L. Thuries et al., J. Near Infrared Spectrosc. 13, 187-199 (2005) 187

Prediction by near infrared spectroscopy of the
composition of plant raw materials from the organic
fertiliser industry and of crop residues from tropical
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The dynamics of carbon (C) and nitrogen (N) of plant residues and organic fertilisers are of great interest for agricultural and global
warming studies. The proportion of the fractions obtained from biochemical analyses (fibres by sequential Van Soest analysis) can
be used for predicting both C and N transformation of organic materials in soils. Considering the expensive and time-consuming
Van Soest method, the principal aim of this study was to elaborate near infrared (NIR) calibrations for fibres, in order to use them
for consecutive studies (for example, our works on transformation of added organics or TAO model). A wide set of organic fertilisers
and their raw materials was sampled, including plant materials originating from temperate (especially Mediterranean) and tropical
regions. The particular objective of this work was to build NIR calibrations for fibre fractions, along with C and N content, in
plant materials used in the organic fertiliser industry and green house gases mitigating strategies. The second particular objective
was to test for two levels of validation of the equations previously elaborated: (1) validation with a set of randomly chosen samples
that was not considered during the calibration step, (2) extrapolation of the predictive capacity of the equations when applying
them to outliers that were previously discarded. The fibres were the best predicted parameters, as R>=0.95, 0.91, 0.97, 0.97 for
neutral detergent soluble, hemicelluloses, cellulose and lignin, respectively, whereas the characteristics of total organic matter had
R? varying from 0.87 (N Kjeldahl) to 0.94 (C Dumas). The accuracy of the calibrations developed for fibres was confirmed by the
first level of validation, since the standard errors of prediction were close to the corresponding standard errors of cross-validation
and the standard errors of calibration. Nevertheless, the calibrations developed for ash and C Dumas were not so good. Surprisingly,
at the second level of validation, some outliers were not so badly predicted. This can illustrate the robustness of the calibrations for
cellulose, lignin and, to a lesser extent, N Dumas which are key parameters for our modelling works on C and N transformation of
added organics in soils.

Keywords: plant raw materials organic fertiliser, Van Soest fibre analysis, lignin, NIR spectroscopy

Introduction building and represent an important source of nutrients
for plants and soil organisms or a factor of soil property

In both tropical and temperate climates, the added organic improvement. The AOM can be classified into two main
materials (AOM) take part in soil organic matter (SOM) groups: T1, farm manures or products from the organic ferti-
liser industry (including composts made from agri-food resi-
dues) and T2, plant residues from crop recycling or fallow.
SCurrent address: IRD-CIRAD Organic Matter in Tropical Soils’Joint Utilising organic fertilisers, and especially composts, may
Laboratory (MOST), TA 70/01, F-34398 Montpellier Cedex 5, France. lead to global benefits such as recycling and reducing the
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volume of agro-food wastes, a solution for waste manage-
ment. From an environmental point of view, their utilisation
can reduce the emission of greenhouse gases (GHG) due to
fossil-fuel consumption linked to the synthesis, transport
and application of chemical fertilisers. In tropical areas that
are confronted with an increase in population, a decrease in
available agricultural land and the limited funds available to
small farmers to buy chemical fertilisers, different strategies
may be involved to improve soil fertility while, if possible,
mitigating GHG emissions by increasing carbon (C) seques-
tration. Most of the strategies must improve the management
of organic residues from fallow production, crop recycling,
direct drill with cover crops and agro-forestry systems.!
Direct use of organic residues and use after transforma-
tion such as composting must be compared. It is, therefore,
essential to compare the transformation of the AOM of both
types (1) and (2) in soils and link them to the characteristics
of AOM.

As far back as a century ago,> AOM composition was
thought to have a direct influence on AOM decomposition/
transformation. Along with the interaction of the physical—
chemical environment, resource quality was believed to have
a major influence on the decomposition process, through
the action of decomposers.® Intense work is still devoted to
investigating the relationships between the characteristics
and transformation of AOM.* Among AOM characteristics,
the C:N ratio and its fibre content, as measured by sequen-
tial chemical digestion by Van Soest,’ have been found to
be valuable descriptors of the potential capacity of C and
N transformation.*® Biochemical composition of AOM can
thus be used as input data in various C and N models.? 2

Near infrared reflectance (NIR) spectroscopy has proven
its usefulness (compared with classical time-consuming bio-
chemical methods) for the estimation of a variety of param-
eters in diverse natural/agricultural products. Among them,
nitrogen and fibres have been estimated by NIR for assess-
ment of silage digestibility.">'® This has a potential interest
for AOM decomposition studies, since plant degradation by
ruminants presents some analogies with litter transformation
in soils.!” Total organic matter, carbon, nitrogen and fibres

have also been estimated by NIR for the evaluation of litter
quality and decomposition rates.!'s!

NIR has also been used to predict N content in crop resi-
dues from Northern Europe?*? and raw materials such as
poultry litter* utilised as is or for composting purposes.
Precise C, N or fibre content has been estimated using NIR
in several composts made from various raw materials (for
example, swine excreta,” municipal solid waste,’ manure
and vegetables,”” wheat straw and poultry litter?® or tofu
refuse?).

Other parameters of common AOM applied to soils have
also been estimated by NIR. In soil and manured soil,***
potential mineralisable C and N have been determined, along
with the fibre content in manure.*!* Dynamics of C and N
have also been studied by NIR through potential mineralisa-
ble N in soil from Northern*-*¢ and Southern environments?’
and soil biomass and enzymatic activities** as important
descriptors of their dynamics.

Our main objective was to test the ability of NIR to esti-
mate the biochemical composition of a wide range of plant
raw materials in order to provide input data for the transfor-
mation of added organics (TAO) model. The materials have
been selected either because they were used as bases for the
elaboration of composts and organic fertilisers or because
they represented common situations in the tropics.

Material and methods

Organic materials

Our large database (> 2400 samples), consisting of plant
materials, manures and composts, shows a huge variability.
Since it was unrealistic to obtain good calibration equations
on such a diverse set, it was thus decided to consider only the
T1 and T2 types of plant materials for calibration (n=146
samples). Their characteristics are presented in Table 1.T1
materials were plant raw materials originating from the agri-
food industry which are used in the fertiliser industry: wet
and dry grape skins, de-oiled grape pips, coffee cake, de-fat-
ted cocoa bean, cocoa shell, olive pulp, maize cob, barley

Table 1. Chemical and biochemical characteristics of the total set (n=146) of plant samples (g 100 g DM).

(g100g'DM) n Mean SD Min. Max.
Ash 146 7.5 43 0.5 32.7
C Dumas 143 46.2 22 335 49.8
N Dumas 137 2.1 1.1 0.26 7.9

N Kjeldahl 86 2.4 1.0 0.50 8.2

NDSol 146 26.9 12.2 22 63.4
Hem 146 14.0 9.4 0.04 48.9
Cel 146 25.7 12.3 42 64.7
Lig 146 259 16.3 34 63.9
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straw, rice hull, rape seed cake, sunflower husks and soybean
cake. T2 materials were plant materials collected in Brazil
and Kenya originating from research studies about carbon
sequestration in several agricultural systems. The sam-
ples originated from different species and nature: (i) trees
(Bactris gasipaes, Eritrina fusca, Gliricidia sepium, Inga
edulis, Theobroma grandiflorum), (ii) shrubs (Flemingia
macrophylla, Sesbania sesban, Tephrosia candida, Tephrosia
vogelii), (iii) crops (Glycine max, Oryza sativa, Pennisetum
tiphoides, Zea mays) and (iv) cover crops (Arachis pintoi,
Brachiaria sp., Canavalia ensiformis, Crotalaria grahami-
ana, Crotalaria paulina, Desmodium ovalifolium, Eleusine
sp., Mucuna edulis, Pueraria phaseoloides). The samples of
these tropical plants covered several plant parts: total above-
ground material, roots, stems, twigs, pods and leaves. Their
litters (pure/mixed with weeds) were also collected.

The raw materials from the agri-food industry are of a
peculiar nature; they cannot be considered as native since
they are processed. For example, the grape residues (wet/
dry skins, pips) have been submitted to intense industrial
processing methods (for example, wine elaboration, separa-
tion of the skins and the pips, oil extraction from pips). The
same applies to cocoa residues (removal of the shell, but-
ter extraction) or the olive pulp (grinding, oil extraction).
Coffee cakes are also the result of several industrial proc-
esses (roasting, grinding and extraction of the soluble com-
pounds). Coffee and grape skins often contain high amounts
of water and they quickly begin to compost. These materials
differ from those entering the agro-food industry or those
leaving the field and, since they are more or less transformed,
they resemble fresh manure or compost in their early stages
of processing. Therefore, NIR predictions developed here
differ from those dedicated to crop residues alone,?*** plant
parts and litters from tropical*’ or Mediterranean shrubs and
tree origins alone.'”?' They encompass this variability. For
these reasons, it seemed useful to widen the comparisons by
comparing our results with other studies which involve not
only different plant materials “as they were” (i.e. not trans-
formed) but also works on compost and manure which has
been more or less composted.

Preparation and organic matter characterisation
The AOM originating from the agri-food industry and
used as raw materials in the organic fertiliser industry were
sampled by the operators in the factory’s QC laboratory.
The sampling was done according to the factory’s ISO 9001
procedure: when received and discharged from a truck, an
AOM was immediately pre-sampled (about 10kg) at dif-
ferent locations in the pile; it was then homogenised and
reduced to a sample of about 1kg and stored in a sealed
plastic bag. Each sample was then analysed in duplicate for
its moisture content (105°C in an oven until constant weight)
organic matter and ash (loss on ignition, 525°C) and total
nitrogen (Kjeldahl, NKj) content. These last two parameters
and associated methods were recommended by Palm and
Rowland*' to be determined in order to provide some basic
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information and make comparisons of plant quality possible
in larger datasets.

The AOM from tropical origins were collected on-field
in Brazil and Kenya and were chopped into pieces about
2cm long before further analysis. The roots were carefully
cleaned with a diluted NaCl solution for the dispersion of the
attached clay materials.

An aliquot of each AOM was rapidly dried in an aerated
oven at 40°C to prevent N volatilisation and Maillard reac-
tions.* It was then ground to pass a 1 mm sieve for a sequen-
tial analysis of fibres as reported by Van Soest et al.** Each
ground AOM sample was successively extracted for NDF
(neutral detergent fibre), ADF (acid detergent fibre) and
ADL (acid detergent lignin). At each step of extraction, the
products obtained were filtered, dried at 40°C, weighed and
one replicate was dried at 105°C for determining residual
moisture and then ignited gradually at 525°C for ash content,
resulting in more replicates for NDF (six reps) than for ADF
(four reps) and ADL (two reps). The different organic frac-
tions (ash free) were calculated as follows:

NDSol (neutral detergent soluble)=(OM-Ash )-
(NDF-Ash,);

Hem (hemicelluloses-like)=(NDF-Ash
(ADF-Ash, )

Cel (cellulose-like) = (ADF—Ash
Lig (lignin-like)=(ADL—Ash, ).

A more complete description of the analytical procedure
is given in Thuries et al.'" An aliquot of each 1 mm ground
AOM was further ground to 100 um and analysed for its C
and N contents (C and N Dumas) with an elemental analyser
(Fisons NA2000). It could be pointed out that some AOM
were, therefore, analysed for nitrogen on both raw sample
and dried sample, resulting in two distinct descriptions of N
content. This is interesting, since most studies only involve
N measurement on dried samples which have possibly been
submitted to N losses during drying.

NDF) -

—(ADL-Ash

ADF) ADL)

NIR spectra acquisition

Two replicates of each sample (dried at 40°C,<1 mm
ground) were packed in circular cups (50 mm diameter)
sealed with paperback and then scanned (area scanned about
20mm diameter) in reflectance mode on a monochromator
spectrometer (NIRS 6500; Foss NIRSystems, Silver Spring,
MD, USA). Spectral data were collected every 2 nm from 400
to 2498 nm. The spectra (average of 32 scans) were recorded
as log (1/reflectance). Each sample was scanned twice (two
different cup fillings) and the spectra were averaged.

Spectral pre-treatments, calibration and cross-
validation

Four spectral pre-treatments were explored: standard
normal variate and detrend (SNVD),* detrend, multiplica-
tive scatter correction (MSC) and weighted multiplicative
scatter correction (WMSC). The spectra were transformed
by mathematical treatments according to the WIN-ISI soft-
ware (Infrasoft International, Port Matilda, PA, USA): 1% or
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2 derivative calculated on five datapoints and smoothed
(Savitzky and Golay smoothing) on five datapoints.

Calibration of the parameters studied here was performed
using the modified partial least square regression (mPLS) of
WIN-ISI (Infrasoft International, Port Matilda, PA, USA).»
Calibration statistics include the standard error of calibration
(SEC), the coefficient of determination (R?) and the standard
error of cross-validation (SECV). In order to minimise over-
fitting of the equations, cross-validation was used during
calibration development. Cross-validation is a Jack-knife
method based on the prediction of sub-groups (in this case,
four subgroups were used) by equations developed on the
rest of the database. It results in the calculation of a residual
standard deviation (SECYV). In addition to the R?, the RPD
ratio (RPDcv=SD/SECV) was used to evaluate the gen-
eral quality of the calibration developed for each parameter.
Unlike SEC and SECV, RPD has the advantage of being
independent of the parameter units'® and can, therefore, be
compared between parameters.

Outliers, validation and extrapolation

Some samples were removed from the calibration set either
for being compositional or spectral outliers. Compositional
outliers were identified as having extreme concentrations
outside the normal range for their category. They consisted
of one de-oiled grape pip sample (low NDSol, high Lig, due
to high lignin+cutin contents in the pip wall); one maize
stalk (low NKj and high Hem content); two de-fatted soy-
beans and one rape seed (high NDSol, due to a high level
of soluble proteins, being proteaginous grains) and, finally,
one Brachiaria and one Eleusine root (high mineral content,
obviously due to clay contamination of the roots, although
washed). The removal of spectral outliers was based on
Mahalanobis distance H>3 in the principal component anal-
ysis (PCA) from the average spectrum of the file.* They con-
sisted of four grape skins, one cocoa shell, one sunflower’s
husks and seven tropical plants. Removing these outliers
avoided calibrations stretched by the leverage of few points.
All the 13 coffee cake samples had H>3. The projection of
these samples in the principal components space of the spec-
tral variables (PCA space) was atypical; they were clearly
isolated from the others. It was thus decided to distinguish
two sets of outliers: (i) the coffee samples (n=13) and (ii)
the other outliers (n=20).

The resulting 113 [i.e. 146 samples—(13 +20) outliers] set
of samples was further split into a calibration subset (CAL)
and a validation subset (VAL). Among the 113 samples, 20
were randomly chosen, then discarded in the new calibration
procedure. CAL thus comprised 93 samples and the remain-
ing 20 samples were considered as VAL. The standard error
of prediction (SEP) was estimated with the VAL subset
and the RPDp was also calculated as RPDp=SD,,, /SEP.
The equations elaborated on CAL were also tested for their
robustness on an extrapolation subset (EXT), which included
the 13 coffee samples and the 20 other outliers described
above. The interest of this procedure is to evaluate the ability

of models to predict the composition of samples of the same
nature (plants used in practice) but non-typical (here, out-
liers), which is extremely useful since, in practice, all types
of sample are likely to arrive in the factory.

Results and discussion

The major characteristics of the 146 plant samples are
presented in Table 1. As a preliminary remark, as several
parameters were obtained by the difference from others, it
could be thought that they were probably correlated (for
example, the fibre parameters). Nevertheless, among fibres,
there was only one high correlation (r2=0.54, p<0.01; data
not shown) between Hcel and Lig. Also, N Dumas and Cel
were significantly correlated (72=0.55, p<0.01; data not
shown). All the measured variables showed a wide range
of values. Indeed, although all samples were of plant ori-
gin, their nature covered a high diversity of species from
very different geographical and climatic origins. Although
very different, the organic materials from plant origin were
homogeneously located in the PCA space of spectral vari-
ables. The values of the measured parameters were continu-
ously dispersed and they did not constitute discrete classes.
Nitrogen (NKj) range and average content measured in our
study were intermediate to those reported for temperate crop
residues (1.85; 0.22-6.03%)* and for tropical plants (2.8;
0.45-5%),* whereas Lig range and average content were
much higher in our materials (27; 3.4-63.9%) compared
with temperate crop residues (0.1-23%),* tropical plants
(11; 4-28%)* or Mediterranean plant parts and litters (5-
36%)." Even in mushroom compost with similar mean Lig
content (20.5%), the range was smaller (15.8-25.8%)."
Mean Cel content (25.7%) was similar to and the range
was higher than those reported for Mediterranean plant
parts and litters (6-35%)," transformed plants as silage
(27.4; 23.8-30.5%)," (2.0-5.5%)'® or dairy manures (28.8;
17.3-49.5%).%' The range of Cel values of our dataset was
close to that of the temperate crop residues (7-58%).%6 As
mentioned earlier, our set of materials covered both climatic
origins encountered in Stenberg et al.*® and Shepherd et al.*
studies, as well as the Mediterranean climate. The sampling
concerned several crop residues as in Stenberg et al.** and
parts of trees, shrubs, herbs and litters as in Shepherd ez al.,*
but our Mediterranean samples largely differed from those
reported in Gillon er al.' and Gillon and David.”® Indeed,
the agri-food residues from the Mediterranean regions used
in the organic fertiliser industry comprised parts of fruits
(i.e. more or less processed and extracted) with pips (for
example, grape) or kernels (for example, olive). In addition,
some of the agri-food residues from the tropical regions used
in the organic fertiliser industry comprised parts of beans
(for example, coffee) and bean shells (for example, cocoa).
Since they were parts of storage organs, they contained high
amounts of lignin in order to protect the seed (particularly
for olive and grape).
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Our samples (i) were from several geographical and cli-
matic origins, (ii) had a large botanical diversity, (iii) origi-
nated from different plant parts, (iv) have been submitted to
different industrial processes for several of them, (v) could
be used in the fertiliser industry or directly as OM input in
soil and, in addition, (vi) had wider ranges in chemical com-
position than previously published NIR calibration studies.
With all these factors combined, this conferred a particular
originality to this database.

Spectral treatments

A preliminary study (data not shown) was made upon the
selection of the spectral segment, the mathematical treat-
ment and scatter correction of the data. Although spectra
were collected between 400-2498 nm, the 400-1100 nm
region was discarded as it introduced instability in models
(smaller SEC but higher SECV values). This may be due to
a wide colour range of the raw materials (for example, from
light yellow to dark brown) leading to a confusion between
colour and chemical composition (Figure 1). This was also
observed for mushroom compost.*’ In total, eight pre-treat-
ments were tested (four scatter corrections and two levels
of derivation) in order to find the pre-treatment providing
the best calibration. For example, the SECV varied within
the following ranges: 3.04-3.70, 3.10-3.51, 3.23-3.66,
3.79-4.47, 1.24-1.45 and 0.16-0.26 for NDSol, Hem, Cel,
Lig, Ash and NKj, respectively (detailed data not shown).
Dardenne et al.*® have shown that different regression meth-
ods gave almost equal standard errors of prediction and the
maximum effort should be devoted to obtaining numerous
and accurate reference data. Since the treatments tested here
did not give a wide variation among the SECV, the models
were thus considered as relatively robust. The SNVD 2,5,5
pre-treatment—which induced slightly better performance
of calibration models—was chosen.

Calibrations and cross-validation statistics
Calibration and cross-validation statistics for chemical
and biochemical parameters of the plant samples (n=113),
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Figure 1. Absorbance spectra of some contrasting materials among
the total plant samples set (a =grape skins; b=olive pulps; c=Mu-
cuna leaves; d=cocoa shells; e=Crotalaria leaves and stems;
f=maize leaves and stover).

using second derivative and SNVD, are presented in Table 2
and NIR-predicted versus laboratory-measured parameters
are presented in Figures 2-5.

Total organic matter characteristics: ash, C
Dumas, N Dumas and N Kjeldahl

The calibration equations for chemical composition of
OM (Ash, C Dumas, N Dumas, N Kjeldahl) are presented in
Table 2 and Figures 2(a)—(d).

The relatively low variability in ash content (lack of
samples under 5g100g™" and/or samples above 10g100g™",
Figure 2(a)] lead to alow RPD value, similar to those reported
for silage (0.83 and 2.4)." In this latter reference, most sam-
ples were litters or roots, thus more or less contaminated by
soil. Also, problems of homogeneity due to a possible segre-
gation of particles may have occurred when pouring the sam-
ple into the NIR sample cells. Being heavier than the organic

Table 2. Calibration and cross-validation statistics for chemical and biochemical characteristics (g 100 g"' DM) of the plant samples (n= 113,
without outliers) using second derivative and SNVD. See text and Table 1 for parameter abbreviations.

(g100g'DM) n Mean SD SEC R? SECV RPDcv
Ash 109 7.4 29 1.01 0.88 1.31 2.2
C Dumas 109 46.2 1.5 0.50 0.89 0.71 2.1
N Dumas 106 2.0 0.8 0.15 0.97 0.19 4.4
N Kjeldahl 58 23 0.6 0.15 0.93 0.22 2.6
NDSol 110 26.3 10.8 2.53 0.95 3.43 3.2
Hem 109 13.8 8.5 242 0.92 3.20 2.7
Cel 110 25.1 12.8 247 0.96 3.16 4.1
Lig 111 27.0 17.0 3.01 0.97 3.57 4.8
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matter particles, the soil particles may possibly have covered
the glass window of the cell, leading to misinterpretations of
not so representative spectra. However, the SECV value for
Ash could be considered as satisfactory as it was less here
than half of that reported for dairy manure (3.36 g100g™),’!
similar to that of mushroom composts (0.99 g 100g™")*" and
twice as high as that of silage (0.58 g100g™)."

Similarly, the coefficient of variation of C Dumas was
less than 5% which is very low. This explains the modest
performance of the C Dumas model in term of R? and RPD
[Table 2 and Figure 2(b)]. Therefore, improving the perform-
ance of this model should be possible by analysing more
samples (set size extension and range extension).

Nitrogen measured on dry samples (N Dumas) lead to a
better equation, with SEC as low as 0.15%. Equations devel-
oped for nitrogen measured on fresh samples (N Kjeldahl)
involved less samples than N Dumas (n=358, Table 2). This
is particularly clear when comparing Figure 2(c) with Figure
2(d). The SEC value of NK;j obtained in this study was about
twice that reported for Mediterranean leaves and litters
(0.08 2100 g™ and compost (0.07 and 0.03 g100g™),%4
but was lower than that reported for other heterogeneous
materials such as bovine manure (0.74g100g™").*>* The
SECV of NKj can be compared with other studies: dairy
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manures (4.42, 0.23 and 0.05g100g™),**1* or compost
(0.082100g1 DM and 0.03 g 100 g™ bulk weight).?4

RPD helps in comparing the calibrations from different
studies (different population abundance and material homo-
geneity). Values of RPD>3 and R?>0.90 are considered to
indicate successful calibrations for variable databases.*>*
RPDcv obtained on dry samples (N Dumas) was high and
similar to those reported for Northern European crop resi-
dues (4.4 to 5.0).2>2* RPDcv for NKj was relatively low
(Table 2) in comparison with other transformed OMs which,
in general, exceed three (for example, References 27 and 28),
Future improvement seems possible; for example, consider
expanding the database with more samples with<2g100g™!
NKj content. Comparing the N measured on dried (N Dumas)
and raw (N Kjeldahl) samples allowed their different mean-
ings to be explored. NKj is, in principle, closer to the “real” N
content in raw samples. However, since the spectra are meas-
ured after drying and grinding, they are understandably more
distant from NKj than from N Dumas, analysed on these
dried samples. Moreover, NKj was analysed on raw samples
which are heterogeneous and particularly wet—which some-
times interferes with dry matter estimation. This could have
some repercussions on the final result for NKj expressed on
a dry weight basis. Furthermore, some losses of inorganic N
may have occurred during the course of drying, even using a
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Figure 2. NIR predicted versus measured values (g 100 g”' DM) for the whole dataset (n=113): (a) ash, (b) C Dumas, (¢) N Dumas and (d)

N Kjeldahl.
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limited temperature (40°C). All in all, one can consider that
NKj calibrations, although appearing less precise than N
Dumas, are more useful to describe raw samples.

It must be noted that the fact that one to three samples
are outliers for Ash, C Dumas, N Dumas or NKj during the
calibration process (Figure 2) should lead to a re-run of the
analysis, which was not possible in the present study.

Fibre characteristics: NDSoluble, hemicelluloses,
cellulose and lignin

All biochemical parameters were quite well adjusted as
all R? were above 0.9 [Table 2 and Figures 3(a)-(d)] and

had less than ten calibration outliers (student ¢ test, p<0.05).

RPDcv were particularly good for Cel and Lig (>4) but
less satisfactory for Hem. The highest differences between
SEC and SECV were observed for NDSol and Hem, due to
outliers. It is interesting to note that the SECV values were
almost identical for all the variables (Table 2), which shows
that the uncertainty (combination of the analytical error and
the ability of NIR to account for the component) is the same
for all nature of fibre fractions.

The NDSol content was fairly well adjusted (R?=0.95;
RPDcv>3). The SEC associated with NDSol represented
9.7% of the mean and was lower than the one reported for
temperate plant materials (3.82g100g™").?® Even if NDSol

70

a) NDSoluble
60 -
50 A
® o ©
40 -
30 A
_‘A
'sn 20 A
8 Q
— 10
L0 o
17} 0 T
Q
= 0 10 20 30 40 50 60 70
<
>
=
[
=
9
=
o 70
=
o c) Cellulose
Y, 60 A
= o
Z
50 A
o
40 -
30
O
20 4 9
104 o
0 T T T T T T
0 10 20 30 40 50 60 70

193

is obtained by subtracting the organic part of NDF to the
total amount of organic matter, the differences in SEC
seemed quite normal as our set had NDSol mean and SD
values of about half those reported in that reference (mean
NDSol=100-51.5=48.5g 100 g™").> The same type of remark
can be made for published NDF calibrations for bovine
manure and mushroom compost. For these materials, the
NDSol mean values (100-48.6=51.4g100g™") were about
twice our values, whereas the SD associated with NDF were
much lower than ours. These figures explain why the SEC
associated with our NDSol was almost twice that reported
for bovine manure (1.35g100g™")* or mushroom compost
(1.33g100g™).*" In our study, SECV for NDSol was similar
to that of temperate plant materials (3.82 g 100 g™")* or dairy
manure (2.8 g100g™"),*" but higher than that of mushroom
compost (1.14g100g")* and (0.57g100g™" b.w.).?® RPDcv
for NDSol in our study was close to that calculated for NDF
of mushroom compost (3.07).® The materials considered in
this study were intermediate in both terms of nature/origin
(tropical and Mediterranean plants more or less transformed)
and NDF content between the temperate plant materials
from Northern Europe and composts and manures.

The model developed for Hem was satisfactory (R?=0.92)
though having the lowest RPDcv (<3, Table 2) among the other
fibre parameters. SEC associated to Hem was twice as high as
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Figure 3. NIR predicted versus measured values (g 100 g™ DM) for the whole dataset (n=113): (a) NDSoluble, (b) hemicelluloses, (c) cel-

lulose and (d) lignin.
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that reported for mushroom compost (1.01g100g™).Y” SECV
for Hem was similar to that reported for dairy manures
(2.83g100g™")*" but higher than that of mushroom compost
(1.1g100g™").* Among the fibres measured in compost,*’
hemicelluloses also gave the lowest R2. This could be
explained partly by the reference measure of this fraction at
the laboratory; it is sometimes very sensitive to small experi-
mental errors (such as extraction time, filtration procedure
or ash estimation). Furthermore, hemicelluloses are complex
polysaccharides made of different types of monomers, whose
nature and occurrence can vary among species.’!

The Cel content was particularly well adjusted (R?=0.96;
RPDcv>4). Despite the much higher variability of our data-
base, SEC associated with Cel was less than twice as high as
that reported for holm oak leaves and litters (1.7 g 100 g™")*
and mushroom compost (1.36g100g™")*” but much higher
than that of silage (0.46g100g™")."”® Similar mean values
were reported for mushroom compost*” and silage'® and
SECV were also lower (1.45 and 0.58 g100g™) than in the
present study—the ranges being much smaller in compost
and silage. Although from a heterogeneous dataset in terms
of nature of products and origins, the RPDcv for Cel in our
study was higher than that of a dataset comprising several
mixtures of legumes and grasses (2.1; Garcia-Ciudad et
al.??) and also higher than that of a homogeneous dataset
of silage (3.1)."* The RPD for Cel of our dataset was com-
parable with that of Cel C of plant materials from Northern
Europe (around 4, Table 2 and Stenberg et al.’®) as was the
range of Cel content (7-58 g100g™").* These particularly
good performances were probably partly due to the nature
of the cellulose which is a polymer of a unique type of sugar,
whereas the other fibres are made of several types of mono-
mers. Another hypothesis is the large range of values in our
study, as in that of Stenberg et al.”

The model developed for the Lig content was very satis-
factory (R?=0.97; RPDcv>4). Lig was, therefore, the best
adjusted parameter. SEC associated with Lig was close to
that reported for holm oak leaves and litters (2.81 g 100g™").%°
SECYV for Lig in our study was higher than the one reported
for a heterogeneous set of plants from sub-alpine meadows
and shrublands (1.37g100g™")3 or more transformed mate-
rials such as dairy manures (1.11g100g™")*" and mushroom
compost (0.762100g™").*” In comparison with less trans-
formed plant materials, our model performance was close to
that of grasses (RPD=3.3; Garcia-Ciudad et al.’*) and was
way above that of crops from Northern Europe (RPD=1.6 for
Lig C; Stenberg er al.?). As for Cel, the different perform-
ances could be due to the ranges. Indeed, it is particularly
wide in our study (3.4-64 g 100g™"; Table 1) compared with
that of crops from Northern Europe (0.1-23 g100g™").%

The samples which were located far away from the
median in Figure 3 were underestimated for NDSol (two
samples: S. sesban leaves and cocoa), as for Hem (maize
stalks, G. sepium leaves and grape skin), whereas they were
overestimated for Cel (P. tiphoides and cocoa) and Lig
(maize roots). Some samples were mispredicted for several

parameters and since NDSol, Hem, Cel and Lig values are
calculated by difference, this is not surprising. The highest
discrepancy between the reference and the predicted content
was observed for NDSol and Hem. This is not surprising, as
NDSol and Hem were obtained during the first stages of the
sequential extraction. These early stages are the most sus-
ceptible to misleading results, due to filtration and rinsing
difficulties, especially for AOM with high starch or protein
content which can interfere with fibre analysis. This was
possibly the case for two samples, rape seed and cocoa as
seeds.

Validation

Validation with samples not included in the calibration
set is an essential step in NIR calibration building process.
However, in relatively small datasets such as the one used
in this study, the number of validation samples is necessar-
ily limited. Cross-validation, as used in former sections, is
therefore complementary as it uses successively all samples
in calibration and validation processes. In this work, devoted
to real applications in practice, it was also decided to per-
form an “extrapolation validation”, using samples identified
as outliers in the database, in order to test the ability of our
calibrations to estimate the characteristics of non-typical
raw materials as those we sometimes have to cope with in
real situations.

The Validation (VAL) sub-set (selection of 20 samples
at random among the 113 samples) gave a homogeneously-
formed set with samples covering all natures (grape skins,
grape pips, cocoa, olive pulps and tropical plants). The major
characteristics of VAL are presented in Table 3. The means
and SD of this sub-set are quite similar to those of the whole
set of plant samples. The VAL sub-set thus encompasses the
variability of the whole set of plant samples.

New equations were computed on the CAL sub-set
(n=93), then they were used to predict the VAL sub-set
(n=20) parameters and to calculate the SEP. Calibration
and cross-validation statistics (on CAL), bias-corrected SEP
(on VAL) for each parameter, using the same mathematical
treatment and calibration procedures, are presented in Table
4. As expected, the SEC, SECV and RPDcv from CAL were
extremely close to those of the whole set of plant samples.
Indeed, these sets only differed by 20 samples randomly cho-
sen. This shows that the calibrations were relatively robust
despite the limited number of samples. RPDcv varied from
2.4 for NKj to 4.8 for N Dumas. As hypothesised above, the
relatively poor performance of the Hem or NKj models could
be due to (i) some problems during the reference analyses,
(i1) a lack in certain values (a way of improvement can be to
complete a range, for example with values<1.5g100g™" for
NKj) or (iii) a lack of size extension of the set (for example,
n=46 for NKj compared with n=92 for Lig).

On most parameters, the bias-corrected SEPc of VAL
were close to the SECV of CAL, especially for NKj, N
Dumas and Cel, indicating that these models were not exag-
geratedly influenced by a few samples. However, SEPc were
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Table 3. Chemical and biochemical characteristics (in g 100 g”' DM) of the sub-sets of plant samples (CAL, n=93; VAL, n=20). See text

and Table 1 for parameter abbreviations.

Calibration samples (n=93) Validation samples (n=20)
(g100g'DM) Mean SD Min. Max. Mean SD Min. Max.
Ash 7.5 3.1 0.9 15.8 7.5 2.5 1.5 11.2
C Dumas 46.2 1.6 413 494 46.2 1.3 44.4 49.1
N Dumas 2.03 0.89 0.26 4.56 1.99 0.79 0.50 3.17
N Kjeldahl 2.29 0.62 0.50 4.06 2.31 0.42 1.59 2.88
NDSol 27.1 11.5 8.5 63.4 25.0 12.2 2.2 44.5
Hem 14.2 8.9 0.04 40.8 13.2 8.0 1.47 32.8
Cel 249 12.8 4.2 64.7 254 13.1 11.2 62.3
Lig 26.3 17.1 4.8 61.0 28.8 17.1 34 63.9

Table 4. Calibration and cross-validation statistics (CAL sub-set), bias-corrected standard error of prediction (VAL sub-set) and associated
RPD for chemical and biochemical characteristics (in g 100 g™ DM) of the plant samples using second derivative and SNVD. See text and

Table 1 for parameter abbreviations.

(g 100 g' DM) n Mean SD SEC R? SECV RPDcv SEPc RPDp
Ash 91 7.6 3.1 0.80 0.93 1.24 2.5 2.14 1.2
C Dumas 88 46.3 1.5 0.36 0.94 0.54 2.8 1.13 1.1
N Dumas 84 2.00 0.87 0.11 0.98 0.18 4.8 0.23 34
N Kjeldahl 46 2.23 0.56 0.20 0.87 0.23 2.4 0.23 1.8
NDSol 89 26.7 10.6 242 0.95 3.37 3.1 3.02 4.1
Hem 89 13.3 8.0 243 0.91 3.16 2.5 3.86 2.1
Cel 92 24.8 12.8 2.31 0.97 3.16 4.1 2.92 4.5
Lig 90 26.4 17.1 3.17 0.97 3.95 43 2.80 6.1

1.7 to 2.1 times higher than SECV for Ash and C Dumas,
respectively. The SEPc of NDSol in this study was higher
than that reported for bovine manure (0.82g100g™).3* The
SEPc of NKj in our study was twice that of bovine manure
(0.1g100g™"),* swine excreta compost (0.09 g 100g™")* and
compost (0.08 g 100 g™"),” all kinds of material being unique
in nature. This tends to indicate that the variability of our
materials is a little too large to expect very good prediction
capacities. Nevertheless, our SEPc for NKj was less than
half the SEPc reported for various Northern European crop
residues (0.62g100g™).2

RPDp (= SD of VaL/SEPc) ranged from 2.1 for Hem to
6.1 for Lig. The predictive power of the equations developed
here was, therefore, relatively good for the fibre parameters.
Nevertheless, RPDp were not satisfactory for Ash and C
Dumas, as was reported for organic matter in swine excreta
compost (1.46).%

The “extrapolation validation” was performed on the 20
outliers (OUT sub-set) originally discarded from the database

(spectral or compositional outliers) with the equations elabo-
rated on CAL. Furthermore, attemps were also made to pre-
dict the composition of the 13 coffee by-products samples
being discarded from the beginning of the calibration proce-
dure. These results are presented in Figures 4 and 5.

Among the VAL sub-set, the fibre parameters were reason-
ably well predicted for most samples (Hem was the poorest).
For the chemical parameters, one can point out the relatively
good predictive capacity for the N Dumas equation, whereas
in the case of Ash and C Dumas it was not as good.

Figure 6 presents a comparison between the standard
errors of the reference laboratory data (laboratory repeat-
ability, SEref) and the SEP(c). The SEref for Ash and NKj
were estimated on 12500 samples analysed in duplicate
in the organic fertilier company’s certified ISO9001-2000
control laboratory. The SEref for fibres were estimated on
350 samples analysed in duplicate for Lig and Cel, in trip-
licate for Hem and four replicates for NDSol. For Ash, the
SEP was twice the SEref; for NKj, the ratio SEP/SEref was
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3.7. This last figure cannot be considered as being a very
high error, as it only represents a coefficient of variation
of 2.7% for NKj. The SEP values were under the norma-
tive tolerances for organic amendments (NFU#44051)%
(max 3.0g100g™" bulk weight for Ash and min-max 0.2—
0.3g100g™" b.w. for NKj). For the fibre parameters, the SEP
was less than twice the SEref. This difference was acceptable,
as this has helped meet a major objective of this work, which
is an estimation of the biochemical fractions of very variable
plant materials. For example, even estimated with a possible
error of 5g100g™" DM, two plant materials with predicted
Lig contents of 45 and 10g100g"' DM would obviously be
candidates for entering a composting process for the first
and entering an organic fertiliser composition or a direct use
on field for the latter. Considering the time-consuming and
costly procedure required for the reference analyses of fibre,
the SEP are quite encouraging.

The predictions of most parameters were acceptable for a
majority of the samples from the OUT sub-set [Figures (4)
and (5)]. Although discarded before the calibration proce-
dure, these samples generally entered the relationship pre-
dicted/measured. This can illustrate the rather good extrapo-
lation capacity of the models developed here. Furthermore,
a hypothesis for the bad prediction could be found for some
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of the outliers among the OUT sub-set. Indeed, the cocoa
outlier for NDSol was also an outlier for Cel and its refer-
ence data differed from the mean reference data for this
kind of material (for example, mean NDSol>40 and mean
Cel<20g100g™" for the other cocoas). The poor prediction
for Lig in Eleusine roots may be due to clay contamination.
The other outliers were less explainable. Nevertheless, along
with the first level of validation, this attempted extrapolation
was rather successful.

The coffee by-product samples were poorly predicted
for several parameters [Figures (4) and (5)]. This was par-
ticularly true for Ash and NKj [Figures 4(a) and (d)]. These
poor predictions could be attributed to the peculiar nature of
the coffee cakes, since they were heavily processed. Since
coffee cakes generally contain high amounts of lipids (some
measured in this study were above 21 g100g™' DM, data not
shown), this fraction could have caused special problems
such as spectral misinterpretation. It could also be hypoth-
esised that the reference data were possibly questionable.
Indeed, coffee generally has very high amounts of organic
matter (>98%), thus very low Ash content, particularly sus-
ceptible to experimental errors. The major exception was for
NDSol and Cel [Figures 5(a) and (c)], where the coffee by-
products were rather well located upon the predicted/meas-
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Figure 4. NIR predicted versus measured values (g 100 g™ DM) for the VAL (dots) and EXT (circles) sub-sets, coffee samples (triangles),

(a) ash, (b) C Dumas, (c) N Dumas and (d) N Kjeldahl.
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(a) NDSoluble, (b) hemicelluloses, (c) cellulose and (d) lignin.

ured median. Except for this aspect, coffees were always
isolated from the other samples and consisted of distinct
sets [for example, Figures 4(a), (b) and (d)]. There is a real
qualitative gap between coffee by-products and the rest of
the database. More work is needed to predict the biochemi-
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Figure 6. SEref, standard errors of reference data and SEP(C),
standard errors of prediction (bias corrected), ing 100 g™ DM.

cal characteristics of coffee cakes; (i) multiply the reference
data and attempt new calibrations including the coffee sam-
ples among the other plant samples or (ii) develop separate
calibrations dedicated to coffee by-products.

Conclusion

This study showed that it was possible to develop useful
calibrations for the major biochemical characteristics of a
very wide range of plant materials. The same overall mod-
els were suitable for such variable as raw materials utilised
in the organic fertiliser industry (grape skins, olive pulps,
cocoa shells...) or plants used in improved agricultural sys-
tems, namely direct drilling and agroforestry (Tephrosia,
Gliricidia...). The repartition of the chemical and biochemi-
cal parameters was continuous, hence models are gener-
ally suitable for all kinds of plant materials and are not just
suitable for a single type of material. Coffee cakes were
an exception; no satisfactory model was found and more
effort is needed to build a particular calibration. The models
developed in the general database were particularly promis-
ing for the prediction of cellulose and lignin content. The
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associated SECV and SEP were acceptable for the fibre
parameters, compared with the standard errors of reference
data. Furthermore, considering the costly and time-consum-
ing procedure required to obtain the corresponding refer-
ence data, their NIR estimations seem sufficiently precise
and very profitable for our purpose of raw materials quality
control. For ash, C Dumas and Kjeldahl nitrogen content,
the model performances were not so good, although their
associated SECV and SEP were far less than the normal
tolerances. Several levels of validation and extrapolation
were tested. Predictions on a validation set (n=20 sam-
ples randomly chosen among 113) confirmed the quality
of cellulose and lignin models. An originality of this study
was to attempt to predict the parameters of the spectral and
compositional outliers (removed before calibration), with
the equations developed during calibration, as a test for
extrapolation capacity of equations. Surprisingly, a majority
of these outliers were acceptably predicted for most of the
parameters, although they were known to be very different
from the samples present in the calibration sub-set. Models
developed here can thus be considered as robust. Future
work on our larger database (>2400 samples) are expected
to improve the predictions and diminish the SECV and SEP
to a comparable level to that of reference data and make
them of possible direct use in the TAO model.**!!'2 However,
the prediction accuracy is already largely sufficient for usage
recommendations in the factory or on field.
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