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Walnut agroforestry systems require regular tree pruning, generating a large
volume of biomass residues which are mainly valorized as wood-energy, Ramial
Chipped Wood (RCW) or animal litter. However, walnut is recognized as a rich
source of different  chemical  compounds, which could be recovered as valu-
able chemicals. This study aims to improve the knowledge on the composition
of the water and ethanol extractive contents of wood, knot and bark fractions
from walnut branches, harvested in agroforestry (AF) and traditional forestry
control (FC) systems. LC-MS analyses were carried out to identify the chemical
composition  of extracts. Additionally, all samples were analyzed by near-in-
frared (NIR) spectroscopy with the aim of developing a fast tool to distinguish
walnut branches, knots and bark wood fractions from trees grown under agro-
forestry and plantation management. Extractive contents and chemical compo-
sition of AF and FC wood samples were slightly different among branch, knot
and bark. Despite these small chemical differences, PLS-DA models based on
NIRS measurements can distinguishing among wood samples from walnut trees
grown under different silvicultural regimes. In addition,  in the both forestry
systems, branch and knot extractive contents  were significantly lower than
those of bark specimens. Principal Component Analyses (PCA) based on NIR-
spectrometry  of  raw  samples  revealed that  the  chemical  composition  of
branch and knot woods are similar to each other and are very different com-
pared to those of bark samples. This study provides new knowledge on branch
woods  from  agroforestry  systems,  which  are  still  very  under-studied  at
present.
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Introduction
Agroforestry is based on the combination

of  trees  and  crops  cultivation.  Compared
to traditional arable and forestry systems,
this practice  makes available  resources
that  can  be  more  effectively  exploited,
while respecting the environment with an
obvious  landscape benefit  (Dupraz & Lia-
gre 2019).  Agroforestry  allows for  the di-
versification of farm activities and involves
a better use of environmental resources. In
addition,  agroforestry  farms  can  become
over  time  less  dependent  on  crop  subsi-
dies, and less susceptible to crop price vari-
ations,  as  timber  generates  a  significant
part of their income (Dupraz et al. 2005). In
addition  to  the  potential  valorization  of
standing  wood,  agroforestry  systems  re-
quire regular tree pruning, thus generating
a  large  volume of  biomass  residues  over
the  entire  period  of  exploitation.  These
agroforestry wastes are today mainly val-
orized  as  wood-energy,  Ramial  Chipped
Wood (RCW) or animal litter (Malignier &
Balaguer 2017).

Walnut  trees  have high  marketing  de-
mand in Europe, due to their high quality
timber.  The  walnut  tree  is perfectly  suit-
able  to  agroforestry  system,  because  of
the  relatively  low  competition  for  light

with crops due to its characteristics such as
a  more open crown, late leafing and early
leaf  fall.  In  addition,  walnut  tree  leaves
form a good litter which speeds up nutri-
ent  cycling  (Pardon  et  al.  2020).  Walnut
tree is also recognized as a rich source of
many valuable chemicals  from the kernel,
fresh  green  fruit,  husk,  shell,  skin,  bark,
leaves, and root, which are largely used by
food,  cosmetic  and pharmaceutical  indus-
tries.  In  this  respect,  all  parts  of  walnut
tree  are an excellent  source of  highly ac-
tive  compounds  with antioxidant,  antimi-
crobial and insecticidal potential (Salejda et
al. 2016).

In general, wood from branches and bark
has been poorly investigated as compared
to  trunk  wood.  This  lack  of  information
prevents branch wood from entering many
productive  paths.  Recent  studies  high-
lighted that  the chemical  signature in  ex-
tractives  (composition  and  rate)  is  differ-
ent among tree organs (Jahanban-Esfahlan
et  al.  2019).  For  several  woody  species,
stem knots and bark have been particularly
studied,  and in  most  cases,  the knots  re-
sulted richer in extractives than the trunk
and branches in both hardwoods and soft-
woods (Košíková 2009,  Kebbi-Benkeder et
al.  2015).  The  branches  also  seem  to  be
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richer  in  extractives  than  the  trunk  clear
wood,  though  they  are  poorer  than  the
knots (Xu et al. 2007, Morikawa et al. 2014).
Terrasse et al. (2021) showed that the con-
tent in extractives of walnut tree was quite
similar  in  branches  and  trunks,  both  in
terms  of  absolute  value  and  distribution.
Indeed,  the  extractive  content  decreases
along  the branch with the distance to the
trunk  and  slightly  increases radially  with
the distance to the pith.

The  content  in  extractives  can  vary  ac-
cording to many factors, including the envi-
ronment,  the  genetic  make-up,  tree  age
and the season (Toshiaki 2001, Haupt et al.
2003).  Recent  studies  demonstrated  that
changes  in  environmental  conditions  dur-
ing growth can significantly alter the heart-
wood extractive content in some species.
If  such variation in heartwood extractives
affect  wood  properties,  then  silvicultural
treatments and changes in forest manage-
ment regime  may affect the value of  the
derived wood products (Taylor et al. 2006).

The  NIR  (Near-InfraRed)  spectroscopy
has  been  efficiently  used  for  the  assess-
ment  of  chemical  properties  of  walnut
wood (Terrasse et al. 2021). Schimleck et al.
(2003) showed that it  is possible to accu-
rately  calibrate  NIR  models  for  a  wide

range  of  species  that  represent  different
taxa, wood chemistry and physical proper-
ties. NIR absorbance spectra are related to
the  chemical  composition  of  the  tested
wood sample (Leblon et al. 2013).

This  study  aims  to  improve  the  knowl-
edge about the hydrophilic extractive con-
tents  of  walnut  trees  and  their chemical
compositions  (by  LC-MS  analyses),  to  in-
vestigate  the  potential  of  branch  wood
from agroforestry practices as base mate-
rial  to develop green chemistry and/or to
manufacture  biomaterials.  NIR-spec-
troscopy was applied with the aim of de-
veloping a  fast  tool to assess  the branch
wood  properties  from  agroforestry  (AF)
and forestry  (FC)  walnut  branches,  knots
and wood fractions.

Material and methods

Experimental site
The  experiment  was  carried  out  at  the

Restinclières farm in southern France (43°
42′ 59″ N,  03°  51′ 33″ E;  elevation  61  m
a.s.l.).  Two plots with 25-years-old walnut
trees  were  established:  an  agroforestry
plot (AF) with 140 trees, and a forestry con-
trol  plot  (FC) with  235  trees.  The  initial
planting density was identical in both plots.

A thinning in 2004 reduced the density  at
the  AF  plot  to  100  trees  ha -1,  with  trees
spaced 4, 8, 12 or 16 m along a same plant-
ing line.  Between each line,  winter  cereal
crops were cultivated.  In the FC plot,  the
walnut trees were mixed with alders (Alnus
cordata [Loisel.] Duby)  and  ash  (Fraxinus
excelsior L.),  with  an  overall  density  of
about 200  trees  ha-1.  In  both  plots,  tree
rows  were  oriented  in  north-south  direc-
tion (Fig. 1a).

Tree selection
Two hybrid walnut (Juglans nigra ×  J. re-

gia) trees from the AF plot and two from
the FC plot were  chosen (Fig. 1a) and har-
vested  in  February  2020 in  order  to  limit
the seasonal impact on chemical composi-
tion of wood (e.g., starch in sapwood). The
sample trees  were  selected  in  the  distal
part  of their respective plots to avoid the
effect  of  soil  and  water  exposure  varia-
tions.

Samples repartitions
The  sampling  details  are  summarized  in

Fig. 1b. A similar sampling schema was ap-
plied to each  trunk and branch of the se-
lected trees  at both  AF and FC plots.  The
total number of samples, including branch
and trunk wood, knot wood and bark, was
195. All of these samples were analyses by
NIR-Spectroscopy, while only a representa-
tive subset of 14 ethanol-extracted samples
were characterized by LC-MS analyses.

Samples preparation and conditioning
Each of the 65 raw samples (Fig. 1b) from

AF  and CF  plots  was  firstly  oven-dried  at
103 ± 2  °C for 24 hours,  and then ground
and passed through different sieves to ob-
tain  particles ranging 0.2-0.5  mm.  Twenty
grams of each sample were then stabilized
at  a moisture content (MC) of  12% (stabi-
lization in an humid air at 20 ± 2 °C and 65 ±
5% RH)  before NIR-S  analyses and extrac-
tion processes.

Extraction processes
All  experimental  procedures  for the  de-

termination of the extractive content were
adapted  with  minor  modifications  from
Rowell et al. (2005).

Each sample was oven-dried at 103 °C to
determine its  initial  anhydrous mass (m0);
then 15 g (in dry basis) was extracted in a
Soxhlet with ethanol (Sigma Aldrich, 32201-
M) during 8 hours.  After this  first extrac-
tion, the sample was oven-dried again until
mass  stabilization (m1),  before being sub-
mitted to a second extraction with hot dis-
tilled  water  for  7  hours,  and  then  dried
once again at 103 °C to obtain the final an-
hydrous mass (m2).

The extractive contents were determined
according to the following equations (eqn.
1, eqn. 2):

(1)

57 iForest 15: 56-62

Fig. 1 - (a) Walnut trees selection in the  agroforestry (AF) and  forestry  control (FC)
plots  at  the Restinclières  farm (southern  France); (b)  description of  the  sampling
schema, processing and selection of the wood samples.
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(2)

where Eeth  and Ewater  are the sample extrac-
tive contents using ethanol and water, re-
spectively, expressed as percentage of dry
weight  (DW),  m0  is  the  theoretical  anhy-
drous mass of the test specimen before ex-
traction,  m1 and  m2 are  the anhydrous
masses  after  ethanol  and  water  extrac-
tions, respectively, expressed in grams.

A total of 130 powder samples were char-
acterized  for  their  hydrophilic  (water  ex-
traction)  and  lipophilic  (toluene:  ethanol
extraction)  extraction  rate  (Fig.  1b).  The
overall  standard  error  of  the  extractive
content estimates was 2.70 ± 0.04%, which
was considered acceptable.

NIR-spectrometry
Near infrared spectra  were obtained on

raw and extracted powder samples previ-
ously stabilized at a moisture content (MC)
of 12%. A MicroNIR OnSite-W® (VIAVI Solu-
tions  Inc.,  Scottsdale,  AZ,  USA)  spec-
trophotometer  was  used  in  reflectance
mode.  Measures  were  taken  at wave-
lengths between 908  and 1676 nm in 6.2
nm  increments;  thus, the  spectra  were
composed by the reflectance values at 125
different wavelengths.

LC-MS analyses
The  chemical  compositions  of  branch

wood, knots and bark extracts in ethanol
were  analyzed  by  liquid  chromatography
followed  by  mass  spectroscopy  (LC-MS)
experiments.  Preliminary  experiments  re-
vealed that  water  extracts  were  not  effi-
ciently analyzed by LC-MS.

Ten milligrams of freeze-dried extract and
1 ml of ethanol were added in a 1.5 ml clear
glass autosampler  vial  (VWR,  Radnor,  PA,
USA). Samples were solubilized in an ultra-
sonic  bath  (Elmasonic  S15®,  VWR,  Fonte-
nay-sous-Bois,  France)  for  2  min.  Liquid
chromatography  was  carried  out  using a
Shimadzu LC-20A® ultra-HPLC system (Shi-
madzu, Kyoto, Japan) equipped with an au-
tosampler and interfaced with an SPD-20A
photodiode-array  (PDA)  UV  detector  re-
cording spectra between 190 and 800 nm.
Separation was achieved on a LunaC18® an-
alytical column (150 × 3 mm  – Phenomen-
ex,  Torrance,  CA,  USA).  The injection vol-
ume  was  5μl,  the  flow  rate  was  0.4  ml
min-1, and the gradient profile was the fol-
lowing:  starting from 5% (v/v)  acetonitrile
(≥99.9%, LC-MS Chromasolv™) in water (LC-
MS Chromasolv™) both containing 0.1% (v/
v)  formic  acid,  30%  acetonitrile  (v/v)  was
reached at 4.0 min then 90% acetonitrile at
7.0 min was maintained until 9.5 min. Mass
spectrometry  was  done  with  a  Shimadzu
LC-MS 8030® triple quadrupole mass spec-
trometer.  Positive  and  negative  ion  elec-
trospray mass spectrometric analyses were
carried  out  at  a  unit  resolution  between
100 and 2000 m/z at a scan speed of 15,000
amu s-1. The heat block and desolvation line
temperatures were 400 and 250 °C, respec-

tively.  Nitrogen  was  used  as  drying  (15  l
min-1) and nebulizing (3 l min-1) gas. The ion
spray voltage was ± 4500 V. Data were ac-
quired and analyzed with the Lab Solutions
software  (v.  5.92SP4,  Shimadzu).  Identifi-
cation of compounds was done by compar-
ing peak retention times, UV, MS and MS2

spectra  to  the  literature  and to  standard
solutions  of  (+)-  catechin  hydrate  (98%
HPLC,  Sigma-Aldrich)  and  (-)-  epicatechin
(90%, Sigma Aldrich).

Statistical analyses
Statistical analyses were performed using

the software RStudio Desktop® v. 1.2 (RStu-
dio Inc., Boston, MA, USA). To test for dif-
ferences in the extractive contents among
branches,  knots  and  bark  wood  from  AF
and  FC  walnut  trees,  the  Kruskall-Wallis
test  was applied to  each  potentially  ex-
plicative  factor  and  response  variable.
When an effect of  the factor on a studied
variable was detected,  Wilcoxon test was
used to investigate the nature of this effect
and the significance of the differences be-
tween the groups  of modalities  in the de-
scriptive variables.

NIRS  spectra  were first  transformed  us-
ing a  Standard Normal  Variate (SNV) cor-
rection (Naes et al. 2004) to reduce the ef-
fect of irregularities of surface and the in-
tra spectrum variability  (correction of the
light  dispersion).  The  second  derivative
was then computed using the Savitzky Go-
lay algorithm with a smoothing range of 11
data points and a third degree polynomial
(Savitzky & Golay 1964). The use of this de-
rivative  allows to separate overlapping
peaks and correct the baseline deviation of
spectra.  Mathematical  corrections  were
applied using the package “prospectr”  v.

0.1.3 in the R environment. Principal  com-
ponent analysis (PCA) was applied through
the package “FactoMineR” (v. 1.34) on the
transformed NIRS spectra to  detect possi-
ble differences in chemical composition be-
tween samples and the presence of groups
within the tested samples (raw samples of
AF and CF branch,  knots  and bark).  NIRS
models  were  developed  using the  Partial
Least  Squares  -  Discriminant  Analysis  re-
gression method (PLS-DA)  using the pack-
age  “mdatools”  v.  0.11.5,  in  order  to  dis-
criminate the samples as AF or FC, accord-
ing to the chemical composition of branch,
knots and bark samples.

Results and discussions

Variability in extractive contents within 
AF and FC tree

As shown in  Fig. 2,  the water extractive
contents were higher than those extracted
using ethanol for the branch, knot and bark
fractions  of both AF and FC samples. Simi-
lar results  were found by  Kebbi-Benkeder
et  al.  (2015) who analyzed the water and
toluene:ethanol  extracts  from  knotwood
and  heartwood  from various  hardwood
and  softwood  species.  For  most  species,
the authors reported that water-extractive
contents of knot and heartwood fractions
were higher than those obtained by extrac-
tion in toluene:ethanol. Hardwood species
contain more hydrophilic than lipophilic ex-
tractives (Vek et al. 2014).

According to the literature,  ethanol  and
water extractive contents of the bark were
significantly different from those of branch
and  knot  wood  fractions.  Many previous
studies  reported  that  bark  contained
higher level of extractives than knotwood,
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Fig. 2 - Mean extractive content  from branch, bark and knot wood of walnut trees
grown in agroforestry (AF) and forestry control (FC) systems. P value < 0.05 indicate
significant  diffferences  in  extractive  contents  between  branch  (grey  boxes),  bark
(pink boxes) and knot (brown boxes) wood fractions after Kruskal-Wallis test.
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sapwood and heartwood (Rowe & Conner
1979).  However,  knotwood  has been
shown  to  contain  more  extractives  than
sapwood and heartwood (Kebbi-Benkeder
et al. 2015, 2016). These findings are in con-
trast  with  the  results  obtained  in  this

study. The similar values in extractive con-
tents between knot and branch wood sam-
ples could be attributed to the young age
(25 years) of the AF and FC walnut trees,
which  is reflected  by the  scarce  or null
presence  of  duramen  in  the  trunk  and

branches of the studied trees. According to
the literature, the proportion of extracts in
the wood can greatly increase during the
duramenization process,  as well as for the
presence of tension or compression wood
and past damage (Vek et al. 2014).

PCA  confirmed  the  abovementioned  re-
sults (Fig. 3a),  revealing that the chemical
composition of branch (in red) and knot (in
blue) wood samples is similar to each other
and  very  different  compared  to  that of
bark (in green) samples.

Fig.  3b shows the average NIRS spectra
of branch,  knot and bark of walnut trees
from  FC and AF samples.  Tab.  1 indicates
the NIRS absorption bands normally associ-
ated with  the main chemical  components
contained  in  the  wood  specimens.  It  is
fairly clear that the differences in chemical
composition of the tree organs depend on
differences  in  the  content  of hemicellu-
loses (peak 4) and celluloses (peaks 6 and
7), but also on the amount of lignin (peaks
2,  3  and 8) and the proportion of extrac-
tives (peaks 1 and 5).

Differences in the extractive content 
between AF and FC trees

Fig. 4 displays the mean ethanol and wa-
ter extractive contents of branch, knot and
bark samples from AF and FC walnut trees.
The extractive content of branch and bark
of  AF  walnut  seems slightly  higher  than
that of FC trees, whereas the opposite was
observed  for  knot  samples.  However,  no
significant  difference  in  these  extractive
contents were found between AF and FC
walnut tree organs after Wilcoxon test.

It could be hypothesized that  the above
differences could be attributed to the thin-
ning operations carried out at the AF plot,
which could have promoted an increment

59 iForest 15: 56-62

Tab. 1 - NIRS absorption bands normally associated with the main wood components (cellulose, hemicelluloses, lignin, extractives
and water) contained in wood specimens. Index numbers refer to the specific bands in Fig. 5.

Index
Wavenumber
Bands (nm) Bond Vibration Structure Remarks References

1 900-980 - Lignin / Extractives The major vibrations include the 
yellow-brown color of the wood that 
are primarily due to the presence of 
lignin and extractives

Kelley et al. (2004) Yi 
et al. (2017)

2 1100-1150 HC = CH Lignin - Workman & Weyer 
(2007)

3 1150-1200 First and second overtones of 
the lignin aromatic and 
aliphatic carbon/hydrogen 
vibrations

Lignin - Kelley et al. (2004)

4 1290-1330 First overtone C-H stretching 
+ C-H deformation

Hemicelluloses / all Tentative assignment to CH3 groups 
in acetyl ester groups in 
hemicelluloses and lignin and all 
wood components after acetylation

Schwanninger et al. 
(2011)

5 1350-1400 First overtone O-H stretching Lignin / Extractives Vibration of phenolic hydroxyl groups Donald & Burns (2007)

6 1400-1500 First overtone O-H stretching Cellulose Amorphous regions in cellulose Fujimoto et al. (2007a)

7 1570 -1600 First overtone O-H stretching Cellulose Crystalline region of cellulose Tsuchikawa & Siesler 
(2003)

8 1610-1650 C-H stretching Lignin - Fujimoto et al. 
(2007b)

Fig. 3 - (a) PCA
ordination of

individual walnut
trees from FC
and AF plots,

based on
branch, knot and

bark wood frac-
tions (before

extraction); (b)
Average absorb-

ance spectra
after pretreat-

ments of branch,
knot and bark of

walnut trees
from forestry

(FC) and agro-
forestry (AF) sys-

tems.
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in  the heartwood  proportion  of the  re-
maining  trees (Hapla et al. 2000). Indeed,
the lower tree density at the AF plot  com-
pared to that at the FC plot could have fa-
voured the production of  wood with high-
er  lignin,  hemicelluloses  and  extractive
contents in the AF walnut trees (Moulin et
al. 2015).  Harmaen et al. (2014) found that
hot  water-extractive  contents  of  rubber-
wood, whatever the position of the wood
sample  along  the  tree  stem,  decreased
when the stand density increases.

Partial least squares discriminant analysis
(PLS-DA with  cross  validation  “leave-one-
out”) was carried out  with the aim of  de-
veloping models for the fast classification
of  branch, knot and bark samples accord-
ing to the forestry system. As shown in Fig.
5, the PLS-DA models  allowed for a large
percentage of correct classifications for FC
wood, knot and bark specimens. Only one
FC bark specimen was  misclassified as  AF
bark sample, indicating that this native FC
sample has characteristics similar,  to some
extent,  to  those of  the AF  trees.  In  con-
trast,  three  AF  branch-knot  and  two  AF
bark specimens were confounded and clas-
sified as FC samples by the cross-validated
models. The low robustness of the model
concerning  bark  specimens  seems  mainly
due  to  the  small  number  of  AF  samples
used in this analysis.

In  summary,  the findings obtained from
PLS-DAs showed that chemical differences
do exist between AF and FC samples, and
these small  differences  in  wood composi-
tion  are sufficient to distinguish knots and
bark wood specimens from trees grown in
different forestry systems.

Previous  studies  based  on  NIR-spectro-
copy analyses found similar  results in  the
classification of wood samples from differ-
ent  species,  locality and types of  planta-
tions.  Ramalho  et  al.  (2018) highlighted
that PLS-DA models based on treated NIR
signatures are robust for  classifying  Euca-
lyptus wood  specimens  from  natural  and
planted forests. Pace et al. (2019) correctly
classified 12 native wood species from a ho-

mogeneous  plantation  based  on  the  re-
spective  NIR  spectra,  showing  the  good
performance of PLS-DA models  in classify-
ing independent native wood samples.

Chemical composition of extractives 
from AF and FC trees

According  to  LC-MS  analysis,  the  major
components in ethanol extracts of branch,
knot and bark specimens from AF and FC
walnut were identified and qualified (Tab.
2),  but not quantified.  In agreement with
Toshiaki  (2001),  the  main  components  of
AF  and  FC  branch  wood  extracts  are  lig-
nans,  followed by  sterols  and  flavonoids,
mostly represented by secoisolariciresinol,
campestestrol and quercetin, respectively.
AF and FC knot specimens are mainly com-
posed  by  secoisolariciresinol  and  balano-
phonin  (lignans)  following  by  oleuropein-
aglycone  and  gallic  acid  (phenolic  acids),
mono-O-galloyl-glucose (phenolic acids gly-
coconjugate)  and  quercetin  (flavonoids).
Sakuranetin,  quercetin  and  isoquercitrin
are the main flavonoid components  pres-

ent  in  the bark  samples,  following by  sy-
ringic acid (phenolic acids) and campester-
ol (sterols).

The presence of all these  components is
in  agreement  with  the  specific  literature.
Walnut bark extract contains several thera-
peutically  active  constituents,  especially
flavonoids as quercetin (Zakavi et al. 2013),
polyphenols (mostly gallic acid) and sterols
(Bhatia et al. 2006, Nirmla Devi et al. 2011).
Flavonoids occur in bark, heartwood, flow-
er, fruit, seed and root of many plants (To-
shiaki  2001).  Lignans  and  neolignans  are
phenylpropanoids  found  in  many  woody
plants including softwoods and hardwoods
(Toshiaki  2001).  Tannins  are water-soluble
phenolic  compounds.  Polyphenols  are
widely  distributed  in  wood,  bark,  and
leaves of many plants. They are classified
into  hydrolysable  and  condensed  tannins
(Toshiaki  2001).  Hydrolysable  tannins  are
esters  of  an aliphatic  polyol  and phenolic
acids and can be hydrolyzed into gallic or
ellagic acid (Toshiaki 2001). The condensed
tannins and related polyflavonoids are ex-
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Fig. 4 - Comparison 
between mean 
extractive contents 
from AF and FC wal-
nut trees (branch 
wood, bark and 
knots wood sam-
ples). Results 
showed that the 
extractive contents 
of AF and FC sam-
ples were not signifi-
cantly different 
(p>0.05) after 
Wilcoxon test.

Fig. 5 - Results of the discriminant analyses (PLS-DA) based on NIRS data of branch,
bark and knot wood samples from AF and FC plots.
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tremely  common  in  extracts,  especially
from bark (Rowe & Conner 1979). Campes-
terol  is  one  of  the  most  significant  and
abundant sterol in bark (Halmemies et al.
2021). In addition, malic acid was the most
abundant organic acid identified (Vek et al.
2014) and it is predominant in knotwoods.
Schell (1997) also identified this acid as the
principal organic acid in the xylem sap of
beech roots.

Our results  showed  that  the  chemical
compositions  of  branch  and  knot  wood
was slightly different  between  AF and FC
samples (Tab. 2), whereas the difference in
chemical composition between AF and FC
bark specimens was more marked in terms
of flavonoid compounds.

The dispersion of bark samples observed
in the PCA (Fig. 3a) can be explained by the
variation  in  chemical  composition  accord-
ing to the bark position in the tree (branch,
branch-trunk junction or trunk). The LC-MS
analyses  confirmed these  results.  The
chemical composition of bark extractives in

ethanol  from  branch,  branch-trunk  and
trunk position, of mixed AF and FC walnut
tree  samples  is  shown in  Fig.  S1  (Supple-
mentary material).

Conclusion
This  study  provides  new  knowledge  on

the  chemical  characteristics  of  branch
wood from agroforestry systems, which  is
still  poorly  studied.  The  results  obtained
highlight  the  evolution  and  variability  of
the  chemical  characteristics  of  branch,
knot and bark wood fractions from agro-
forestry hardwoods compared to the same
species grown in plantations.

Extractives contents of AF and CF speci-
mens  are  not  significantly  different  for
branch,  knot  and  bark.  However,  PLS-DA
models  developed  based  on NIR-S  mea-
sures showed that chemical differences ex-
ist between AF and FC samples, and these
differences in composition (though small)
are sufficient  to  distinguish  wood-knots
and bark specimens from different forestry

systems. For both forestry systems, branch
and  knot  extractive  contents  are  signifi-
cantly lower than those of bark specimens
are.  These  results  are  confirmed  by  the
PCA  which  highlighted that  the  chemical
composition of branch and knot woods  is
similar, but very different compared to that
of bark samples.

LC-MS analyses  revealed that main com-
ponents of extracts in ethanol from AF and
FC branch wood were lignans, followed by
sterols  and  flavonoids.  Ethanol  extracts
from  knots  specimens  are  mainly  com-
posed by lignans followed by polyphenols,
polysaccharides  and  flavonoids  com-
pounds.  Finally,  extracts  in  ethanol  from
bark specimens are rich in flavonoids com-
ponents,  followed by  polyphenol  and
sterol.  In  addition,  the  chemical  composi-
tion  of  ethanol  extracts  of  bark  samples
depends on the bark  position in  the tree
(branch, branch-trunk junction and trunk).
The chemical compositions of ethanol ex-
tracts  from branch and knot woods were
slightly different  between AF and FC sam-
ples,  whereas  the  difference  in  chemical
composition between AF bark and FC bark
was more marked,  specifically  concerning
the flavonoids compounds.
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