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HIGHLIGHTS

NIR spectroscopy has yielded promissory estimates of the NSC in wood.

NIR signatures taken from wood powders are more informative for NSC modeling.

NSC predictions from wood disc spectra provided satisfactory responses.

Breeders can understand the resilience of trees using NSC estimates by NIR.

ABSTRACT

The non-structural carbon reserves in the various organs of trees are associated with 
their growth and the mechanism of resilience when exposed to environmental stresses, 
especially the water deficit. The goal of this study was to develop multivariate models 
to estimate the amount of non-structural carbohydrates (starch, sucrose, reducing 
sugars, total sugars and total non-structural carbohydrates) based on near infrared (NIR) 
spectra measured in solid wood and material reduced to powder. Partial least squares 
regression was used to associate the amount of non-structural carbohydrates (NSC) 
obtained by conventional laboratory analysis with NIR spectral signatures. The best 
predictive models were obtained from the wood reduced to powder. Validity for the NSC 
prediction in an external set of data presented the following statistics: reducing sugars 
with R²=0.90 and root mean square error (RMSE) of 2.54% dry matter, total sugars 
(R²=0.88, RMSE=2.76%), total NSC (R²=0.90, RMSE=2.58%), sucrose (R²=0.82, 
RMSE=0.06%) and starch (R²=0.80, RMSE=1.03%). The ability of models to estimate 
the NSC concentration in the growth rings and under divergent environmental conditions 
demonstrates the potential of the NIR tool to study the physiological responses of plants 
to different environmental stresses.
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 INTRODUCTION

Non-structural carbons are organic reserves 
that act in biochemical processes during the growth, 
development and survival of plants when subjected to 
stress situations imposed by the environment. These 
compounds are simple soluble sugars (glucose, fructose 
and sucrose), starch, lipids, amino acids, fatty acids 
and alcohols, being the first two the most significant 
portion of the energy reserves stored in plants (Hoch 
et al., 2003; Locosselli and Buckeridge, 2017). Thus, 
the amount of these reserves available to the plant 
can be used as important indicators of its potential 
for growth (Quentin et al., 2011) and its ability to 
survive environmental stresses (McDowell et al., 2011; 
O’Brien et al., 2014). These facts, associated with the 
aforementioned relationships between the levels of non-
structural carbohydrates (NSC) reserves and the growth 
and survival of plants, allow us to conjecture that greater 
genetic gains for growth and resilience to stress can be 
achieved by breeding.

For the quantification of NSC, enzymatic 
extraction techniques and chromatographic procedures 
are used (Yemm and Willis, 1954; Miller, 1959). However, 
the laboratory procedures used to detect and quantify 
NSC are complex, costly and time-consuming, making 
it difficult to conduct studies that require evaluations in 
large numbers of samples. To minimize such situations, 
it is necessary to use techniques that can provide 
immediate results, but with precision and accuracy close 
to those provided by traditional methodologies. 

In forest sciences, NIR spectroscopy is a non-
destructive technique that has been used to estimate 
wood properties (Tsuchikawa and Kobori, 2015) because 
of its precision, speed and effectiveness (Schimleck, 
2008), making possible to carry out genetic studies 
(Estopa et al., 2017). In addition, the technique has the 
advantage of providing results with high repeatability, 
requiring minimal sample preparation when compared 
to traditional analytical methods, and allowing the 
evaluation of large samples (Viana et al. 2009). The 
predictions are based on NIR spectral signature, which 
are related to the composition and the chemical bonds 
of the analyzed material (Pasquini, 2018).

Few studies have been conducted in forest species 
tissues to predict non-structural carbohydrates by NIR 
spectroscopy. Ramirez et al. (2015) adjusted multivariate 
models for the quantification of NSC in different organs 
of 82 native trees from different biomes of Canada and 
Colombia. The authors evaluated the total free sugars, 
starch and NSC content. Wang et al. (2018) have studied 
the growth and production of Picea abies roots with 

the supply of non-structural carbohydrates present in 
the different organs of the trees by means of the NIR 
spectroscopy. However, the fit of multivariate models to 
quantify NSC was not explored.

In this context, the present study aimed to develop 
models to estimate the contents of starch, sucrose, 
reducing sugars, total sugars and total NSC based on NIR 
spectral signature recorded from samples of solid wood 
disc and reduced to powder.

 MATERIAL AND METHODS

Biological material

Samples of Toona ciliata M. Roemer var. australis 
with seven years old of age were collected from the 
municipalities of João Pinheiro (17°44’33” S; 46°10’21” W) 
and Campo Belo (20°53’50” S; 45°16’38” W), both in the 
State of Minas Gerais, Brazil. According to Köppen (1948), 
the climate of the region of João Pinheiro (JP) is classified as 
Aw: tropical climate with dry winter. Campo Belo (CB) is 
classified as Cwa: subtropical, rainy and mesothermal.

Four clones (FE, XB, XD and XE) represented 
by three individuals were used, being 12 trees per 
municipality, totalizing 24 sampled trees.

Wood specimens

40 mm thick discs were taken from each tree at a 
height of 1.30 meters from the ground. These samples were 
stored in Styrofoam boxes with ice to reduce the enzymatic 
activity and the possible oxidation of the material.

In the laboratory, the discs were subjected to 
the microwave for 90 seconds at 600W to denature the 
enzymes, as described by Popp et al. (1996). Afterwards, 
they were taken to a forced air circulation oven at 60°C 
to constant mass for complete removal of the water 
without altering the starch for thermal degradation. The 
cross-sectional surfaces of the discs were sanded with 
60, 120 and 180 sandpapers, in order to better reveal 
and individualize the growth rings.

Spectral Acquisition

The Bruker FT-NIR spectrometer (Optik GmbH, 
Ettlingen, Germany), MPA model, with integrating sphere 
and interferometer, was used to collect the spectra 
directly on the cross-sectional surface of each disc, 
positioned at two opposite points of each growth ring, 
by means of the optical fiber in the range from 12,500 
cm-1 to 3,500 cm-1 with a spectral resolution of 8 cm-1 in 
diffuse reflection mode. Each spectrum represented the 
average of 16 scans.
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After collecting the spectra in the discs, the 
growth rings were individualized, reducing them to 
splinters, with the aid of a planer. The splinters were 
milled in a 40 mesh sieve for particle size classification 
and the powder was stored in plastic bags and saved in 
a freezer at -20°C. The powder spectral was acquired 
through by the integrating sphere with the same features 
of the disc spectral resolution.

The spectral acquisitions, in the solid wood disc 
and in powder, were carried out in a heated room 
(17°C and 60-65% RH) and collected through the 
software OPUS 7.5.

NSC chemical analysis

Powder aliquots (0.200 g) were taken from each 
sample for the extraction of sugars (reducing sugars 
and sucrose). Samples were homogenized in 100 mM 
potassium phosphate buffer, pH 7.0, and then warmed 
in a water bath at 40°C for 30 minutes. The homogenate 
was centrifuged at 5,000 g for 10 minutes, and the 
supernatant was collected. The supernatant was used 
for sucrose extraction and quantification of reducing 
sugar. The pellet was resuspended and used for starch 
extraction (Zanandrea et al., 2010).

For the determination of sucrose, 800 μL 
micromolecule extract was added to 800 μL 30% KOH 
(Van Handel, 1968), placed in a water bath at 37°C for 15 
minutes and quantified by the Antrona method (Yemm 
and Willis, 1954)

Reducing sugars were quantified by the 
Dinitrosalicylic Acid Method (DNS), according to Miller 
(1959). The total sugars were represented by the sum of 
the sucrose with the reducing sugars contents.

To determine the starch, the extraction precipitate 
was resuspended with 8 mL of the 200 mM potassium 
acetate buffer pH 4.8, 2 mL of 1mg/mL amyloglucosidase 
enzyme was added and the sample was incubated in a 
water bath at 40°C for 2 hours. After incubation, the 
material was centrifuged at 10,000g for 20 minutes, 
the supernatant was collected and the volume of the 
material was completed to 15 mL with distilled water. 
Starch determination was done by the Antrona method 
(Yemm and Willis, 1954).

The content of total non-structural carbohydrates 
(total NSC) was determined by summing the total sugars 
and starch.

The NSC concentrations are expressed as 
percentage of dry matter (%DM) according to Equation 1.

Multivariate analysis

NIR spectra are subjected to interference from 
several factors, and therefore, the pretreatment of the 
data collected in the spectrum is necessary to reduce 
noise and improve calibration fit and validation of the 
models to be predicted.

Thus, the spectra used for the calibration of the 
models to predict the NSC contents were filtered, using 
only the wavenumbers from 9,000 to 4,000 cm-1.

Principal component analyses were performed to 
detect outliers. After the analysis, outlier detection tests 
were also carried out, observing leverages x studentized 
residuals plots, for each NSC content.

Finally, for the analyses, the spectral data 
were treated by the first derivative of second-degree 
polynomials using the Savitzky and Golay (1964) 
algorithm, with 15 smoothing points, since these led to 
better results when compared to the original spectra.

The selected samples were analyzed by two 
methods. The first considered all samples with complete 
cross validation. In the second approach, the samples 
were divided into two subsets: calibration (66%) and 
external validation (33%). The selection of samples from 
each subset was performed using the Kennard-Stone 
algorithm (Kennard and Stone, 1969).

Partial Least Squares Regression (PLS-R) was 
applied to associate the variations in the spectra (Matrix 
X) with the variations in the NSC (Matrix Y). The 
selection of the best regression models was based on the 
following criteria: coefficient of determination (R²), root 
mean square error (RMSE) and the ratio of performance 
to deviation (RPD) (Equation 2), where RPD is the ratio 
of the standard deviation (SD) of the sample to the root 
mean square error.

[1]

RPD SD
RMSE

= [2]

All the statistical analyses were run using the 
software Chemoface version 1.5 (Nunes et al., 2012).

RESULTS AND DISCUSSION

NIR spectra and its pre-treatments

Figure 1 illustrates the near infrared signatures 
taken from wood disc and powder samples.

With the spectra of the different types of sample 
preparation, principal component analyses were 
performed, removing one outlier from the disc spectrum 
and two for the powdered material. In addition, a clone 
of the environment of João Pinheiro drastically reduced 



87

CERNE

ROSADO et al.

NEAR INFRARED SPECTROSCOPY: RAPID AND ACCURATE ANALYTICAL TOOL FOR PREDICTION OF 
NON-STRUCTURAL CARBOHYDRATES IN WOOD 

the fit of the model for starch analysis. This may have been 
due to errors in the execution of laboratory protocols. Thus, 
the spectra along with their reference values were discarded, 
justifying the N of 147 used for calibration of this characteristic.

 Prior to calibration, all spectra were preprocessed 
by different techniques to eliminate or minimize variability 
that are not related to the characteristics studied. The 
best results, which gave the lowest RMSEcv values, were 
obtained using the Savitzky - Golay first derivative, with 
different points for each NSC evaluated. The graphs of the 
treated spectra are shown in Figure 2.

Principal Component Analysis 

The principal component analysis of spectra 
treated by the first derivative (Figure 3) were performed 
in the two physical forms, disc (1) and powder (2) to 
distinguish the locations of each material (Figure 3A), the 
clones present in the study (Figure 3B) and the growth 
rings (Figure 3C) of each tree sampled. In the disc, two 
distinct groups were formed for the different localities, 
but with some similarities between them, a factor that is 
associated with the different clones used, to the powder 
two distinct groups were formed, but with similar areas, 
a factor associated with the growth rings sampled, 
however the distinction of localities is more evident to 
the powder. No distinction or grouping was observed for 
the clones, considering the results obtained, except for 
the XB clone in the powder sampling. For the growth 
rings, with some similarities due to the divergent sites, 

4 distinct groups were formed: group 1 (rings 1, 2, 3 
and 4), group 2 (ring 5), group 3 (ring 6) and group 4 
(ring 7). This divergence or grouping is deduced by the 
presence of active cells in the different types of wood 
(adult or juvenile), specific physiological needs in each 
ring for the non-structural carbohydrates and the flow 
of these carbohydrates under different water regimes 
for the repair of the embolized vessels (Deslauriers 
et al., 2009; Nardini et al., 2011). In the powder, the 
distinction between localities was more evident than 
that represented by the spectra collected on the disc. 
For the clones, there was also more evident grouping 
and similarities, but for the different growth rings, the 
grouping is more noticeable in the disc material.

Partial Least Squares Regression (PLS-R)

PLS-R of the spectra obtained by the NIR and 
the reference values produced satisfactory calibration 
models for all studied NSC (Table 1).

By the descriptive analysis of the mean, maximum, 
minimum and standard deviation, a high variation 
between the NSC of samples were observed. This was 
due to the difference between the two environments 
studied (Rainfall: Campo Belo – 1,406 mm annually and 
João Pinheiro – 1,241 mm), climate changes over time, 
carbohydrate mobility between rings, which marked the 
annual growth of the Toona ciliata and four different clones.

FIGURE 1 Original NIR spectra collected on powder-reduced 
material (A) and wood disc (B).

FIGURE 2 Spectra treated by the first derivative of the NIR 
collected on powder-reduced material (A) and the 
wood disc (B).-1.
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FIGURE 3 PCA scatter plot for the spectra indicating different localities (A), clones (B), growth rings of each sampled tree (C), Disc (1) and 
Powder (2); Growth rings: 1, 2, 3, 4, 5, 6 and 7.

TABLE 1 Parameters of the PLS-R models according to the type of non-structural carbohydrate in wood discs and powder.
NSC Starch Sucrose Reducing sugars Total sugars Total NSC

Models Disc Powder Disc Powder Disc Powder Disc Powder Disc Powder
Calibration

Number of samples 97 98 110 107 110 108 110 109 109 105
Number of outliers 1 8 6 8 3 6 3 4 4 10

LV 10 10 12 10 7 10 6 10 7 13
Minimum (%DM) 0.19 0.19 0.02 0.03 0.25 0.03 0.29 0.06 0.49 0.49
Maximum (%DM) 15.52 12.17 0.85 0.85 39.07 39.07 39.34 39.34 40.01 40.01

Mean (%DM) 2.45 2.06 0.22 0.23 8.28 9.38 8.49 9.83 10.87 12.25
SD (%DM) 2.89 2.07 0.19 0.17 7.50 8.37 7.56 8.66 7.45 8.45

R²c 0.83 0.92 0.93 0.92 0.80 0.95 0.79 0.95 0.79 0.97
RMSEc (%DM) 1.18 0.57 0.05 0.05 3.38 1.85 3.41 1.91 3.41 1.50

Validation method Cross Validation
R²cv 0.67 0.69 0.84 0.83 0.73 0.89 0.73 0.90 0.69 0.89

RMSEcv (%DM) 1.66 1.16 0.07 0.07 3.86 2.72 3.90 2.78 4.18 2.77
RPDcv 1.75 1.79 2.70 2.24 2.01 3.08 1.94 3.11 1.79 3.04

Validation method External Validation
Number of samples 49 46 54 53 55 54 55 55 55 53
Minimum (%DM) 0.25 0.21 0.03 0.02 0.03 0.44 0.06 0.49 0.53 0.91
Maximum (%DM) 13.82 10.98 0.58 0.76 32.50 32.50 32.69 32.69 33.71 33.71

Mean (%DM) 1.78 1.59 0.22 0.17 11.04 9.25 11.26 9.53 12.60 10.54
SD (%DM) 2.59 2.14 0.14 0.17 8.71 7.94 8.75 7.97 8.29 7.83

R²p 0.72 0.80 0.73 0.82 0.78 0.90 0.78 0.88 0.72 0.90
RMSEp (%DM) 1.38 1.03 0.07 0.06 4.31 2.54 4.34 2.76 4.38 2.58

RPDp 1.88 2.08 1.93 2.24 2.01 3.13 2.02 2.88 1.89 3.03
Bias (%DM)a 0.18 -0.16  0.01 -0.01 -1.18 0.27 -1.19 0.17 -0.26 0.37

a: mean of the estimated values - means of the measured values; LV: latent variable.
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By observing separately, the parameters for the 
sampling performed on the discs, satisfactory calibration 
models were found to determine the NSC (R²cv> 0.67). 
The best model, when observed its validation with 
external data, was obtained for total sugars (R²p=0.78 
and RMSEp=4.34%) and the worst for starch (R²p= 
0.72 and RMSEp=1.38%).

The material reduced to powder gave better 
calibration models compared to the data obtained straight 
from the disc (R²cv> 0.69). In the external validation, the 
best models were for reducing sugars (R²p = 0.90 and 
RMSEp = 2.54%) and the worst was again for starch (R²p = 
0.80 and RMSEp = 1.03%). The parameters of the models 
found in this study are similar to those found in the literature, 
however in different tissues and plant species(Chen et al., 
2014; Ramirez et al., 2015; Quentin et al., 2017).

According to the classification of the coefficients 
of determination and the RPD referred by Saeys et al. 
(2005), it may be inferred that for the prediction of 
constituents of NSC, this will quantify approximately 
the contents of reducing sugars and total sugars. On the 
other hand, for starch, sucrose and total NSC, it would 
only be capable of discriminating their contents between 
highs and lows.

More accurate models were found in the analyses 
made on wood reduced to powder. According to the 
classification used, the contents of starch and sucrose 
can be quantified approximately, the total sugars will be 
predicted optimally and the reducing sugars and total 
NSC will be quantified with an excellent prediction.

The collection of spectral signatures with the 
integrating sphere resulted in better fits when compared 
to the collection with the optical fiber probe. In addition 
to the sampling method, the physical structure of the 
wood must also have influenced this result. Hein et al. 
(2010) have stated that milled wood provides better 
results than solid wood on NIR prediction of chemical 
properties of Eucalyptus urophylla.

Figure 4 shows the relationship between the 
chemical reference values and the NIR-predicted values 
of the different structures analyzed. In general, the models 
yelded a satisfactory prediction power for the NSC content.

From the partial least squares regression, 
we constructed the graph of each non-structural 
carbohydrates from the perspective of the wavelength 
versus regression coefficients for the disc and for 
the wood reduced to powder (Figure 5) in order to 
relate the largest regression coefficients, positive and 
negative, with the wavenumber where a given NSC is 
most expressed.

The highest coefficients were found for the 
material reduced to powder, a fact associated with better 
penetration of the light beam in the spectral acquisition 
in the integrating sphere. The starch can be measured by 
the vibrational modes presented in the range of 4,200 to 
4,000 cm-1 in the wood reduced to powder, where there 
was also a peak at 6,954 cm-1. For sucrose, the regression 
coefficients were not as expressive as the other NSC, 

FIGURE 4 Correlation between the predicted values and the 
observed values for the contents of starch (1), sucrose 
(2) reducing sugar, (3) total sugars and (4) and total NSC 
(5) in Toona ciliata wood. Samples for the disc (A) and 
for the wood reduced to powder (B) are represented 
to the left and the right, respectively. Legend: □ cross-
validation; Δ external validation..
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The results show that the PLS-R calibration (R²> 
0.80), and cross-validation (R²> 0.67) presented satisfactory 
statistics for the models based on the disc spectra. The models 
allow the quantification of non-structural carbohydrates in 
the approximate values, for starch, reducing sugars, totals 
sugars and total NSC, and good predictions for sucrose, 
considering R². Based on the RPD and the classification 
proposed by Saeys et al. (2005), the models will allow the 
starch to be quantified as high or low content, sucrose will 
be predicted as approximate values. Reducing sugars, total 
sugars and total NSC can be investigated with excellent 
predictions and, for sucrose, the association of measured 
values and estimates will be excellent.

These results, as well as the works by Batten et 
al. (1993), Decruyenaere et al. (2012), Ramirez et al. 
(2015) and Quentin et al. (2017) demonstrated the great 
potential of NIR in analyzing non-structural carbohydrates 
in various tissue types in plants.

Perspectives

This tool becomes more useful with the increasing 
number of samples to be analyzed, given the decrease in 
the time and reagents of laboratories demanded, as well 
as the economy in the workforce. One strategy would 
be to use the predictions of the NIR by the disc or core, 
taken from the trees, to group or classify the genotypes 
with low, medium and high values of NSC. When the 
number of individuals is smaller, the wood can be ground, 
which will take a little more time and labor, but it will be 
possible to quantify the NSC more precisely.

With satisfactory calibrated models for both 
types of samples, NIR spectroscopic models can be used 
for studies of Toona ciliata and other genera, assisting 
ecologists, physiologists, and genetic plant breeders 
to better understand the relationship between NSC 
with plant growth and mortality under influence of 
environmental stresses.

CONCLUSIONS

The models based on the NIR spectroscopy 
demonstrated applicability in the quantification of the 
non-structural carbohydrates in the Toona ciliata wood.

All the PLSR multivariate fits for the non-structural 
carbohydrates were better in the wood powder samples.

The lowest R² of the external validation was 
observed for starch in the two physical forms of samples, 
R² = 0.72 for the disc and 0.80 for the powder. The 
higher values were found for reducing sugars and total 
sugars, R² = 0.78 for the disc and 0.90 for the powder.

FIGURE 5 Partial least squares regression coefficients according 
to wavelengths for the non-structural carbohydrates in 
the disc and the powder of Toona ciliata wood obtained 
by the optical fiber and the integrating sphere.

there was also a great variation in the relationship of the 
coefficients with the wavelength. Reducing sugars can 
be detected in wavelengths in the order of 4,400-4,000 
cm-1 in the material reduced to powder there were also 
high relationships in the bands of 8,964-8,794 cm-1. Total 
sugars were more present in the wavelength of 4,427-
4,076 cm-1, and in the material reduced to powder, there 
was also significant interference of wavelengths of 5,014 
cm-1 and 8,960-8,794 cm-1. For total NSC, the spectral 
range with the highest relationship was 4,458-4,000 
cm-1, while in the powder there was also a relationship 
with the wavelengths of 8,956-8,794 cm-1. These peaks 
are in accordance with the information provided in 
Workman and Weyer (2007) and the band assignments 
in NIR spectra of wood reported in Schwanninger et al. 
(2011). However, some peak locations differ from those 
found by Quentin et al. (2017), who reported the most 
explanatory regression coefficients at wavelengths in 
the order of 5,180-5,200 cm-1 and 5,260-5,270 cm-1 for 
fructose and reducing sugars, respectively. According to 
Ramirez et al. (2015), the regions where sugars, starch 
and total carbohydrates were detected are located at 
wavelengths in the order of 5,747-5,555 cm-1, 4,761-
4,347 cm-1 and 4,149-4,016 cm-1, respectively.

Partial least squares regression (PLS-R) analysis 
was also performed with 100% of the data (Table 2), 
thus obtaining a model for the quantification of NSC for 
other individuals.
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The values of RPD followed the trend of R² and 
were lower for starch, 1.88 for the disc and 2.08 for the 
powder. The largest were for the reducing sugars, 2.01 
for the disc and 3.13 for the powder.

The root mean square error (% DM) was 
lower for sucrose, 0.07% for the disc and 0.06% for 
the powder. While the largest errors were verified for 
the total non-structural carbohydrates, in the order of 
4.38% for the disc and 2.58% for the powder.

Depending on the sample size, the use of the 
wood disc for collecting the spectra via optical fiber can 
be used for the qualitative determination of the samples. 
For the most precise quantification, wood must be 
reduced to powder, and the integrating sphere must be 
used for collecting the spectra.
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