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SUMMARY. Nitrogen (N) management in macadamia (Macadamia integrifolia)
orchards is an important concern for growers. Leaf tissue analysis is the accepted
method for determining N status in macadamia; however, this process is expensive
and time-consuming. The chlorophyll meter has been used in other crops to
estimate N status in plants through estimation of the amount of chlorophyll in leaf
tissue. The use of the chlorophyll meter in two macadamia cultivars (Kakea and
Kau) at two locations in Hawai’i (Kapa’au and Pahala) and five time periods (12
Apr. 2017, 13 June 2017, 15 June 2017, 18 Dec. 2017, and 20 Feb. 2018) was
assessed. Leaf samples were collected based on a tissue-sampling protocol, chloro-
phyll meter (SPAD) values were collected, and leaves were analyzed for total N
concentration. Data were analyzed statistically using linear regression. Leaf tissue N
concentration had a positive monotonic relationship to SPAD values for both
macadamia cultivars, both locations, and all sampling periods. The sampling period
of Apr. 2017 for ‘Kakea’ macadamia had the greatest R2 value for the linear
regression at 0.85. The Feb. 2018 sampling period had an R2 value for the
linear regression of 0.74. ‘Kau’ macadamia had the greatest R2 value for the linear
regression of 0.24 in the Dec. 2017 sampling period. The slopes of the two
macadamia cultivars for June 2017 were different from each other, suggesting that
N recommendations need to be customized for specific macadamia cultivars if
sampled in summer. The chlorophyll meter can be used for general estimation of
tissueN inmacadamia. Additional methods need to be considered and researched to
refine procedures for direct estimation of total N concentration when using the
chlorophyll meter.

M
anagement of N in macada-
mia orchards is of primary
concern for growers. Plant

N status is a factor that affects plant
vigor, yield, and quality of the mac-
adamia kernel. Accumulation of N
occurs in macadamia leaves dur-
ing the fall and winter periods
(Stephenson and Cull, 1986). Leaf
N declines in the spring during active
growth and flowering and is lowest
during late summer. Analysis of leaf
tissue for nutrient concentration is
the accepted method to assess the
nutritional status of macadamia crops
(Cooil et al., 1953; Guest, 1953; Hirae,
1976; Wallace, 1971). Optimal leaf

tissue N recommendations range
from 1.45% to 2% (Bittenbender
and Hirae, 1990) in Hawai’i and
from 1.4% to 1.5% in Australia
(Stephenson and Cull, 1986). Nagao
and Hirae (1992) reported a reduc-
tion in macadamia tree growth when
N leaf concentrations were less than
1.22% and is implicated in yield vari-
ability (Stephenson and Cull, 1986).
The current practice of collecting
leaf samples is time-consuming and
expensive for growers to adopt. The
current recommended selection crite-
ria are that: 1) the terminal bud of the
branch is not flushing, 2) the branch
tissue is woody directly up to the
terminal bud to ensure uniform ma-
turity, and 3) the apical meristem bud
is not swelling (Hirae, 1976). Selected
leaves are exposed to full sun, mature,
undamaged, and on the second node
from the terminal bud (Hirae, 1976).
Leaf selection criteria for tissue anal-
ysis are subjective and timing the
collection based on plant ontog-
eny could make collection even more
complicated (Nagao andHirae, 1992;

Stephenson et al., 1986). Leaf N
concentration fluctuates depending
on the maturity of the leaf, where N
is high in recently matured leaves
and is readily mobilized from the old-
est leaves during vegetative flushes
(Nagao and Hirae, 1992). There
are few diagnostic laboratories avail-
able to growers in Hawai’i, and these
are often several hours away, require
air freight, or have limited availabil-
ity, which could lead to less-accurate
results. As a result of the aforemen-
tioned reasons, only a small subset of
trees is selected for analysis, which
can lead to inaccurate recommen-
dations for the rest of the orchard.
Having an affordable and rapid
method to assess N levels on-site
would be a great benefit to macad-
amia growers.

Chlorophyll and other compo-
nents related to chlorophyll account
for �75% of leaf N (Loomis, 1997),
making chlorophyll a fairly accurate
indicator for N status in leaves.
The SPAD-502 Chlorophyll Meter
(Konica Minolta, Osaka, Japan) is a
portable, handheld device developed
to quickly and nondestructively mea-
sure foliar N. Chlorophyll meters
measure relative chlorophyll con-
centration. The SPAD-502 emits two
wavelength regions of light that peak
at 650 and 940 nm through the leaf
(Minolta Co., 1989). Chlorophyll ab-
sorbs light at 650 nm and reflects
light at 940 nm. The amount of
each wavelength that is transmitted
through the leaf is collected by a pho-
todiode in the meter and converted to
volts and subsequently valued. These
values are used in an equation to
form an empirical relationship by the
meter’s microprocessor. The reading
output (SPAD) is in an arbitrary unit
between 0 and 100 that is propor-
tional to the amount of chlorophyll.

The chlorophyll meter originally
was developed for measuring foliar N
in rice [Oryza sativa (Chubachi et al.,
1986)] and has been positively corre-
lated with destructive chlorophyll
measurements in rice, wheat (Triti-
cum aestivum), soybean (Glycine
max), and corn (Zea mays) (Ahmad
et al., 2012; Monje and Bugbee,
1992). Themeter’s use has since been
expanded to include research in hard-
wood and fruit trees (Chang and
Robinson, 2003; Hardin et al.,
2012; Neilsen et al., 1995; Netto
et al., 2005). A chlorophyll meter
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could be useful for assessing tissue N
levels in macadamia orchards, but
there has been no reported data cor-
relating SPAD values and leaf tissue N
for macadamia. The objective of this
study was to evaluate the relation-
ship between SPAD values obtained
on site to corresponding N tissue
analysis.

Materials and methods

TISSUE SAMPLING AND NUTRIENT

ANALYSIS. The materials selected for
this study were obtained from plants
at two private farms on Hawai’i
Island: Pahala (lat. 19�13#40.2$N,
long. 155�28#7.8$W) and Kapa’au (lat.
20�11#59.3$N, long. 155�46#9.2$W)
(Table 1). Sampling numbers differed
because this experiment was using
data collected on leaf samples from
another experiment (J. Mollinedo, R.
Gutierrez, A. Cho, M.G. Wright, and
R. Galanti, unpublished data) for the
13 June 2017 and 18 Dec. 2017
sampling periods. The 12 Apr. 2017
sampling period was a preliminary
sample to assess the potential of using
the chlorophyll meter as an assessment
tool for N. All samples were collected
as composite samples consisting of 15
leaves per sample from each tree, based
on current sampling protocols. The
chlorophyll meter was calibrated each
time before the data collection. Each
leaf was measured using the chloro-
phyll meter by placing the measur-
ing head onto the middle of the leaf
blade, adjacent to the leaf mid rib,
and then recording the SPAD value.
The leaf was then collected for de-
structive composite sampling. Leaves
were taken to Komohana Research
and Extension Center (Hilo, HI),
rinsed, air dried, and sent to Univer-
sity of Hawai’i at Manoa’s Agricul-
tural Diagnostic Service Center in
Honolulu. Total N was analyzed at
AgriculturalDiagnostic ServiceCenter
using a carbon/N analyzer (CN-2000;

LECO Corp., Saint Joseph, MI).
Data on leaf tissue iron (Fe) for the
13 June 2017 and 18 Dec. 2017
sampling periods for ‘Kau’ mac-
adamia were provided for this
study from another experiment (J.
Mollinedo, R. Gutierrez, A. Cho,
M.G. Wright, and R. Galanti, unpub-
lished data).

STATISTICAL ANALYSIS. All data
were subjected to analysis of vari-
ance (ANOVA) using JMP Pro (ver-
sion 13.1; SAS Institute, Cary, NC).
Linear regressions were fitted for
foliar N concentrations on SPAD
values. Linear regressions were fitted
for foliar Fe concentrations on SPAD
values. One-way analysis of covari-
ance with interaction simple slopes
test model was used to determine
differences between slopes.

Results and discussion

CULTIVAR KAKEA. For ‘Kakea’
macadamia, foliar N concentrations
ranged from 1.22% to 2.22% in Apr.
2017, from 0.25% to 1.96% in the
June 2017, from 0.88% to 1.93% in
the Feb. 2018 sampling period. Mean
N concentration was significantly
lower (P < 0.0001) in June (1.12%)
compared with the February (1.50%)
sampling period. Mean SPAD values
were significantly different between
sampling periods (P = 0.01). SPAD
values ranged from 50.4 to 54.3 in
Apr. 2017, from 41.7 to 57.5 in June
2017, and from 35.6 to 55.9 in Feb.
2018. Regression analyses indicated
a significant positivemonotonic linear
relationship between leaf N concen-
tration and SPAD values (P £
0.0001). Regression (R2) values for
the linear regression were greatest
for Feb. 2018 (Fig. 1). This R2 value
for the linear regression was the clos-
est to the regression values from the
preliminary samples collected in Apr.
2017 (Fig. 1). These high R2 values
indicate that the chlorophyll meter

may be a good tool to predict N tissue
concentration for ‘Kakea’ macadamia
during the late winter to early spring
period, which corresponds to the
current recommendation for sam-
pling times for leaf tissue N in mac-
adamia (Nagao and Hirae, 1992).
The June 2017 sampling period
(Fig. 1) had the lowest R2 value.
One-way ANOVA showed that the
slopes for the 15 June 2017 and
20 Feb. 2018 sampling periods for
‘Kakea’ macadamia were significantly
different (Table 2). This difference
between the slopes of the sampling
periods (Table 2) and the low R2

value for the June 2017 ‘Kakea’ mac-
adamia linear regression (Fig. 1) in-
dicated that use of a SPAD meter to
determine tissue N concentrations
might not be representative for June
sampling periods in Hawai’i. Seasonal
differences in prediction of N con-
centration from SPAD values also
were seen in cottonwood (Populus
deltoides) and benjamin fig (Ficus
benjamina) (Loh et al., 2002) as well
as apple [Malus ·domestica (Neilsen
et al., 1995)]. Changes in the chlo-
rophyll meter’s response based on
seasonality may be related to rhyth-
mic vegetative growth patterns. Mac-
adamia leaf tissue N concentration is
low and variable during the summer
months (Nagao and Hirae, 1992).
Seasonal source–sink relationships
between vegetative and reproductive
growth also influence leaf N status;
for example, developing fruits during
the summer act as an N sink (Fletcher
et al., 2009). While it is known that
increasing N supply increases chlo-
rophyll concentration and activity
(Cheng and Fuchigami, 2000), Prsa
et al. (2007) found that chlorophyll
concentration did not follow the
same patterns as leaf tissue N concen-
tration in apple leaves over the grow-
ing season. For example, as leaf tissue
N concentration decreased, chloro-
phyll a content increased. This find-
ing suggests that sampling time also
plays a role in the relationship be-
tween leaf tissue N and chlorophyll
and thus the ability of SPAD to
estimate leaf tissue N.

CULTIVAR KAU. For ‘Kau’ mac-
adamia, foliar N concentrations
ranged from 1.25% to 2.85% for June
2017 and from 0.94% to 1.91% for
Dec. 2017. Mean N concentration
was significantly greater (P < 0.0001)
in June (1.98%) compared with the

Table 1. Sampling period, location, cultivar, and number of samples for
macadamia trees sampled for SPAD values using a chlorophyll meter and foliar
nitrogen in two locations on Hawai’i Island.

Sampling period Location Cultivar Samples (no.)

12 Apr. 2017 Kap’au Kakea 8
13 June 2017 Kap’au Kakea 50
15 June 2017 Pahala Kau 31
18 Dec. 2017 Pahala Kau 16
20 Feb. 2018 Kap’au Kakea 50
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December (1.41%) sampling. This pat-
tern of lower range of N concentration
in December compared with June was
similar in ‘Kakea’ macadamia. Mean

SPAD values were not significantly
different between sampling periods
(P = 0.16). SPAD values ranged from
44.5 to 59.1 for June and from 45 to

55.1 for December. The R2 value for
the linear regression for ‘Kau’ macad-
amia June sampling (Fig. 2) was rela-
tively close to the R2 value for
December sampling (Fig. 2). The
slopes of the linear regressions were
compared with each other (Table 2).
These data indicate that the chlorophyll
meter cannot be used for estimation
of leaf tissue N concentration for ‘Kau’
macadamia during June and Decem-
ber. One-way ANOVA indicated that
the slopes were not significantly dif-
ferent from each other. This contra-
diction to the slope comparison in
‘Kakea’ macadamia can be explained
by the sampling periods. Seasonality
has been shown to alter the accuracy
of the chlorophyll meter in annual
species (Chapman and Barreto,
1997; Waskom et al., 1996). In
contrast, seasonality mostly did not
have an effect on SPAD–N linear
relationships in the hardwood sweet-
gum [Liquidambar styraciflua (Chang
and Robinson, 2003)].

‘Kakea’ and ‘Kau’ macadamia
were compared for June 2017 sampling
period (Table 3). Samples were taken
at similar periods for this sampling
period and could be compared with
each other. Both N concentration
and SPAD values were significantly
greater in ‘Kau’ than ‘Kakea’ macad-
amia in June 2017 (Table 3). This
finding further corroborates some
ability of the chlorophyll meter to

Fig. 1. Regression analysis for foliar nitrogen (N) concentration by chlorophyll
meter (SPAD) value for eight ‘Kakea’ macadamia trees sampled on 12 Apr. 2017
and 50 ‘Kakea’ macadamia trees sampled on 15 June 2017 and 20 Feb. 2018 in
Kapa’au, HI.

Table 2. One-way analysis of
covariance testing differences
between the slopes of regression
models comparing chlorophyll
meter (SPAD) values with foliar
nitrogen using the Student’s t test
on two macadamia cultivars at four
sampling periods onHawai’i Island.

Comparison
of slopes Estimate

t
ratio

P
value

June 2017
‘Kakea’ vs.
Feb. 2018
‘Kakea’

0.0437 2.54 0.012z

June 2017
‘Kau’ vs.
Dec. 2017
‘Kau’

0.0117 0.04 0.74

June 2017
‘Kakea’ vs.
June 2017
‘Kau’

0.0296 1.01 0.31

zValues in bold indicate a statistically significant
difference with a P £ 0.05.
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predict N concentration in leaf tis-
sue. Considering the large differ-
ences in N concentration between
these two macadamia cultivars dur-
ing June 2017 sampling period,
generalized optimum leaf tissue N
recommendations may need to be
refined for popular macadamia culti-
vars if sampling during nonrecom-
mended sampling periods. The
winter sampling periods had more
similar mean N concentration than
the summer sampling periods for the
two macadamia cultivars. Different
macadamia cultivars may have dis-
crete levels of leaf tissue N while
having varying health and yield. This
study corroborates previous state-
ments that the chlorophyll meter can
be used in comparative studies for
general changes in leaf tissue N con-
centration and is not suitable for
absolute estimates without further
improvement (Hardin et al., 2012;
Loh et al., 2002), and justifies its use
in comparative studies in macadamia.
Potential techniques to improve
the accuracy of these equations could
be expressingN as weight per leaf area
(Wu et al., 1998), and by including
leaf moisture content as a variable in
the regression (Chang and Robinson,
2003); these measurements were not
collected for this study. Further limi-
tations in the use of the chlorophyll
meter are variations in leaf thickness
and color on a leaf subsample (Chang
and Robinson, 2003); these factors
can decrease the accuracy of the me-
ter (Chapman and Barreto, 1997).
Additional suggested options were
to collect multiple readings from
each leaf subsample and use averaged
values.

The accuracy of SPAD readings
could be affected by interactions with

Fig. 2. Regression analysis for foliar nitrogen (N) concentration by chlorophyll
meter (SPAD) value for 32 ‘Kau’ macadamia trees sampled on 13 June 2017 and
16 ‘Kau’ macadamia trees sampled on 18 Dec. 2017 in Pahala, HI.

Table 3. One-way analysis of
variance testing difference between
means of foliar nitrogen (N) and
chlorophyll meter (SPAD) values
for two macadamia cultivars
sampled on Hawai’i Island in June
2017 using the Student’s t test.

Date and
cultivar N (%) SPAD

June 2017,
Kau

1.98 53.4

June 2017,
Kakea

1.12 51.2

Significance P < 0.0001z P = 0.0006
zValues in bold indicate a statistically significant
difference with a P £ 0.05.
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other nutrients. Regression analyses
(Fig. 3) indicate that there was no
significant relationship between SPAD
values and Fe in macadamia leaf tissue
for the June 2017 sampling period
for ‘Kau’ macadamia. Regression for
the Dec. 2017 sampling period for
‘Kau’ macadamia indicate that there
is a significant positive monotonic
relationship between SPAD values
and Fe concentrations (Fig. 3). The
December sampling period had a
greater average Fe concentration of
88 mg�g–1 (ppm) compared with the
June sampling period with an aver-
age Fe concentration of 54 mg�g –1.
Recommended leaf tissue Fe is 50
mg�g–1 (Bittenbender and Hirae,
1990). The lower average Fe con-
centration in the June 2017 sampling
period could cause a weaker relation-
ship between tissue N and SPAD
values because deficient Fe is linked
to a reduction of chlorophyll content
and photosynthetic ability (Pushnik
et al., 1984). Iron has been corre-
lated to SPAD values in olive [Olea
europaea (Benitez et al., 2002)] and
peach [Prunus persica (Sotomayor
et al., 2014)]. The lower Fe concen-
tration could have caused a reduction
in chlorophyll content or activity and
reduce the ‘‘greenness’’ of the plant
that the chlorophyll meter is measur-
ing. Nitrogen also did have a greater
correlation to SPAD values and
a higher Fe concentration in the
Dec. 2017 sampling period (Fe =
88 mg�g–1) compared with the June
(Fe = 54 mg�g –1).

Conclusion
This experiment indicates that

the chlorophyll meter could be used
to estimate leaf N concentration in
macadamia but would need refine-
ment to be used by growers or con-
sultants as a tool for N management.
The meter was only adequately accu-
rate for ‘Kakea’ macadamia during
the recommended sampling period
for leaf tissue N determination (late
winter early spring). The regression
with the greatest correlation explained
85% of the variation around the mean
for correlation of SPAD value and
N concentration whereas the lowest
explained only 20% of the values. The
response of the chlorophyll meter was
dependent on season and macadamia
cultivar, so distinct equations may
need to be developed based on mac-
adamia cultivar and sampling period,

both of which may lead to better pre-
dictions and results. Some potential
options to improve the chlorophyll
meter’s response without develop-
ing distinct equations for macadamia

cultivars would be multiple measure-
ments on leaf subsamples, factoring in
leaf moisture content and Fe concen-
trations, and using N weight per leaf
area. Further studies could focus on

Fig. 3. Regression analysis for foliar iron (Fe) concentration by chlorophyll meter
(SPAD) value for 32 ‘Kau’ macadamia trees sampled on 13 June 2017 and 16
‘Kau’ macadamia trees sampled on 18Dec. 2017 in Pahala, HI; 1mg�gL1 = 1 ppm.
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using refined methods for improving
chlorophyll meter response and in-
cluding more macadamia cultivars
and sampling periods to understand
the relationship between SPAD, leaf
tissue N concentrations, season, and
specific macadamia cultivar, and leaf
tissue Fe concentrations.
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