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ABSTRACT ARTICLE HISTORY
The SPAD-502 and the FieldScout CM 1000 chlorophyll meters were Received 13 June 2016
compared in their performance in diagnosing the nutritional status of plants. Accepted 13 September 2016

Leaves of a wide range of greenness were used to push the sensitivity of the KEYWORDS

tools to their limits. Both devices showed high reproducibility when used by FieldScout CM 1000 NDVI;
different operators. The SPAD-readings were well-correlated with leaf leaf greenness; leaf N
nitrogen (N) concentrations, since leaves from heavily fertilized plants were concentration; results
not included in the sample population. The FieldScout-readings showed a reproducibility; SPAD-502
marked saturation curve with the leaf N concentration, thus it cannot be

used as a reliable N nutritional status index. The results also showed that the

use of SPAD-502 in the diagnosis of the nutritional status of an orchard

requires the establishment of specific critical concentrations for cultivars and

sampling dates. The SPAD-502 appeared to have potential in the diagnosis of

the nutritional status of the orchard for nutrients other than N.

Introduction

Nitrogen (N) has a central role in all agricultural systems. It is required in large amounts by plants,
since it is an integral constituent of proteins, nucleic acids, chlorophyll, co-enzymes, phytohormones
and secondary metabolites (Hawkesford et al. 2012). N limits the primary productivity of agricultural
fields more than any other nutrient, mainly because it does not usually accumulate in the soil in avail-
able forms to plants. N should be annually supplied as fertilizers, manures or N should reach the soil/
plant system by growing legumes or other plants that can access N from the atmosphere. Furthermore,
N is highly dynamic in the soil-plant system. Usually, only 40-60% of the N applied as a fertilizer is
taken up by the crop (Havlin et al. 2005). A significant part is usually lost by nitrate leaching, denitrifi-
cation or is volatized as ammonia (NH3) from the soil or plant canopy (Werner 2010). In view of the
above, N management has been a major topic in agricultural research.

Splitting N rates is one of the most important strategies to increase N use efficiency, since it allows
the better matching of available N in the soil to plant needs. Supported by diagnostic tools to evaluate
the nutritional status of the plants, it is possible to reduce the importance of the pre-plant N applica-
tions, by deferring the decision of the N rates to apply to the course of the growing season (Rodrigues
et al. 2005). Plant analysis is the standard methodology usually used to assess the nutritional status of
plants. However, laboratory plant analysis is expensive and time-consuming. Tissue testing, such as
petiole nitrate concentration, assessed by selective electrodes (Vitosh and Silva 1994; Sims et al. 1995)
or test strips (Sims et al. 1995; Rodrigues 2004; Rodrigues et al. 2005) and also chlorophyll measure-
ments through portable tools (Schepers et al. 1992; Rodrigues et al. 2006; Arrobas, Aguiar, and
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Rodrigues 2016) may be valuable alternatives. The reflectance properties of the canopy, assessed by
handheld spectroradiometers (Basyouni, Dunn, and Goad 2015; Dunn, Shrestha, and Goad
2016), imagery from satellite sensors (Gitelson, Peng, and Huemmrich 2014; Zhang et al. 2014)
or digital cameras (Hardin et al. 2012; Lépez-Bellido et al. 2012) have also been used to estimate
nutritional status of plants. Tissue tests are, however, more popular since they are available to a
large research community as well as farmers. They are particularly important in annual crops in
which the delay in getting a diagnosis, common in standard plant analysis, is unhelpful in mak-
ing in-season fertilization adjustments (Rodrigues et al. 2005). In tree crops, mainly due to the
extension of the root system, soil analysis loses importance to plant analysis (Righetti, Wilder,
and Cummings 1990), which creates a good opportunity for tissue testing. In tree crops, tissue
testing is also attractive mainly because the critical sufficiency ranges established standard plant
analysis are only available for advanced growth stages (Nielsen et al. 1995; Porro et al. 2001),
which prevents interventions in the current growing season.

The close relationship between leaf N concentration and leaf greenness has resulted in the emer-
gence of devices that seek to assess the N nutritional status of plants by estimating the leaf chlorophyll
concentration. The SPAD-502 chlorophyll meter (Minolta Camera Co. Ltd., Japan), which measures
the transmittance of light through the leaf, has been widely used. Several studies have shown a signifi-
cant linear relationship between SPAD-readings and laboratory determination of leaf chlorophyll con-
centration (Hawkins, Gardiner, and Comer 2009; Ruiz-Espinosa et al. 2010; Ibrahim and Jaafar 2013)
and between SPAD-readings and leaf N concentration (Ibrahim and Jaafar 2013; Uchino et al. 2013;
Mahajan et al. 2014; Basyouni, Dunn, and Goad 2015). The FieldScout CM 1000 meter, more recently
manufactured, evaluates by remote sensing the chlorophyll content in the leaves based on the
chlorophyll reflectance. Based on a point-and-shoot technology, the FieldScout CM 1000 senses the
light at different wavelengths displaying a normalized difference vegetation index (NDVI), which is
proportional to the leaf chlorophyll content. The FieldScout CM 1000 chlorophyll meter was used to
determine the actual amount of N needed to optimize playability and aesthetic quality in creeping
bentgrass on golf greens by Lopez-Bellido et al. (2012). Mahajan et al. (2014) have also found a positive
correlation between FieldScout CM 1000 NDVI and leaf N concentration in the aromatic rice hybrid
PRH-10 in India.

The portable devices have potential but also weaknesses that must be revealed to increase their use-
fulness in research and on farms. In the case of SPAD-502 chlorophyll meter, the main problems are
the differences in the color of the plants due to abiotic and biotic stresses, growth stages and cultivars.
To overcome such difficulties, Schepers et al. (1992) have proposed the use of relative SPAD-values
instead of the direct readings, by estimating a sufficiency index based on a reference strip, where the
crop is supplied with excess N. The plants in the reference strip display a maximum greenness, being
the values of the field expressed as a percentage of the maximum. Lin et al. (2010) estimated SPAD
indices from readings taken at various leaf positions in rice. Their results have shown that those indices
can predict foliar N concentration without significant interferences with rice genotypes and growth
stages. The performance of the FieldScout CM 1000 meter is still poorly characterized. However, the
few studies already published have given good prospects for the device (Lopez-Bellido et al. 2012;
Mahajan et al. 2014).

In this work, the potential use of two devices was compared that can estimate the chlorophyll
content of the leaves and which in turn can be related to the N nutritional status of the crops:
the SPAD-502 chlorophyll meter, which measures the transmittance of light through the leaves
and has been used for over 20 years, and the FieldScout CM 1000 NDVI meter, a newer device
that estimates the leaf greenness by remote sensing, measuring the leaf reflectance. The following
will be assessed: (i) the reproducibility of the devices when used by several operators; (ii) the
direction of the light beam of the FieldScout CM 1000 NDVT in relation to leaf surface; (iii) the
relationship of the results of both devices with the leaf N concentration by using populations of
leaves with variable greenness; and (iv) the performance of the devices in the diagnosis of the
nutritional status of an apple (Mallus pumila Miller) orchard by taking readings in four cultivars
and at three growth stages.
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Materials and methods

In this work, two portable devices were used to estimate the chlorophyll content of the leaves:
the SPAD-502 Plus chlorophyll meter; and the FieldScout CM 1000 NDVI meter. SPAD-502
Plus measures the transmittance of light throughout the leaf in two different wavelengths,
650 nm (red light, absorbed by chlorophyll pigments) and 940 nm (infrared light, not absorbed
by chlorophyll). SPAD-502 Plus uses thumb pressure to close a chamber allowing the measure-
ment of light transmittance throughout a leaf, displaying chlorophyll-SPAD readings that are
expected to be proportional to the chlorophyll content of the leaf. The FieldScout CM 1000 meter
senses light at wavelengths of 660 nm and 840 nm, measuring the ambient and reflected light at
each of those wavelengths. Chlorophyll absorbs 660 nm light and, as a result, the reflectance of
that wavelength from the leaf is reduced compared to the reflected 840 nm light (light having a
wavelength of 840 nm is unaffected by leaf chlorophyll content and serves as an indication of
how much light is reflected). The NDVI value (—1 to 1) is calculated from the measured ambi-
ent and reflected light [(%Near Infrared — %Red) / (%Near Infrared + %Red)]. Readings are
taken by pressing a trigger that activates the targeting lasers and causes the measuring and calcu-
lating mechanism.

The test of reproducibility of SPAD-502 and FieldScout CM 1000 results were performed by
four operators working as close as possible regarding the time of day. Leaves from three tree fruit
species were used, grown in similar conditions. Readings from peach-tree [Prunus persica (L.)
Basch], plum-tree (Prunus domestica L.) and cherry-tree (Prunus cerasus L.) were used in this
test and the readings taken on 15 September 2015. To extend the range of the response of the
devices there were used leaves of different greenness, from chlorotic to dark green. Three samples
of ten homogeneous leaves per group of greenness and species were used for measurement. The
readings were taken at half the length of the leaf and laterally between the midrib and the edge
of the leaf blade.

The FieldScout CM 1000 meter was tested on the light beam orientation in relation to leaf
surface. The test was carried out on dark green leaves of cherry-tree. Measurements were taken
from angles of incidence of the light beam with the leaf surface of 90° and 45° and also bending
the blade U-shaped with the concavity turned up. The latter position attempts to simulate natu-
ral curvatures that some leaves often present.

In the study of the relationship between the results of SPAD-502, FieldScout CM 1000 and
leaf N concentration, leaves of different greenness from plum- and peach-tree were used.
Leaves of lemon-balm (Melissa officinalis L.) from a pot experiment, where the plant was sub-
jected to different N rates (0 to 200 kg N ha™') were also used to obtain a wider range of leaf
greenness. The aim was to create a situation of over-fertilization, which is better achieved by
growing an herbaceous plant in a pot experiment than by fertilizing trees in an orchard.

An apple orchard with four different varieties (Red Chief/M7, Granny Smith/M106, Fuji/Pajl,
Galaxy/EM9), managed in a similar manner regarding fertilization, crop protection and pruning
was used for the evaluation of leaf nutrient concentration and to perform SPAD and FieldScout
readings throughout the growing season. In this experiment, the youngest fully expanded leaves
of the current season’s growth were used for all measurements. Three replications per measure-
ment, which corresponded to the average of 30 readings in different leaves, were recorded per
variety and sampling date. The SPAD and FieldScout readings were taken in the middle part of
the leaf considering the length and the distance between the midrib and the edge of the leaf
blade. Leaves were collected for laboratory analysis and measurements carried out with SPAD
and FieldScout devices on three dates, 19 June, 20 July and 1 September 2015.

The samples collected for elemental analysis were oven-dried at 70°C and ground. Tissue anal-
yses were performed by Kjeldahl (N), colorimetry boron and phosphorus (B and P), flame emis-
sion spectrometry potassium (K) and atomic absorption spectrophotometry calcium and
magnesium (Ca and Mg) methods (Walinga et al. 1989).
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The relationship between the measured variables was subjected to analysis of variance. When a
significant correlation was found (p < .05), the coefficients of determinations were also estimated.

Results
Reproducibility of SPAD readings and FieldScout NDVI between different operators

When chlorotic, pale green and dark green leaves were included in the same sample population,
the readings obtained by the different operators with the SPAD-502 or the FieldScout CM 1000
NDVI showed significant linear relationships and values of regression coefficients close to 1
(Figure la and b). When only dark green leaves were used, the SPAD readings of the different
operators still displayed a significant linear relationship although with a lower coefficient of
determination (Figure 1c). Using only dark green leaves, the FieldScout NDVI of the different
operators did not show a significant linear relationship (Figure 1d).

Position of leaf blade in relation to the FieldScout CM 1000 meter light beam

The angle by which the light beam of the FieldScout CM 1000 meter reached the leaf surface
influenced the result. The relationships between the readings taken from an angle of 90° with the
readings taken at 45° or with leaves curved in U-shape, were linear with high coefficients of
determination (Figure 2a and b), but the regression coefficients were in all situations below 1.
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Figure 1. Reproducibility of SPAD-502 and FieldScout NDVI readings taken by three different operators (S, M and A) using a mixture of
leaf samples of peach- and plum-tree, considering chlorotic, pale green and dark green leaves (a, b), and taken by two operators
(Cand S) from cherry-tree using only dark green leaves (c, d).
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Figure 2. Relationships between FieldScout NDVI taken from different angles of the light beam with the leaf surface (45° and 90°) and
placing the leaf curved in U-shape with the concavity facing up, using cherry-tree leaves.

This means that light beam angles different from 90° underestimate the result obtained in this
position.

Relationship between SPAD readings and FieldScout NDVI

The relationship between SPAD readings and FieldScout DNVI values followed a saturation
curve, which means that FieldScout NDVI did not increase proportionally to SPAD readings as
the greenness of the leaves increased (Figure 3). For SPAD readings higher than 30, or NDVI
values higher than 0.7, the sensitivity of the FiledScout CM 1000 to the leaf greenness became
reduced.

Relationship between SPAD readings and FieldScout NDVI with leaf N concentration

Using samples from two different tree species, a specific species-pattern arises between leaf N
concentration and SPAD values and between leaf N concentration and NDVI (Figure 4). By
species, the relationship between leaf N concentration and SPAD values was linear, while the
relationship between leaf N concentration and NDVI showed a saturation curve, since NDVT val-
ues did not increase with the increase of leaf N concentration.
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Figure 3. Relationship between SPAD readings and FieldScout NDVI values from peach- (a) and cherry-tree (b) leaves.
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Figure 4. Relationships between leaf N concentration and SPAD readings and FieldScout NDVI values using chlorotic, pale green and
dark green leaves from plum- (a1, b1) and peach-tree (a2, b2).

When the relationship between leaf N concentration and SPAD readings included leaves of over-
fertilized plants, a saturation curve was also observed, since SPAD-readings increased at a lower rate
than the leaf N concentration (Figure 5).

Dynamic of leaf nutrient concentration, SPAD-readings and FieldScout NDVI over the growing
season

The measurements taken from four apple cultivars showed that the leaf N, K and P concentrations
tended to decrease throughout the growing season, although slightly dissimilar patterns have occurred
among cultivars (Figure 6a, b, and c). In the case of leaf Ca and Mg concentrations, there was a ten-
dency to increase, although the response has not been similar in all varieties (Figure 6d and e). Regard-
ing leaf B concentration, it seems that a slight increase has occurred followed by a slight decrease or
stabilization (Figure 6f). The SPAD-readings and NDVI values increased over the growing season,
although some differences among cultivars were recorded (Figure 7).

The attempt to establish relationships between the leaf nutrient concentrations and the SPAD read-
ings gave significant linear relationships with some cultivars but not with others (Figure 8). In the case
of N, K and P, when a significant linear relationship was found, the slope was negative since leaf
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Figure 5. Relationship between leaf N concentration and SPAD readings in leaf samples taken from a fertilization trial with different
N rates of lemon balm.
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Figure 6. Leaf nutrient concentrations in four commercial apple varieties from samples collected during the growing season of 2015.
The vertical bars represent the mean standard deviation.

nutrient concentrations evolved in a different way to SPAD readings (Figures 6 and 7). When signifi-
cant linear relationships between the leaf Ca, Mg and B concentrations and SPAD-readings were
found, these relationships are positive since the variables evolved in the same direction during the
growing season, as shown in Figures 6 and 7.

Discussion

No problems of reproducibility were detected when the FieldScout CM 1000 was used by different
operators, likely due, at least in part, to the previous standardization of the reading process, which
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Figure 7. SPAD readings and FieldScout NDVI values in four commercial apple varieties from samples collected during the growing
season of 2015. The vertical bars represent the mean standard deviation.
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Figure 8. Relationships between leaf nutrient concentrations and SPAD readings from leaf samples of four apple varieties taken in
three sampling dates over the growing season (June 19, July 20, September 01).

consisted of using the same leaves by all operators and taking the readings in the same position in the
leaf. The lack of linearity between the readings of different operators when only dark green leaves were
used (Figure 1d), cannot be attributed to an operator effect but rather to the loss of sensibility of
FieldScout CM 1,000 meter when operating with dark green leaves.

The orientation of the light beam at 45° relative to the leaf surface, or taking the readings with the
leaf in a U-shape position, gave both positive linear relationships with the readings taken perpendicu-
larly to the leaf surface. However, the readings were underestimated in both positions different to 90°,
producing regression coefficients lower than 1 (Figure 2). Thus, the angle of incidence of the light
beam in the leaves should also be standardized to gather data with the FieldScout CM 1000 NDVI
meter.

The relationship between the SPAD-readings and FieldScout NDVI showed a saturation curve
for NDVI values, i.e., in the conditions of this experiment, the FieldScout NDVI seemed to lose
sensitivity as the leaf greenness increased, particularly to SPAD-values up to 30 and NDVI values
up to 0.7. Above those values the rate of increase of NDVI values was lower than that of SPAD
readings (Figure 3a, 3b and 4b). In turn, SPAD readings also saturated for over-fertilization con-
ditions in a relationship with leaf N concentration (Figure 5). On the other hand, a linear rela-
tionship between leaf N concentration and NDVI values was only achieved when deeply
chlorotic leaves were included in the sampled population. When using dark green leaves, there
was no relationship between leaf N and NDVI values. The failure of chlorophyll sensors to dis-
tinguish within the range of over-fertilized plants has been observed since the early studies with
SPAD-502 chlorophyll meter (Schepers et al. 1992; Blackmer and Schepers, 1994). Since then,
the results have varied between obtaining significant linear relationships between SPAD-readings
and leaf N concentrations (Uchino et al. 2013; Mahajan et al. 2014; Basyouni, Dunn, and Goad
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2015) and their absence (Sibley et al. 1996; Bullock and Anderson, 1998; Hardin et al. 2012).
This discrepancy in results might be due to differences in the nutritional status of the plants in
each of the experiments in which the device was used.

In the study, where chlorotic, green pale, dark green leaves and two species, peach- and
plum-tree, were joined, linear relationships were found between SPAD-readings and leaf N con-
centrations, although each species displayed a different-pattern linear relationship (Figure 4a). It
should be noted that leaf N concentration was evaluated per unit of mass (dry weight basis),
whereas SPAD-readings reflect the chlorophyll content per unit of leaf area, which makes the
relationship between the two variables sensitive to the thickness of the leaf and other aspects
that affect the chloroplast arrangement in cells, as reported by Naus§ et al. (2010) working with
tobacco plants. Hardin et al. (2012) also reported distinct linear relationships for different culti-
vars of Pecan [Carya illinoinensis (Wangenh.) K. Koch]. Thus, it seems clear that different spe-
cies and cultivars need different standards or sufficiency ranges for SPAD-readings
interpretation as generally occurs with laboratory plant analysis. The relationship between
FieldScout NDVI and leaf N concentration showed also different patterns for different cultivars
(Figure 4b).

In apple, the concentration of N, P and K in the leaves decreased throughout the growing
season, in a very similar way among cultivars for N, but with different patterns among culti-
vars for P and K. The concentration of Ca and Mg in the leaves showed an increasing trend
during the growing season but with different patterns among cultivars. In the case of B, there
was an increase from June to July similar in all cultivars, followed by a slight decrease or sta-
bilization depending on the cultivar between July and September. SPAD-readings and FieldSc-
out NDVI recorded an increase during the growing season in all cultivars. This trend over the
growing season, whether negative or positive, depending on the nutrients, conditioned the rela-
tionship between leaf nutrient concentrations and SPAD-readings and FieldScout NDVI. Thus,
the relationships between leaf N, P and K concentrations and SPAD values tend to be linear
negative, while the relationships between leaves Ca, Mg and boron concentrations and SPAD
values tend to be linear positive. Previous work of Nielsen et al. (1995) had also shown that
different cultivars of apple displayed different leaf SPAD readings and leaf N concentrations
and the SPAD readings increased over the growing season, whereas leaf N concentrations
decreased. Our results and previous ones highlight the need to include the sampling date in
the standardization process in the use of SPAD and also the FieldScout NDVI meters, as well
as the need to set sufficiency indices by cultivar. It seems also possible to establish significant
relationships between SPAD readings and leaf concentrations of other nutrients as previously
found by Porro et al. (2001) in apple for N, Ca, K and Mg and in grapevine for N and P.

Conclusions

SPAD-502 and FieldScout CM 1000 meters showed high reproducibility of results among differ-
ent operators if the reading process was properly standardized. SPAD readings were related to
the leaf N if the sample population did not contain leaves from heavily-fertilized plants. Thus,
SPAD readings may be a viable option to diagnose plant N nutritional status in cropping sys-
tems, where high rates of N are not applied (such as organic farming, and systems, where N is
split into multiple applications over the growing season, etc.). The FieldScout CM 1000 NDVI
meter showed obvious limitations, being of little use in diagnosing plant N nutritional status by
using the meter to capture data directly from individual leaves, since it was only able to provide
linear relationships with leaf N concentration for very low levels of leaf greenness. In orchards,
where it is not feasible to use well-fertilized reference strips to calculate relative SPAD-readings,
the critical concentrations should be established by cultivar and phenological stage. Although
there has been a little work on the relationship between SPAD readings and other nutrients
besides N, it appears to be possible, which may increase the usefulness of the device in the diag-
nosis of the nutritional status of orchards.
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