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Summary. Commercial optical chlorophyll meters estimate relative chlorophyll
content using the ratio of transmitted red light and near-infrared (NIR) light
emitted from a red light-emitting diode (LED) and an NIR LED. Normalized
difference vegetation index (NDVI) sensors have red and NIR light detectors and
may be used to estimate chlorophyll content by detecting the transmitted red and
NIR light through leaves. In this study, leaf chlorophyll content of ‘Torrey’
buffaloberry (Shepherdia X utahensis) plants treated with 0 mMm [zero nitrogen
(N)], 2 mm (medium N), or 4 mm (ample N) ammonium nitrate for 3 weeks
were evaluated using two commercial chlorophyll meters and NDVT sensors. The
absolute chlorophyll content was determined using chlorophyll extraction. Our
results showed that plants receiving ample N and medium N had decreased
transmitted red light (i.e., greater absorption in red light). Measurements of
optical chlorophyll meters, NDVI sensors, and chlorophyll extraction similarly
showed that plants receiving medium N and ample N had greater leaf chlorophyll
content than those receiving zero N. Relative leaf chlorophyll content estimated
using NDVT sensors correlated positively with those from the chlorophyll meters
(P < 0.0001; #° range, 0.56-0.82). Therefore, our results indicate that NDVI
measurements are sensitive to leaf chlorophyll content. These NDVI sensors, or
specialized sensors developed using similar principles, can be used to estimate the
relative chlorophyll content of nursery crops and help growers adjust fertilization
to improve plant growth and nutrient status.

caf chlorophyll content is an im-

I portant index for plant N status,
photosynthesis  capacity, and
stress tolerance (Taiz et al., 2015). Itis
common to estimate leaf chlorophyll
content using nondestructive optical
chlorophyll meters (Ferrarezi et al.,
2020; Neilsen et al., 1995). Relative
chlorophyll content is estimated using
the ratio of transmitted red light and
NIR light emitted by a red and an
NIR LED, respectively, through a leaf
(Monje and Bugbee, 1992). Transmit-
ted red light through a leaf is related
inversely to the chlorophyll content
because chlorophylls absorb red light
efficiently (Taiz et al., 2015). Con-
versely, chlorophylls absorb little NIR
light, thus NIR light can be used as a
reference for a nonchlorophyll absorp-
tion spectrum (Monje and Bugbee,
1992). The SPAD-502 chlorophyll me-
ter developed by Konica Minolta (To-
kyo, Japan) is commercially available to
estimate relative chlorophyll content.
Recently, multiple chlorophyll meters
such as the CL-01 chlorophyll content
meter (Hansatech Instruments, Hitchin,

UK), the Dualex leafclip sensor (Force-
A, Paris, France), and the MC-100
chlorophyll meter (Apogee Instruments,
Logan, UT) have been developed fol-
lowing a similar protocol (Kalaji et al.,
2017).

Optical chlorophyll meters are
simple, quick, and nondestructive tools
for determining chlorophyll content
(Parry et al., 2014), but efforts have
been made to develop alternative op-
tions because of their high prices
(Richardson et al., 2002; Vesali et al.,
2015; Yang et al., 2003). NDVI sen-
sors equipped with red and NIR light

sensing to estimate vegetation cover-
age (Wang et al., 2012). NDVI sen-
sors are sensitive to the red and NIR
light of solar radiation and may be
used to estimate leaf chlorophyll con-
tent through determining transmitted
red and NIR light to help growers ad-
just fertilization.

In our study, an NDVI sensor
(52-412-SS, Apogee Instruments) and
two commercial chlorophyll meters
(MC-100 and SPAD-502) were used
to measure leaf chlorophyll content of
“Torrey’ buftaloberry (Shepherdia X
utahensis). Chlorophyll extraction was
also conducted to assess the accuracy of
estimating leaf chlorophyll content us-
ing NDVI sensors. Because sunlight
varies greatly depending on weather
and seasonality, one concern about us-
ing NDVI sensors to estimate chloro-
phyll content is if changes in solar
radiation affect the chlorophyll content
measurements. The impacts of sun-
light and electric light source (e.g.,
halogen) on NDVI measurements
were compared.

Materials and methods

PLANT MATERIALS AND TREAT-
MENTS. On 22 Mar. 2019, terminal
cuttings of buffaloberry were collected
from the Utah State University
(USU) Greenville Research Farm
(North Logan, UT). The cuttings
were propagated following the proto-
col of Chen et al. (2020). On 10
June, buffaloberry rooted cuttings
were transplanted into 1-gal injection-
molded  polypropylene  containers
(PC1D-4; Nursery Supplies, Orange,
CA) filled with a soilless substrate (Met-
ro-Mix 820; Sun Gro Horticulture, Ag-
awam, MA). Plants were irrigated with
tap water (pH, 7.89) before the experi-
ment. All plants were grown in the
USU Research Greenhouse (Logan,
UT) at a temperature of 25/20°C

detectors are mostly used in remote  day/night. Light intensities were
Units
To convert U.S. to SI, To convert Sito U.S.,
multiply by U.S unit Sl unit multiply by
29.5735 fl oz mL 0.0338
0.3048 ft m 3.2808
3.7854 gal L 0.2642
2.54 inch(es) cm 0.3937
25.4 inch(es) mm 0.0394
645.1600 inch mm?> 0.0016
305.1517 oz/ft? gm?> 0.0033
10.7639 W/t W-m~2 0.0929
(°F—32)+ 1.8 °F °C (°C x 1.8) + 32
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recorded hourly using a heated silicon
chip pyranometer (SP-230, Apogee
Instruments) mounted to a weather
station at the Greenville Research
Farm, about 1000 m away from the
greenhouse. A light transmission rate
of 68% was used when calculating the
daily light integral (DLI) inside the
greenhouse, and the DLI was 16.8 +
2.5 mol-m2-d” (mean = sp) during
the experiment. Supplemental light
was provided using 1000-W high-pres-
sure sodium lamps (Hydrofarm, Peta-
luma, CA) from 0600 to 2200 HR.
Lamps were turned on at an average
intensity of 130 + 18 pumol-m2-s*
(mean + sp) at the plant canopy level
when the greenhouse light intensity
was less than 544 pmol-m2-s".

On 24 Oct., 15 uniform plants
were sorted into three groups. Rela-
tive leaf chlorophyll content was
similar among the three groups, as
confirmed using a SPAD-502 chlo-
rophyll meter. From 24 Oct. to 20
Nov., 1 L N-free Utah Monocot/
Dicot solution (Bugbee, 2004 ) with
0 mM (zero N), 2 mMm (medium N),
or 4 mMm (ample N) added ammoni-
um nitrate (NH4NO3z) at pH 7.5
was applied manually every other
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day to each plant in its correspond-
ing treatment.

UNIFORMITY OF LEAF CHLORO-
PHYLL. Before the N treatment, leaf
chlorophyll content of buftaloberry
was measured using an MC-100 chlo-
rophyll meter. Fifteen mature leaves
were sampled randomly from 15 buffa-
loberry plants. Ten measurements
were recorded on each leaf, and the
mean value was calculated. The cv (sp
+ mean) was computed according to
Parry et al. (2014) to study the unifor-
mity of chlorophyll within a single leaf.

TRANSMISSION OF RED AND NIR
LIGHT. On 16 Nov., incident red and
NIR light from solar radiation, and
transmitted red and NIR light from
leaves of buffaloberry were recorded us-
ing NDVI sensors in an open field near
the USU Research Greenhouse (lat.
41°45'28"N,long. 111°48'47"W) from
1321 to 1536 Hr. All plants were moved
from the greenhouse to the field, and five
leaves were sampled from three random-
ly chosen plants in each treatment. After-
ward, all plants were moved to a
darkroom at the USU Research Green-
house, and measurements were taken in
the darkroom with two 500-W halogen
lights (PQS45; Regent Lighting, Basel,
Switzerland). The distance from the hal-
ogen lights to the NDVI sensor was 84
cm. A downward-looking NDVI sensor
was placed on the abaxial surface of a leaf
to record the transmitted red and NIR
light levels. The incident red and NIR
light levels were recorded using a sensor
of hemispherical 180° view (52-411-SS,
Apogee Instruments). Transmission (per-
centage) of red and NIR light was

60

calculated using the fraction between
transmitted light and incidentirradia-
tion. The relative chlorophyll content
(Chlnpvi) was estimated using the
transmitted red and NIR light from
the halogen lights or solar radiation
using the following equation:

CthDVI =1In

Percent transmission of NIR light
Percent transmission of red light

The NDVI sensors (output mea-
sured in watts per square meter) were
measured using a datalogger (CR1000X;
Campbell Scientific, Logan, UT). Meas-
urements of soil plant analysis develop-
ment (SPAD) and chlorophyll content
index (CCI) were made with the SPAD-
502 chlorophyll meter and MC-100
chlorophyll meter, respectively, on the
same leaves used for Chlypyr measure-
ments under solar radiation and halogen
lights.

CHLOROPHYLL EXTRACTION. Chlo-
rophyll extraction was conducted on
20 Nov. following the protocol for
determining absolute chlorophyll
concentration (Parry et al., 2014).
Three leaves of each plant were
sampled from the top one-third or
the bottom one-third of the main
shoot. A disk from each leaf was
sampled using a #5 cork borer with
an area of 78.5 mm?. Three leaf
disks sampled from the same shoot
position and the same plant were
placed in a vial with 5 mL 99.7% di-
methyl sulfoxide (DMSO) (Fisher
Scientific, Hampton, NH) and in-
cubated in water at 65°C for 2 h.

30 -

20

Individual CCI measurement

L 1 1

30 40 50 60

Mean CCI of 10 measurements

Fig. 1. Uniformity of chlorophyll. Ten chlorophyll content index (CCI)
measurements were made on each of 15 leaves sampled from 15 buffaloberry
plants. The mean cv (sb/mean) was 11% for chlorophyll content measurements.
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All leaf disks became transparent af-
ter all chlorophylls were extracted
in the solution. A 3-mL aliquot was
transferred to an optical-grade anal-
ysis cell for measuring light absor-
bance at 649.1 and 665.1 nm
(Wellburn, 1994) using a spectro-
photometer  (ultraviolet-2401PC;
Shimadzu Corp., Kyoto, Japan)
with a resolution of 0.1 nm. Chlo-
rophyll a and b concentrations were
calculated using the equation for
DMSO and for 0.1- to 0.5-nm
spectral  resolution  (Wellburn,
1994). In addition, the chlorophyll
a and b concentrations for the top
and bottom of the main shoot were
averaged.

An analysis of variance was per-
formed to test the effects of NH4NO;z
on leaf chlorophyll content. Mean sepa-
ration among treatments was adjusted
using the Tukey-Kramer method for
multiplicity at o = 0.05. Regression

Ample N

analyses were conducted for relative
chlorophyll contents measured using op-
tical meters and NDVI sensors. All sta-
tistical analyses were performed using
the PROC Mixed procedure in SAS
Studio 3.8 (SAS Institute, Cary, NC).

Results

VARIATION OF CHLOROPHYLL DIS-
TRIBUTION. Chlorophyll distributed uni-
formly within a single leaf of buffaloberry
with a typical leaf length of 39.3 mm
and width of 24.5 mm (Fig. 1). The cv
for chlorophyll distribution among 15
buffaloberry leaves ranged from 4% to
16%, with a mean value of 11%.

CHLOROPHYLL CONTENT DETER-
MINED BY OPTICAL METERS AND CHLO-
ROPHYLL EXTRACTION. Plants showed
different visual quality at the terminat-
ion of the experiment (Fig. 2), with
very few yellow leaves on plants re-
ceiving medium N and ample N, but

Medium N

Fig. 2. Buffaloberry plants treated with nitrogen (N)-free Utah Monocot/Dicot
solution (Bugbee, 2004) with 0 mm (zero N), 2 mM (medium N), or 4 mm (ample
N) added ammonium nitrate for 3 weeks (photo was taken 20 Nov. 2019).

more than 50% of leaves on plants
treated with zero N were yellow. Leaf
chlorophyll content estimated using
the SPAD-502 meter was greater for
plants treated with ample N and me-
dium N compared with plants treated
with zero N (Table 1). Similar results
were recorded using an MC-100
chlorophyll meter (Table 1).

For plants receiving ample N or
medium N, both chlorophyll a and b
concentrations of leaves at the top of the
main shoot were similar to those at the
bottom of the main shoot (Table 2).
However, when plants were irrigated
with zero N, chlorophyll a and b con-
centrations were greater in leaves at the
top of main shoot than those at the bot-
tom. When averaged for leaves at the
top and bottom of the main shoot, chlo-
rophyll a and b concentrations were, re-
spectively, 0.26 and 0.1 g-m™ for plants
treated with ample N, 0.25 and 0.1
g:m > for plants receivinzg medium N,
and 0.13 and 0.06 g-m™ for plants re-
ceiving zero N.

TRANSMISSION RED AND NIR
LIGHT. The red and NIR light intensi-
ties under halogen lights were 0.22 +
0.01 and 0.19 + 0.01 W-m™ (mean +
sD), respectively (Fig. 3). The red light
intensity transmitted through leaves
of plants treated with zero N was
greater than that from plants treated
with ample N or medium N (Table
3). Negative correlations were found
between transmitted red light and
readings using the SPAD-502 chloro-
phyll meter (P < 0.0001, #* = 0.53)
and the MC-100 chlorophyll meter
(P < 0.0001, »* = 0.44) (Fig. 4). On
the other hand, N treatment had no ef-
fect on NIR light intensity transmitted

Table 1. Relative chlorophyll content measured with a SPAD-502 chlorophyll meter (Konica Minolta, Tokyo, Japan), MC-
100 chlorophyll meter (Apogee Instruments, Logan, UT), and normalized difference vegetation index (NDVI) sensors
(Apogee Instruments) under halogen lights or solar radiation. Buffaloberry plants were treated with nitrogen (N)-free
Utah Monocot/Dicot solution (Bugbee, 2004) with 0 mMm (zero N), 2 mm (medium N), or 4 mm (ample N) added ammo-
nium nitrate (NH4NO3). The relative chlorophyll content estimated using NDVI sensors (Chlxpyy) is the natural loga-
rithm of the ratio of transmitted red light (RED) and near-IR (RED) [Chlnpvr = In (percent transmission of NIR/percent

transmission of RED)].

Relative chlorophyll content

Light condition Instrument Output Ample N Medium N Zero N

Halogen lights SPAD-502 meter SPAD reading 57.61 a* 56.00 a 3395 b
MC-100 meter chlorophyll content index 56.51 a 60.83 a 22.78 b
NDVI sensors Chlypvr 2.11a 224 a 1.68 b

Solar radiation SPAD-502 meter SPAD reading 52.29 a 56.23 a 30.74 b
MC-100 meter chlorophyll content index 43.87 a 57.18 a 16.66 b
NDVI sensors Chlxpvr 2.82a 281 a 1.56 b

“Means within each row with the same letters are similar at P > 0.05 using the Tukey-Kramer method.
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Table 2. Absolute leaf chlorophyll a and b contents of buffaloberry treated with
nitrogen (N)-free Utah Monocot/Dicot solution (Bugbee, 2004) with 0 mm
(zero N), 2 mm (medium N), or 4 mm (ample N) added ammonium nitrate
(NH4NO3). Three leaves were sampled from the top (1/3 main shoot) or bot-
tom (1/3 main shoot) of each main shoot for determining leaf chlorophyll con-
tent. The chlorophyll contents sampled from the top and bottom of main shoot
were averaged.

Chlorophyll concn (g-m2)*

Ample N Medium N Zero N
Top Bottom Top Bottom  Top  Bottom
Leaf Chlorophylla 0.23 ab¥ 0.29a 025ab 024ab 0.18b 0.07c¢
Chlorophyll b 0.10 a 0.10 a 0.09 a 0.09 a 0.08a 0.04b
Avg  Chlorophyll a 0.26 a 0.25a 0.13 b
Chlorophyll b 0.1a 0.1a 0.06 b

“1 gm™2 = 0.0033 oz/ft>.
YMeans within each row with the same letters are similar at P > 0.05 using the Tukey-Kramer method.
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Fig. 3. Incident red light and near-infrared light (NIR) of halogen lights and
sunlight with their mean and sp. Two 500-W halogen lights (PQS45; Regent
Lighting, Basel, Switzerland) in a darkroom at the Utah State University (USU)
research greenhouse were measured using an upward-looking normalized
difference vegetation index sensor (S2-411-SS; Apogee Instruments, Logan, UT)
that was placed 84 cm (33.1 inches) from the lights. Incident red and NIR of
sunlight were recorded from 1321 to 1536 HR on 16 Nov. 2019 in an open field
of the USU research greenhouse (lat. 41°45'28"N, long. 111°48'47"W).

1 W-m™2 = 0.0929 W /ft>.

through leaves (Table 3). No correla-
tion was found between transmitted
NIR light and readings using the SPAD-
502 chlorophyll meter or the MC-100
chlorophyll meter when using halogen
lights (Fig. 5). Chlypyy of plants treated
with ample N or medium N was greater
than that treated with zero N (Table 1).
There were positive correlations be-
tween Chlypyr and readings of the
SPAD-502 chlorophyll meter (P <
0.0001, #* = 0.65) and the MC-100
chlorophyll meter (P < 0.0001, # =
0.56) (Fig.6).

4o0f7

Incident red and NIR light was
0.64 + 0.20 W-m™ and 0.48 = 0.16
W-m2, respectively, in sunlight during
our measurements (Fig. 3). Transmit-
ted red light correlated negatively
with readings of the SPAD-502
chlorophyll meter (P < 0.0001, 7% =
0.74) and the MC-100 chlorophyll
meter (P < 0.0001, »* = 0.51) (Fig.
4). In addition, transmitted NIR light
was less in the zero N treatment than in
the ample N treatment (Table 3). A pos-
itive correlation was found between
transmitted NIR light and SPAD

readings [P = 0.04 (Fig. 5)], but not
with CCI. In addition, Chlxpyr in the
ample N and medium N treatments
was greater than that in the zero N
treatment  (Table 1). Moreover,
Chlxpyr  values  correlated  positively
with readings from the SPAD-502
chlorophyll meter (P < 0.0001, /# =
0.82) and the MC-100 chlorophyll me-
ter (P < 0.0001, »* = 0.70) (Fig. 6).

Discussion

Measurements of chlorophyll
content with NDVI sensors can be
made under sunlight or electric lamps
that emit red and NIR light. The chal-
lenge of estimating chlorophyll levels
by the transmitted red and NIR light
from sunlight is the sensitivity of red
and NIR light detectors to changes in
ambient red and NIR light. Although
halogen lights contain a large amount
of NIR light, the NIR light level of
halogen lights was still 60% less than
that in sunlight in our study (Fig. 3).
Fortunately, the NDVI sensor used in
our study was sensitive to low signals
and could detect the transmitted red
and NIR light accurately. Leaves from
plants receiving ample N and medium
N, which had no chlorosis and greater
chlorophyll content, showed lower
percent transmission of red light. Al-
though most optical chlorophyll meters
estimate chlorophyll content using
dual-wavelength red and NIR light de-
tectors, single-wavelength sensors have
also been developed to estimate chloro-
phyll content by transmitted red light
(Monje and Bugbee, 1992).

Leaves of buffaloberry treated
with zero N had a lower transmitted
NIR light than those with ample N
(Table 3). This indicates that leaves
from plants with zero N absorbed or
reflected more NIR light than the
plants fertilized with N. Leaves of buf-
faloberry are covered with trichomes
(Sriladda et al., 2016), and the tri-
chome density might increase at a
lower N treatment, leading to greater
absorbance and reflectance of NIR
light. In addition to chlorophyll, oth-
er plant pigments and structures can
affect red absorption and thus inter-
fere with measurements of chlorophyll
indices that are solely based on trans-
mitted red light. Therefore, transmit-
ted NIR light is used as a reference
wavelength in dual-wavelength meas-
urements to correct the effects of non-
chlorophyll absorbance (Monje and
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Table 3. Transmitted red and near-infrared (NIR) light (percent) measured with
normalized difference vegetation index sensors (Apogee Instruments, Logan,
UT) under halogen lights or solar radiation. Buffaloberry plants were treated
with nitrogen (N)-free Utah Monocot/Dicot solution (Bugbee, 2004) with 0 mm
(zeroN), 2 mm (medium N), or 4 mm (ample N) added ammonium nitrate (NH,NO3).

Transmitted light (%)

Light condition Output Ample N Medium N Zero N
Halogen lights Red 1.23 b* 1.26 b 2.03 a
NIR 10.21 a 11.49 a 10.06 a
Solar radiation Red 0.83 b 0.80 b 273 a
NIR 13.65 a 12.21 ab 1043 b

“Means within each row with the same letters are similar at P > 0.05 using the Tukey-Kramer method.

3 Halogen lights Halogen lights
5 o a
2 4
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g1 & OBRmMA@ ACA B OAD®-A_@®
=1
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g ¢ L0 Sunlight 9 Sunlight
25 o ‘O
T 4 1% -
T 3 iy <0. 2=, I
£ ’ :FIE ‘ELE!P el L @“J? P <0.0001, +*=0.51
i4 = & e
£ oa"~ =
= ~ ~
£ s %, Py 0@ ogmtidws,

5 &

0 20 40 60 0 20 40 60 80 100 120

SPAD reading

Chlorophyll content index

Fig. 4. Correlation between transmitted red light (percent) measured using
normalized difference vegetation index sensors (Apogee Instruments, Logan, UT)
and readings from a SPAD-502 chlorophyll meter (Konica Minolta, Tokyo, Japan)
(SPAD reading) or the chlorophyll content index from an MC-100 chlorophyll
meter (Apogee Instruments) under halogen light or sunlight. Measurements were
recorded on leaves from buffaloberry plants treated with nitrogen (N)-free Utah
Monocot/Dicot solution (Bugbee, 2004) with 0 mm (zero N), 2 mm (medium N),
or 4 mM (ample N) added ammonium nitrate for 3 weeks.

Bugbee, 1992). In our study, a signif-
icant positive correlation was found
between Chlnpy; and readings of op-
tical chlorophyll meters under either
solar radiation or halogen lights (Fig.
6), which indicates that the Chlypyr
measured with NDVI sensors can pro-
vide a reliable estimate of leaf chloro-
phyll content under sunlight and
electric light that contain red and
NIR light. The correlation between
Chlypyr, and SPAD and CCI was
stronger under sunlight (all »* >
0.70) than under halogen lights (+* =
0.65 and 0.56). This might be associ-
ated with the fact that sunlight during
our measurement had greater levels of

red and NIR radiation. Nevertheless,
compared with the optical chlorophyll
content meters containing built-in
LEDs that provide constant red and
NIR radiation, a limitation of using
NDVI sensors to evaluate chloro-
phyll content might be that the sen-
sitivity is proportional to incident
red and NIR light intensities. Under
most circumstances, sunlight is easi-
ly accessible and provides high
amounts of red and NIR light for
reliable measurements.

Another concern when using chlo-
rophyll meters to estimate leaf chloro-
phyll content is the measurement area.
Larger measurement areas provide a

Horllichuology - https://doi.org/10.21273 /HORTTECH04808-21

larger spatial average, but it is difficult
to make measurements on plants with
narrow leaf blades (Parry et al., 2014).
For instance, chlorophyll content meas-
urements are difficult to make using a
chlorophyll meter on turfgrasses with
narrow leaves (Rodriguez and Miller,
2000). Thus, requiring a larger mea-
surement area restricts measurements to
species with relatively broad leaves. The
measurement area of an MC-100 chlo-
rophyll meter is 63 mm? and the
SPAD-502 is 6 mm?. The narrow field
of view of the NDVI sensors allows
them to make reliable measurements in
species with small leaf areas.

Measurements using the SPAD-
502, MC-100,and the NDVI sensor on
the same leaf were comparable because
chlorophyll distribution was uniform in
the leaves of buffaloberry. Nonuniform-
ity of chlorophyll in leaves may lead to
variations in chlorophyll content meas-
urements as transmission decreases at
higher chlorophyll concentrations but
increases at lower chlorophyll concen-
trations (Parry et al., 2014). Therefore,
uniform leaf chlorophyll distribution is
important for comparing different
methods of chlorophyll measurements
(Monje and Bugbee, 1992). For buffa-
loberry, the cv of chlorophyll distribu-
tion was 11%. Therefore, with uniform
chlorophyll distribution, the measure-
ments recorded on the same leaves with
different meters and the NDVTI sensor
were comparable. As a result of signifi-
cant positive correlations found be-
tween measurements using the NDVI
sensor and the chlorophyll meters,
NDVI sensors can be used to estimate
relative chlorophyll content. In addi-
tion, NDVI sensors (or a specialized
chlorophyll content sensor developed
using a similar technique) can be con-
nected to automated data-logging
devices and thus could potentially be
used to monitor leaf chlorophyll sta-
tus continuously.

Sensors with red light/far-red
light detection are becoming widely
used (Kusuma and Bugbee, 2021).
With the addition of a micro data log-
ger (microCache, Apogee Instru-
ments) featuring wireless connection
to mobile devices, these sensors are
easier to use. Because our research
proved the concept that chlorophyll
content can be estimated using an
NDVI sensor, researchers can create a
sensor with red and NIR light detec-
tion, allowing growers to estimate
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Fig. 5. Correlation between transmitted near-infrared light (NIR) (percent)
measured using normalized difference vegetation index sensors (Apogee
Instruments, Logan, UT) and readings from a SPAD-502 chlorophyll meter
(Konica Minolta, Tokyo, Japan) (SPAD reading) or the chlorophyll content index
from an MC-100 chlorophyll meter (Apogee Instruments) under halogen light or
sunlight. Measurements were recorded on leaves from buffaloberry plants treated
with nitrogen (N)-free Utah Monocot/Dicot solution (Bugbee, 2004) with 0 mm
(zero N), 2 mM (medium N), or 4 mMm (ample N) added ammonium nitrate for 3
weeks.
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Fig. 6. Correlation between relative chlorophyll content estimated with
normalized difference vegetation index (Chlypy1) sensors (Apogee Instruments,
Logan, UT)] and readings from a SPAD-502 chlorophyll meter (Konica
Minolta, Tokyo, Japan) (SPAD reading) or the chlorophyll content index from
an MC-100 chlorophyll meter (Apogee Instruments) under halogen light or
sunlight. Measurements were recorded on leaves from buffaloberry plants
treated with nitrogen (N)-free Utah Monocot/Dicot solution (Bugbee, 2004)
with 0 mMm (zero N), 2 mm (medium N), or 4 mm (ample N) added ammonium
nitrate for 3 weeks.
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chlorophyll content to improve plant
growth and nutrient status in green-
house production.

Conclusion

Sensors with dual detectors, such as
NDVI sensors, are widely used in re-
mote-sensing and controlled environ-
mental studies. Our research showed
that transmitted red light or Chlxpyr
(calculated based on the ratio of trans-
mitted NIR and red light) recorded by
the NDVI sensor could be used to de-
tect the difference in leaf chlorophyll
contents of buffaloberry under halogen
light and sunlight with consistent results
compared with SPAD and CCI meas-
urements. Therefore, a sensor with dual
detectors (red and NIR light) can pro-
vide a reliable, nondestructive method
for evaluating relative chlorophyll con-
tent. Also, the NDVI sensor used in this
study has a narrow measurement area
that is helpful for recording data on
plants with small leaves. Moreover, sun-
light can be used as a reliable and easily
accessible light source. Our research
proved the concept that a sensor that is
similar to the red/far-red light sensor
with red and NIR light detection could
be developed to help growers estimate
chlorophyll content and adjust fertilizer
applications to improve plant growth
and nutrient status.
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