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Comparison of optical indicators for potato crop nitrogen
status assessment including novel approaches based
on leaf fluorescence and flavonoid content

F. Ben Abdallah, W. Philippe, and J. P. Goffart

Department of Production and Sectors, Crops Production Systems Unit, Walloon Agricultural Research Centre
(CRA-W), Gembloux, Belgium

ABSTRACT
Some phenolic compounds are proposed as good indicators of crop
nitrogen status (CNS). This research compared the use of leaf flavonoid
content (LFC) as a potential indicator for evaluating potato CNS with other
recognized indicators linked to leaf chlorophyll content (LCC). Three-year
trials were conducted in Belgium on two potato cultivars including
increasing nitrogen rates. Optical sensors (Dualex, Multiplex, Hydro
N-tester, Cropscan) were used to evaluate LFC and/or LCC. Plant tissue
samples were analyzed to calculate the biomass nitrogen concentration
and the nitrogen nutrition index. The indicators were evaluated based on
four criteria: the sensitivity, the earliness of the diagnosis, the accuracy,
and the specificity. Apart from the low specificity to nitrogen, which can
be improved by the use of a within-field reference plot, the LFC (combined
with LCC or individually) matched the required criteria and could be
suggested as a valuable indicator for assessing potato CNS.

ARTICLE HISTORY
Received 20 September 2017
Accepted 12 March 2018

KEYWORDS
leaf flavonoid content; leaf
chlorophyll content;
nitrogen; potato;
optical sensors

1. Introduction

Nitrogen (N) is an essential nutrient in plant growth, affecting both yield and quality. Potato
crops have low N use efficiency because of the plant’s poorly developed root system, which also
increases the risk of N loss through leaching. To maintain yield and quality and to prevent
environmental pollution, the crop’s N use efficiency needs to be improved. This implies careful
management of N fertilization by determining the optimum rates and dates of N fertilizer
applications.

Relevant N strategies combine splitting the recommended N dose (estimated before planting)
and the assessment during growth of the potato crop’s N status (CNS) (Goffart et al. 2008).

Several in-season plant-based methods have been developed over the past few decades to assess
potato CNS. Such methods can help in deciding about the need for supplementary N fertilizer
application. The Nitrogen Nutrition Index (NNI) is a reference method which identifies situations
of deficient and non-deficient N used to assess CNS. Establishing the NNI at field level, however,
requires destructive and chemical analysis and is not appropriate for a quick assessment of CNS.
The NNI can be used as a reference for calibrating other noninvasive methods for the quick and
easy in-season monitoring of CNS (Goffart et al. 2008).

These methods imply the use of handheld sensors (Goffart et al. 2008) based on spectral
characteristics of leaf transmittance (Vos and Bom 1993), reflectance (Gitelson and Merzlyak
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1998), and fluorescence (Ben Abdallah et al. 2016a) for the estimation of indicators closely related
to the crops’ N nutrition. These handheld sensors (chlorophyll-meters for transmittance, radio-
meters for reflectance and fluorimeters for fluorescence) commonly use the major symptom of N
deficiency associated with a decrease of leaf chlorophyll content (LCC). Two major problems
have been reported with the use of transmittance-based measurements by chlorophyll-meters
(Cerovic et al. 2015). These are the nonlinear response of the sensor to optimal and supra-
optimal N contents due to the physiological saturation of leaf chlorophyll response to N (Cerovic
et al. 2012) and the influence of dry leaf mass per area (LMA), which reduces the accuracy of
prediction of leaf N concentration expressed in dry-weight by a surface-based measurement
(Peng et al. 1993). The potential advantages of reflectance-based measurements alone are inad-
equate, in view of delayed sensitivity, lack of specificity to N stresses, and potentially erroneous
information from nonvegetated soil (Tremblay et al. 2012).

Regarding these problems, phenolic compounds have been proposed as a potential CNS
indicator. Flavonoids are a class of phenolic compounds related to plant N content. Nitrogen
deficiency induces an increase in leaf flavonoid content (LFC) (Mittelstraß et al., 2006 Stewart
et al. 2001). Sensors using chlorophyll fluorescence have been developed to assess LFC, such as
the Dualex (Goulas et al. 2004; Cerovic et al. 2005; Cartelat et al. 2005; Tremblay et al. 2007) and
Multiplex (Ben Ghozlen et al. 2010; Zhang et al. 2012) fluorimeters. Flavonoids could be used as
a surrogate of LMA (Cerovic et al. 2012), since there is a very good correlation between the two
(both are controlled by leaf irradiance) (Meyer et al. 2006).

In addition to the single-indicator approach (LCC or more recently LFC), a double-indicator
approach that combines the detection of LCC and LFC as a ratio of chlorophyll to flavonoids has
been suggested as a promising approach for assessing CNS (Cartelat et al. 2005; Tremblay et al.
2007, 2009; Agati et al. 2013). Research by Cartelat et al. (2005) on winter wheat concluded that
the combined ratio would alleviate, at least partially, the problem of chlorophyll and flavonoids
gradients along leaves. This ratio was proposed as a solution for preventing the influence of
LMA, because the unit of expression becomes irrelevant (Cerovic et al. 2012). It also improves
discrimination between levels of CNS because of the opposite effect of N nutrition on chlorophyll
and flavonoids (Cartelat et al. 2005; Tremblay et al. 2007), with the result that LCC decreases
with decreasing leaf N content, whereas LFC increases with increasing leaf N content.

The objective of the current study was to evaluate the potential of LFC, alone or combined
with LCC, in the assessment of potato CNS. Based on a comparative study of indices provided by
various optical sensors, four criteria were considered for assessing the potential of LFC: (1) the
sensitivity of the readings; (2) the earliness of the diagnosis of CNS; (3) the accuracy (precision and
repeatability) of the readings; and (4) the specificity of the indices. This paper describes the results
of a 3-year trial (2012, 2013, and 2014) including two potato cultivars in Belgian conditions.

2. Materials and methods

2.1. Field trials and experimental design

A first type of experiment was conducted at the experimental site of the Walloon Agriculture
Research Center in Gembloux, Belgium in 2012 and 2013. The experiments included two potato
[Solanum tuberosum (L.)] cultivars, Charlotte and Bintje (early and mid-early cultivars, respect-
ively), and six increasing N fertilizer rates for each cultivar. The trial cropping characteristics are
given in Table 1. The experimental design was a split plot with four replications. The cultivar was
the main-plot factor and N treatment was the subplot factor. Each subplot was eight rows wide
and divided into two parts. The first part was used for the optical readings and plant sampling
during the season; the second part was used for the assessment of final yield. Only the four
central rows of each plot were considered for readings and sampling, avoiding the border rows.
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A second type of experiment was also conducted in 2014 in Gembloux to confirm the results of
the first 2 years’ preliminary trials. The trial included the same cultivars and four increasing N
rates with the same N fertilizer (Table 1).

Ammonium nitrate fertilizer (ANF, solid granules, 27% Nþ 4% MgO) was broadcast
and incorporated at planting. Phosphorus (P) and potassium (K) fertilizers were applied before
planting at rates of 70–80 kg P2O5 ha

�1 and 250–300 kg K2O ha�1. Trials were rain fed.

2.2. Soil and weather data acquisition

The soil mineral nitrogen content was assessed using the method developed by Guiot et al.
(1993). The trials were rain fed and the soil water content was monitored during the growing
season using soil tensiometer probes (Watermark probes, Irrometer Company, California) to detect
drought stress periods. The mean water tension values (expressed in kPa) of six probes placed at
a depth of 25 cm from the top of the ridge were recorded. The probes were distributed uniformly
across the experimental field. Daily precipitation (l m�2) and air temperature (�C) were recorded
at an official weather station (Belgian Royal Meteorological Institute, IRM) located near the
experimental field. These data related to crop conditions are relevant to demonstrate that the
performances of the optical indicators were tested under different cropping season’s conditions.

2.3. Optical data collection and analysis

Optical readings were carried out weekly during the crop growth period from mid-June to the
end of July for the 3 years (Table 2). The measurements were collected for each year at the same
date or at the closest date for both cultivars.

Table 2. Measurement dates for optical sensors used in this study.

Optical measurement datesa

2012 2013 2014

Charlotte Bintje Charlotte Bintje Charlotte Bintje

– – 11/06 (7) 14/06 (8) 11/06 (25) 11/06 (22)
19/06 (19) 20/06 (19) 17/06 (13) 19/06 (13) 16/06 (30) 18/06 (29)
25/06 (25) 26/06 (25) 24/06 (20) 26/06 (20) 26/06 (40) 26/06 (37)
02/07 (32) 03/07 (32) 01/07 (27) 04/07 (28) 30/06 (44) 03/07 (44)
09/07 (39) 10/07 (39) 08/07 (34) 10/07 (34) 17/07 (61) 17/07 (58)
16/07 (46) 17/07 (46) 15/07 (41) 18/07 (42) 24/07 (68) 24/07 (65)
23/07 (53) 24/07 (53) 22/07 (48) 24/07 (48) 29/07 (73) 31/07 (72)
aMeasurements provided with the Hydro N-Tester (HNT, Yara, Oslo, Norway), Dualex, Multiplex (Force-A, Orsay, France),
and for 2012 and 2013 trials with Cropscan (Cropscan Inc, Rochester, USA), Numbers in parentheses indicate the day after
emergence (DAE) of the crop.

Table 1. Crop and soil characteristics of the 3-year trials conducted at the Walloon Agriculture Research Center in
Gembloux, Belgium.

Year
2012 2013 2014

Type of soil
Clay loam Clay loam Clay loam

Previous crop
Cereal crop Cereal crop Cereal crop

Cultivar Bintje Charlotte Bintje Charlotte Bintje Charlotte

Organic matter (%) 2.2 2.2 1.3 1.3 2.1 2.1
Soil mineral N (kg/ha) (0–60) cm) 46 46 36 36 72 72
Planting density (m�m) 0.75�0.35 0.75�0.35 0.75�0.35
Applied N (kg.ha–1) 0-50-100-150-200-250 0-50-100-150-200-250 0-100-200-250
Planting date 13/5 13/5 25/4 25/4 15/4 15/4
Emergence date 2/6 1/6 7/6 5/6 21/5 18/5
Harvest date 01/10 10/9 23/9 3/9 23/9 02/9

JOURNAL OF PLANT NUTRITION 2707



All the readings were made on plants with a uniform appearance within each plot and at the
same plant development stages with the various tested sensors, but not necessarily on the same
leaves or plants. Similarly, readings were not taken on the same leaves or plants on different dates.

The optical sensors tested in this study were the chlorophyll-meter Hydro N-Tester (Yara,
Oslo, Norway), the fluorimeters Dualex and Multiplex 375 (Force-A, Orsay, France), and for
2012 and 2013 trials the radiometer Cropscan (Cropscan Inc, Rochester, USA). The collected raw
signals and calculated indices are summarized in Table 3.

The Hydro N-Tester chlorophyll-meter and the Dualex fluorimeter are handheld leaf clip
sensors (corresponding to leaf areas of 2–3mm2 and 19–20mm2 per reading, respectively). Single
readings were taken on the distal leaflet of the first fully developed leaf from the top of the
canopy (corresponding to the fourth or fifth leaf from the apex of a main stem), avoiding
midribs. The measurements focused on the upper face of the leaf. On each date, 30 individual read-
ings were collected for each plot and averaged across the replications of the same N treatment.

Both sensors provided indices related to the LCC expressed as HNT index (Hydro N-Tester)
and as CHL index (Dualex) (Table 3). The measurements are based on the transmittance of two
wavelengths, red (R), and near-infrared (NIR). The R wavelength is absorbed by chlorophyll,
whereas for the NIR wavelength no absorption occurs for chlorophyll; absorption is then related
to leaf water content and leaf cell wall structure. The R and NIR wavelengths provided by the
Hydro N-Tester are 650 and 940 nm, respectively. However, the R and NIR wavelengths provided
by the Dualex are 710 and 850 nm, respectively. The R wavelength provided by the Hydro
N-Tester is characterized by a large chlorophyll absorption coefficient, whereas the R wavelength
provided by the Dualex is characterized by a small chlorophyll absorption coefficient (Cerovic
et al. 2012). Using an R wavelength with a large chlorophyll absorption coefficient increases the
accuracy at low LCC and reduces the accuracy at high LCC. An R wavelength with a small
chlorophyll absorption coefficient reduces the accuracy over the whole range of LCC but lessens
the problem of saturation in the high chlorophyll range (Cerovic et al. 2012).

The Dualex sensor provides a second index, the FLV index (Table 3), which enables the
estimation of LFC using the fluorescence emitted by chlorophyll. This fluorescence is induced by
two excitation wavelengths: one in the UV (375 nm) wavelength and the other one in the R
(650 nm) wavelength. The absorbance of leaf flavonoids is then determined by measuring the
fluorescence excitation ratio FRF-UV/FRF-R, where FRF-UV is the far-red fluorescence detected
following UV excitation and FRF-R is the far-red fluorescence detected following R excitation
(Goulas et al. 2004). This approach is based on the UV screening properties of flavonoids (Bilger
et al. 1997). The UV wavelength is absorbed by flavonoids located mainly in the leaf epidermis,
therefore reducing the amount of light available for chlorophyll fluorescence. The reference
wavelength in R goes through the epidermis without being absorbed by flavonoids and reaches
the leaf mesophyll, where it is absorbed by chlorophyll. The third index provided by the Dualex
device is the NBI index, calculated as the CHL/FLV ratio.

The Multiplex 375 fluorimeter is a handheld multiparametric fluorescence sensor for measure-
ments on leaves using a near-remote sensing approach. The sensor generates four excitations in
the UV (375 nm), blue (B, 470 nm), green (G, 515 nm), and R (635 nm) wavelengths and detects
yellow (YF, 590 nm), red (RF, 685 nm), and far-red (FRF, 735 nm) fluorescence (Ben Ghozlen
et al. 2010). Measurement distance to leaves is 10 cm from active light sources and the impacted
leaf area is 50 cm2. The sensor was held facing downward, perpendicular to the leaf surface.
The Multiplex readings were taken on sets of fully developed leaves from the top of the canopy,
as with the Dualex and Hydro N-tester readings. On each date, 30 individual measurements were
taken in each plot and averaged across the replications of the same N treatment.

Several fluorescence ratios from the various wavelengths were computed directly using
the Multiplex device to supply information related to leaf chlorophyll and flavonoid contents
(Table 3). The Multiplex LCC was estimated using the SFR-R index, defined as the simple
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fluorescence emission ratio between FRF and RF induced under R excitation. This parameter is
based on increasing chlorophyll fluorescence re-absorption at its shorter wavelength peak when
chlorophyll content increases (Buschmann 2007). The Multiplex LFC was estimated using the
FLAV index, which is based on the same principle of fluorescence excitation ratio as the Dualex
FLV index. However, a difference exists between the two devices: in the Dualex, the use of an
electronic feedback loop avoids the variable chlorophyll fluorescence, while in the Multiplex there

Table 3. Description of the N-indices provided by the different optical sensors used in this study.

Optical sensorsa Index Description Excitation Formula

Dualex FRF-R Far red fluorescence (FRF) Red (R) –
FRF-UV Far red fluorescence (FRF) Ultraviolet (UV) –
T710 Transmittance R –
T850 Transmittance Infra-red (IR) –
CHL Transmittance (chlorophyll) R and IR (1/T850)–(1/T710)
FLV Fluorescence (flavonoids) R and UV Log(FRF-R/FRF-UV)
NBI Nitrogen balance index – CHL/FLV

Multiplex FRF-G Far red fluorescence (FRF) Green (G) –
FRF-R Far red fluorescence (FRF) R –
FRF-UV Far red fluorescence (FRF) UV –
RF-G Red fluorescence (RF) G –
RF-R Red fluorescence (RF) R –
SFR-G Simple fluorescence ratio

(chlorophyll)
G FRF-G/RF-G

SFR-R Simple fluorescence ratio
(chlorophyll)

R FRF-R/RF-R

FLAV Fluorescence (flavonoids) R and UV Log(FRF-R/FRF-UV)
NBI-G Nitrogen balance index SFR-G/FLAV
NBI-R Nitrogen balance index SFR-R/FLAV

Hydro N tester HNT Transmittance (chlorophyll) R and IR (TR)–(TIR)
Hydro N tester

and Dualex
HNT/FLV Combined ratio of chlorophyll

and flavonoid indicators
HNT/FLV

Hydro N tester
and Multiplex

HNT/FLAV Combined ratio of chlorophyll
and flavonoid indicators

HNT/FLAV

Cropscan 460 Reflectance (chlorophyll) No excitation (RE460/I460)� 100
510 IX: Incident light of

different�wavelengths
Source (use the

solar light)
(RE510/I510)� 100

560 (RE560/I560)� 100
610 REX: Reflected light of

different�wavelengths
(RE610/I610)� 100

660 (RE660/I660)� 100
710 (RE710/I710)� 100
760 (RE760/I760)� 100
810 (RE810/I810)� 100
G Reflectance in green – [((RE510/I510)� 100)þ ((RE560/

I560)� 100)]/2
R Reflectance in red – [((RE610/I610)� 100)þ ((RE660/

I660)� 100)]/2
NIR Reflectance in near-infra-red – [((RE760/I760)� 100)þ ((RE810/

I810)� 100)]/2
NormG Normalized indices G/(NIRþ RþG)
NormR R/(NIRþ RþG)
NormNIR NIR/(NIRþ RþG)
DVI Vegetation indices NIR-R
GDVI NIR-G
RVI NIR/R
GRVI NIR/G
NDVI (NIR-R)/(NIRþ R)
GNDVI (NIR-G)/(NIRþG)
SAVI ((NIR-R)/(NIRþ Rþ 0.5))� 1.5
GSAVI ((NIR-G)/(NIRþGþ 0.5))� 1.5
OSAVI (NIR-R)/(NIRþ Rþ 0.16)
GOSAVI (NIR-G)/(NIRþGþ 0.16)

aHydro N-Tester (HNT, Yara, Oslo, Norway), Cropscan (Cropscan Inc, Rochester, USA), Dualex and Multiplex (Force-A,
Orsay, France).
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is no feedback loop. The feedback loop minimizes the difference between variable chlorophyll
fluorescence induced under R and UV excitation (Goulas et al. 2004). In the Multiplex, thanks to
the rapid alternating light sources between the two excitations, the fluorescence induced under R
and UV excitation remains constant.

The NBI-G and NBI-R indices were provided by the Multiplex and related to both leaf
chlorophyll and flavonoids content.

The HNT/FLV and HNT/FLAV indices (Table 3) were also calculated as combined ratios
between the chlorophyll index provided using the Hydro N-Tester device and the flavonoid index
provided by the Dualex or Multiplex sensors, respectively.

The Cropscan radiometer is a passive near-remote sensing device used for measuring crop
light reflectance. The radiometer is extended on a boom at a height of 2 m above the ground
(�1.5 m above the top of the canopy), providing a circular measurement area of 1 m in diameter
at ground level.

The Cropscan readings were taken between noon and 2.00 pm (GMT). The radiometer faced
downward, perpendicular to the crop surface (nadir view). On each date, five measurements were
made within each plot and averaged across the replications.

The sensor allowed eight wavebands of 15 nm wide to be used, with central values from 460 to
810 nm at 50 nm intervals. Total solar light irradiance and individual wavelength radiance were
stored for each waveband, allowing the calculation of canopy reflectance as the ratio between
radiance and irradiance. Reflectance at selected wavelengths is related to LCC. Leaves with
the lowest chlorophyll contents have higher reflectance in the visible wavelengths and lower reflect-
ance in the NIR wavelengths than leaves with higher chlorophyll levels (Daughtry et al. 2000).

The G, R, and NIR indices of the Cropscan (Table 3) were computed as canopy reflectance in
the G (mean reflectance of the 510 and 560 nm bands), R (mean reflectance of the 610 and
660 nm bands), and NIR wavebands (mean reflectance of the 760 and 810 nm bands), respectively
(Goffart et al. 2010). Spectral vegetation indices (VIs) were also computed by combining the
low reflectance in the visible wavelengths with the high reflectance of the NIR wavelengths to
minimize the extraneous factors (Daughtry et al. 2000).

2.4. Plant sample collection and analysis

Plant samples were collected in 2012, 2013, and 2014 (Table 4). The plant samplings were
performed at the same date or close to the date of the optical measurements to compare the
provided indices with the reference analytical method. Within each plot, eight whole plants were
collected and taken to the laboratory. The plants were washed, air-dried, and weighed to
determine the fresh weight of the shoots (leavesþ stems), roots and tubers. Subsamples of each
plant part were then dried at 80 �C up to constant dry weight. The dry matter (DM) content of
each sample was then calculated.

From the various plant parts (leavesþ stems, tubers and roots), finely crushed samples with
a Cyclotec 1093 sample mill (FOSS Tecator) were subjected to analytical measurements of total N

Table 4. Plant sampling dates in 2012, 2013 and 2014 trials.

Sampling dates

2012 2013 2014

Charlotte Bintje Charlotte Bintje Charlotte Bintje

27/06 (27) 27/06 (26) 17/06 (13) 19/06 (13) 16/06(30) 18/06 (29)
02/07 (32) 04/07 (33) 24/06 (20) 26/06 (20) 30/06 (40) 03/07(44)
09/07 (39) 11/07 (40) 01/07 (27) 11/07 (35) 28/07 (72) 30/07 (71)
16/07 (46) 25/07 (54) 15/07 (41) 23/07 (47) - -

Numbers in brackets indicate the day after emergence (DAE) of the crop.
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concentration conducted with NIR spectroscopy using a FOSS-NIR Systems 6500 scanning instru-
ment (NIR-Systems, Silver Springs, MD) and calibrated using the Dumas Combustion method
(LECO, St Joseph MI, USA) and the statistical method developed by Shenk and Westerhaus
(1993). The NNI, defined as the ratio between the measured N concentration in shoots and
tubers and the predicted critical N concentration (Nc), was calculated according to the Nc
dilution curve (Nc (%)¼ 5.37 W�0.45, w is the shoot and tuber biomass expressed in t DM ha�1)
developed for the Bintje potato cultivar under Belgian conditions (Ben Abdallah et al. 2016b). In
the absence of a reference Nc curve for Charlotte, the NNI for this cultivar was calculated in this
study using the same equation as for Bintje. The NNI was measured for each sampling date, and
then an average was calculated across the period between 20 and 55 DAE. The NNIs for Bintje
were compared to a reference value of 1.16. This reference of 1.16 is considered as the threshold
value, to be achieved during the optimal period for CNS assessment; below this value, the CNS is
considered as deficient with respect to maximum potential yields (Ben Abdallah et al. 2016b).
Since differences in the Nc curve could exist between cultivars with different earliness
(Ben Abdallah et al. 2016b), the obtained NNI for Charlotte was not used in this study to define
the optimal N status (considering the reference value of 1.16), but used in order to demonstrate
that the applied N fertilizer rate leads to different N status.

2.5. Yield measurements

Harvesting was done on the two central rows (8 m long for 2012 and 6 m long for 2013 and
2014) for each plot. The tubers harvested were used to measure yield, DM content (expressed in
%) using the tuber underwater weigher (Robbe potato underwater weigher 9306, Belgium), and
nitrate content using a hand-held electronic test meter (Nitrachek 404, KPG Products Ltd, UK).

2.6. Assessment of the required criteria for the different studied indices

To fully evaluate the usefulness of the optical indices from the readings for predicting the CNS, it
was necessary to assess the sensitivity of the indices, their earliness for N diagnosis, their accuracy
and their specificity. The sensitivity of an index indicates if it reacts to a change in the N treat-
ment level. The earliness of the response suggests that the index should give an early detection of
N deficiency, long before visual symptoms of chlorosis appear in the foliage. The accuracy of an
index means that the readings related to the N status are near to the true value (precision) and
repeatable (repeatability). Specificity to N means that the measurement should ideally be exclu-
sively related to nitrogen status without interference from other external factors. These criteria
are expected to adequately assess the CNS (Goffart et al. 2008).

2.7. Data analysis

The statistical analysis was performed with the SAS software package (SAS 9.4, SAS Inc., Cary
NC). The studied indices were subjected to analysis of variance (ANOVA, proc glm) to study the
sensitivity and earliness of the diagnosis on the basis of the N effect. The indices’ responses to
increasing N rates were studied across the sampling period including the 2 trial years (2012 and
2013) and both cultivars as a whole. For this analysis, the first measurement dates for 2013 for
both cultivars were excluded, since no measurements were performed for the analogous period in
2012. The obtained indices, evaluated for each sampling date and for each cultivar, were then
subjected to ANOVA (all the measurements were included). To confirm the results of the 2 trial
years, the responses of the retained LFC indicators (individually and combined to LCC) to
increasing N rates were also studied for the 2014 trial.
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As a complement, a ratio of sensitivity (RS) for each index was calculated to evaluate the abil-
ity of the index to assess highly contrasting N status. This method is similar to that proposed by
Zhang et al. (2012). The RS was calculated between the value of the higher N treatment (250 N)
divided by the value of the lowest N treatment (0 N) for each index. If the index value
corresponding to the 0 N treatment was higher than the index value corresponding to the 250 N
treatment, the reciprocal calculation of the ratio was made. These ratios were calculated for each
index in the two trial years (2012 and 2013) including the cultivars and the measurements dates
as a whole. The RS was also calculated for 2014 trial including the cultivars and the measure-
ments dates as a whole.

The relationship between the optical indices and N concentration in shoots or in the whole
plant biomass were investigated using the Pearson correlation coefficients (SAS) to assess the pre-
cision of the indices for the 2012 and 2013 trials.

The repeatability in this study was evaluated by the coefficient of variation of the indices (%),
calculated as the ratio between the standard deviation and the mean of the indices measured
between the four replications by date (for both the 2012 and the 2013 trials) and combining the
six levels of N rates.

The effects of different factors, such as the N, the cultivar, the year, the DAE and their inter-
action, were investigated to assess the specificity of the studied indices (absolute and relative indi-
ces). Unless specified otherwise, the provided optical indices were studied on the basis of absolute
mean, absolute indices, obtained from the replicated plots average for the same N treatment. The
relative indices were calculated using a within-trial reference plot: the well-fertilized reference plot
(ratio of the absolute index for a given N treatment to the absolute index for the 250 N treat-
ment) or the control reference plot (ratio of the absolute index for a given N treatment to the
absolute index for the 0 N treatment). Specificity was investigated in the 3 trial years, including
only measurements performed in analogous periods for 2012, 2013, and 2014. The absolute indi-
ces were compared to the relative indices on the basis of the ANOVA p values and the associated
F ratio (Fisher–Snedecor ratio). For factors with significant p values, the F values of the index
obtained for the different factors were compared in order to weight the effect of each factor. This
method is similar to that proposed by Froidmont et al. (2013): a large F ratio signifies a small
probability that the null hypothesis is true. Therefore, the higher the F ratio, the lower the
probability.

3. Results and discussion

3.1. Local soil and weather conditions

The 2012 trial was characterized by relatively high precipitations in April, June, and July and low
precipitation in May, August, and September (Figure 1a). The average precipitation recorded
from April to September 2012 was 382.0mm versus a normal average of 414.9mm. Except for
the month of May, the 2013 trial experienced low precipitation (Figure 1a), with an average
of 335.6mm from April to September. Unusual rainy days were recorded in July and August for
the 2014 trial (an average of 496.7mm from April to September) (Figure 1a). The average air
temperature recorded for the 3 years’ growing seasons was slightly higher than the normal,
particularly for 2014, when high temperatures were observed in April, July, and September
(Figure 1a). The average air temperature recorded from April to September was 86.4 �C in 2012,
85.4 �C in 2013 and 90.4 �C in 2014 versus a normal average temperature of 84.6 �C.

From the end of June to the end of July, corresponding to the main period of measurements
with the different optical tools and of plant sampling, the soil water tension for 2012 (Figure 1b)
ranged between 30 and 100 kPa, indicating sufficient water availability (linked to the high
precipitation observed in Figure 1a) to cover crop water needs. For the 2013 trial, the soil water
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tension (Figure 1b) mostly indicated a range corresponding to available water content except for
a recorded value over 100 kPa on 22 July. For the 2014 trial, values between 95 and 134 kPa were
recorded (Figure 1b) during 2 weeks around mid-June and early July. During this short period,
water availability was probably a limiting factor for optimal crop growth and development.
Thanks to the precipitation recorded especially at the end of June, the soil moisture tension then
decreased up to the range of available water content. For the 2012 and 2013 trials, the period
from mid-August to mid-September was clearly dry (Figure 1a) and the corresponding water
supply became quite limited. For this analogous period, the soil moisture was not measured for
the 2014 trial, but the higher precipitation observed in Figure 1a could suggest that the water
supply was not a limiting factor.

3.2. Effect of N rate on tuber yield and quality

A statistical yield response to N rates was observed particularly between the control treatment
(0 N) and higher tested N treatments (Figure 2). Differences among the higher N rates were not
significant. For both cultivars, the relationship between yield and N applied was characterized by
an increase of the yield with initial increments of N rates, reaching a plateau once N levels
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Figure 1. (a) Total monthly rainfall (l m�2) and mean monthly temperature (C�) data collected from the official meteorological
station of the Belgian Royal Meteorological Institute (IRM) in Gembloux-Ernage (near the location of the trials), and (b) mean soil
moisture tension (kPa) recorded from soil tensiometer probes (Watermark probes, Irrometer Company, California) at a depth of
25 cm from the top of the ridge. Data collected for 2012, 2013, and 2014 trials.
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increased beyond an optimal level. Similar N response patterns for potatoes have been reported
(Westermann and Kleinkopf 1985, Lewis and Love 1994, Long et al. 2004), although in some
cases and for some cultivars yields decline beyond an optimal level rather than reaching a plateau
(Westermann et al. 1994, Long et al. 2004).

The nitrate and DM contents are indicators of tuber quality generally influenced by N
fertilizers. The increase in N fertilizer rates clearly increased tuber nitrate content (statistically
significant N effect) and less obviously decreased the DM content (Table 5).

3.3 Effect of N rate on the nitrogen nutrition index (NNI)

The NNI measured across the sampling dates between 20 and 55 DAE for the three trial years is
shown in Figure 3. For Bintje, NNI ranged from 0.70 to 1.28 in 2012, from 0.71 to 1.27 in 2013
and from 0.80 to 1.12 in 2014. For Charlotte, NNI showed the same range of values as Bintje
(from 0.80 to 1.31 in 2012, from 0.70 to 1.27 in 2013 and from 0.78 to 1.18 in 2014). In the 2012
trial, for example, the value of NNI was <1.16 for 0, 50 and 100 N levels, indicating N deficiency
situations. The NNI was almost equal to 1.16 for the 150 N level, indicating an optimum N status
and >1.16 for 200 and 250 N levels, showing situations of N excess.
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Figure 2. Tuber yield response to increasing N fertilizer rates in potato crop trials on loam soil in the Gembloux area for two
potato cultivars, Bintje and Charlotte (2012, 2013, and 2014 data). Within each year, N treatments with the same letter are not
significantly different at 0.05 level (Student–Newman–Keuls method).

Table 5. The effect of N fertilizer rates on nitrate content (mg kg�1 fresh weight, FW) and dry matter of tubers (%).

Nitrate content (mg kg�1 FW) Dry matter (%)

N rates 2012 2013 2014 2012 2013 2014

Bintje 0 20c 34e 29d 25a 22a 24a

50 31c 53d,e 25a 22a,b

100 57b 86c,d 49c 24b 21a,b,c 23b

150 64b 117c,d 24b 21b,c

200 92a 133b 92b 23b 20c 21c

250 98a 190a 106a 23b 20c 21c

Charlotte 0 47c 100e 85c 22a 20a 20b

50 51c 147d 21a 20a,b

100 63c,b 208c 94c 21a 19b 21a

150 75b 265b 21a 19b,c

200 101a 298a 165b 21a 18c 20b

250 107a 307a 228a 21a 18c 19c

Within each year and cultivar, N treatments with the same letter are not significantly different at 0.05 level
(Student–Newman–Keuls method).
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The NNI calculated for both cultivars showed statistical difference in the N status, indicating
different N uptake according to the N fertilizer rate (Figure 3). The evaluation of tuber yield and
quality and especially the NNI enabled the determination of the crop’s N response. This is an
important aspect confirming that the studied N treatments led to different N status; sensitive
optical readings would therefore allow similar N discrimination.

3.4. Comparison of the studied indices based on their sensitivity, earliness of diagnosis,
accuracy, and specificity

3.4.1. Sensitivity
3.4.1.1. Effect of N rate on N indices across the sampling period. Except for SFR-G, the statis-
tical analysis showed that all the studied indices were significantly influenced by applied N rates
(Table 6) among the studied cultivars and across the sampling period (both 2012 and 2013 trials).

Chlorophyll-based indices. The CHL, HNT, and the SFR-R indices decreased with the
decrease of N rates (Table 6). This relationship is in accordance with the reported decrease of
LCC under N deficiency conditions. The CHL index was able to reveal significant differences
among the five studied N rates. The HNT was able to reveal significant differences among all six
studied N rates. The SFR-R index was able to reveal significant differences among the four
studied N rates. Higher average values of R and G indices were obtained for the control treat-
ment (0 N) compared with the other N rates, whereas the NIR index showed the opposite
response to N rates (Table 6). This opposite dependence on N rates is explained by the spectral
signature that has also been reported by Daughtry et al. (2000) and Goffart et al. (2010). The nor-
malized indices (NormG, NormR and NormNIR) showed similar trends to N rates compared to
their corresponding reflectance indices (respectively G, R, and NIR). The VI increased with N
rates (Table 6). The response of VI, compared to the G, R, and NIR indices, seems to be more
sensitive to N, particularly for the GRVI index, which revealed significant differences among the
four studied N rates. Compared to some computed VIs (e.g., OSAVI and RVI), the GRVI index
(calculated at 550 and 801) responded more to LCC (Daughtry et al. 2000) and then to leaf
N content.

Flavonoid-based indices. The FLV and FLAV indices increased from the N-fertilized treat-
ments to the control treatment (Table 6). This is in agreement with the theory relating increases
in LFC to higher N stress levels. Previous studies have revealed this inverse relationship between
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Figure 3. Nitrogen Nutrition Index (NNI) measured across the sampling period (between 20 and 55 DAE) for increasing N rates
(kg N ha�1) at the site of Gembloux in 2012, 2013, and 2014 for Bintje and Charlotte cultivars. The dotted horizontal line repre-
sents a reference NNI of 1.16 obtained from Ben Abdallah et al. (2016b) to maximize tuber yield for the cultivar Bintje. Within
each year, N treatments with the same letter are not significantly different at 0.05 level (Student–Newman–Keuls method).
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LFC and increasing N rates (Cartelat et al. 2005; Tremblay et al. 2007; Zhang et al. 2012). Both of
the flavonoid indices were able to reveal significant N effect. The N differences were observed
among all the studied N rates case of FLV and among five studied N rates cases of FLAV.

Chlorophyll- and flavonoid-based indices. The NBI, NBI-G, NBI-R, HNT/FLV, and HNT/
FLAV indices increased from the control treatment (0 N) up to the treatments with higher N
applications (Table 6). As N rates increased, LCC increased and LFC decreased, thus explaining
the increase in these combined chlorophyll- and flavonoid-based indices. These indices were
able to reveal significant N responses among all the studied N rates, except for NBI-G (statistical
difference between five N rates).

Taking the computed RS into account, differences in the sensitivity of the studied indices to N
rates can be observed (Table 6). The higher the ratio between high and low N, the higher the
sensitivity of the corresponding index. The degree of contrast between low and high N conditions
was expressed by the index in this order: NBI-R>NBI-G>NBI>HNT/FLV>HNT/
FLAV>RVI> FLV> FLAV>GRVI>NormR, GDVI>DVI>R>CHL, NIR, NormG>HNT>

NDVI, SAVI>GNDVI, GSAVI, GOSAVI>G, OSAVI> SFR-R, NormNIR> SFR-G. The
combined chlorophyll- and flavonoid-based indices (NBI-R, NBI-G, NBI, HNT/FLV, and HNT/

Table 6. Reading responses of different optical indices (see description in Table 2) to increasing N fertilizer rates including the
sampling period (both 2012 and 2013 trials) and potato cultivars (Bintje and Charlotte) as a whole.

N effect

ANOVAa Multiple-Comparison testb

RScF value Pr

Tested N rates (kg ha�1)

0 N 50 N 100 N 150 N 200 N 250 N

Absolute
indices

NBI-R 263 ��� 0.77f 0.92e 1.10d 1.18c 1.22b 1.29a 1.68
NBI-G 73 ��� 2.62e 3.07d 3.64c 3.82c,b 3.95b 4.24a 1.62
NBI 355 ��� 24.80f 28.59e 32.36d 34.88c 36.19b 37.62a 1.52
HNT/FLV 389 ��� 32.75f 37.41e 42.34d 44.77c 46.68b 48.50a 1.48
HNT/FLAV 341 ��� 40.72f 46.46e 52.20d 55.66c 57.48b 59.89a 1.47
RVI 32 ��� 9.78c 11.82b 13.20a 13.30a 14.23a 14.23a 1.46
FLV 358 �� 1.26a 1.17b 1.07c 1.02d 0.99e 0.96f 1.31
FLAV 180 ��� 1.01a 0.93b 0.87c 0.83d 0.81d 0.78e 1.29
GRVI 148 ��� 6.08e 7.02d 7.45c 7.58c,b 7.73b,a 7.79a 1.28
NormR 84 ��� 0.10a 0.08b 0.08c 0.08c 0.08c 0.08c 1.25
GDVI 65 ��� 38.75c 43.97b 46.40a 46.89a 47.88a 47.68a 1.25
DVI 58 ��� 41.05c 46.63b 49.28a 49.53a 50.75a 50.47a 1.23
R 72 ��� 5.59a 4.96b 4.73c 4.76c 4.68c 4.61c 1.21
CHL 126 ��� 29.02e 30.60d 31.96c 33.29b 33.80b,a 34.24a 1.18
NIR 49 ��� 46.64c 51.55b 54.00a 54.34a 55.27a 55.02a 1.18
NormG 123 ��� 0.13a 0.12b 0.12c 0.12c 0.11c 0.11c 1.18
HNT 162 ��� 39.09f 40.87e 42.61d 43.41c 44.14b 44.71a 1.14
NDVI 85 ��� 0.77c 0.81b 0.82a 0.82a 0.83a 0.83a 1.08
SAVI 85 ��� 1.14c 1.20b 1.22a 1.22a 1.23a 1.23a 1.08
GNDVI 134 ��� 0.70d 0.73c 0.74b 0.74b,a 0.75a 0.75a 1.07
GSAVI 134 ��� 1.04d 1.09c 1.10b 1.11b,a 1.11a 1.11a 1.07
GOSAVI 134 ��� 0.70d 0.73c 0.74b 0.74b,a 0.75a 0.75a 1.07
G 9 �� 7.88a 7.54b 7.50b 7.42b 7.43b 7.40b 1.06
OSAVI 85 ��� 0.77c 0.81b 0.82a 0.82a 0.82a 0.82a 1.06
SFR-R 62 ��� 6.79d 6.93c 7.05b 7.12a 7.12a 7.16a 1.05
NormNIR 124 ��� 0.77c 0.80b 0.81a 0.81a 0.81a 0.81a 1.05
SFR-G 1 ns 10.91a 10.50a 11.37a 10.90a 10.86a 11.40a 1.04

aAnalysis of variance of the N effect on the optical indices: �, ��, and ���: statistical significance at p� 0.05, p� 0.01,
and p� 0.001, respectively. ns indicates no significance (p> 0.05).

bMultiple-comparison test (Student–Newman–Keuls method at 0.05 level): values (average of the provided index over the
two trial years for both cultivars and all sampling dates) followed by the same letter within each line are not significantly
different at 0.05 level.

cRatio of sensitivity between the index value of 250 N divided by the index value of 0 N if the index value of 250 N is higher
than that of 0 N; the reciprocal calculation was made if the index value of 0 N was higher than that of 250 N.
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FLAV) were ranked as better able to react to a range of contrasting N conditions, followed by the
RVI index and then both the flavonoid indicators (FLV and FLAV). The HNT index was ranked
17 on the list of 27 indices. This result is in accordance with other reports of the superior
sensitivity of the combined chlorophyll- and flavonoid-based indices than either of the two
indicators used individually (Cartelat et al. 2005; Cerovic et al. 2005; Tremblay et al. 2007;
Cerovic et al. 2012).

3.4.1.2. Effect of N rate on N indices per sampling date. NBI-R, HNT/FLV, HNT/FLAV, and
FLV revealed a significant N response for all the sampling dates and for both trials (Table 7).
The NBI and FLAV indices were also strongly influenced by N rates, but with one exception in
2012 the N effect was not significant. This was the case at the beginning of measurement for the
NBI (Charlotte at 19 DAE) and at the end of measurement for the FLAV index (Bintje at
53 DAE).

The HNT index showed sensitive response on all the sampling dates for Bintje in 2013. For
Charlotte in 2013 at 14 DAE, the N response of HNT index was not significant. For the 2012
trial, the HNT index showed late N response (Table 7).

The indices provided by the Cropscan (NormR, NDVI, SAVI, and OSAVI) showed significant
N responses for later measurement dates (Table 7). The GNDVI, GSAVI, and GOSAVI indices
showed significant N responses on all the sampling dates for Bintje 2012, with less sensitive
responses for Charlotte in 2012 and late responses for 2013. For R and G indices, the N effect
was not very sensitive. This was also the case for the SFR-G index provided by the Multiplex.
Out of a total of 26 sampling dates, a nonsignificant N effect was observed on 18 dates for
SFR-G, 19 dates for G, and 13 dates for R.

3.4.2. Earliness of the diagnosis
3.4.2.1. Effect of N rate on N indices for the first sampling dates. For both trials and cultivars,
NBI-R, HNT/FLV, HNT/FLAV, FLV, and FLAV indices were able to reveal significant N
response on the first measurement dates (19 and 25 DAE in 2012 and 7–8 and 13 DAE in 2013)
(Table 7). NBI-G (except for Charlotte in 2013 at 7 DAE) and NBI (except for Charlotte in 2012
at 19 DAE) were also able to reveal significant N responses on early measurement dates. The
HNT was able to reveal a significant N effect at an early stage only in the 2013 trial. The
NormG, GNDVI, GSAVI, GOSAVI indices showed a significant effect of N fertilization at early
stages for Bintje only in 2012.

Thus, flavonoid indices, whether or not combined with chlorophyll, showed a consistent early
response to N doses, even at 7–8 DAE (for 2013). The UV-induced chlorophyll fluorescence
related to the accumulation of polyphenolic content is described as an early spectral signature to
detect nitrogen deficiency compared to detections based on changes in reflectance or transmit-
tance linked only to the reduction of the chlorophyll concentration of leaves (Samson et al. 2000;
Cadet, 2008). However, the earliness of diagnosis observed at 7–8 DAE should be considered
carefully, because at early emergence plants are dependent on the reserves of the seed tubers and
there is normally no sudden N deficiency before 2–3 weeks after emergence.

The indices obtained in 2014 and related to LFC (FLV, FLAV), whether or not combined
with LCC (the case of NBI-R, NBI-G, NBI, HNT/FLV, and HNT/FLAV) also match the criteria
of sensitivity and earliness of diagnosis (Tables 8 and 9), confirming the previous results. These
indices showed significant N effects across the sampling period (Table 8) and for each sampling
date (Table 9). Table 8 supports the previously observed sensitivity of the combined chlorophyll-
and flavonoid-based indices according to the RS.
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3.4.3. Accuracy
3.4.3.1. Precision. Table 10 shows the Pearson correlation coefficient between the index and the
N concentration in shoots or in the whole plant biomass. If r is close to –1, there is a significant
negative linear relationship between the optical index and the N content; if r is close to 1, there
is a strong positive linear relationship. Except for SFR-G and G, the indices showed very highly
significant correlations with both the reference methods (either with plant biomass N content or
with shoot biomass N content) across the period of sampling data as a whole.

The negative significant correlations observed for FLV and FLAV, both across the sampling
period and per sampling date (Table 9), confirm the opposite dependence of flavonoid-based
indices to N status (Table 6). The positive significant correlations observed for CHL, NBI, SFR-R,
NBI-G, NBI-R, HNT, HNT/FLV, and HNT/FLAV, both across the sampling period and

Table 8. Reading responses of flavonoid and/or chlorophyll indices (see description in Table 2) to increasing N fertilizer rates
across the sampling period for the 2014 trial and for both potato cultivars (Bintje and Charlotte).

N effect

ANOVA testa Multiple-comparison testb

RScF value Pr

Tested N rates (kg ha�1)

0 100 200 250

Absolute
indices

NBI-R 134 ��� 0.65d 0.89c 1.08b 1.17a 1.79
NBI-G 145 ��� 2.08d 2.75c 3.33b 3.57a 1.72
NBI 161 ��� 25.07d 31.58c 35.64b 37.68a 1.50
HNT/FLAV 153 ��� 41.78d 51.51c 58.56b 61.49a 1.47
HNT/FLV 212 ��� 32.96d 40.34c 45.22b 46.99a 1.43
FLAV 95 ��� 1.08a 0.96b 0.87c 0.83d 1.30
FLV 144 ��� 1.40a 1.25b 1.14c 1.09d 1.29
CHL 133 ��� 33.81c 37.59b 39.24a 39.76a 1.18
HNT 441 ��� 43.43c 46.94b 48.84a 48.95a 1.13
SFR-R 28 ��� 7.06c 7.31b 7.53a 7.49a 1.06
SFR-G 24 ��� 9.90c 10.25b 10.67a 10.54a 1.06

aAnalysis of variance of the N effect on the optical indices for 2014 trial including the four N rates (0 N, 100 N, 200 N and 250
N). ���: statistical significance at p� 0.001.

bMultiple-comparison test (Student–Newman–Keuls method at 0.05 level): values (average of the provided index across the 2014
trial for both cultivars and all sampling dates) followed by different letters within each line are significantly different at 0.05 level.

cRatio of sensitivity between the index value of 250 N divided by the index value of 0 N if the index value of 250 N is higher
than that of 0 N; the reciprocal calculation was made if the index value of 0 N was higher than that of 250 N.

Table 9. Reading responses of flavonoids and/or chlorophyll indices (see description in Table 2) to N fertilizer rates for
each cultivar and for each sampling date in the 2014 trial.

Anova N effecta

Cultivar Bintje Charlotte

Sampling date 11/6 18/6 26/6 3/7 17/7 24/7 31/7 11/6 16/6 26/6 30/6 17/7 24/7 29/7
DAE 22 29 37 44 58 65 72 25 30 40 44 61 68 73

Absolute indices NBI-R ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
NBI-G ��� ��� ��� ��� ��� ��� ��� �� �� ��� ��� ��� ��� ���
NBI ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
HNT/FLAV ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ���
HNT/FLV ��� ��� ��� ��� ��� ��� ��� � ��� ��� ��� ��� ��� ���
FLAV ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� �� ���
FLV ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� �� ��
CHL ��� ��� ��� ��� ��� ��� ��� � ��� ��� ��� ��� �� ���
HNT ��� ��� ��� ��� ��� ��� ��� �� ��� ��� ��� ��� ��� ���
SFR-R ns ns �� ��� �� ��� �� ns ns � � �� �� ���
SFR-G ns ns ns ��� � ��� �� ns ns ns � � � ��

aAnalysis of variance of the nitrogen effect (N) on optical indices per date including the four N rates (0 N, 100 N, 200 N and 250
N). DAE: Days After Emergence. �, ��, and ��� indicate statistical significance at p� 0.05, p� 0.01, and p� 0.001, respectively.
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per sampling date (Table 10), confirm the relation of these indices (chlorophyll-based indices and
chlorophyll- and flavonoid-based indices) to N status as depicted in Table 6.

For the R index, the positive correlation with N content obtained across the sampling period
and for the cultivar as a whole is contradictory with the observed correlations per sampling
date (negative correlations) (Table 10) and with the described N relationship depicted in Table 6
(as N rates increased, R index decreased from 0 to 250 N). Similar contradictory responses were
obtained for the other Cropscan indices (NIR index, the normalized indices and the VIs) by
comparing the correlations obtained for the sampling period and the cultivar as a whole with
those obtained per sampling date (Table 10).

This could be related to different responses of canopy reflectance as the growth stages progress
and thus a stableness response of the measurement for different sampling dates. For example,
Xue et al. (2004) reported a negative correlation of reflectance at 560 nm with leaf N content
for each sampling date, but when the data are considered as a whole it seems that a positive
relationship existed before the heading stage in rice.

The correlations obtained with N content when considering the sampling period were higher
for NBI-R, NBI, HNT/FLV, HNT/FLAV, FLV, and FLAV indices (coefficients >0.8) than for the
other studied indices. Considering the correlations obtained for each sampling date, these indices
(NBI-R, NBI, HNT/FLV, HNT/FLAV, FLV, and FLAV) were ranked in general as the six best-
performing in terms of higher Pearson coefficients. For one date (at 53 DAE), the FLAV index
showed nonsignificant correlation with plant biomass N content. NBI-G generally showed high
correlations (when considering the sampling period as a whole and per sampling date) and thus
achieved, like the flavonoid indices, whether or not combined or not with the chlorophyll indices,
high performances for precision. The CHL and HNT indices generally showed a statistically
significant correlation with N content per sampling date, but for some early dates (25 DAE
for Charlotte in 2012 and 13 DAE in 2013) the correlation was not significant or very small. The
precision of the NBI index measured by Dualex and the chlorophyll index measured by SPAD,
the other version of HNT chlorophyll-meter, was also assessed by Confalonieri et al. (2015).
In this latter study, the NBI demonstrated the highest correlation (per shoots or plant biomass N
content) to the chlorophyll-meter, as was also the case in our study.

For Cropscan indices the obtained correlations with N content were not always statistically
significant and varied with the growth stage (Table 10); thus the precision of Cropscan measure-
ment is less satisfactory than that achieved by flavonoid indices, whether or combined with
chlorophyll indices.

3.4.3.2. Repeatability. Repeatability was assessed in this study by the coefficient of variation of the
indices calculated between the four repetitions (Table 11). Coefficients of variation <15% indicate
good repeatability (Pryseley et al. 2010). With the exception of some Multiplex indices (SFR-G and
NBI-G) on the last measurement date in 2012 and some Cropscan indices at 46 DAE, the coeffi-
cients of variation indicated an acceptable range of repeatability between repetitions. Confalonieri
et al. (2015) found that the chlorophyll index (SPAD index measured by chlorophyll-meter) demon-
strated higher repeatability than the chlorophyll- and flavonoid-based index (NBI). In this latter
study, repeatability was calculated as a function of the standard deviation of repeatability (Sr) and
was assessed by performing repeated optical measurements under the same conditions by the
same operator.

3.4.4. Specificity
The specificity of the indices was studied among four factors: N, cultivar, experimental year, and
measurement date (DAE) (Table 12). Ideally, a good index for the evaluation of CNS will be
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sensitive to N (significant N effect) without being influenced by cultivar, year, or DAE (no
significant effect).

A significant difference between the two cultivars was observed for most of the absolute
indices (Table 12). However, when the relative indices are considered using the well-fertilized
reference plot (250 N) or the control reference plot (0 N); the cultivar effect indicated no signifi-
cant difference. The interactions of N�Cultivar was not significant (except for the absolute NBI
index). This is an indication that the N responses of the indices are consistent for both the
studied cultivars (Table 12).

A significant influence of experimental year and DAE was observed in general for both the
absolute and the relative indices (Table 12). The interaction effects of N�year and N �DAE were
significant for almost all the absolute and relative indices indicating that the responses of indices
varied with year and sampling dates. Except for NBI-G and NBI, the absolute indices showed
higher F values associated with the year or the DAE factor than with the N factor. The relative
indices in general (except for the CHL index using the 0 N plot) showed an opposite tendency,
with higher F values associated with the N factor than with the year or the DAE factor. The F
values suggested that the significant year or the DAE effect is predominant for the absolute
indices, while the significant N effect is predominant for the relative indices.

The indices provided by optical sensors (absolute indices) therefore showed low specificity to
N (significant effects of factors other than N). This low specificity could be alleviated by the use
of relative indices (using 0 or 250 N as reference N rates) with predominant significant N effects,
smaller year and DAE effects and no significant cultivar effect. This result is in agreement with
the need to use normalization procedures for crop measurements to minimize the influence of
factors other than N fertilization on the performance of the optical readings (Schr€oder et al.
2000; Samborski et al. 2009; Goffart et al. 2013).

The specificity of other factors was not tested in this study. However, many factors affecting
crop growth could influence chlorophyll and flavonoid indices. Samson et al. (2000) stated that S
deficiency does not affect UV-induced fluorescence (related to the accumulation of polyphenolics
content) and decreases LCC. Water stress affects LCC (Gianquinto et al. 2004), but different
results have been reported concerning LFC. Fortier et al. (2010) found an increase in flavonoid
concentration in the absence of irrigation. In this latter study, LFC was sensed by a Dualex device
using both leaf sides. However, Cartelat et al. (2005) stated that the total polyphenolic content
remained unchanged, while only the polyphenolic content on the abaxial side of wheat leaves
changed. This is due to a change in the allocation of polyphenolics between the two sides of
the leaves.

According to the studied criteria of sensitivity, earliness of diagnosis and accuracy, the
flavonoid indicator (i.e., FLV index) whether or not combined with chlorophyll indices (i.e., the
NBI-R, HNT/FLV, and HNT/FLAV indices) was able to meet all the requirements successfully.
However, the criterion of specificity to N was not achieved for all the studied indices. This low
specificity can be improved by the use of relative values.

4. Conclusion

Analysis of indices provided from the in-season plant readings shows that indices based on
the estimation of LFC (FLV), measured by fluorescence and whether or not combined with
LCC (NBI-R, HNT/FLV, HNT/FLAV) are more promising for evaluating the CNS than indices
measured by transmittance and reflectance. Despite the fact that absolute indices show low
specificity to N (due to cultivar, sampling date and year effects on the optical readings), which
can be improved by the use of relative values, the identified promising indices were able to match
the required criteria successfully. These indices were sensitive to crop N status. The measure-
ments revealed significant difference among all the tested N rates across the sampling period,
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showed significant N response on each sampling date and were able to assess highly contrasting
N conditions according to the computed RS. These indices showed an early N diagnosis com-
pared to the indices provided by the chlorophyll-meter or the radiometer. The identified indices
accurately estimated the CNS, since they were closely related to shoot and plant biomass N con-
tent (good precision) and they indicated an acceptable range of repeatability. The NBI index was
also as good predictor for CNS as the equivalent indices identified as promising and based on
chlorophyll- and flavonoid-based indicators. However, for a single date the sensitivity criterion
was not achieved. The FLAV index (measured by the Multiplex) related to LFC could also be
considered a good predictor for CNS with slightly less sensitivity than the FLV index (measured
by the Dualex). The FLV and NBI-R indices, measured directly by the fluorimeters, seem more
suitable for practical application than HNT/FLV and HNT/FLAV indices, since these combined
ratios are derived from measures with two different sensors (chlorophyll-meter and fluorimeter)
which will limit their use. Another important consideration when comparing optical sensors is
the crop surface area that is measured. Dualex and Multiplex measured a surface of 19–20mm2

and 50 cm2, respectively. In order to take account of field heterogeneity, it is necessary to con-
sider a more representative surface or to compute sufficient replication and adequate sample
selection. The expected embedded versions of the fluorimeters positioned further away from the
plant will make this possible.
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