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Abstract. Dry matter content (DM), soluble solids content (SSC), and flesh hue (FH) are
important quality attributes of yellow-fleshed kiwifruit (Actinidia chinensis ‘Hort16A’).
Rapid non-destructive measurement tools enable effective assessment of quality attri-
butes in the field or in packhouses and offer the potential for selective harvesting and
differential postharvest treatments. This study investigates a few practical issues for
use of one such tool, a portable near-infrared spectrometer, the FANTEC� FQA-
NIRGUN. Experimental results indicated that the precision of the NIRGUN in predicting
the DM, SSC and FH of ‘Hort16A’ kiwifruit, given as the root mean square error of
calibration (RMSEC), is 0.6%, 0.9% and 1.48, respectively, and is similar to that reported
for standard laboratory benchtop spectrometers. These levels of precision are good
enough to distinguish differences in fruit quality between fruit from different vines. How-
ever, this is only possible when measurements are carried out under similar conditions
either within a short period of time in the field when fruit temperature is stable or in
a temperature-controlled laboratory. The calibration developed on one instrument could
be transferred to another instrument, but bias correction is necessary after the
calibration transfer. Hence, the absolute accuracy of predictions from the NIRGUN is
limited by significant and variable bias offset issues, particularly for field measurements
when fruit are on the vine.

‘Hort16A’ (Actinidia chinensis Planch.
var. chinensis) is a yellow-fleshed kiwifruit
cultivar that is marketed globally as ZESPRI�

GOLD kiwifruit. SSC at harvest is an indicator
of fruit maturity, and DM content reflects the
potential SSC at ‘‘eating ripe,’’ i.e., when starch
reserves in the berry have been converted to

sugars during fruit softening. FH is an impor-
tant quality parameter for ‘Hort16A’, because
its yellow color is a primary factor in the
appeal of the fruit to the consumer (Martin
and Luxton, 2005). Flesh color changes from
green to yellow as the fruit matures. However,
there is still a considerable degree of variabil-
ity present in the properties of the fruit at
harvest (Schaare and Fraser, 2000).

Fruit variability at harvest leads to prob-
lems in post-harvest handling. For example,
1 of 2 weeks of conditioning at 5 �C is used
for fruit with FH values above 105�. This
enables the flesh degreening process to occur
but can result in excessive softening of fruit
with FH below 103�. A line of fruit may have
a mix of FH. Thus, identification of fruit with
lower FH (which are generally associated with
more advanced maturity) in the orchard,
coupled with staged selective harvesting of
the mature fruit, would lead to reduced vari-
ation in quality and overall improvement in
the quality of the harvested crop. In addition,
the ready identification of poorly performing
or slowly maturing vines would enable tar-
geted remedial measures to be undertaken.

Near-infrared (NIR) spectroscopic tools
suitable for orchard use would enable fast,
non-destructive, and effective monitoring of
fruit maturity on-vine. The color and taste

attributes of ‘Hort16A’ are currently deter-
mined in the New Zealand kiwifruit industry
by destructive measurement of FH, DM, and
SSC. Laboratory-based NIR spectroscopy on
samples of ‘Hort16A’ kiwifruit post-harvest
has demonstrated that it is possible to mea-
sure these attributes with prediction errors of
�0.5%, 0.9%, and 1.1� for DM, SSC, and FH,
respectively (Clark et al., 2004). Portable NIR
instruments have been developed and used to
assess maturity and quality indices of many
fruits (Aoki et al., 2010; Costa et al., 2002;
Golding et al., 2006; Khuriyati et al., 2004;
Kusumiyati et al., 2008; Saranwong et al.,
2003a, 2003b; Zude et al., 2008). However,
the performance of these instruments under
different temperature and light conditions has
not been studied rigorously for in situ mea-
surements of ‘Hort16A’ kiwifruit in the field.

The study reported here evaluated the
performance of a commercially available
FQA-NIRGUN released by the FANTEC
Research Institute (Shizuoka, Japan) with
an attempt to determine possible influences
of temperature and light conditions. The
possibility of transferring predictive models
developed on one NIRGUN to another NIR-
GUN was also tested.

Materials and Methods

The instrument
The FQA NIRGUN (FANTEC Research

Institute) is a gun-shaped NIR spectropho-
tometer weighing less than 1 kg (Fig. 1) that
can be easily operated in both the field and
laboratory. This instrument was chosen be-
cause it was commercially available back in
2005 when this study started and it fulfilled
the needs for outdoor use with a small-size,
lightweight, rechargeable battery, weather-
resistant, and easy data handling (Saranwong
et al., 2003a, 2003b). The head of the NIRGUN
contains apertures for the light source (a small
halogen lamp) and detector and is arranged so
that an interactance measurement is made on
the fruit. A spectral measurement, made by
pressing a trigger button in the handle, consists
of a series of light intensity measurements
made at 2-nm intervals between 588 nm and
1092 nm (256 data points per spectrum). Up to
three fruit quality attributes can be predicted
simultaneously from the spectrum using on-
board models, and results are displayed imme-
diately on the NIRGUN’s LCD screen. With a
fully charged battery, the NIRGUN can make
2000 measurements when operating in the
standalone mode. The on-board memory is
able to store 5000 predicted values or spectra
and predicted values for 500 measurements,
which can be downloaded to a computer for
offline analysis.

Measurement procedure
The NIRGUN was placed on the fruit in

such a way that the light source shone onto
the blossom side of the fruit with the detector
facing the middle (Fig. 1). In this position, the
curvature of the fruit formed a good fit with
the geometry of the NIRGUN head. Care was
taken to make measurements on the flattest
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side of the fruit to maximize the light-sealing
capability of the external rubber seal around
the head. The NIRGUN was held on the fruit
with moderate pressure to ensure that the in-
ternal rubber ring that surrounds the detector
aperture was firmly against the fruit surface,
thus preventing source light directly entering
the detector without having first passed through
the fruit. This measurement procedure also
proved to be easy and practical for orchard
use while fruit were still on the vine.

An integration time of 30 ms was selected
based on preliminary measurement of a range
of typical ‘Hort16A’ kiwifruit so that the spec-
tral peak height occupied �50% of the full
range (as recommended by FANTEC). It takes
�2 s to complete a measurement.

Referencing
Referencing is a process that monitors

instrument performance and ensures that it
continues to operate in a stable mode. A ref-
erence spectrum taken on the supplied white
reference tile (specific to each instrument) is
preinstalled in memory, and it is not neces-
sary to do referencing after every measure-
ment. However, referencing needs to be
redone after replacing the halogen lamp or
if the instrument has not been used for more
than 90 d. The integration time for referenc-
ing was fixed at 15 ms and is independent of
the integration time set for fruit measurement.
There is no information about the dark reference
in the instrument manual. However, the same
baseline and white reference spectrum appear
when the spectrum from fruit is displayed us-
ing the vendor-supplied software. We can
download absorbance and first and second de-
rivative data, but not the raw data. It is possi-
ble that a dark reference is taken every time
when the white reference is being renewed.

Development of calibration models
Calibrations were generated using the pro-

prietary software ‘‘Ca_Maker’’ supplied with
the NIRGUN. By default, calibration was per-
formed using the second derivative of the ab-
sorbance spectra generated with what appears
to be a Norris Derivative scheme (Hopkins,
2001) with segment, gap, and smoothing sizes
of 14, 0, and 20 nm, respectively. Segment is

the wavelength range used to apply second
differential calculus on the spectrum. Gap is
the distance between the last wavelength in
one segment and the first wavelength in the
next segment. Smoothing size is the wave-
length range used for smoothing (Ca_Maker
uses moving averages for smoothing). These
settings can be altered to suit particular appli-
cations using more advanced calibration soft-
ware called ‘‘Professional Ca_Maker’’ available
from FANTEC by special request. The soft-
ware used multiple linear regressions for cal-
ibration modeling, searching for the best
combination of up to five wavelengths over the
truncated spectral range (700 to 950 nm by
default but can be altered when using ‘‘Profes-
sional Ca_Maker’’). Calibrations were judged
using the standard measures of RMSEC and
R2, the coefficient of determination.

Three different data subsets of ‘Hort16A’
fruit were collected for preliminary investi-
gations, which were then combined to make
a full calibration data set covering the ex-
pected variation resulting from differences in
temperature and orchard location.

The first calibration subset consisted of
300 fruit harvested from the Te Puke Plant &
Food Research Orchard in the Bay of Plenty
(North Island), New Zealand’s major kiwi-
fruit production region. The fruit were equil-
ibrated to 20 �C in a laboratory before NIR
spectra were collected. This was followed by
destructive assessments of DM, SSC, and FH
using standard industry techniques as outlined
in Schaare and Fraser (2000) and McGlone
et al. (2002). Briefly, FH was measured using
a Minolta Chroma Meter (CR-300, D65 light
source, calibrated with a white calibration
plate; Minolta, Japan) after the removal of
skin and flesh to a depth of�2 mm. Two color
measurements were made on each fruit at two
sides at 90� to each other along the equator of
the fruit. The two readings measured from
each fruit were averaged to give one value for
each fruit. Soluble solids content was measured
using a digital refractometer (Atago, Tokyo,
Japan; 0% to 20%) with juice squeezed from
the blossom and stem ends separately, and the
two readings were averaged to give one value
for each fruit. DM was measured using a slice
�3 mm in thickness (including skin, flesh,
seeds, and core tissues) cut along the equator of
each fruit. The slice was weighed immediately
after cutting and then after dried to constant
weight (typically 24 h at 65 �C).

Two NIRGUN measurements were taken
on opposite sides of each fruit, giving a total
of 600 spectra. All 600 spectra were used for
initial calibration with each destructive mea-
surement being matched to the corresponding
pair of spectra from the same fruit.

The second calibration set consisted of
a subsample of 90 fruit in addition to the 300-
fruit data calibration subset described pre-
viously. These fruit were randomly assigned
to two different batches of 45 fruit each. The
first batch was warmed to 20 �C for the first
NIRGUN measurement, then cooled to 15 �C
and re-measured, and finally cooled to 8 �C
and remeasured a third time. These repeated
measurements were made on the same two

spots on each fruit. The second batch was first
cooled to 8 �C and measured before warming
to 15 �C and finally to 20 �C for repeat mea-
surements. NIRGUN measurements were car-
ried out once stable fruit temperatures had
been reached after �3-h equilibration at each
temperature (Feng et al., 2002). In all cases,
the NIRGUN was maintained at the same
temperature as the fruit themselves to replicate
conditions that would be expected for field
measurements. After the NIR measurements,
these fruit were then equilibrated to 20 �C for
destructive assessments of DM, SSC, and FH.

The third calibration set consisted of 45-fruit
samples from six grower lines from three dif-
ferent production regions within New Zealand:
Nelson, Bay of Plenty, and Kerikeri. On arrival,
moisture and dirt on fruit surfaces were re-
moved by hand wearing a cotton glove. Fruit
were then packed into single-layer kiwifruit
trays and held at 20 �C to allow surfaces to dry
completely before NIRGUN measurements
were undertaken. This data set was designed
to test whether orchard location had a signifi-
cant effect on NIR prediction and to allow the
calibration model to account for variation
between orchards.

The master calibration was developed using
a combined data set containing 990 observa-
tions, in which 180 observations were from Set
1, 360 observations from Set 2 (NIR measure-
ment at 8, 15, and 20 �C), and 450 observations
from Set 3. Some data from each of the three
subsets had to be eliminated from the com-
bined master, Because the calibration software
supplied with the NIRGUN only allows a max-
imum of 1000 observations. The selection of
observations was arbitrary based on measure-
ment condition and fruit variability to maxi-
mize the coverage.

Performance of the master calibration
in on-vine fruit measurement

The master calibration based on the com-
bined master calibration data set was loaded
onto the NIRGUN and used to measure fruit on
vines in the field. Ten fruit per vine were
selected from each of nine kiwifruit vines in
the Plant & Food Research Te Puke orchard.
The measurements were made on a sunny fall
day during the main harvest season in 2005
(�210 d after full bloom). The temperature,
relative humidity, and radiation during the day
were recorded at a weather station in the orchard.
Each fruit was measured three times during the
day, while it remained on the vine, using the
NIRGUN. Fruit were subsequently harvested
after sunset and the NIR measurements were
repeated again in a laboratory at 20 �C before
destructive measurement of DM, SSC, and FH.

Performance of the master calibration
in a subsequent year using another
NIRGUN

Encouraging results from experiments in
2005 led to the purchase of six FANTEC�
FQA-NIRGUN units by New Zealand pack-
houses in 2006. In 2007, the performance of
the predictive models established in 2005
was tested under a range of temperature and
light conditions with one of these new units.

Fig. 1. Measurement of ‘Hort16A’ kiwifruit using
a FANTEC� FQA-NIRGUN.
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A random sample of 60 fruit was harvested
from girdled vines and 40 fruit from control
vines during the main harvest season (4 May
2007). Fruit from each treatment were ran-
domly assigned into four groups of 25 fruit
(15 fruit from girdled vines and 10 fruit from
control vines) to test the effect of temperature
and light conditions.

Measurement at different combinations
of fruit and instrument temperatures. Fruit of
the first group were placed in storage at 10 �C,
whereas those of the second group were placed
in an air-conditioned laboratory at 20 �C.
NIRGUN measurements were carried out twice.
The first measurement was made when the in-
strument temperature was �20 �C; the
NIRGUN (at 20 �C) was taken to where the
fruit were kept and the measurements were
completed within 3 min. The second mea-
surement was made when the instrument tem-
perature was at �10 �C; again the NIRGUN
(at 10 �C) was taken to where the fruit were
kept and the measurements were completed
within 3 min. On each measurement occasion,
a single spectrum was taken on orthogonal
sides of the fruit at (i.e., the flat side and curved
side) and predicted values were averaged to
give a single reading for each fruit. Fruit kept at
10 �C were equilibrated to 20 �C before de-
structive measurement of DM, SSC, and FH.
This produced a matrix of two instrument
temperatures and two fruit temperatures to
investigate the effect of temperature on mea-
sured values.

Measurement at different ambient light
conditions. Fruit from the remaining two 25-
fruit groups were stored at 0 �C for 2 d and then
equilibrated for 5 h at 20 �C before NIR spectra
were obtained. NIRGUN measurements were
taken twice before destructive measurement
of DM, SSC, and FH, once under weak ambient
light (scattered light from windows when all
the lights in the laboratory were turned off)
and again under strong ambient light (800 mm
under two 58-W Philips daylight fluorescent
tubes; Philips, Holland). This was to test if
ambient light intensity had a significant effect
on predicted values.

Data analysis
The relationship between NIRGUN pre-

dictions and destructively measured values
was analyzed using regression and general
linear model procedures (REG, MENS, and
GLM) with the software package SAS Ver-
sion 8.2 (SAS Institute Inc., Cary, NC). Pre-
dictions were judged on the basis of the
standard statistics of root mean square error
of prediction (RMSEP), bias (the average
difference between actual and predicted
values), the SE of prediction (SEP, equivalent

to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRMSEP2 � BIAS2Þ

q
), and R2. The two

predicted values from repeated measure-
ments on each fruit were averaged to give
a single predicted value before these analyses
were undertaken.

Results

Calibration models. The initial calibra-
tion subset (N = 600 spectra from 300 fruit)

delivered only moderately performing models
for DM and FH and poor models for SSC,
possibly because of the fairly narrow range of
parameter distributions involved (Table 1).
The initial calibration was then applied to
the other two calibration data sets to investi-

gate the effect of fruit temperature and orchard
location on NIR measurements.

A strong temperature effect was readily
apparent in the second calibration data set,
particularly for SSC predictions. NIR-pre-
dicted values for DM and SSC increased as

Table 1. Statistics of the initial calibration based on 600 spectra measured at 20 �C on 300 ‘Hort16A’
kiwifruit harvested from one orchard (initial calibration experiment) and the master calibration based
on 990 spectra measured at different temperatures on fruit harvested from different orchards
(combined data set from three calibration experiments).

Attribute

Initial calibration Master calibration

RMSEC R2 Mean ± SD RMSEC R2 Mean ± SD

Dry matter content (%) 0.67 0.79 16.0 ± 1.50 0.60 0.85 16.4 ± 1.52
Soluble solids content (%) 0.91 0.53 8.1 ± 1.33 0.90 0.90 10.5 ± 2.88
Flesh hue (�) 1.38 0.77 104.6 ± 2.93 1.39 0.86 105.1 ± 3.67

RMSEC = root mean square error of calibration, R2 = coefficient of determination.

Fig. 2. Effect of temperature on NIRGUN measurements of ‘Hort16A’ kiwifruit dry matter content (DM),
soluble solids content (SSC), and flesh hue using the initial calibration established based on the first
calibration data set measured at 20 �C on 300 ‘Hort16A’ kiwifruit harvested from one orchard (see
Tables 1 and 2 for details). Fruit were measured as they changed from low to high temperature. The
NIRGUN was maintained at the same temperature as the fruit themselves. Similar results for the
reverse change have been omitted for clarity.

Fig. 3. Second derivative (D2) spectra of the same 90 ‘Hort16A’ kiwifruit measured at three different
temperatures (both the instrument and fruit were equilibrated to a specified temperature to replicate
conditions that would be expected for field measurements). The difference between D2 values
measured at 20 and 8 �C (D220 �C – D28 �C) was plotted at 10 times scale for clarity.
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temperature decreased. On the other hand,
NIR-predicted values for FH decreased as tem-
perature decreased (Fig. 2). In case of DM and
SSC, there was almost no bias between de-
structively measured and NIRGUN-predicted
values at 20 �C for either parameter. However,
there was a significant bias for 20 �C FH de-
termination. NIR-predicted FH values at 20 �C
were�3 �C lower than destructively measured
values. This might have been caused by a
systematic error in the destructively measured
FH values. Destructively measured FH value
could be affected by thickness of the removed
skin and inaccurate calibration of the Minolta
colorimeter. Fortunately, the relative differ-
ence between fruit was not changed, i.e., bias
of NIRGUN-predicted values did not appear to
be dependent on measured values.

Comparison between NIR spectra taken at
three temperature conditions indicated that
temperature has a significant influence in the
second derivative spectra, particularly at the
chlorophyll absorption region of �680 nm
and the water absorption region �950 nm
(Fig. 3).

Bias resulting from orchard location was
not as marked as the temperature effect (Fig.
4).

The final master calibration results (Table
1) based on combined data from all three
subsets were encouragingly good with high
R2 values (0.85, 0.9, and 0.86 for DM, SSC,
and FH, respectively) and reasonable RMSEC
values (0.60, 0.9, and 1.39 for DM, SSC, and
FH, respectively) compared with the statistics
produced for ‘Hort16A’ fruit using a benchtop
NIR unit operating under standardized condi-
tions (Clark et al., 2004; Schaare and Fraser,
2000).

The wavelengths and coefficients to cal-
culate fruit attributes from second derivative
spectra are listed in Table 2. The coefficients
and wavelengths used in the master calibra-
tion are different from those used in the initial
calibration. In general, the wavelengths used
in the master calibration had smaller temper-
ature impact factors (difference between sec-
ond derivative spectra measured at 20 and
8 �C on the same 90 fruit expressed as a per-
centage relative to the average spectra at the
two temperatures). For example, temperature
impact factors were on average over 50%
smaller for the master calibrations and al-
ways the initial calibrations had the wave-
lengths with the single largest temperature
impact factor (Table 2). Therefore, it is per-
haps not surprising that the master calibration
is less sensitive to temperature changes.

Performance of the master calibration
with on-vine fruit measurement in the field.
Environmental conditions in the orchard
showed the expected diurnal variation in
temperature, relative humidity, and radiation
flux (Fig. 5). The NIRGUN predictions for
the 90 fruit from nine vines were well
correlated with destructively measured qual-
ity attributes (R2 �0.7 to 0.9). However, the
predictions also showed a similar diurnal
variation with bias values varying with time
and generally peaking at the 1400 HR mea-
surement (Table 3).

For the purpose of detecting relative
differences between vines, means of DM,
SSC, and FH measurements of the nine vines
predicted from the NIRGUN ranked almost
identically to the means based on destructive
measurement regardless of diurnal time (Figs.
6, 7, and 8). Analysis of variance between fruit
from different vines based on values predicted
from the NIRGUN resulted in similar separa-
tion of means compared with that based on
destructive measurement because the least
significant differences between means were
in similar scales.

Model performance in a subsequent year
at different temperature conditions. The mas-
ter calibration developed in 2005 based on
combined data sets from three calibration

experiments (Table 1) performed well in 2007
when the calibration was loaded onto another
NIRGUN. NIRGUN measurement at 20 �C
explained over 95% of the variance in mea-
sured DM, over 82% of the variance in
measured SSC, and over 85% of the variance
in measured FH. The predictions at 10 �C
were similar to that at 20 �C except for SSC,
in which predicted values explained slightly
less (�72%) than the variance in measured
SSC. SEPs were 0.31% to 0.40% DM, 0.10%
to 0.18% SSC, and 0.39 to 0.86� hue (Fig. 9).

Significant bias existed for all the pre-
dictions. The bias for DM was significantly
affected by instrument temperature but was
unaffected by fruit temperature. The predic-
tion bias was –0.59% DM when the NIRGUN

Fig. 4. Effect of orchard location on NIRGUN measurement of dry matter content (DM), soluble solids
content (SSC), and flesh hue (FH) of ‘Hort16A’ kiwifruit using the initial calibration established based
on the first calibration data set (see Tables 1 and 2 for details). The measurement was carried out at
20 �C with the same temperature for both fruit and the NIRGUN. Data from two orchards are presented,
whereas those from the other four orchards have been omitted for clarity. Solid lines represent 1:1 lines.

Table 2. Model coefficients of the initial calibration based on 600 spectra measured at 20 �C on 300
‘Hort16A’ kiwifruit harvested from one orchard (initial calibration experiment) and the master
calibration based on 990 spectra measured at different temperatures on fruit harvested from different
orchards (combined data set from three calibration experiments).z

Attribute

Initial calibration Master calibration

Wavelength (nm) Coefficient Wavelength (nm) Coefficient

Dry matter content (%) Intercept 20.6 Intercept 32.3
820 (–33.3)y 774.1 720 (–2.4) –85.7
836 (118.9) –222.5 752 (2.9) 160.8
864 (21.1) 2242.4 828 (827.8) 424.0
900 (5.7) –1033.5 872 (20.1) 2124.8
932 (2184.7) 343.5 896 (7.8) –1129.6

Soluble solids content (%) Intercept 15.4 Intercept 25.0
700 (–0.8) –85.3 700 (–0.8) –144.8
824 (–87.5) 850.3 816 (–18.1) –852.0
860 (21.7) 1290.7 868 (20.6) 1826.2
888 (14.6) –1621.5 892 (10.6) –1758.7
916 (2.3) 589.0 916 (2.3) 867.0

Flesh hue (�) Intercept 57.4 Intercept 75.1
708 (–1.6) 550.4 732 (–7.2) 1046.3
768 (67.7) –761.4 752 (2.9) –2107.9
860 (21.7) –2511.0 872 (20.1) –2766.9
888 (14.6) 2738.8 888 (14.6) 2170.1
916 (2.3) –1087.4 948 (8.1) 247.6

zBoth calibrations were based on the second derivative of the absorbance spectra.
yThe number in brackets after each wavelength is a temperature impact factor (TIF) calculated as a
percentage change in second derivative (D2) spectra based on data from 90 fruit measured at 20 �C and
8 �C (TIF = 100�(D220 �C – D28 �C)/[(D220 �C + D28 �C)/2].
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was at 10 �C compared with the bias of –0.31%
DM when the NIRGUN was at 20 �C. Con-
versely, the biases for SSC and FH were sig-
nificantly affected by fruit temperature but not
instrument temperature (Fig. 9). The magni-
tudes of temperature effects shown in Figure 9
were much smaller than those shown in Figure
2, indicating the superior performance of the
master calibration model based on the com-
bined calibration data set compared with the
first calibration model based on a single data
set (Tables 1 and 2).

Model performance in a subsequent year
at different ambient light conditions. Pre-
dicted values for DM, SSC, and FH under
strong ambient light were very close to those
predicted under weak ambient light (Fig. 10).
Figure 10 also indicated that repeated NIRGUN
measurements on the same fruit gave very
consistent results (R2 > 0.95).

Discussion

On-vine fruit measurement. On-vine or-
chard experiments demonstrated that DM,
SSC, and FH can be predicted with the same
level of precision in the field as in the
laboratory. The analysis of variance revealed
very similar rankings of means for the nine
vines used in the experiment irrespective of
whether NIRGUN predictions or destructive
measurements were used. However, there
was a significant prediction bias associated
with many of the NIRGUN results, particu-
larly with what looked like diurnal variation.
This means that the accuracy of the NIRGUN
prediction in the orchard depends on the time
of day at which the measurement is made.
Despite that variation, differences between
vines were clearly measurable and consistent
in a relative sense at any one time and would
enable the ready differentiation of vines in
terms of fruit maturity/quality.

Fig. 5. Temperature, relative humidity, and radiation from the ‘Hort16A’ kiwifruit orchard on the day that
field measurements using the NIRGUN were carried out.

Table 3. Effect of diurnal course on predicting dry matter content, soluble solids content, and flesh hue of
‘Hort16A’ kiwifruit (n = 90) using a FANTEC� FQA-NIRGUN in the field with the master calibration
established based on combined data sets (see Tables 1 and 2 for details).

Attribute Time/Place RMSEPz SEPy Biasx Slopew R2v

Dry matter content 1000 HR/field 0.59 0.44 –0.39 0.79* 0.83
(%) 1400 HR/field 1.26 0.39 –1.20 0.78* 0.87
Mean = 16.4% 1800 HR/field 0.76 0.36 –0.66 0.82* 0.89
SD = 1.1% 2000 HR/laboratory 0.39 0.39 0.03 0.82* 0.87
Soluble solids content 1000 HR/field 1.28 1.13 –0.61 0.57* 0.72
(%) 1400 HR/field 1.42 1.07 –0.94 0.59* 0.75
Mean = 10.5% 1800 HR/field 1.33 1.08 –0.77 0.62* 0.73
SD = 2.0% 2000 HR/laboratory 1.12 1.08 –0.26 0.61* 0.73
Flesh hue (�) 1000 HR/field 3.64 1.61 –3.26 1.06 0.77
Mean = 99.3� 1400 HR/field 3.62 1.53 –3.28 1.05 0.79
SD =2.8� 1800 HR/field 3.80 1.50 –3.49 1.08 0.80

2000 HR/laboratory 2.09 1.42 –1.53 1.06 0.82
zRoot mean square error of prediction.
y
SE of prediction.

xAverage difference between actual and predicted values (measured value-predicted value).
wSlopes of the regression lines with asterisk are significantly different from 1 at P < 0.05 significance level.
vCoefficient of determination.

Fig. 6. Comparison between average ‘Hort16A’
kiwifruit dry matter contents (DM) measured
destructively and those predicted from NIRGUN
assessments in the field or laboratory at different
times during a sunny day. The master calibration
was established based on the combined data
set (see ‘‘Methods’’) measured using the same
NIRGUN. Each point represents the mean of 10
fruit from a vine; solid line represents a perfect
match. Vertical bar represents least significant dif-
ference (LSD) to separate destructively measured
means. Horizontal bars represent LSDs to separate
NIRGUN predicted means for the specified time.

Fig. 7. Comparison between average ‘Hort16A’
kiwifruit soluble solids contents (SSC) measured
destructively and those predicted from NIRGUN
assessments in the field or laboratory at different
times during a sunny day. The master calibration
was established based on the combined data
set (see ‘‘Methods’’) measured using the same
NIRGUN. Each point represents the mean of 10
fruit from a vine; solid line represents a perfect
match. Vertical bar represents least significant
difference (LSD) to separate destructively measured
means. Horizontal bars represent LSDs to separate
NIRGUN predicted means for the specified time.

Fig. 8. Comparison between ‘Hort16A’ kiwifruit
average flesh hue (FH) measured destructively
and those measurements predicted from NIR-
GUN assessments in the field or laboratory at
different times during a sunny day. The master
calibration was established based on the com-
bined data set (see ‘‘Methods’’) measured using
the same NIRGUN. Each point represents the
mean of 10 fruit from a vine; solid line
represents a perfect match. Vertical bar repre-
sents least significant difference (LSD) to sepa-
rate destructively measured means. Horizontal
bars represent LSDs to separate NIRGUN pre-
dicted means for the specified time.
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The bias might not be a problem, partic-
ularly if small subsets of fruit could be
efficiently collected and destructively mea-
sured. This subset of measurements could
then be used to calculate an appropriate
adjustment to make the mean NIRGUN pre-
dictions match the destructive measurements.
Whereas such a strategy could work well for
SSC and FH, in which destructive measure-
ments can be made rapidly, it would seem

unlikely that it could work as effectively for
DM, in which fruit samples must be dried for
7 h or longer. Thus, the presence of bias in
DM prediction represents the most serious
limitation to the use of the NIRGUN if the
accuracy of the predictions, rather than
merely the precision, is important.

We consider there are two possible factors
causing the bias. Either the instrument is not
particularly stable against ambient environ-

mental variations or the fruit themselves are
not. Certainly the instrument proved very
stable at each of the three set laboratory
temperatures to which it was equilibrated.
The study in 2007 at a combination of two
instrument temperatures and two fruit tem-
peratures indicated that instrument tempera-
ture could have a significant influence in DM
prediction, although the absolute difference
between DM predicted with the instrument at
10 or 20 �C was minor (0.27% DM, Fig. 9A–
B). Instrument temperature did not appear to
have any significant influence on predicted
SSC and FH (Fig. 9C–F). This suggests that
the instrument is at least reasonably stable
against variation in temperature for parame-
ters of interest to the kiwifruit industry. The
study in 2007 also indicated that the effect of
fruit temperature on predicted values was
greatly reduced when using the predictive
models established in 2005 based on a com-
bined data set collected at a range of temper-
ature and fruit conditions. The bias of DM
prediction for 10 �C fruit was not signifi-
cantly different from that for 20 �C fruit. The
bias difference between 10 and 20 �C fruit
was statistically significant for predicted SSC
and FH, but the difference was only 0.2%
SSC and 1.4� hue.

The dependence of prediction bias on
diurnal time suggests that bias variation is
related to environmental factors affecting the
fruit such as sunlight flux and temperature.
Changes in sunlight flux during the day were
not considered likely as a major cause of bias
offsets, because all the measurements were
made in a mature orchard with heavy and
established canopies with little chance of
sampled fruit being exposed to direct sun-
light. This assumption was further confirmed
by the identical prediction results from mea-
surements on the same fruit at different
ambient light conditions (Fig. 10). Direct
temperature fluctuations also seemed un-
likely to be the major factor causing pre-
diction bias, because the calibration data
set already included data collected at differ-
ent temperatures and the bias difference
between fruit at 10 and 20 �C in 2007 (Fig.
9) was much smaller than the difference
between diurnal times (Figs. 6, 7, and 8).

We can speculate further that another
cause for bias could be fruit water loss during
the day. Kiwifruit vines may experience wa-
ter stress around noon and early afternoon.
The high temperature and low relative hu-
midity observed during this time (Fig. 5) may
have caused excessive water loss from the
fruit. Although fruit water loss is unlikely to
result in a 1.2% increase in DM or a 0.9%
increase in SSC on a whole-fruit basis, such
increases in DM and SSC could be possible
within the localized skin tissue regions from
where NIRGUN measurements were made.
Predicted FH values in the field measurement
were over 1.7� higher than that predicted in
laboratory conditions at 2000 HR and 3�
higher than the values measured destruc-
tively. The difference among the three field
measurements was relatively small (less than
0.3�). The large prediction bias of the field

Fig. 9. Effect of instrument and fruit temperature on prediction of ‘Hort16A’ kiwifruit dry matter, soluble
solids content, and flesh hue in 2007 using the master calibration established in 2005 based on the
combined calibration data set measured using another NIRGUN.

Fig. 10. Effect of lighting on prediction of ‘Hort16A’ kiwifruit dry matter (DM), soluble solids content
(SSC), and flesh hue in 2007 using the master calibration established in 2005 based on the combined
data set measured using another NIRGUN. Weak ambient light means near-infrared (NIR)
measurement was made under scattered light from windows when all the lights in the laboratory
were turned off. Strong ambient light means NIR measurement was made under two 58-W Philips
Daylight fluorescent tubes (�800 mm distance between fruit and the lights).
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measurements may be related to excitation of
chlorophyll during the day and the fact that
the destructive color measurement is taken at
a depth of �2 mm or more, whereas the NIR
includes information from more superficial
regions. Certainly, the superficial color of
‘Hort16A’ kiwifruit is much greener than the
interior coloration and can have a substantive
influence on color measurement (B. Jordan
and M. Loeffen, personal communication).
Moisture on fruit surfaces may also be con-
tributing. The thickness of fruit tissue, which
is effectively measured using the NIRGUN,
might be reduced as the fruit surface dries out.

Comment on flesh color measurement.
Analysis of pigments across different species
and genotypes of genus Actinidia indicated
that the yellow flesh color of ‘Hort16A’
kiwifruit is mainly the result of the absence
of chlorophylls in the fruit rather than a sig-
nificant increase in the carotenoid concentra-
tion (McGhie and Ainge 2002; Montefiori
et al., 2009). Therefore, it was expected that
chlorophyll absorption region �680 nm
would be important for developing calibra-
tion for flesh color. However, extending
wavelength range down to 650 nm did not
result in better calibration for FH compared
with the calibration based on the default
wavelength range (data not shown). Therefore,
the master calibration was based on the default
wavelength range of 700 to 950 nm (general
users do not have access to the ‘‘Professional
Ca_Maker’’ for wavelength extension).

The master calibration for FH used five
wavelengths ranging from 732 to 948 nm
(Table 2), indicating the correlation between
FH and carbohydrates. Indeed, FH was found
to be negatively correlated with dry matter
content (R2 = 0.56 based on the combined
calibration data set to develop the master
calibration). This may be attributed to the
reflecting and scattering effect of starch
granules that account for up to 50% of the
dry matter during the harvest season.

Model transfer between instruments in
different years. The calibration models de-
veloped in 2005 using one NIRGUN were
able to predict DM, SSC, and FH of fruit
harvested in 2007 using another NIRGUN
with SEP of 0.27% to 0.39% DM, 0.60% to
0.77% SSC, and 0.68 to 1.00� hue, respec-
tively (Fig. 9). Predicted values from the
NIRGUN at 20 �C correlated with measured
values with R2 of 0.95 for DM, 0.82 for SSC,
and 0.85 for FH (Fig. 9). The prediction bias
observed in 2007 (Fig. 9) was not substantively
different from that observed in 2005 under lab-
oratory conditions (2000 HRh/laboratory re-
sults in Table 3). These model transfer results
are similar to those achieved with a benchtop
NIR instrument (Clark and McGlone, unpub-
lished data). This is very encouraging because

it indicates that the calibration models can be
transferred to other instruments for mea-
surement in subsequent years. Usually, the cal-
ibration model would need to be updated to
cope with the variability between fruit pro-
duced from different years. Such a training
process requires large data sets that cover a
wider range of variability in both fruit and
measurement conditions. The calibration soft-
ware currently available with the NIRGUN can
only hold 1000 observations and there is a
maximum of five wavelengths that can be
selected for calibration. This limits the ability
of operators to use robust calibration models.
For the NIRGUN to provide robust measure-
ments with a wide variety of orchards and en-
vironmental conditions, improvements to the
calibration software are needed so that these
limitations can be overcome.

Calibration transfer between the NIR-
GUNs changed the regression slope as well
as the bias (Fig. 9). This means that correc-
tions cannot be made simply by just applying
a fixed offset. This problem could be resolved
using sophisticated calibration procedures for
more accurate prediction. However, the model
and instrument as they stand now would be
useful to detect relative differences between
batches of ‘Hort16A’ kiwifruit where mea-
surements are made under similar conditions,
either in the field when fruit temperature is
stable or in a temperature-controlled labora-
tory situation.

Conclusion

The precision of the NIRGUN in predict-
ing DM, SSC, and hue in ‘Hort16A’ kiwifruit
is similar to the level reported for standard
laboratory benchtop instruments. The NIR-
GUN measurements can be used to distin-
guish fruit from different vines. For this
purpose, then, the predictive models devel-
oped using one NIRGUN could be trans-
ferred to another unit for measurements in
a subsequent year. However, this is only
possible in a relative sense in which all fruit
measurements are made under the same
measurement conditions, either within a short
period of time in the field or in a laboratory
under set conditions. This is because the
accuracy of NIRGUN predictions is affected
by significant and variable bias offsets, espe-
cially for field measurements made while
kiwifruit are on the vine. Bias corrections
are possible and feasible for some quality
attributes by taking small subsets of fruit for
destructive measurement.
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