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ABSTRACT
In this contribution measurements of the Airborne Prism
Experiment (APEX) imaging spectrometer were used to
derive products related to plant traits, e.g., leaf chlorophyll,
carotenoid, anthocyanin, and water content, leaf greenness,
biomass, and leaf area index. The Apex products were
highly correlated to the related ground truth measurements
in major crops under experimental and field situations. The
relationship of APEX derived NDVI (NDVIAPEX) with
ground measured NDVI and canopy cover is shown in
detail. Additionally, interrelations between the aerial
detected traits are discussed. The combination of the
presented remotely measured plant traits can potentially
give crop specific indications of their growth status and
vitality. Such tools could help to improve resource use
efficiency in agricultural systems and are needed for
applications in precision agriculture and mapping of land
use and land cover for scientific purposes or decision
making.
Index Terms— APEX, major crops,
agriculture, crop performance, crop vitality

precision

1. INTRODUCTION
The worlds food demand is estimated to increase by
about 60% until 2050 [1]. To meet that demand, agriculture
needs to increase production and resource use efficiency.
Remote sensing approaches, in particular imaging
spectroscopy, are currently used to detect land use and
cover, and status and functional changes of ecosystems
vegetation caused by seasonality and by environmental
changes such as drought spells. Additionally, low distance
sensing methods are applied in agriculture or breeding
research to identify crop genotypes adapted to certain
environmental conditions [2, 3]. The remote detection and
performance evaluation of major crops are important tools
for precision agriculture, agricultural research and decision
makers.
Crop performance is mainly affected by environmental
conditions such as water and nutrient availability,
temperature during the growing season, soil conditions and
crop management. However, the habitus of the crop plant

and thus its optical properties measurable with remote
sensing instruments are also affected by growth stage
(phenology), crop species and genotype. To identify crop
status and vitality with remote sensed indicators it is
important to know the range of investigated crop parameters
under optimal and sub optimal conditions.
Crop performance at the end of the season can be
measured as biomass or yield of grains or other harvesting
products. During the growing season crop vitality is often
characterized by traits such as growth, leaf greenness, leaf
area index (LAI), canopy cover (CC), leaf water content
(LWC) and leaf chlorophyll content. Many of such traits can
be remotely sensed by means of spectral indices. Leaf
greenness and plant biomass is often estimated using the
normalized difference vegetation index (NDVI) [4]. Other
indices used as proxies for plant traits are the MCARI2 for
LAI [5], the normalized difference water index (NDWI) for
leaf water content [6] and pigment contents such as
chlorophyll (CHL), carotenoids (CAR) and anthocyanin
(ANTH) [7-9].
However, many of the remote detected information
might be highly correlated because measurement principles,
such as used spectral channels overlap or exploit similar
spectral regions. Such traits might be biomass, leaf
greenness and CHL. Other parameters might be difficult to
measure during certain phases of plant development when
canopy cover is low and thus the soil influence in the signal
is high or when chlorophyll contents are high and might
mask the absorption information of anthocyanin [10].
To reliably identify crops and their current performance
a combination of different traits may be needed. Such
integrative approaches might allow the indication of the
source of the limiting factor, such as drought stress or
nutrient deficiency in some cases. Such information on large
scales is important to improve resource use efficiency in
agricultural systems.
Under drought conditions, for example LAI, CC and
LWC are likely to be reduced, whereas NDVI and CHL are
only marginally affected. Under Nitrogen deficiency
reduced NDVI, CC and CHL are reduced, but not LWC.
This study aims to show examples for APEX biosphere
products and their validation for crop traits. Secondly, to
present variation found in the APEX products measured in
corn fields in the region of Eschikon, Switzerland and to

discuss a first attempt to identify causes for sub optimal
growth.
2. METHODS AND DATA COLLECTION
2.1. Investigated locations and crops
For the present study a long term fertilizer experiment
and the agricultural area surrounding the ETH research
station in Eschikon were used for investigations. The long
term fertilizer experiment was located at the Agroscope
research
station
in
Reckenholz
(47°25'31.28"N,
8°31'0.11"E). The fertilizer trial was started in 1987 and
consisted of eight different input treatments: no fertilization,
mineral NPK, minus N, minus P, minus K, manure, manure
plus lime, slurry [11]. In 2013 the seven crops corn, sugar
beet, spring wheat, annual and biannual temporal grassland,
winter barley and potato were cultivated. The plot size was
approximately 4 x 8 m with one m transition between plots.
The investigated agricultural fields were located in the
vicinity of the agricultural research station of the ETH
Zürich (47°44’92.13”N, 8°68’22.38”E). They were
managed by the agricultural school (Strickhof Lindau) or
local farmers according to best management practices. Field
validation plots comprised the crops: corn, sugar beet,
winter wheat, oil seed rape, biannual temporal grassland,
spring barley, soy bean and potato.
The location of experimental and field plots used for
validation were determined by GPS. The present field crops
in the Eschikon area were mapped on the 31.08.2013. A
total of 22 corn fields were identified.

Experiment). For more details on data processing see [13,
14]. Five APEX products, i.e., NDVI [4], MCARI2 and LAI
[5], CHL [8], NDWI [6], were calculated.
APEX product data of the validation locations and corn
fields was extracted using ENVI 5.1 (EXELIS). The Pearson
product moment correlation was calculated using R version
3.02 [15].
3. RESULTS AND DISCUSSION
The NDVIApex was highly correlated to plant and plot
NDVIground (Fig. 1A). The data obtained in the long term
fertilizer trial indicate that the observed relationships are
applicable for the major crops in general but slight
differences between the crops were observed. For example
sugar beet showed lower NDVIground correlated to NDVIAPEX
with a similar slope (Fig. 1A).
Because APEX pixels were approximately 2x2 m of size
on ground the NDVIAPEX reflects mixed information about
plant NDVIground and CC (Fig. 1B). For the validation plots
in Eschikon similar relationships were observed (Tab. 1) but
data showed less variation than in the fertilizer trial.
LAIAPEX and MCARI2 were significantly correlated to
LAIground in experimental (0.79***) and in the field plots
(Tab. 1).

2.2. Ground truth measurements
Crop development stage was determined using the
BBCH scale [12]. NDVIground and canopy cover (CC) were
measured with a two-channel, 12.2 megapixel CMOS
vegetative stress camera (Canon EOS 450D NDVI,
modified
by
LDP
LLD,
Carlsted,
USA,
www.maxmax.com). LAI was detected with a LAI-2000
plant canopy analyzer (Li-Cor, Inc., Lincoln, NE). SPAD
meter measurements were done on ten adjacent plants using
a SPAD meter (Konica Minolta Sensing Inc., Osaka, Japan).
Plant sampling for biomass, dry matter, LWC and
determination of chlorophyll content were done on one
selected row in the middle of a measurement plot.
Chlorophyll content was analyzed separately on the
youngest fully developed leaves.
2.3. APEX
Imaging spectroscopy data was collected on the
06.07.2013 in Reckenholz and 30.08.2013 in Eschikon
using the imaging spectrometer APEX (Airborne Prism

Figure 1: Correlation of NDVIAPEX with NDVIground (A) and
the product between NDVIground and CC (B) determined in a
long term fertilizer trial.
Plant dry matter was correlated to NDVIAPEX, NDWI and
MCARI2 reflecting a close relationship between those
indices. LWC was well correlated to NDWI but to no other
APEX products (Tab. 1). The NDWI on the other hand was
also correlated to growth stage, dry matter and chlorophyll
content. CHL was correlated to SPAD measurements and
chlorophyll content but also to NDVIground, CC and LAIground
(Tab. 1). These interrelationships indicate effects caused by
other canopy properties then chlorophyll content and thus
CHL should be interpreted with care.
The six APEX products extracted from 22 corn fields
(Fig. 2) show the variation that can be found in the field. In

that area local climate and weather was similar and
differences in crop traits mainly originate from differences
in soil properties and management practices.
Table 1: Correlation between APEX plant trait products to
ground measured plant traits as measured in Eschikon
including the major crops. Stars indicate the significance
level p < 0.05 *, 0.01 ** and 0.001***.
Apex products
Ground parameter

NDWI

NDVI

MCARI2

LAI

CHL

BBCH

-0.64
***
-0.45
***
-0.36
**
-0.18
ns
-0.09
ns
-0.1 ns

0.49
***
0.4
***
-0.07
ns
0.72
***
0.73
***
0.42
***
0.6
***
0.54
**
-0.56
**

0.71
***
0.5
***
-0.16
ns
0.88
***
0.89
***
0.45
***
0.75
***
0.41
*
-0.57
**

0.62
***
0.25
*
-0.15
ns
0.77
***
0.79
***
0.55
***
0.89
***
0.26
ns
-0.53
**

-0.1
ns
-0.12
ns
-0.18
ns
0.41
***
0.31
**
0.47
***
0.33
*
0.59
*
-0.53
*

Dry matter
(g/m2)
Water content
(cm/m2)
NDVIground (plant +
soil)
Canopy cover (%)
NDVIground (plant)
LAIground
(m2/m2)
SPAD
Chlorophyll
content (µg/cm2)

-0.02
ns
0.32
ns
-0.65
**

The pigment products ranged from 1 to 11, 0.1 to 1.2 and
-0.22 to 0.24 μg/cm2 for CHL, CAR and ANTH (Fig. 2).
The observations for CHL and CAR were in an expectable
range. The negative values found for ANTH may indicate
that anthocyanin levels were below the detection limit or the
need for methodological adjustments. However, the
significant negative correlations found between CHL and
CAR and ANTH (-0.66*** and -0.67***), indicate an
interaction between high CHL and low CAR and ANTH.
The NDWI ranged from below zero to 0.3 with the
highest values observed in fields with highest NDVIAPEX
and LAIAPEX indicating high standing biomass or low
fraction of soil in the measured field. That relationship is
confirmed by the high positive correlation of NDWI to
NDVIAPEX (0.86***) and LAIAPEX (0.91***). The positive
interaction prevents a clear interpretation of NDWI for leaf
water content as it is known to be affected by amount of
standing biomass or fraction of soil cover [6].
Knowing actual canopy cover for example could
improve reliability of the interpretation of remote detected
NDWI. Such information could be potentially derived from
the relationship of CC to NDVIAPEX as shown in Fig. 1B.
A test calculation revealed that field 23 was significantly
reduced in average canopy cover 0.79 as compared to the
other fields which ranged from 0.9 to 1.0.

Figure 2: Variance of the APEX products: LAI, NDVI,
NDWI, CHL, CAR and ANTH in 22 corn fields as shown
by mean (■), standard deviation (+), minimum () and
maximum ().

Combining trait information may potentially be used to
identify sources for plant growth limitation. Whereas we can
identify high and low values for each remote detected traits
(Fig. 2) some contrasting combinations were found. In field
four for example we found relatively high values for all
traits but CHL. That observation is interesting because
generally high chlorophyll concentrations are linked to high
NDVI and LAI observations. Additionally, high contents of
CAR and ANTH were indicated. Such a combination might
indicate a shift in plant N status caused by N deficiency or
beginning senescence not yet affecting biomass or CC. In
field 10 we observed all traits to be relatively high except
CAR and ANTH. Such a combination could indicate a well
grown corn stand. In contrast field 23 showed low CHL,
NDWI, NDVIAPEX, and LAIAPEX and relative high values for
CAR and ANTH. From the previous sections it is clear that
the low indications might be caused by the low canopy
cover, which might be caused by stress during earlier
growth stages. The low CHL and high ANTH might be
indicative for previous stress experience such as drought
(observed in that field in July) or nitrogen deficiency or
both.
The inclusion of several spectral indicators representing
a wide range of plant traits such as leaf N concentration [16]
potentially increase reliability and power of multi trait
indication by imaging spectroscopy techniques.
4. CONCLUSION
This contribution shows some examples for successful
validation of APEX products for important plant traits such
as leaf chlorophyll, carotenoid, anthocyanin and water
content, leaf greenness, biomass and LAI in major crops in
experimental and in field situations. Such validation is
important information to use these remote sensing products
for applications in precision agriculture and mapping of land
use and land cover for scientific purposes and decision
making. The combination of the presented remote detected
traits can potentially give crop specific indications of their
growth status and vitality. Such tools could help to improve
resource use efficiency in agricultural systems.
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