaviour of animals − Epidemiology
(distribution of mosquitos)

TD, FD Herbreteau et al. (2007); Benali et al. (2014a,b)

Defoliating insects (e.g. bark beetles; pine
beetles)

FD, Wulder et al. (2006); Leyequien et al. (2007); Lausch et al. (2013); Fassnacht
et  al. (2014)

Vegetation (entity, individual, plant, population, community)
Vegetation distribution on the species level −
discrete species classification

SD Saatchi et al. (2008); Pu and Landry, (2012); Engler et al. (2013), Baldeck et al.
(2015), Asner (2015)

Modelling plant species distribution on the
species level

SD, FD Saatchi et al. (2008); Walsh et al. (2008), Rocchini et al. (2015a,b)

Biochemical biodiversity of vegetation
(photosynthetic active pigments,

FD, SD Asner (1998); Asner et al. (2008), Asner and Martin (2009); Asner et al.
(2012a,b); Ustin (2013)

Mapping spatial variation of species-level
traits and assemblage-level trait distribution
(phenology, floristic compositions, vegetation
height, vitality, age, density, productivity, LAI,
pollination strategies)

FD, SD Chen et al. (2002); McElhinny et al. (2005); Bergen et al. (2009), Ustin and
Gamon (2010); Pasher and King, (2011), Feilhauer and Schmidtlein (2011);
Nagendra et al. (2012); Thenkabail et al. (2012); Homolová et al. (2013);
Lausch et al. (2013a, 2015a); Asner et al. (2014); He et al. (2015); Stysley et al.
(2015), Feilhauer et al. (2016)

Taxonomic and phylogenetic plant species
patterns, heterogeneity
(alpha, beta, gamma diversity)

TD, FD Nagendra, (2001); Kerr et al. (2001); Asner and Martin, (2009); Rocchini et al.
(2010, 2015a,b), Feilhauer and Schmidtlein (2011); Fricker et al. (2015).

Phyto-geographical and ecological patterns,
vegetation and species patterns in
environmental gradients

FD Dillabaugh and King, (2008); Bodegom et al. (2015); Mannion et al. (2014),
Dingle Robertson et al. (2015a,b)

Functional niches (spaces) of species,
populations to biomes

FD Schmidtlein et al. (2007, 2012); Feilhauer and Schmidtlein (2009); Schimel
et al. (2013)

Diversity within Plant Functional Types (PFT) FD, SD Ustin and Gamon, (2010); Schmidtlein et al. (2012)
Mapping of functional vegetation diversity
(FD),
(e.g. net primary productivity (NPP), biomass,
global photosynthetic activity, CO2 fluxes and
budget

FD, SD Nagendra (2001); Hostert et al. (2003); Kerr et al. (2001); Dillabaugh and King.,
(2008); Saatchi et al. (2008); Ustin and Gamon, (2010); Kraft et al. (2012);
Turner (2014); Ač et al. (2015), Clasen et al. (2015); Tanase et al. (2014)

Biotic interactions, species interactions FD, SD Kerr and Ostrovsky, (2003); Schmidtlein et al. (2007, 2012); Conrad et al.
(2016)

Vegetation trait-environmental relationships FD, SD Schmidtlein et al. (2007, 2012); Mücher et al. (2009); Pause et al. (2012, 2014);
Lausch et al. (2013c);, Feilhauer et al. (2016)

Plant species adaptation and distribution FD Schmidtlein et al. (2007, 2012)
Mapping invasive plant species TD, FD Asner and Vitousek (2005), Asner et al. (2008); Andrew and Ustin (2008);

Walsh et al. (2008); He et al. (2011); Müllerová et al. (2013); Bradley (2014),
Olsson and Morisette (2014); Robinson et al. (2016)

Vegetation community assemblages and
structure

TD, FD, SD Lavorel and Garnier, (2002); Schmidtlein et al. (2012); Baldeck et al. (2015);
Möckel et al. (2014)

Landscape and vegetation fragmentation,
connectivity

TD, FD, SD Briant et al. (2010); Duro et al. (2014); Fahrig et al. (2015); Zhai et al. (2015)

Stress and disturbances on vegetation, status
or habitat degradation; deadwood as habitat
and enhancement of biodiversity

FD, SD Olthof and King. (2003); Hernando et al. (2010); Ač et al. (2015); McDowell
et al. (2015); Griffiths et al. (2014); Pause et al. (2016)

Monitoring of vegetation, habitats, protected
areas, conservation and landscapes, land cover
changes, habitat quality, habitat fragmentation

TD, FD, SD Chiarucci et al. (2001); Oldeland et al. (2010); Nagendra et al. (2012);
Hecheltjen et al. (2014); Corbane et al. (2015); Buck et al. (2015); Fahrig et al.
(2015); Neumann et al. (2015); Zhai et al. (2015)

Assessment of ecosystem services TD, FD, SD Ayanu et al. (2012), Martínez-Harms and Balvanera (2012); Andrew et al.
(2014); de Arauja Barbosa et al. (2015)

Land-use and land cover changes), land-use
(LUCC), Land use intensity (LUI)

FD, SD Friedl et al. (2002); Engdahl and Hyyppa (2003); Hansen and DeFries (2004);
Erasmi and Twele, (2009); Wulder et al. (2012); Malenovský et al. (2012), Erb
et  al. (2013), Kuemmerle et al. (2013), Hansen et al. (2013), Dusseux et al.

i
o
f

dentified individually by it’s unique skin/fur colour pattern, scars
r other similar natural marks, then these data can be used not only
or occupancy modelling, but also for coarse-grained movement
(2014); Hong and Wdowinski (2014); Balzter et al. (2015),  Kuenzer et al.
(2015), Estel et al. (2015), Hostert et al. (2015), Joshi et al. (2015); Tanase et al.
(2015); Verburg et al. (2015)
tracking and population density estimation. A special case of this
is the use of thermal cameras, which simply use another frequency
range of the electromagnetic spectrum, but the same principle.
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ig. 5. Detection of animals red deer using infrared camera (a) in combination with 

ark,  Germany.

The most frequent reason, why we cannot use EO techniques to
etect animals in the same way that we can plants is the difference

n the size or more often the extent of the entity that we are focusing
n relative to the pixel size. Generally speaking, the limits for quan-
ifying BD with EO are the scale of the analysis and the relationship
etween sensor resolution and the spatial extent of the structure
e want to analyse on earth. We  seldom focus on the detection of

ndividuals of animals but rather on aggregations of individuals of
he same species or on aggregations of individuals of two  or more
pecies with either similar ecological requirements or even inter-
pecific dependencies forming a community. The resulting spectral
ignal is spatially more or less homogeneous over a larger extent,
o that usually the area covered by the plant species or community
s much larger than a single pixel of the sensor.

For most animal species, this is not the case. The entity that
e want to detect are often much smaller than the area (spatial

esolution of EO sensor) sampled by the sensor. However, in spite of
he problems mentioned above, successful examples of identifying
nimals, as well as evidence of animal activity such as tunnelling
r guano, from higher resolution imagery such as RapidEye have
een developed for birds, penguins, flamingos; whales (Leyequien
t al., 2007; Sasamal et al., 2008; Groom et al., 2011; Fretwell et al.,
014) and wildebeest in African savannahs (Zhang et al., 2014).

Unfortunately, there are still some other problems that hin-
er the use of EO for surveying animals. Animals often live inside
r below structures that are formed by plants. Therefore, even if
e could use a high-resolution sensor and had found methods for

ither individual or at least species recognition, it would still be
ery difficult to sample the animals because they are covered by a
ense layer of plants. What we can measure however are indirect
ffects, e.g. if the collapse of an insect species changed the spectral
ignal of a host plant. If this signal was very specific and only caused
y one insect species, then we could use EO and the vegetation as

 surrogate variable to derive information about the distribution of
his insect species − in an indirect way.

In addition to the spatial resolution, the temporal resolution is
lso very important. Because plants do not move, sampling can
e repeated after days or even weeks and this is still frequently
nough. By comparison, the detection of animal movements
equires more or less continuous sampling, which is either not pos-
ible because the satellites orbits only cross the same position again
fter several days or due to the fact that it would be very expensive
n general because the satellite has to focus on the same point and
e moved actively (Ropert-Coudert and Wilson, 2005). To record
ovements, habitats and the behaviour of small animals, high-

esolution X-ray micro-tomography (Johnson et al., 2007), near

nfrared video or thermal imaging under laboratory conditions are
sed (Dell et al., 2014). An increase in the degree of habitat com-
lexity requires more image-based techniques such as the use of
tereo and light-field cameras, newly-developed giga-pixel cam-
esolution natural colour images, showing red deer (b,c) in Bavarian Forest National

era technologies as well as the latest technology for slow-motion
cameras to record animal tracking in 3D and 4D modes (Dell et al.,
2014).

Recently, thermal cameras were also successfully used to count
different animal species such as narwhales (Heide-JØrgensen,
2004), big horn sheep (Bernatas and Nelson, 2004), and deer (Curtis
et al., 2009). This technique makes use of the higher body tem-
perature of animals compared to their surroundings for detection,
although it has trouble distinguishing between different animal
species of similar size and shape. This limitation was recently over-
come by Matzner et al. (2015) who combined thermal videography
to detect differences in temperature and digital photography for
identifying species such as birds. However, thermal videography
has many limitations. Thermal videography does not work for poik-
ilothermic species. Furthermore, animal species that are shielded
by tree or vegetation cover cannot be recorded. Thermal videogra-
phy can only be used when there are thermal differences between
animal species and their environment, which is primarily the case
in the late evening or early morning, in the spring, autumn and win-
ter in temperate zones. The winter is thus generally the best time to
apply thermal videography to record animal species in temperate
zones.

High-resolution satellite imagery offers new possibilities for
estimating animal population sizes (e.g. based on guano; LaRue
et al., 2014). Even though these estimates are often not as accu-
rate as aerial photography due to limited spatial resolution,
this technology is much more cost-effective and logistically less
intense. In inaccessible areas, it often provides the only means for
obtaining population data (Fretwell et al., 2014). Further, UAVs
(Unmanned Aircraft Vehicles) are a new technology, which has
been increasingly applied for the direct EO of animals that can
provide information about abundance, age structure and reproduc-
tion, depending on the species surveyed and the attached sensors.
A major drawback for the operation of these systems, however,
is their limited battery lifetime, resulting in a limited flight time
(Linchant et al., 2015).

Several natural limitations to EO-based population assessments
still remain, such as limited visibility in dense vegetation stands,
the variability of meteorological conditions and the behavior of ani-
mals such as nocturnal activity rhythms, the usage of caves or diving
habits. Therefore, comprehensive information about animal behav-
ior and the visibility of the target species is required to account
for these natural sources of variation under different environmen-
tal conditions (Bernatas and Nelson, 2004; Oishi and Matsunaga,
2014). Although human observers on aircraft have largely been
replaced by imaging devices over recent decades, human inter-

action is still required for image interpretation. Hence, there is a
strong need to develop methods for the (semi-) automatic pro-
cessing and analysis of EO data (Groom et al., 2011; Oishi and
Matsunaga, 2014). Semi and automatic processing and analysis
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n EO is imperative, since a high image frequency is required for
irborne campaigns when recording moving animals, which in
urn generates a large quantity of images. In order to be able to
rocess and analyse all of this data, numerous image-merging algo-
ithms (Hirschmuller, 2008) enable semi- and automatic image
rocessing. For the automatic detection of moving wild animals,

 computer-aided detection of moving wild animals (DWA) algo-
ithm (Oishi and Matsunaga, 2014) is applied that compares two  EO
mages. Indeed, the automation of image processing supports this
rocess, but it cannot overcome the limitations of EO in detecting
nimals.

In addition to being able to quantify animals directly, the
resence of animal species can be deduced indirectly using RS.
pectroscopic RS can detect the change in vegetation characteris-
ics, which were caused by biotic stressors such as plant and animal
arasites. The broad range of spectroscopic resolution detects
hanges in biochemical, biophysical, structural and functional char-
cteristics of plants in a process (i.e. changes in chlorophyll,
anthophyll, and water content, among others), caused by para-
ites on the plants and in the canopy. The predictions on the spread
f the bark beetle as a result of direct and indirect detection of tree
amage (Lausch et al., 2013; Fassnacht et al., 2014) as well as pest-
rotected plants (Nutter et al., 2010) are only possible using spatial
nd spectral high resolution RS data. There are also many applica-
ions in epidemiology that use EO for an indirect quantification of
he distribution of mosquitos (Herbreteau et al., 2007).

Most animal species are too small to be detected with image-
ased tracking systems. Therefore, to detect animals location,
ehaviour, habitats and physiology, bio-logging technologies were
eveloped early on such as global positioning systems, video cam-
ras, accelerometers and telemetry (Dell et al., 2014). Methods such
s telemetry with transponders (Riley et al., 1996), passive radar
Gauthreaux and Belser, 2003) and radio and satellite transmitters
Berthold et al., 2002; Cochran et al., 2004) have proven to be more
uccessful compared to the bio-logging of animals. The initial track-
ng of penguins and their detection using telemetry followed in
965.

The world’s first space-borne bio-logging of animal move-
ents was attempted using the NIMBUS-3 satellite on a Wapiti

Cervus canadensis, Gillespie, 2001). In 1981, the ARGOS satel-
ite system was used to monitor the mobility of seals (Gillespie,
001). However, as the ARGOS satellite was designed as a weather
atellite, these measurements turned out to be too imprecise for
urther mobility monitoring. Setbacks in the recording of animal

ovements using space-borne RS increasingly necessitated the
se of terrestrial measurements using more conventional tracking
ethods that also have their own issues, limitations and prob-

ems. Transponders are relatively small but have to be activated
xternally by radar or microwaves, which reduces their range con-
iderably (Riley et al., 1996). Passive radar technologies record
arge areas but require portable instruments or permanent stations
Gauthreaux and Belser, 2003). Radio transmitters (Cochran et al.,
004) and satellite transmitters (Berthold et al., 2002) reach a high
egree of accuracy in bio-logging, but they are very expensive and
o far are only suitable for large animals (∼300 g).

Even with these limitations, all of these bio-logging techniques
ake local animal research possible. However, so far it has only

eally been possible to make regional or even global statements on
he migration patterns and social behaviour of just a few animal
pecies. The latest bio-logging developments are bound to change
ll of this. A prime example of a new technology and methodology is
he ICARUS Project (International Cooperation for Animal Research

sing Space, Wikelski et al., 2007), a high-tech, global, animal track-

ng system, which, with the help of permanent GPS transmitters in
he high-frequency range, records extremely precise information
bout the animals. The transmitters, whose prototypes currently
ators 70 (2016) 317–339

weigh between 5 g and 40 g, will weigh around just 1 g in the future,
making it possible to track even very small species such as bees,
butterflies and bugs. The transmitters are currently equipped with
solar cells and transmit information over the course of their ser-
vice life, to the exact metre and at high temporal resolution (every
minute). The sensors record a wide range of parameters in terms of
the movement and speed of the animals. In the future, sensors will
also be able to quantify other parameters such as blood sugar, mus-
cle tension, brain activity, heart rate, calorie consumption, stress
level intensities as well as body temperature. Also planned, for
instance, are cameras that are installed on the beaks of birds and
on the shells of turtles, which by way of image-logging will allow
their feeding or mating behaviour to be investigated.

At this stage, data is sent by the mobile phone network or read
locally. Starting from 2016, all global sensor information of tracked
animals will be recorded by the Space Station ISS and archived in the
world’s largest data base for animal migration “Movebank” (https://
www.movebank.org). In addition to the Move data, a number of
other ecosystem parameters such as temperature, air pressure,
wind direction, vegetation density, oxygen content and weather
data, to name just a few, will be stored in the environmental data
products accessed by the Env-DATA System (Dodge et al., 2013).
Information on Move data is available to everyone free of charge
for research purposes. In addition to the Move data, specifically
developed apps such as Animal App “Animal Tracker’ will support
the input of more observations. The ICARUS project will revolu-
tionize research into the behaviour and social life, habitat and
population research of animal species (Wikelski et al., 2007) and
extend the scope of investigations tremendously. Wikelski et al.
(2007) assume that there will be an explosive increase of infor-
mation in the future. “Then the area of Big Data will also start in
behavioural research,(̈Wikelski et al., 2007) which will necessitate
new concepts for data storage and data linkage.

4.1.2. Detecting and quantifying plant species and canopy using
EO

Because the direct detecting and quantifying of individual plants
is dependent on their unique spectral signature and limited by the
size of the study organism, early approaches mainly used high-
resolution aerial photography to identify individual plants to the
species level or vegetation classes such as forest type (Gillespie
et al., 2008). Today, mainly high-resolution optical data, e.g. IKONOS
(Laba et al., 2010) or Quickbird (Everitt et al., 2006), WorldView-
2 (Robinson et al., 2016), GeoEye (van Coillie et al., 2016) as well
as LiDAR (Light Detection and Ranging) data (Cho et al., 2012) are
utilized. LiDAR data has also been combined with hyperspectral
airborne systems to further improve quantifying accuracy (Asner
et al., 2012a,b; Asner, 2015). Some invasive plant species show
spectral profiles that are distinct from the native vegetation; they
can directly be mapped using hyperspectral imagery (Asner et al.,
2008; Bradley, 2014). The ‘ideal’ spatial resolution (pixel size) used
for detecting species minimizes within-entity (shade and sunlit
leaves, bark, understory plants) variance and maximizes between-
entity (different individuals or species) variance. Due to limitations
in the resolution (spatial, spectral, and temporal) of the EO data, the
direct quantifying approach is only applicable over smaller areas
(typically several ha to several hundred km2). However, simula-
tions have shown substantial potential to model species-specific
diversity using 3D modelling approaches (Schneider et al., 2014).

At landscape to regional scales, quantifying of habitats is one of
the typical applications of EO. In the habitat quantifying approach,
previously identified univariate relationships between species

occurrences and vegetation (e.g. in field studies or from prior
knowledge) are then transferred to indirectly infer species presence
or absence. Vegetation is mostly mapped based on medium-
resolution Terra-ASTER, Landsat-TM/ETM+ or the new satellite

http://https://www.movebank.org
http://https://www.movebank.org
http://https://www.movebank.org
http://https://www.movebank.org
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eneration Sentinel-2 data (Corbane et al., 2015; Kuenzer et al.,
015). Classification of vegetation types with coarser resolution
ata typically requires the use of higher resolution data to generate
raining data (Hüttich et al., 2009).

.1.3. Species distribution models (SDM)
The quantification of species-environment relationships using

pecies distribution models (SDMs), however, is the most effec-
ive way to analyze information gathered from species point data
ollections such as Map  of Life (www.mol.org) or GBIF (Global Bio-
iversity Information Facility, www.gbif.org). EO data may  directly
ontribute to SDMs by adding measured land surface character-
stics beyond topographic and climatic conditions (Saatchi et al.,
008) and are expected to contribute significantly to a “next gener-
tion” of SDMs (He et al., 2015). Species distribution modelling with
O data is different from detecting species distributions − since it is
ot the spectral signature of the species itself but rather its environ-
ent (i.e. vegetation community) is identified from the remotely

ensed signal. Furthermore, it also differs from habitat quantifying
pproaches, as certain algorithms that were initially developed for
redicting climatic niches into geographical space are applied. The
im of these algorithms is not to classify the landscape into certain
ategories as in the habitat quantifying approach, but to predict
he probabilities of species occurrence as the single target variable
Elith and Leathwick, 2009).

Because mainly large (continental to global) spatial areas are
f interest in the SDM approach, mainly coarse-resolution EO data
uch as Terra-MODIS (Saatchi et al., 2008) or NOAA-AVHRR (Foody,
005) are utilized. Global scale NDVI trend analysis (de Jong et al.,
013) and growing season length assessment (Garonna et al., 2015)
ave also been made possible through the NASA GIMMS  data
et. Moreover, active radar measurements that quantify structural
egetation characteristics provide complementary information
Bradley and Fleishman, 2008). Despite their constraints in geo-
raphical coverage, upcoming multispectral (especially Sentinel-2
nd Sentinel-3) or hyperspectral (EnMAP) satellite missions will
ost definitely enlarge this array of suitable EO data. In addition,

ven though the causal relationship between land cover and species
istributions is indirect (Thuiller et al., 2004), several studies have
lso made use of existing land cover or land use classifications that
ad previously been derived from EO data (Pearson et al., 2004;
ompe et al., 2008). In contrast to Thuiller et al. (2004), Pompe
t al. (2008) were even able to show that climate variation can
nly explain ca. 50% of the variation, whereas geology and land
over share the other half almost equally. However, the suitability
f each land cover product for a focal species may  be influenced
y the detail and the validity of its class definitions as well as its
patial resolution (Cord et al., 2013, 2014). From an applied perspec-
ive, the inclusion of EO in SDMs has great potential for supporting
arly warning systems for invasive species distributions (Morisette
t al., 2005), for guiding new field surveys based on the identifica-
ion of areas with suitable conditions (similar to those known to be
lready occupied) and for a more realistic estimation of ecological
istances between patches in order to improve the estimation of
ispersal success.

.2. Functional diversity using the spectral trait paradigm

The traits of plant species and communities have been charac-
erised (i) by the emergence and disappearance of characteristics
uring plant phylogeny, (ii) by environmental and anthropogenic
tressors as well as (iii) by the stress and adaptation of plants and

ommunities to today’s environmental factors (Klotz et al., 2002).
adotte et al. (2010) explain that the phylogeny and legacy of plant
raits affect the heterogeneity, patterns and diversity of plants,
opulations and communities. Furthermore, the functional and
ators 70 (2016) 317–339 327

adapted roles of vegetation are directly linked to biochemical, mor-
phological and physiological traits and trait combinations that are
driven by resources and stresses (Schmidtlein et al., 2012). These
often lead to functional and adapted convergences in plants, pop-
ulations and communities (Kumar et al., 2001; Ustin and Gamon,
2010). Traits and their changes are therefore a proxy of the specific
status and changes in plant and community ecology (Kraft et al.,
2015), as well as of impacts from and responses to environmental
and anthropogenic pressures (Carboni et al., 2014), plant invasions
(Asner et al., 2008) plant interactions and coexistence (Kraft et al.,
2015). Likewise, traits can also alter due to plant interactions with
soil characteristics and soil moisture properties (De Vries et al.,
2012; Lausch et al., 2013c) or are the spectral result of infestations
with parasites and pathogens (Herbreteau et al., 2007; Benali et al.,
2014a,b)

Due to their functional as well as structural characteristics,
such as photosynthetic pathways, nitrogen content, plant/canopy
height, or leaf phenology, traits can be successfully implemented
for the satellite-based quantification and assessment of ecosystem
services and ecosystem functions such as primary production, pho-
tosynthetic activities, gas exchange or climate regulation (Lavorel,
2013). The detecting and quantifying of functional traits is there-
fore a crucial technique for detecting and monitoring the status of
vegetation, as well as changes and shifts in biomes and ecosystems
(Schmidtlein et al., 2012). On the one hand, traits are important
variables to describe structures, functions, processes, drivers and
changes in BD and ecosystems and on the other they are the only
entities in plants, populations and communities that can be spec-
troscopically measured using remote-sensing techniques (Ustin
and Gamon, 2010).

4.2.1. Detecting and quantifying biochemical patterns using EO
Ecologists realised a long time ago that the biochemical compo-

sition of plants, populations, communities and beyond are crucial
for the functioning of most ecosystem processes such as the
nitrogen and carbon cycle, because photosynthetic pathways that
generate the energy and carbon molecules are important for the
reproduction and growth of vegetation (Reich, 2012; Ustin, 2013).
Findings on the biochemical make-up and their changes and diver-
sity can provide crucial insights into disruptions in the functional
circulation of ecosystems. Biochemical traits in the canopy can
therefore be proxies for the status, changes and pressures of
humans on vegetation (Garnier et al., 2007, 2016; Schmidtlein et al.,
2012).

There have been comprehensive investigations on the bio-
chemical content, configuration, diversity and their changes of
photosynthetic active pigments using the EO sensors AVHRR,
MODIS or Landsat TM/ETM (Estel et al., 2015). Recently, there has
been tremendous progress in research on biochemical diversity
through the opening of the EO sensor portals of Landsat (Wulder
and Coops, 2014) and SPOT. The comprehensive studies by Asner
(1998), Asner et al. (2008, 2012a,b), and Asner and Martin (2009)
in the area of measuring biochemical diversity by means of air-
borne hyperspectral EO show that the quantifying of different
biochemical characteristics directly depends on the spectral EO
characteristics. Based on novel hyperspectral EO data, Asner et al.
(2012a,b, 2014, 2009) were able to show that the biochemical-
structural properties of plants create a “fingerprint for each species
and community”, which is also referred to as the “spectrometric
approach”. These studies on biochemical diversity make reference
to the enormous potential of the new generation of EO Sensors

such as HyMAP or InSPIRI in quantifying biochemical diversity.
Advanced retrieval methods, such as coupled models (Laurent
et al., 2011b), multiangular observations (Laurent et al., 2011a),
object-based (Laurent et al., 2013) and Bayesian inversion schemes

http://www.mol.org
http://www.mol.org
http://www.mol.org
http://www.gbif.org
http://www.gbif.org
http://www.gbif.org
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Laurent et al., 2014) have substantially improved retrieval accu-
acy of important spectral traits.

.2.2. Detecting and quantifying plant functional types using EO
Plant functional types (PFTs) are functional convergences based

n environmental resources and stress constraints (Lavorel and
arnier 2002; Ustin and Gamon, 2010). The “PFT concept allows us

o explore the possibility of regionally and globally distinct func-
ional categories” (Ustin and Gamon, 2010), which are based on
arious spectrums of plant traits affected by the dominant species.
ominant species have the most crucial influence on ecosystem
roperties like biogeochemical cycling, carbon and water budgets
r productivity. Therefore, PFTs play an important role in under-
tanding and deriving plant functions and in the assessment of
cosystem services (de Arauja Barbosa et al., 2015) from a local
o a global scale. For instance, dominant species at the ecosystem
evel have a consistent relationship between the absorbed photo-
ynthetic active radiation (APAR) measured by EO for much of the
orld’s vegetation (Ustin and Gamon, 2010). Furthermore, Ustin

nd Gamon (2010) point out that the structural and functional char-
cteristics of plant and vegetation traits recording, quantification
nd modelling by EO helps to understand many ecosystem func-
ions such as photosynthetic activities, primary production as well
s gas exchange and climate regulation (Homolová et al., 2013).

.2.3. Detecting and quantifying plant biomass using EO
Assessing above-ground biomass (AGB) is an essential prereq-

isite in the monitoring of global carbon fluxes. Most of the studies
n AGB estimation were conducted in forest ecosystems. Landsat-
M and other optical sensors in general are the most widely
sed EO systems for biomass estimation (Main-Knorn et al., 2013;
atifi et al., 2015). Landsat, a medium spatial-resolution sensor,
s a good compromise regarding data-availability, data-processing
fforts and a sufficient level of detail. Due to the long time-series of
andsat imagery, this data allows the reconstruction of forest dis-
urbance and recovery over long time periods (Main-Knorn et al.,
013; Czerwinski et al., 2014). The application of coarser scale
patial-resolution optical imagery such as MODIS, AVHRR and SPOT
EGETATION is limited by the occurrence of mixed pixels. How-
ver, those sensors have the advantage of large spatial and temporal
atasets. Fine spatial-resolution sensors are only feasible for small
ites. For example, Dillabaugh and King (2008) used spectral and
patial metrics derived from IKONOS data to estimate emergent
nd aquatic wetland plant biomass. Recently, radar and LiDAR sen-
ors that detect the canopy volume and describe the vertical canopy
rofile, respectively, have gained in importance (Fig. 6a–c). The per-

ormance of radar systems varies with wavelength and polarization
roperties, whereby longer wavelengths showed better results.
iDAR data can successfully supplement field-based inventories as

 systematic sampling tool (Ene et al., 2013). K-nearest-neighbour
lustering, linear and multiple regression and machine learning
lgorithms such as regression trees and neural networks are used
o establish relationships between the spectral reflectance and
tructural vegetation parameters. The latter again have empiri-
al allometric relationships to AGB. Vegetation Indices such as the
ormalized Difference Vegetation Index (NDVI) reduce distract-

ng effects of environmental conditions. More research, however, is
eeded for the generalization and spatial transferability of predic-
ive relationships and to deal with saturation problems in regions
ith high vegetation density (Cutler et al., 2007). Solar induced flu-

rescence (SIF) is an emerging topic, allowing NPP and/or GPP to
e retrieved from narrow-band measurements (Damm et al., 2014,

015). The combination of multi-sensor or multi-resolution data
ight be an approach to further improve AGB estimation. ESA’s

Biomass-Mission” will be launched in 2020 (Le Toan et al., 2011).
his satellite will provide information on the state and change of
ators 70 (2016) 317–339

forest ecosystems by quantifying forest biomass at 200 m resolu-
tion with a P-Band SAR.

4.3. Structural diversity using EO

4.3.1. Vertical vegetation structure and structural complexity
Vertical vegetation structure is defined as the configuration of

above-ground vegetation from the ground to the top of the canopy
(Brokaw and Lent, 1999) and can be measured with different
platforms such as airborne platforms, drones or under laboratory
conditions (Fig. 7a–d). It has a strong effect on BD, based on the
assumption that higher structural complexity creates more habi-
tat niches, which, in turn, leads to greater species diversity for
other taxa (MacArthur and MacArthur, 1961). There are a num-
ber of methods and statistics available to measure and describe
vegetation structure from the ground, but these methods are time
consuming and cannot easily be applied to large areas (McElhinny
et al., 2005). Passive optical sensors, which record the radiation of
the sun reflected and emitted by the Earth, are not able to directly
measure vertical vegetation structure but canopy radiance does
respond to horizontal and vertical structure. Estimation and quan-
tifying of individual structural metrics such as LAI at broad scales
has become commonplace (Chen et al., 2002), and more local scale
multivariate approaches to represent of canopy, understory and
ground vegetation structure in structural complexity indices have
also shown promise (Pasher and King, 2011). Torontow and King
(2012) combined field measured structural and compositional met-
rics in multivariate complexity index derived from redundancy
analysis against image spectral and spatial metrics as well as topog-
raphy. This approach of deriving a structural complexity index
based on multivariate relationships between image/terrain data
and field measured vegetation data was  compared to the determin-
istic approach described in Estes et al. (2010) where a pre-defined
structural complexity index as presented in McElhinny et al. (2005)
was modelled against image data.

The unique thing about radar sensors is the fact that the
microwaves react to the dielectric (water content) and geometrical
properties of the entities of interest, producing a volume scattering
response, making them an ideal tool for detecting and quantify-
ing volumetric structural indicators. Moreover, radar systems are
able to penetrate cloud cover, are independent of solar illumina-
tion and can cover large areas (Lewis, 1998). Over recent decades,
there has been a steady improvement in the sensors from SAR (Syn-
thetic Aperture Radar) backscatter systems. In the past, they were
only able to measure the backscatter of the sensors interferomet-
ric SAR (InSAR) systems that gather 3D information of the surface,
such as the DTM of the Shuttle SRTM mission and multi-baseline
polarimetric InSAR (Pol-InSAR) systems, which are now able to
gather information about structural vegetation metrics such as for-
est canopy cover, forest canopy volume and forest height (Treuhaft
and Siqueira, 2000; Mathieu et al., 2013). The first study using SAR
to evaluate habitat relationships and BD patterns was conducted
back in 1997 (Imhoff et al., 1997).

As an alternative, active sensors such as LiDAR, have been suc-
cessfully applied to quantify the vertical dimension of vegetation
structure (Heurich and Thoma, 2008; Bergen et al., 2009). LiDAR
systems measure the distance between the sensor and the spot on
the ground were the LiDAR beam is reflected, by using the time
interval between the emission of the beam and the recording of
its reflection, taking into consideration the speed of light. Beams of
LiDAR sensors working in the near infrared spectrum are reflected
by vegetation and soil, making them suitable for recording both

vegetation and ground signals.

Over the last decade, LiDAR has also been applied to address
ecological and conservation issues (Vierling et al., 2008). In partic-
ular, its capability of determining vertical structural metrics from
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Fig. 6. Biomass and vegetation structure: Quantification of vertical vegetation structure with airborne laser scanning data (ALS) − Riegl Q560/240, (airborne, aircraft Dimona),
(a)  Mangroves in “Woods Lake”, Aboriginal Heritage Area near Burketown, different colors indicate different tree hights, Queensland, Australia, Recording date 2012-09-25;
(b,c)  Bago State Forest with FluxTower (70m) near Tumbarumba, New South Wales, Australia, Recording date: 2012-12-18.
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ig. 7. Vertical vegetation structure of vegetation objects on different spatial scales (
ASA,  (spaceborne launch in 2019), (b) biosphere reserve “Oranienbaumer Heide”, r
eide”,  (drone- octocopter), (d) 3D model of maize by Light-Field Camera on labora

iDAR point clouds and the automatic detection of single trees
ncluding their properties (height, volume, crown length, diam-
ter at breast height, species allows an in-depth and large-scale
xploration of species-habitat relationships and the prediction of
pecies assemblages for BD and conservation assessments). There
re several studies across different taxa such as birds (Lesak et al.,
011), bats (Jung et al., 2012), squirrels (Nelson et al., 2005), beetles
Müller and Brandl, 2009) and spiders which have all underlined
he importance of LiDAR in assessing vertical vegetation struc-
ure and in identifying BD hotspots across landscapes. LiDAR has
lso been successfully applied to explain plant species diversity
Simonson et al., 2012) and at the same time vertical and hori-
ontal canopy layering (Leiterer et al., 2015, 2015a), making it a
ell-established tool for BD research and conservation. In addi-
ion, data fusion methods using both LiDAR and optical sensors
ill allow the functional diversity of canopies to be characterized

y using structural and biochemical attributes (Torabzadeh et al.,
014). The next step for BD research could be to make use of bathy-
r-based instruments (Global Ecosystem Dynamics Investigation), GEDI − 3D-LiDAR,
ng date: 2014-8-28 (airborne − gyrocopter), (c) biosphere reserve “Oranienbaumer
cale.

metric LiDAR and SONAR (SOund Navigation And Ranging), which
has the potential to quantify the abundance and behavioural pat-
terns of fish, marine mammals, as well as the characteristics of
their underwater habitat. In addition, the combination of radar and
LiDAR measurements is promising for ecosystem studies, because
LiDAR provides better information about height and the vertical
profile, while radar is more sensitive to wood volume and density
(Hall et al., 2011; Antonarakis et al., 2011). The next generation
of EO should be able to measure and combine different levels of
BD into ones like the forest biogeochemistry, structural change,
and individual-based models “which can predict the fates of vast
numbers of simulated trees, all growing and competing according
to their ecological attributes in altered environments across large
areas” (Shugart et al., 2015). A future step forward could be to merge

radar and LiDAR measurements for ecosystem studies, because
LiDAR provides better information about the height and the vertical
profile while radar is more sensitive to forest volume and density
(Antonarakis et al., 2011; Hall et al., 2011). Sensor combinations
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ig. 8. Vertical vegetation and building structures for modelling species distributi
a)  Part of the city of Oldenburg for the flight campaign − Google earth (b) Vegetat
ISA-DUAL mapped onto the digital surface model (DSM) generated from the airbo

uch as hyperspectral and LiDAR sensors are also meaningful for
uantify variables of BD and are likely to gain importance in the
ear future (Fig. 8).

.3.2. Spatial spectral heterogeneity for monitoring community
iversity using EO

According to Diamond (1988) and Palmer et al. (2002), a higher
eterogeneity in habitat characteristics results in higher species
ichness. The addition of new habitats in a sample therefore leads
o an increase in the recorded pooled species richness (Fairbanks
nd McGwire, 2004) − a key aspect related to the use of spec-
ral heterogeneity for predicting species diversity. Therefore, the
elationship between spectral heterogeneity and species richness
spectral variation hypothesis) can be used to locate the sites with
he highest species richness (�-diversity). Spectral heterogene-
ty has been demonstrated to have a high predictive power with
espect to species richness within a given site, at different spa-
ial scales (Kerr et al., 2001; Oindo and Skidmore, 2002). Further,
patial image properties (e.g. spatial autocorrelation and image
exture) have been found to be significantly related to BD (Duro
t al., 2014). Further, Rocchini et al. (2010, 2015a) demonstrated
hat species complementarity among sites (�-diversity) can also
e maximized by a spectrally-based ordering. Furthermore, spec-
ral heterogeneity can be regarded as a proxy of natural processes
uch as soil characteristics but also human pressure on vegetation
Lausch et al., 2013b,c, 2015). This approach allows the detection
f important spatial gradients of species diversity, and thus maxi-
izes the inventories made of plant species in an area with reduced

ampling effort.
Making plant species inventories in relatively large areas has

lways been an important task for plant ecologists, in spite of a lack
f common standards for measuring the completeness of the result-

ng species lists and for quantifying the sampling effort (Palmer
t al., 2002). This type of data has been utilized for describing and
esting phyto-geographical and ecological patterns (Bodegom et al.,
015), but also for nature reserve evaluation and planning. How-
ver, as stated by Palmer et al. (2002), making accurate species

nventories over a large region is complicated by the fact that
otanists cannot inspect every individual plant in the region and
hat species compositions change over time. On the other hand,
ists of flora for relatively large areas cannot yet be obtained with
o in the context of microclimate and heat islands and human influences in cities:
d buildings in the city of Oldenburg, true colour image from Hyperspectral Data −
ser scanning data (ALS), Recording date: 2010-6-15.

objective sampling combined with statistical estimators of species
richness (Chiarucci et al., 2003). Thus, the development of methods
for perfecting species lists is potentially useful for developing lists
of species compositions over large areas (Palmer et al., 2002).

Different methods have been proposed to locate those environ-
mental gradients offering the maximum change in species richness
(Mannion et al., 2014), and the availability of satellite data could
render the proposed method straightforward to apply, especially
in regions where basic environmental data are scarce or inaccurate.
To date, few researchers have tried to assess species diversity on
a detailed scale by using these high-resolution multispectral data
(Rocchini et al., 2015a,b). Satellites with a coarser spatial resolu-
tion (e.g., Landsat, 30 m;  see Fig. 9a,b) are widely used (Fairbanks
and McGwire, 2004) due to their lower cost and easier availability,
but they can hide fine grained patterns, such as margins between
vegetation types, hedges and small forest gaps, and thus result in
the loss of many species within the obtained lists. Even if Landsat
imagery has a higher spectral resolution than QuickBird or IKONOS
sensors, the addition of redundant data can increase noise with-
out adding valuable information, by including spectral information
not related to habitat heterogeneity as noise in statistical models
(Bajwa et al., 2004).

4.3.3. Monitoring of habitats, their changes and ecosystem
quality using EO

Detecting, quantifying and monitoring vegetation patterns has
been a key application of EO early on (Spurr, 1948). Accordingly,
detailed and accurate spatio-temporal information on the distri-
bution of vegetation types is available from local (Lewis, 1998;
Oldeland et al., 2010) to continental scales even though limita-
tions due to the spatio-temporal variable appearance of vegetation
stands and the spectral similarity of plant species in general are
well known (Feilhauer et al., 2011). In spite of these uncertain-
ties, EO offers great potential for vegetation assessing that has
been used in a similar way  to map  the distribution of habitat
types for conservation programs (Feilhauer et al., 2014) and has
the advantage of being able to map  on different scales and RS

sensor platforms e.g. spaceborne, airborne, drones and on the lab-
oratory level (Fig. 10a–h). The related applications are manifold,
successfully local scale quantifying the distribution of grassland
(Buck et al., 2015), heathland (Delalieux et al., 2012), wetland
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Fig. 9. (a) A Landsat ETM+ image of the Trentino region (Italy, Northern alps, path 192 row 028, acquisition date: 21-8-2014), processed by a moving window estimator of
local  heterogeneity, based on the contrast method (Haralick, 1973) available in the r.texture module in GRASS GIS. (b) 2D spatial view, local heterogeneity has been proven
to  be strictly related to species diversity based on the spectral variation hypothesis (Palmer et al., 2002). Refer to the main text for additional information.

Fig. 10. Vegetation monitoring on different scales and platforms: (a) GlobCover ESA 2009 (Global Land Cover); (b) Mapping of CORINE- Corine Land Cover Europe (2006)
based  on Landsat TM Data (c) Land Cover Classification − Region: Sola Polska (satellite: Landsat TM), (d) Hyperspectral data − AISA-DUAL, Region: catchment of the river
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odelled LAI − hyperspectral data − AISA-Eagle, Region Großbardau, near Leipzig;

mage  of Cubert GmbH; NDVI on the field scale − (drone-octocopter) (h) NDVI − ve

Alexandridis et al., 2009; Dingle Robertson et al., 2015a,b) and
orest habitats (Bässler et al., 2011), including habitat attributes
f individual species (Pasher et al., 2007; Barker and King, 2012 for
hreatened forest bird and wetland turtle species, respectively). The
pproaches used for this purpose cover a broad range of data types
uch as colour orthophotos (Barker and King, 2012), multispec-
ral (Pasher et al., 2007; Buck et al., 2015; Dingle Robertson et al.,
015a,b), hyperspectral (Delalieux et al., 2012), LiDAR (Bässler et al.,
011) and SAR imagery (Alexandridis et al., 2009; Dingle Robertson
t al., 2015a,b). Nagendra et al. (2012) provide an overview of
he potential of different EO data for habitat assessing. To map
abitat types over large areas or even at continental scales, the
onsideration of additional environmental parameters such as the
istribution of ecoregions, soil types, and elevation data may be
equired (Mücher et al., 2009).
Various studies show that a remote assessment of the conserva-
ion status or habitat degradation is similarly possible (Hernando
t al., 2010; Czerwinski et al., 2014; Dingle Robertson et al., 2015a;
ISA-DUAL, Region: near Cottbus; (airborne, Piper), (f) Color-Infrared image, NDVI,
rne, microlight), (g) image raw data courtesy of Cubert GmbH, NDVI image of this

on/plant heterogeneity of spring barley– (laboratory − hyperspectral AISA-DUAL).

Neumann et al., 2015). It is, however, important to note that these
EO applications still require field data for calibration and validation
and therefore they can be of assistance in conservation manage-
ment by identifying target areas for field-based assessments and
potential land management actions. Further, while most studies
result in a map  of the status quo of the habitat under consider-
ation, only a few studies have so far attempted to implement at
least short-term monitoring based on EO data. No long-term moni-
toring based on airborne EO data (e.g. airborne hyperspectral EO
Data, AISA, HySPEX) has been implemented so far. This is most
likely to be a result of both data availability and funding policies
that rarely support airborne-based long-term studies as well as the
technical challenges of change detection (Hecheltjen et al., 2014).
Frequently, the habitats under assessment are scattered and widely
dispersed across large areas. In such cases, one class classifiers that

only require calibration data of the target habitats and not the co-
occurring land-cover classes are powerful tools that enable efficient
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uantifying (Sanchez-Hernandez et al., 2007; Stenzel et al., 2014)
ompared to conventional approaches.

Detailed information on habitat conditions and ecosystem qual-
ty has likewise been derived from EO data (Corbane et al., 2015).
ndicators may  include the cover fractions of trees, shrubs and
rasses to assess their encroachment (Marignani et al., 2008;
ellesen and Matikainen, 2013), cover fractions of water, vegeta-

ion and soil to assess wetland disturbance and long term trends
f change (Dingle Robertson et al., 2015a,b), succession stages of
eathlands (Delalieux et al., 2012) and the compositional structure
f habitats (Mücher et al., 2013). Information on properties such
s grassland structure (Zlinszky et al., 2014), the quantification of
owing events (Schuster et al., 2015) or the detection of hedgerows

Betbeder et al., 2014) can be added through the analysis of data
cquired by active sensors.

.3.4. Monitoring of LUCC and LUI in landscapes using EO
Land use and land cover changes (LUCC) are influenced by a

umber of natural as well as anthropogenic drivers (Turner et al.,
007; Brand et al., 2015; Lewis et al., 2015). In order to understand
he processes, the dynamics, the direction as well as the inten-
ity of LUCC in landscapes, and to develop potential management
nd global strategies such as REDD (Reducing Emissions from for-
st Degradation and Deforestration), there has been a successful
se of extensive optical EO data (Townshend et al., 1991; Friedl
t al., 2002; Hansen et al., 2013; Wulder and Coops, 2014), ther-
al  EO data (Kuenzer et al., 2015) and radar EO data (Engdahl and
yyppa, 2003; Hansen and DeFries 2004; Erasmi and Twele, 2009;
alenovský et al., 2012, Hong and Wdowinski, 2014). Multisensor

pproaches from optical, thermal and radar data are also exten-
ively used for LUCC mapping (Pereira et al., 2013a,b; Stefanski
t al., 2014; Joshi et al., 2016) as well as multi-temporal approaches
ith different EO sensor types (Chust et al., 2004; Lu and Weng,

007).
To record LUCC, long-term EO time series of optical and radar

ata are required (Wulder et al., 2012; Joshi et al., 2016) whereby
hanges to the physical properties of land surfaces of different veg-
tation types such as forest, woody vegetation or grassland are
uantified. Furthermore, EO data can be used to record different
urface structures and abiotic variables such as soil, rock, water
odies (Joshi et al., 2016) or LUCC types like plant biomass, leaf
rea, or canopy cover or even specific vegetation characteristics and
heir changes (Hansen et al., 2013; Joshi et al., 2015). EO techniques
lso enable the quantification of changes to LUI such as fertilizer
pplication rates, mechanization levels, harvesting frequency and
roduction (Erb et al., 2013; Kuemmerle et al., 2013; Estel et al.,
015) or cropland and pastureland dynamics (Graesser et al., 2015).

n order to be able to use global information about LUCC, global
and cover characteristics like the IGBP DISCover from 1 km AVHRR
ata as well as various optical data like Landsat TM,  Sentinel-data
re saved in databases and archives (Loveland et al., 2000; Wulder
t al., 2012).

. Advantages, knowledge gaps and limitations to EO for
uantifying biodiversity

In EO, a change is planned and can already be observed in
he latest sensors towards the needs-based sensor technology
f the European Space Agency-ESA, (Johann Dietrich Wörner, in
Forschung aktuell“, 19.12.2014). For BD research, this means
hat the development of hyperspectral sensors (HyMAP − launch

lanned for 2018) as well as the implementation of multi-
ensors (hyperspectral and LiDAR, APEX, (Schaepman et al., 2015)
yperspectral and thermal, e.g. the Hyperspectral Infrared Imager

 HySpIRI (Roberts et al., 2012) and the Copernicus-Missions
ators 70 (2016) 317–339

(Sentinel 1–5) are being actively promoted to improve the quan-
tification, description, explanation and prediction of taxonomic,
functional and structural BD. In the context of BD, the following
general statements can be made about taxonomic, functional and
structural BD from EO:

5.1. EO techniques for quantifying taxonomic diversity

5.1.1. Animals
EO techniques can only detect the presence of animal species

under very specific circumstances, depending on their body size
and the resolution and the characteristic of the sensor. However,
remotely sensed data has been successfully used to estimate ani-
mal  species distributions by indirectly modelling ecological niches.
Generalist species with a ubiquitous distribution or with less spe-
cific ecological niches are very difficult to predict using habitat
modelling based on EO. The distributions of those animal species
whose habitat quality cannot be measured with remote-sensing
techniques are difficult to model. In this respect, remote-sensing
techniques only provide incomplete information and no conclu-
sions about true animal distribution patterns, species diversity
and patterns of change can be drawn. The use of thermal sensors,
motion sensors, slow-motion cameras as well as radio-collaring
using telemetry (recordings from the ISS space station) make it
increasingly possible to derive information about the mobility, the
habitat use and distributions of animal species. There is tremendous
potential for the future use of EO, in particular when radio-collaring
is put in place sooner rather than later and the sensors are opti-
mised in terms of their cost-effectiveness and weight. Furthermore,
the development and increased implementation of low cost Smart
Citizen Kit sensors in smartphones and their applications can be
expected to greatly facilitate the extensive mapping of habitat char-
acteristics as well as the distribution and mobility of animal species.

5.1.2. Plants, populations, communities and beyond
This review showed that plant species, populations and com-

munity diversity can indeed be measured using EO, but that the
goodness of fit and the level of discrimination of vegetation differ
considerably, depending on the EO sensor used and the charac-
teristics of the species considered. In fact, the only direct link
between the remotely-sensed signal and plant species, plant popu-
lations and communities can be established from the spectral traits
(Ustin and Gamon, 2010) of plants, populations, communities and
beyond that measured spectroscopically (Thenkabail et al., 2012;
Homolová et al., 2013; Jetz et al., 2016; Schaepman et al., 2015).

5.2. EO techniques for quantifying functional diversity

The functional roles of vegetation such as solar-induced
chlorophyll fluorescence, photosynthesis or CO2 sequestration are
directly linked with remotely detectable signals through biochem-
ical, morphological and physiological traits and trait combinations
(Ustin and Gamon, 2010). Hence, the greatest challenge for EO
research in the future will be in evaluating and assessing the
importance of plant traits for assessing taxonomic, functional and
structural BD. Furthermore, the development of sensors must be
directed to optimise, simplify and standardise the measurement of
plant traits, and to enable the detection of traits that could previ-
ously not be measured spectroscopically e.g. in the UV range or EO
sensors with x-ray imaging (Schaepman et al., 2015). Since EO can
measure a variety of optical plant traits (Homolová et al., 2013),

EO processes provide rapid, standardized and optimised methods
to measure functional diversity in terrestrial vegetation. New EO
sensor technology may allow to measure parameters of functional
diversity.
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.3. EO techniques for quantifying structural diversity and
eterogeneity

Processes and their characteristics in landscapes affect the pat-
erns in the traits of plants and vegetation. For this reason, plant
raits can be regarded as proxies of state, processes and pressures
n vegetation. EO can record the traits of plants and vegetation and
heir changes in space and time. Hence, spectral RS patterns and
eterogeneity are a proxy for plant species traits diversity and het-
rogeneity, and the results of processes and pressures of plant traits
n space and time, which can be measured by EO techniques.

. Concluding remarks and future research

EO methods represent an affordable, repeatable and comparable
ethod for measuring, describing, explaining and modelling taxo-

omic, functional and structural diversity. Based on their research
ocus, only some studies can be assigned either to the fields of tax-
nomic, functional or structural diversity research. In most cases,
owever, there is substantial overlap regarding the aspects of bio-
iversity covered, also due to the use of a plethora of indirect

ndicators or other surrogate variables. In particular, taxonomic
iodiversity poses a challenge to remote sensing techniques. As EO

s a physically-based system, it is not able to record biodiversity
ccording to taxonomical classifications of species. The assessment
nd evaluation thereof, despite further sensor development, will
ence always be only successful in those cases where spectral
iversity matches taxonomic diversity observed in situ.

When using EO sensors there are numerous factors that can have
n effect on measurability, discrimination and thus the derivation
nd assessing of the entities of BD using, in the future when BD
s recorded using EO, one should refer to a “Spectral Biodiversity“
SBD).

The approach of deriving biodiversity by means of ‘Spectral
raits’ (ST) and “Spectral Trait Variations” (STV) detectable with EO

s promising. Spectral traits represent a suitable interface between
O-based and in-situ-species approaches and the potential linking
f both of them (Jetz et al., 2016) to achieve a better understanding
f BD. They are relevant at all levels of organisation of biotic entities

 from the molecular, genetic, individual and species levels to pop-
lations, communities, biomes, ecosystems and landscapes. Hence,
he density, shape and distribution of plant traits (as well as their
ombinations and variations), the spatial, spectral, radiometric and
emporal characteristics of EO sensors as well as the selected classi-
cation method (pixel-based or object-based), as well as how well

he EO algorithm and its assumptions fit the RS data and the spectral
raits of the species, all contribute to how well the discrimination
nd characterization and thus definition of the entities of BD can
e determined using EO.

New sensor development to describe other previously insuffi-
iently quantifiable spectral traits and spectral trait variations such
s sensors in the UV range, chlorophyll fluorescence, or to describe
hotosynthesis activities at different times of the day (observation
f daily rhythms) must be accelerated in order to be able to com-
rehensively describe biodiversity in its complexity in the future.

n this respect, priority should be given to the evaluation of the
eaning and discovery of causes for changes in spectral traits and

rait variations. In addition to biotic spectral traits, assessments of
biotic spectral traits that can be comprehensively recorded using
O (Wulf et al., 2016; Kuenzer et al., 2015) to evaluate changes in
iotic spectral traits and effect on biodiversity must be brought to

he fore.

Wide areas of biodiversity will, however, still only be able to be
ecorded in the future by means of in situ techniques. The advan-
ages and disadvantages of each method in-situ species and EO
ators 70 (2016) 317–339 333

have yet to be worked out on a comparative basis, in order to link
up existing approaches. To overcome the complexity of the data
from different biodiversity approaches and to make them suitable
for analysis, methods of semantics and Linked Open Data − LOD
(Lausch et al., 2015b) are required. Comprehensive efforts regard-
ing semantics of plant and animal traits, semantics of crop science
as well as semantics of EO data do in fact already exist.

Furthermore, new concepts and frameworks for data calibration
in EO and the linking of terrestrial, airborne and space-borne sen-
sor networks (Turner, 2014), as well as methods for citizens science
are required for an improved quantification, recording, explana-
tion and prediction of biotic entities of biodiversity when using
remote-sensing techniques in the future. A close link between in-
situ and EO-based approaches is absolutely imperative for a better
understanding of biodiversity. This will mean taking completely
new directions in the future to link complex, large data, approaches
and models.
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