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Abstract The characteristics of internal quality attrib-
utes (firmness, soluble solids content and color values) of
the Tokaloglu apricot cultivar (Prunus armeniaca L.) were
predicted nondestructively using Fourier Transform-Near
Infrared (FT-NIR) spectroscopy. Calibration methods were
developed between the physical parameters, which were
measured using standard methods, and the spectral meas-
urements (in reflectance mode between 780 and 2500 nm)
using Partial Least Squares method (PLS). Good correla-
tions were obtained in calibration and validation proce-
dures for Magness-Taylor (MT) maximum force, with a
coefficient of determination (R?) of 0.82 (RMSEE =4 .45)
in calibration and 0.80 (RMSECV =4.68) in validation
for multiple-harvest (MH) apricot group. The coefficient
of determination (R?) for predicting MT slope was 0.79
(RMSEE =0.83) in calibration and 0.77 (RMSECYV =0.88)
in validation for the MH apricot group while it was 0.56
(RMSEE =0.69) in calibration and 0.47 (RMSECYV =0.80)
in validation for single-harvest (SH) apricot group. Good
correlations were obtained for MT area with the coefficient
of determination (R?) of 0.75 (RMSEE=20.1) in calibra-
tion and R*=0.71 (RMSECV =21) in validation for MH
group. Good prediction values were obtained for soluble
solids content for both applications (MH and SH) using FT-
NIR spectroscopy: the best coefficient of determination was
obtained for MH application with 0.77 (RMSEE =1.45) in
calibration and 0.75 (RMSECV =1.51) in validation. Cor-
relation values for prediction of chroma and hue were low
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for MH application, with R>=0.55 (RMSECV =3.38) for
chroma and with R?=0.16 (RMSECV =0.49) for hue. The
results showed that NIR spectroscopy has a good potential
to predict internal quality of apricots non-destructively,
however it has a limited ability to predict color features.
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Introduction

Apricot (Prunus armeniaca L.) is a very important product
with its growing potential for Turkey. Sorting agricultural
products manually are costly and time consuming, and may
result false decisions about the quality of the produce. Sort-
ing apricots nondestructively based on their internal and
external physical properties is very attractive for the most
efficient evaluation of the product. Soluble solids content
(SSC) and firmness are important properties which mostly
determine consumer perception for internal quality indices
of apricot fruit; however, measurements of SSC and firm-
ness are still destructive. Destructive firmness measure-
ment techniques are not acceptable in automated fruit clas-
sification systems which evaluate every single fruit for its
quality.

Some researchers have attempted to use optical tech-
niques to develop a non-destructive means for assessing
fruit and vegetable quality. Near-infrared spectroscopy
(NIRS) is such a technique that has been used to nonde-
structively measure internal quality in a wide range of
fruits and vegetables such as mango [22], kiwifruit [18,
23], apple [7, 12-14, 16], peach [9], apricot [4-6, 17, 19],
cherries [6], tomato [21, 26] and pork [2]. Besides, the
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near-infrared (NIR) process is to be fast and cheap for
measuring the quality of agricultural products.

Lu [15] predicted firmness and sugar content of sweet
cherries using NIR diffuse reflectance spectroscopy with
good correlation values for both quality features (with r
values of 0.80, SEP=0.79 N for firmness and of 0.95,
SEP=0.71 for Brix). Flores et al. [8] estimated internal
quality parameters of intact tomatoes using NIR spectros-
copy, developing correlation models for predicting SSC
with R? between 0.63 and 0.82, and TA with R” between
0.41 and 0.71. Liu and Ying [13] used FT-NIR to evalu-
ate the influence of the distance between the light source/
detection probe and the fruit for measuring the sugar
content of Fuji apples. Yongni et al. [26] measured the
quality characteristics of tomato including fruit firmness,
soluble solid contents (SSC) and acidity (pH) with Vis/
NIRS. The best correlation coefficient (R>=0.90) was
obtained for SSC in tomatoes. Lammertyn et al. [12] used
nondestructive infrared spectroscopy technique with the
wavelength range of 380-1650 nm to measure quality
characteristics (pH, firmness, SSC) of Jonagold apples.
Quality parameters such as pH, firmness and soluble sol-
ids content were successfully predicted with R? values of
0.93, 0.90 and 0.82, respectively.

GoOmez et al. [10] detected the internal quality of Sat-
suma mandarin using NIR reflection mode in the wave-
length range of 350-2500 nm. The measurements were
obtained at three different equidistant positions of the
fruit. SSC (R*>=0.94) was the best correlation compared
to the firmness (R?=0.83) and pH (R>=0.81).

Slaughter and Crisosto [23] predicted fructose and
glucose contents in kiwifruit using NIR spectroscopy.
PLS analysis of the kiwifruit spectra indicated that 800—
1000 nm was the best subset of the 700—1100 nm NIR
region scanned for predicting fructose and glucose. PLS
calibration model resulted good predictions for fructose
and glucose contents of intact kiwifruit, with R%Z=10.96.

Although apricot was studied in various limited works
such as by Bureau et al. [4], Carlini et al. [6], and Camps
and Christen [5], the effect of data groups on the suc-
cess of prediction models has not been investigated thor-
oughly in terms of variation and cultivar. Mostly multiple
cultivars have been included in similar studies allowing
wide variation in data groups.

Overall objective of this work was to predict quality
parameters of soluble solids content, firmness and color
of apricot fruit non-destructively using FT-NIR spectros-
copy. In addition using a single cultivar in the experi-
ments and two data groups with different variations in the
physical constituents of the samples may be attributed as
prominent contributions of this study: With this aim, it
was expected to see if the variations in data groups would
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have any effect on the success of the prediction models
developed using partial least square (PLS) method.

Materials and methods

Tokaloglu apricot (Prunus armeniaca L.) variety was used
in this study. Hand harvested samples were obtained from
a commercial apricot orchard in Canakkale region in 2007.
Two apricot groups were included in the study. In the first
one, apricots were harvested periodically (with 2 days
intervals) from the same tree starting early in maturation
stage (June 8) and ending in late maturation stage (June
28) (multiple-harvest, MH). The second apricot group was
obtained by harvesting apricots only once in the beginning
of their maturation stage (June 11) and keeping them in the
cold storage (single-harvest, SH). A total of 440 apricots
were harvested from the selected tree for the MH applica-
tion while a total of 400 apricots were harvested (from the
same tree with MH) and stored at cold storage (+0.5°C,
90-95 % relative humidity) for SH application. With these
two data groups, which were the results of applying two
different harvesting schemes, it was expected to create two
apricot groups (MH, SH) with different variations of the
physical properties. For the first group (MH), around 50
samples were harvested periodically every other day from
the same tree. Spectral and physical measurements of MH
apricots were performed on the same day of harvest. Simi-
larly, for the second group (SH), 50 samples were removed
from cold storage and kept in room conditions (24°C)
for about 14 h to equilibrate their temperature before the
measurements.

Spectroscopic measurements

Spectral measurements of all the samples (MH and SH)
were performed in reflectance mode using a Bruker MPA
(Multi-Purpose Analyzer) FT-NIR spectrometer (Bruker
Optik, GmbH, Ettlingen Germany) equipped with an
InGaAs detector (TE-InGaAs) and a 20-W high intensity
NIR light source (tungsten-halogen). Spectral measure-
ments were performed in a dark room to avoid the effect
of ambient light. Reflectance measurements obtained via
the fiber optic probe were in the wavelength range of 780-
2500 nm. Thirty-two scans were performed for each reflec-
tance spectrum in about 15.32 s. Resolution was 8 cm™.
Instrument control and spectra analysis were performed
using OPUS software (Bruker Optik, GmbH, Ettlingen
Germany).

Reflectance spectra were obtained from the reference
(Spectralon®, Bruker Optik, GmbH, Ettlingen Germany)
and the sample consecutively for each sample measure-
ment. Fiber optic probe was placed directly on the cheek



Prediction of some internal quality parameters of apricot using FT-NIR spectroscopy 653

Apricot

Light source and detector
fibers(mingled in a bifurcated cable)

I~

FT-NIR Spectrometer

N1/,
0 L,
/9

i,

~

Light source

Fig. 1 Spectral measurement of apricot in reflectance mode

of the fruit, which represents the fruit color the most, dur-
ing spectral measurements. The fiber optic probe used had
a bifurcated optical configuration which guided the light to
the sample by the source fibers and received the reflected
light with the detector (TE-InGaAs) fibers (Fig. 1). In the
measuring head of the fiber optic probe, the source and
detector fibers were mingled randomly forming a sensing
area of about 11.7 mm?.

Physical quality measurements of apricots

Measurements of the physical properties of apricots were
performed following the spectral measurements. These
measurements were color, weight, size (diameter and
length), firmness, and SSC (Table 1).

Color was measured after the spectral measurements
using a colorimeter (Model CR-200, Minolta, Japan). Color
was measured twice from the two opposite equatorial sur-
faces of the apricots. Color readings were recorded in the
format of CIE XYZ color space (also known as CIE 1931
color space). They were then converted into Lab color
space (CIE L*a*b*) which is an absolute color space.
Chroma (\/a*2+ b%2) and hue (arc tan [b*/a*]) were
derived from Lab color space.

Apricot firmness was measured using a Chatillon pen-
etrometer, model DFS-500 (John Chatillon Sons, Inc. New
York, NY, USA) with a flat-head stainless-steel cylindri-
cal probe having a 6 mm diameter and without removing
the skin. Velocity in application of the probe was around
0.75 mm s~'. Firmness measurements were performed on
both cheeks of the fruit placing the probe close to the area
where spectroscopic measurement was done. Penetration
depth of the probe into the flesh of an apricot was between
6 and 8 mm. Strain energy (i.e., the area under the force/

Table 1 Physical properties of apricot samples

Quality attributes Application Statistics
Average SD
MT maximum force (N) Multiple harvest 15.24 9.80
Single harvest 13.93 6.29
MT-slope (N/mm) Multiple harvest 2.50 1.72
Single harvest 2.10 1.03
MT-area (N mm) Multiple harvest 46.02 35.07
Single harvest 46.64 22.02
Chroma Multiple harvest 44.65 4.42
Single harvest 41.79 3.42
Hue Multiple harvest 1.10 0.49
Single harvest 1.10 0.17
SSC (%) Multiple harvest 14.62 2.92
Single harvest 12.08 2.29
Length (mm) Multiple harvest 38.60 2.09
Single harvest 35.92 241
Diameter (mm) Multiple harvest 38.37 1.97
Single harvest 37.28 2.21

deformation curve until the maximum force, N-mm), slope
(N/mm, ratio of force to the deformation until the maxi-
mum force) and maximum force (N) were extracted from
the force/deformation curves and were considered to be the
measures of fruit firmness [11].

SSC was measured using a digital refractometer (model
RF-104 BP, 32-10, Atago Honcho, Itabashi-ku, Tokyo,
Japan) which had an accuracy of 0.2% and a scale range
of 0-32%. Refractometer readings were performed after
squeezing couple of juice drops from each sample.

Spectra analysis

Relative spectra of the samples were obtained directly from
the software as a result of the following calculation:
. Sample
Relative spectra = ————
Reference

The wavelength range between 780 and 2500 nm was
analyzed to find the optimal sub-wavelength ranges for
the best correlations between physical quality param-
eters and spectral measurements. Calibration and valida-
tion models were developed using the partial least squares
(PLS) with leave-one-out cross validation technique for
predicting quality parameters of firmness, SSC, hue and
chroma. In leave-one-out cross validation technique, cali-
bration was made by leaving one sample out and using
that sample in validation. This process is repeated until
all the samples have been used in validation for once. PLS
analysis was done for the common wavelength ranges in
the full spectrum of the samples to determine the optimal
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sub-wavelength ranges using OPUS software. The perfor-
mance of the calibration model was determined from the
averages of the repeated procedures separately in calibra-
tion and validation [11].

Different processing techniques were performed on apri-
cot spectra for possible improvements in the performance
of the calibration models in PLS analysis in addition to
testing different wavelength ranges. For this aim, three dif-
ferent spectrum processing techniques were applied to the
spectra of apricots. In the first approach, no processing
was applied to the spectra except smoothing. In the sec-
ond approach, following spectrum processing techniques
were applied on the spectra one at a time: constant offset
elimination, min—-max normalization, vector normalization,
straight line subtraction, first derivative, second derivative,
multiplicative scattering correction. In the last approach,
two processing techniques, one after another, were applied
on the apricot spectra: first derivative and straight line sub-
traction, first derivative and vector normalization, and first
derivative and multiplicative scattering correction. Mean
centering was applied on all the spectra, processed or not.
The OPUS software (Bruker Optic, GmbH, Ettlingen, Ger-
many) was used for establishing calibration and validation
models. The coefficient of determination, the root mean
squared error of estimation (RMSEE) and the root mean
squared error of cross validation (RMSECV) were used to
evaluate the performances of the calibration models [11].

Results and discussion

As seen in Table 1, although average MT slope and MT
area firmness values of the two apricot groups (MH and
SH) are close to each other, SD values were higher for MH
data group. On the other hand, MT maximum force firm-
ness measure and SD value related with this feature were
higher for MH apricot group compared to SH group. These
findings can highly be due to earlier harvests performed
for MH group. Also, higher SD in firmness values of MH
group compared to SH group may be explained with higher
variation in firmness values of the MH group which was
periodically harvested during a period of 18 days. In Fig. 2,
MH firmness values decreased sharply during the harvest
period while the decrease in SH firmness values occurred
in a narrower range. Similarly, SSC values for MH apricot
group increased quite steeply along with the harvest days.
On the other hand, SSC values for SH apricot group did
not show the same pattern with MH group; SSC values of
the SH apricot group increased during the first couple of
days of cold storage and then started to decrease for about a
week and then it started to increase again toward the end of
the storage period (Fig. 2). The difference between the SSC
values of the two apricot groups is likely due to keeping the
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Fig. 2 Change of firmness and SSC during the harvest period for
apricot samples

SH apricots in cold storage while letting the MH apricots to
continue growing on the tree. Robertson et al. [20] reported
a similar change pattern for SSC of peaches kept at cold
storage at two different maturation levels. They explained
this wavy change pattern of SSC of peaches at cold stor-
age with decreasing trend of sucrose during storage despite
the increases in glucose and fructose contents. Some of the
apricots treated differently and kept in cold storage showed
similar SSC change patterns as in this study [3]. Chroma
color values of the MH apricots were slightly higher com-
pared with SH apricots. The hue values were the same for
both applications. There were slightly more change in the
color of the MH apricots as they matured more rapidly on
the tree and this may explain higher chroma and SD values
for both color indices of MH apricots.

Firmness prediction

Good prediction was achieved for firmness (MT, maximum
force) for MH apricot group (R>=0.80, RMSECV =4.68)
while it was quite low for SH apricot group compared to
MH group (R*=0.41, RMSECV =5.11) (Table 2; Fig. 3a,
b). Similarly, when MT slope and MT area were consid-
ered as the firmness measures, predictions of firmness were
successfully performed for MH apricot group (R*>=0.77,
RMSECV=0.88, R?=0.71, RMSECV=21, respec-
tively) while the prediction success was poor for SH group
(Table 2).

Effective wavelength ranges and peaks for optimal firm-
ness, SSC and color predictions for MH and SH apricot
sample groups are given in Table 3. The effective wave-
length ranges for MH apricot group were between 800
and 1836 and between 2173 and 2355 nm which con-
tained peaks at 975, 1166, 1443, 1783, 1926 and 2380 nm
(Table 3). Effective wavelength range for SH group
included all absorption peaks, which were between 800 and
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Table 2 Summary of

. ' Sl Feature Data group Factors Calibration Validation
calibration and validation
results for the firmness, SSC, R? RMSEE R? RMSECV
chroma and hue of multiple-
harvest (MH), single-harvest Firmness MH 10 0.82 4.45 0.80 4.68
(SH) apricots using reflectance MT_max force SH 11 0.47 4.65 0.41 5.11
measurement probe Firmness MH 10 0.79 0.83 0.77 0.88
MT _slope SH 12 0.56 0.69 0.47 0.80
Firmness MH 10 0.75 20.10 0.71 21.00
MT_area SH 11 0.44 16.10 0.36 18.20
SSC MH 7 0.77 1.45 0.75 1.51
SH 8 0.76 1.31 0.74 1.36
Chroma MH 10 0.63 3.15 0.55 3.38
SH 8 0.44 2.69 0.40 2.73
Hue MH 1 0.17 0.48 0.16 0.49
SH 9 0.28 0.14 0.26 0.14

R? coefficient of determination, RUSEE (RMSECYV) standard error of calibration (prediction), MH multiple

harvest, SH single harvest

a 50
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Fig. 3 Prediction of firmness (MT-max) for multiple-harvest (a) and
single-harvest (b) in reflectance mode

2355 nm (Table 3). Zude et al. [27] pointed out that due
to water and carbohydrate overtones absorption occurred
around 960 nm in NIR, which is in agreement with the
findings in this work. In addition, Mcglone and Kawano
[18] reported the same absorption peaks in their study on
postharvest quality assessment of kiwifruit.

Prediction of soluble solids content (SSC)

Good correlation results were obtained between the NIR
spectra and SSC values for both apricot groups (MH and
SH) (Table 2): Prediction results of SSC for MH apricot
group (R>=0.75, RMSECV =1.51) were slightly better
than the results obtained for SH apricot group (R*=0.74,
RMSECV =1.36) (Table 2; Fig. 4a, b). Also the SSC pre-
diction results obtained for calibration and validation were
close to each other which shows that it is a good model for
predicting SSC. Although the change patterns of the SSC
for both apricot groups (MH and SH) were not completely
the same, they overall looked alike; in another explana-
tion, SSCs for both MH and SH apricot groups increased
first and then decreased drastically for a longer time for
SH group while it decreased slightly and for a shorter time
for MH group. SSC for MH group increased steeply after
a short decrease while it started to increase after around a
week of decrease for SH group (Fig. 2).

The effective wavelengths in predicting SSC were between
1333 and 1836 nm for both MH and SH apricot groups, while
the wavelength range of 2173-2300 nm was also effective for
the SH group (Table 3). The effective peaks were at 1926,
1783 and 1166 nm for both applications for the prediction of
SSC constitution. Effective wavelengths of 951, 1017, 1053,
1067, 1117, 1153 and 1191 nm were important for predict-
ing SSC content of post-storage apricots [17]. Abu-Khalaf
and Bennedsen [1] obtained a good correlation coefficient

@ Springer



656

M. B. Buyukcan, I. Kavdir

Table 3 Effective wavelength

. Wavelength range (nm) Peaks (nm)
ranges and peaks for optimal
firmness, SSC and color Firmness
predictions for multiple-harvest Multiple harvest 8001836 975, 1166, 1443, 1783
(MH) and single-harvest (SH) 2173-2355
apricot groups .
Single harvest 800-2355 976, 1166, 1443, 1783, 1926, 2315, 2429
SsC
Multiple harvest 1333-1836 975, 1166
Single harvest 1333-1836 1166, 1443, 1783
2173-2300
Chroma
Multiple harvest 8001836 975, 1166, 1443, 1783
2174-2355
Single harvest 1333-1639 975, 1166, 1443
1835-2355 1783, 1926, 2324
Hue
Multiple harvest 1333-2175 2435, 2416, 2396, 1926
1783, 1443, 1166, 975
Single harvest 800-1836 22459, 2380, 2370, 2353, 1926
1783, 1443,1166, 975
a o2 a 6o
y=0,74x + 3,84 y=0,57x + 19,07
26 { R*=0,75 Rz=0,55
RMSECV=1,51 °

Actual Soluable Solid Content (%)

Actual Chroma

T T T T T T T

10 12 14 16 18 20 22
Predicted Soluable Solid Content(%)

o

20

24 26

Predicted Chroma

y=0,71x +3,50
R?=0,74
18 | RMSECV=1,36

Actual Soluable Solid Content (%)

y=041x+24,72
R*=0,40

50 A

Actual Chroma

Predicted Soluable Solid Content(%)

Fig. 4 Prediction of SSC for multiple-harvest (a) and single-harvest

(b) in reflectance mode
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Fig. 5 Prediction of chroma for multiple-harvest (a) and single-har-
vest (b) in reflectance mode
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(79.9%) and RMSEP (1.56) for predicting SSC in plums.
The most important NIR ranges for modeling SSC prediction
were 778-810, 902-935 and 960-990 nm for plums.

Color prediction

Color prediction results were shown in Table 2 for both
apricot groups. The best chroma prediction was obtained

T T T - T T T T
1200 1400 1600 1800 2000 2200 2400

Wavelength (nm)

for MH apricot group with R>=0.55 (RMSECV =3.38)
while the prediction obtained for SH group was low with
R?=0.40 (RMSECV =2.73), (Table 2; Fig. 5a, b). Hue pre-
diction results were extremely lower compared to chroma
prediction. The effective wavelength ranges for predict-
ing chroma were 800-1836 nm and 2174-2355 nm for
MH apricot group, while they were 1333-1639 nm and
1835-2355 nm for SH apricot group (Table 3). The effec-
tive peaks occurred at 1926, 1783, 1443, 1166 and 975 nm
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for both apricot groups. The p-carotenes content is a very
important constituent of apricot color and wavelengths
from 1111 to 2500 nm includes the above mentioned peaks
for prediction of color. In a previous study, p-carotenes
content was predicted with a high correlation for calibra-
tion (R?=0.94) compared to a low correlation for cross-
validation (R?=0.26) [19].

Reflectance measurements

In average relative absorbance spectra of MH apricot
group, differences between early, middle and late harvests
of apricots can be seen clearly in Fig. 6. Important peaks
were at 975, 1165, 1444, 1783, 1926 and 2380 nm in the
average spectra of MH apricot group.

Similar absorption peaks were shown in Fig. 7 for SH
apricot group in reflectance mode. The peaks at approxi-
mately 1700 nm were defined as protein and sugar peaks;
peak at 1734 nm was approved as the protein band [23].
The water absorption peaks were specified at 975, 1168,
1443 and 1926 nm [25].

Conclusion

According to the results, FT-NIR spectroscopy provides
successful predictions of internal quality of apricots. Firm-
ness (MT maximum force, slope and area) predictions
were achieved with superior results for MH apricot group
(R?=0.80, 0.77, 0.71, respectively) compared the SH apri-
cot group (R?=0.41, 0.47, 0.36). Having superior results
for MH apricot group compared to those of SH group for
firmness prediction models may explain the effect of vari-
ation in the data groups examined. As was expected, bet-
ter prediction results were obtained for MH apricot group
which had wider variations in firmness and SSC values.
Prediction of SSC was successfully performed for both
apricot groups (MH and SH) resulting following determi-
nation of coefficients (R?) of 0.75 and 0.74, respectively.
Prediction of SSC was better than firmness prediction for
the SH apricot group. As a result good prediction results
for SSCs were obtained for both data groups with slightly
superior results for MH group which had a higher SD.
However, poor results were obtained for the prediction
of apricot color compared to other constituents. Conse-
quently, FT-NIR spectroscopy has a good potential to be
used for determining the internal quality attributes of fruits
such as apricot non-destructively. Regarding to the effect of
variation in the data group one can say that variation has
a positive effect on the success of the prediction model.
Firmness and SSC predictions for MH apricot group in this
study may support this approach. However, further studies

@ Springer

are needed to clarify this result. Future studies should be
conducted including more cultivars and also with different
variation levels.
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