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RESUME

Exploration du potentiel de l'imagerie
hyperspectrale proche infrarouge et de la
chimiométrie pour discriminer la banque
de graines du sol de deux espéces de
bois d’Afrique centrale : Erythrophleum
suaveolens (Guill. & Perr.) Brenan et
Erythrophleum ivorense A. Chev.

Les graines contenues dans la banque du
sol peuvent étre trop petites pour étre
quantifiées visuellement. Les espéces de
bois concernées sont généralement iden-
tifiees lors d'essais de germination en
pépiniére, ce qui prend du temps. Cette
étude explore une nouvelle approche fon-
dée sur l'imagerie hyperspectrale dans le
proche infrarouge (NIR-HSI) couplée a des
outils chimiométriques. Elle se concentre
sur la banque de graines du sol des foréts
denses humides d'Afrique centrale, qui
est encore méconnue. Nous avons utilisé
quatre-vingt-trois graines de deux espéces
soeurs, Erythrophleum suaveolens (Guill. &
Perr.) Brenan et Erythrophleum ivorense A.
Chev.,, collectées dans le sol forestier (pro-
fondeur entre 0 et 10 cm) au Gabon, au
Cameroun et au Congo. A laide d'analyses
en composantes principales et d'analyses
discriminantes par moindres carrés partiels,
nous avons étudié la capacité de lima-
gerie hyperspectrale proche infrarouge a
identifier les graines de deux espéces. La
méthode est rapide, non-destructive et
offre de nouvelles perspectives pour l'étude
de la banque de graines des sols forestiers.

Mots-clés : banque de graines, espéces
de bois, imagerie hyperspectrale proche
infrarouge, chimiométrie, identification,
discrimination.

ABSTRACT

Exploring the potential of Near

Infrared Hyperspectral Imaging

and chemometrics to discriminate

soil seed bank of two central African
timber species: Erythrophleum suaveolens
(Guill. & Perr.) Brenan and Erythrophleum
ivorense A. Chev.

Seeds contained in the soil bank can be too
small to quantify visually. Concerned timber
species are usually identified after germi-
nation trials in the nursery, which is time-
consuming. This study explores a new
approach based on near infrared (NIR-HSI)
hyperspectral imaging coupled with che-
mometric tools. It focuses on the soil seed
bank of the central African moist forests,
which is still unknown. We used eighty-three
seeds of two sister species, Erythrophleum
suaveolens (Guill. & Perr) Brenan and
Erythrophleum ivorense A. Chev., collected
in the forest soil (between 0 and 10 cm in
depth), in Gabon, Cameroon, and Congo.
Applying principal component analysis and
partial least squares discriminant analysis,
we studied the capacity of near-infrared
hyperspectral imaging to identify the seeds
of the two timber species. This method is
fast, non-destructive, and offers new pros-
pects for studies of forest soil seed banks.

Keywords: soil seed bank, timber
species, near-infrared hyperspectral
imaging, chemometrics, identification,
discrimination.

C. DOUH, J.-L. DOUCET, F. Tosso0, K. DAiNOU,
A.-P. GOREL, A. DERYCK, J. A. FERNANDEZ PIERNA

RESUMEN

Estudio del potencial de la imagen
hiperespectral del infrarrojo cercano
combinado con la quimiometria para
diferenciar dos especies de arboles
centroafricanos en la reserva

de semillas del suelo: Erythrophleum
suaveolens (Guill. & Perr.) Brenan,

y Erythrophleum ivorense A. Chev.

Las semillas contenidas en la reserva del
suelo pueden ser demasiado pequenas para
cuantificarlas visualmente. Habitualmente
estas especies se identifican después de
intentos de germinacion en el vivero, lo que
requiere tiempo. Este estudio explora un
nuevo enfoque basado en la imagen hipe-
respectral del infrarrojo cercano (NIR-HSI)
combinada con herramientas quimiométri-
cas. Se centra en la reserva de semillas del
suelo de los bosques himedos de Africa,
que todavia es poco conocida. Usamos
83 semillas de dos especies hermanas,
Erythrophleum suaveolens (Guill. & Perr.)
Brenan y Erythrophleum ivorense A. Chev.,
recogidas en la reserva de semillas del
suelo (entre 0 y 10 cm de profundidad), en
el Gabon, el Cameriin y el Congo. Aplicando
analisis de componentes principales y
analisis discriminante de minimos cuadra-
dos parciales, estudiamos la capacidad de
la imagineria hiperespectral del infrarrojo
cercano para identificar las semillas de
ambas especies. Este método es rapido, no
destructivo y ofrece nuevas perspectivas
para estudios de reservas de semillas en
suelos forestales.

Palabras clave: reserva de semillas del
suelo, especies de madera, imagenes
hiperespectrales en el infrarrojo
cercano, quimiometria, identificacion,
discriminacion.



Introduction

The soil seed bank designates the stock of viable seeds
in the soil (Lipoma et al. 2018). It is considered a significant
compartment of the natural regeneration in both tempe-
rate and tropical forests (Roberts 1981; Sousa et al. 2017)
and represents the memory of plant communities in an
ecosystem (Plue et al. 2010; Skowronek et al. 2014). Studies
dealing with the soil seed bank could provide information
on the structure and functioning of the forest ecosystems
(Odum 1969; Hille Ris Lambers et al. 2005). Until recently,
most studies on the seed bank of tropical forests were
carried out in Asia and America (Martins and Engel 2007;
Shen et al. 2014; Sousa et al. 2017). Over the past decade,
however, studies in Central Africa have increased in num-
ber (Dainou et al. 2011; Douh et al. 2018a; Zebaze et al. 2021;
Padonou et al. 2022; Douh et al. 2023). All of them have been
carried out using conventional methods. In order to iden-
tify the species present in the soil seed bank, germination
tests were performed (Dainou et al. 2011; Sousa et al. 2017,
Douh et al. 2018a). This method is time-consuming, and
protocols may vary from one author to another (Plaza-
Bonilla et al. 2014). Another difficulty comes from ascer-
taining the viability of non-germinated seeds at the end
of the experiments, especially for the smallest dormant
seeds, which are almost unobservable in the soil bank.
Consequently, the use of other, more effective techniques
would be desirable to avoid underestimation in the quanti-
fication of the soil seed bank.

In this context, the use of near-infrared (NIR) spectros-
copy technology linked with a microscope (NIRM) to identify
seeds present in the soil deserves to be investigated.

In the recent years, new methods based on NIR spec-
troscopy technology have been developed. Thus, NIR has
been linked with a microscope to create the NIR microscopy
(NIRM). This spectrometer instrument includes a classical
NIR spectrometer coupled with an optical microscope in
which the optics have been adapted to NIR radiation.

Near-infrared microscopes allow the spectra to
be collected from an extremely small sample (typically,
50 pm x 50 pym or less, depending on the instrument and
the configuration) (Yang et al. 2011).

Recent developments in NIR Focal Plane Array (FPA)
technology offer a solution to this problem in the form of
imaging spectroscopy, which combines the advantages of
spectroscopic and microscopic methods, along with much
faster sample analysis since the spectral data are acquired
in parallel. A NIR hyperspectral imaging spectrometer
(NIR-HSI) gathers spectral and spatial data simultaneously
by recording sequential images of a pre-defined sample
(Fernandez Pierna et al. 2004).

For both classical NIR and NIR-HSI, the advantages
include simplicity of data acquisition, low cost per analy-
sis, rapid inspection, non-destructive method, and accu-
racy (Fernandez Pierna et al. 2004, 2012; Dale et al. 2012).
Nonetheless, in NIR spectroscopy systems, samples usually
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have to be ground at less than 1 mm. With NIR-HSI sys-
tems, sample preparation is not necessary. The samples
can be scanned without any grinding and can be subse-
quently used for other purposes (e.g., for germination trials)
(Roggo et al. 2005).

Also, with NIR techniques, one measure gives one ave-
rage spectrum, while thousands of spectra can be obtained
with NIR-HSI, giving a complete picture of the distribution
of chemical compounds at the pixel level (Ben-Dor and
Banin 1995; Fernandez Pierna et al. 2009; Dale et al. 2013;
Shahin et al. 2014). Considering the complexity of the spec-
trum, chemometrics (application of mathematical tools, in
particular statistics, to obtain maximum information from
chemical data) and multivariate statistical approaches
are needed to progress in the exploitation of the data
(Massart et al. 1998).

The NIR-HSI has been used to discriminate
mung bean seeds into normal and hard groups
(Phuangsombut et al. 2018). This technology has also been
used to identify the authenticity of maize seed varieties
(Cui et al. 2018).

NIR-HSI has been revealed as a promising tool in the
discrimination and identification of the quality of cereal
grains (Fernandez Pierna et al. 2010; Vermeulen et al. 2017
Caporaso et al. 2018). However, to our knowledge, this tech-
nology has never been used to discriminate or quantify the
seed bank of forest soils.

In this work, a complete procedure based on NIR-HSI
coupled with chemometrics has been proposed in order to
discriminate the soil seed bank of the two-sister species
exhibiting relatively similar morphological characteristics,
namely Erythrophleum suaveolens (Guill. & Perr.) Brenan
and Erythrophleum ivorense A. Chev. (Gorel et al. 2015).

Material and Methods

Species study and sampling of the soil seed bank

Erythrophleum suaveolens and E. ivorense are two
timber species belonging to the family of Leguminosae-
Detarioideae, exploited in central Africa (commonly known
as “Tali"). Erythrophleum suaveolens is found in semi-
deciduous rain tropical forests, forest galleries, and dry
forests, while E. ivorense is found in evergreen rain forests
(Aubréville 1970; Duminil et al. 2010). Both species are para-
patric, and their distinction in contact zones is challenging
(Gorel et al. 2015; Duminil et al. 2016). They have dormant
seeds, and they are found in the soil seed bank at densities
reaching 0.15 to 8.55 seed/m? (Douh et al. 2018b).

In this study, seeds of E. suaveolens were collected in
June 2015 in the forests of Northern Republic of the Congo
(Loundoungou) within 4 km?-plots of the DynAfFor' project.

" Dynamique des foréts d’Afrique centrale, http://www.dynafac.org
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Figure 1.

Location of the collection sites of seeds in Cameroon (Ma’an), in Congo (Loundoungou) and in Gabon (Estuaire).

Seeds of E. ivorense were collected in June 2008 and 2015 in
the forests of Ma’an community (Cameroon) and of Estuaire
province (Gabon) (figure 1). Globally, 83 seeds were col-
lected in the 0-10 cm layer of soil. Table | summarises the
characteristics of the seed collection sites (Segalen 1967;
Freycon 2014).

Reference numbers have been assigned to each seed
(68 seeds of E. suaveolens and 15 seeds of E. ivorense).
Seeds were kept at ambient temperature and humidity for
30 days until posterior analysis using NIR-HSI.

Near-infrared (NIR)
hyperspectral imaging (HSI)

Near-infrared hyperspectral images were acquired
with a system combining a NIR hyperspectral line scan ins-
trument and a conveyor belt (BurgerMetrics SIA, Riga, Lat-
via; photo 1). The camera was a short-wave infrared camera
XEVA CL 2.5 320 TE4 (SPECIM Ltd., Oulu, Finland), using an
ImSpector N25E spectrograph that includes a cooled, tem-
perature-stabilised mercury-cadmium-telluride detector
(XENICS NV, Leuven, Belgium). The images were acquired




Bois et Foréts des Tropiques - ISSN : L-0006-579X
Volume 360 - 2¢ trimestre - juin 2024 - p. 1-10
ERYTHROPHLEUM SUAVEOLENS ET E. IVORENSE | RECHERCHE

Table I.

Cameroon (Ma’an)

02°21" N - 02°35' N

Geographical coordinates 08°42' E - 09°42'E

Altitude (m) 600 - 800
Annual rainfall (mm/an) 2,800

Soil types Ferralsols
Geomorphology Sandy to sandy-clay

Forest types Evergreen

Congo (Loundoungou)

02°18' N - 02°22'N
17°31 E - 17°34°E

410 - 460
1,686
Acrisols-Arenosols-Gleysols

Alluvial deposits in the
Cuvette central of the Congo

Synthetic description of the collection sites of seeds of Erythrophleum suaveolens and E. ivorense

Gabon (Estuaire)

0°23'N - 0°24'N
9°15' E-9°27'E

800 - 1,000
2,831
Acrisols-Arenosols-Gleysols

Shale sandstone-Shale
limestone

Semi-deciduous Evergreen

in the wavelength range from 1,100 nm to 2,400 nm, with
a 6.3-nm spectral resolution (i.e., 209 wavelengths), and
a width of 320 pixels using the protocol described by
Fernandez Pierna et al. (2006, 2012) and Vermeulen et al.
(2010). Thirty-two (32) scans per image have been averaged,
and each pixel provides an absorbance spectrum at each
pixel of the image.

The near-infrared spectra acquired on both faces of
each seed (lower and upper) were extracted with HyperSee
software (BurgerMetrics SIA, Riga, Latvia), and an average of
1,000 pixels/spectra per seed were selected (figure 2). The
faulty spectra (from which no information can be extracted)
were removed from all images.

Analyses and soil seed bank identification

The first step before chemometrics analysis is the buil-
ding of a spectral library. This is done by selecting repre-
sentative spectra (the average spectra) of each seed variety
from each acquired image. Then, this spectral library was
used to assess the capacity of the NIR-HSI to distinguish
seeds of E. suaveolens and E. ivorense. Once the library has
been built, different chemometric tools have been used,
namely a non-supervised method, principal component ana-
lysis (PCA, Legendre and Gallagher 2001; Wise et al. 2006),
and a supervised technique, partial least squares dis-
criminant analysis (PLS-DA, Naganathan et al. 2008;
Williams et al. 2009; McGoverin et al. 2011). The PCA was
used as an exploratory method to investigate the pos-
sibility of distinguishing the seeds of the two species on
basis of their spectra linked to the chemical differences of
the seed’s constituents (Janné et al. 2001; Dale et al. 2012;
Fernandez Pierna et al. 2012).

The PCA loadings obtained from the PCA were inves-
tigated to figure out which molecules were responsible
for the separation. If any, the seeds of both species
(Reeve et al. 1996; Silverstein et al. 2007; ASD Inc. 2005-2013).

Regarding PLS-DA, a first calibration model needs to
be built before being validated to check its capacity for
discriminating both seed species. For this, 50 and 11 seeds

of E. suaveolens and E. ivorense (photos 2 and 3), respec-
tively, were used for calibration and 18 and 4 seeds (res-
pectively for E. suaveolens and E. ivorense) for validation
(Dale et al. 2013). The accuracy of the PLS-DA classification
model was determined in terms of sensitivity and specificity
values.

Sensitivity, or true positive rate, is a statistical mea-
sure of how the classification model is able to recognise
a sample belonging to a given class. And the specificity,
or true negative rate, measures the ability of the model
to reject all samples not belonging to that given class
(Eylenbosch et al. 2017).

All the analyses were performed using the Matlab
R2015a software (The MathWorks, Inc., Natick, MA, USA) and
the computing environment R (R Core Team, 2013).

[~ DQ160572-07hsi x
x

_?_' Mean Wavelength Imags

2 ve |

Figure 2.

a) Radial Basis Functions (RBF) image of a seed.
b) Near-infrared hyperspectral imaging (NIR-HSI)
of the same seed.
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Results and discussion

Spectral signatures of Erythrophleum
suaveolens and E. ivorense seeds

Figure 3 shows the spectra and the raw
average spectra NIR of E. suaveolens and
E. ivorense seeds obtained with NIR-HSI.
The overall level of absorbance appears
to be higher for E. ivorense seeds than for
E. suaveolens seeds.

This trend shows that seeds of
E. suaveolens would have significant light
scattering, which would lead to a high level
of reflection and therefore a relatively lower
level of absorbance (Dale et al. 2012).

Discrimination of the soil seed bank

=1 == Spectra of Erythrophleum ivorense seeds
= = = Spectra of Erythrophleum suaveolens seeds
25.000 mm Mean of spectra of Erythrophleum ivorense seeds
' Hl Mean of spectra of Erythrophleum suaveolens seeds
[
v -
C
©
=
®]
_8 15,000
<
5,000 =
T T T T T T T
1,200 1,400 1,600 1,800 2,000 2,200 2,400
Wavelengths (nm)
Figure 3.

The spectra and the raw average spectra of the 68 seeds of Erythrophleum
suaveolens and 15 seeds of E. ivorense.

of two timber species:

Erythrophleum suaveolens and E. ivorense

20 +
Overall, a trend of discrimination

between the two types of seeds is obser-
ved (figure 4). The first two axes of the PCA
analysis display 95.01% of the explained
variance (76.64% for the PC1 and 18.37% for
the PC2). An observation of the PCA loadings
(not shown) allowed refusing water absorp-
tion bands as responsible for this separation
pattern. Using PLS-DA on the calibration set,

15 <

10 <

PC2:18.37%
u

-5 -

-10 =

© Erythrophleum ivorense
& Erythrophleum suaveolens &

a specificity and a sensibility of 100% were
obtained. On the basis of the confusion
matrix (table I1), the validation of discrimi-
nation of E. suaveolens vs. E. ivorense dis-
played a sensibility of 100% and a specificity

PC1:76.64%

of 80%.

Consequently, these results confirm the
ability of the PLS-DA classification method
to discriminate the seeds of the two species.

Compared to E. ivorense, PCA loa-
ding reveals the presence of amino acids
(group N-H) only in E. suaveolens seeds (wavelength,
1,500-1,600 nm) (Silverstein et al. 2007; ASD Inc. 2005-2013).
Gorel etal.(2015) demonstrated that E. suaveolens had larger
seeds than E. ivorense, and according to Duminil et al. (2016),
E. suaveolens typically occupies drier climates than
E. ivorense. Proteins are sources of nitrogen, carbon, and
sulphur essential for the future nutritive needs of the
embryo (Hacisalihoglu et al. 2010).

A larger amount of proteins in the seeds would
ensure its vigour and probably a faster seedling develop-

Figure 4.

E. ivorense.

Photo 3.
Erythrophleum
ivorense seed.
Photo N. Kayoka
Mukendi.

Photo 2.
Erythrophleum
suaveolens seed.
Photo N. Kayoka
Mukendi.

Principal component analysis of seeds of Erythrophleum suaveolens and

ment, which can be an advantage when the rainy season
is shorter (Dumas and Rogowsky 2008; Noguero et al. 2017;
D’Erfurth et al. 2012).

Conversely, the absence of proteins in the seeds of
E. ivorense would prevent maintenance and renewal of the
embryo tissues, and consequently, the seeds would have a
prolonged dormancy compared to the seeds of E. suaveolens.
This could be an advantage in evergreen forests, which
are subject to less seasonality and lower light levels at
ground level (Gond et al. 2013). Both Erythrophleum species
are light-demanding and need a canopy gap to germinate
(Duminil et al. 2016). We can therefore assume that this
opening must be greater in evergreen forest than in semi-
deciduous forest, which requires a longer waiting period in
the soil.



Conclusion

This study demonstrated that near-infrared (NIR)
hyperspectral imaging spectroscopy coupled with chemo-
metrics is an efficient tool to discriminate the seeds of two
sister tree species, here between Erythrophleum suaveolens
(Guill. & Perr.) Brenan and Erythrophleum ivorense A. Chev.
Seeds (photos 2 to 4), respectively collected in the forests
of Loundoungou (Northern Republic of the Congo) for the
first, and of Ma’an community (Southern Cameroon) and of
Estuaire province (North-Western Gabon) for the second.
Respective spectral signatures and the discrimination of the
soil seed bank for the seed samples of both species were
determined. The difference detected in seed protein content
could explain the differences observed between the seeds
of each species, but this result should be strengthened in
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future research using the Kjeldahl method (Kjeldahl 1883;
Biancarosa et al. 2017; Sadaiah et al. 2018; Mahre et al. 2018).
This exploratory research offers new perspectives in
qualifying and quantifying the soil seed bank of forests.
But, in order to validate the approach, additional tests
should be done on the smallest seeds found in the soil
of the rainforests (Douh et al. 2018ab), such as Musanga
cecropioides, Nauclea diderrichii, and Macaranga spp., wit-
hout forgetting the species that are difficult to distinguish.
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