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The content and chemical forms of P in compost are essential variables for its proper management with
an agricultural purpose, especially considering the increasing P over-fertilization in agrosystems. In this
study, the estimation of P content and dynamics in different composting scenarios was developed using
near infrared reflectance spectroscopy (NIRS) coupled with a statistical tool for calibration, a penalized
signal regression. Samples were analyzed on total P and partitioned using NaOH-solution 31P NMR spec-
troscopy quantifying pyrophosphate, orthophosphate, orthophosphate diesters, phospholipids, and
orthophosphate monoesters pools. According to the results obtained, total P content (r2 = 0.99 and root
mean square error of cross-validation = 0.53) and P forms can be estimated during composting using
NIRS, as well as in the mature product, orthophosphate and orthophosphate monoesters being the most
abundant P forms throughout the experiment. Penalized signal regression allows detecting the significant
wavenumbers in each composting period, and also with the different P pools in the composting pile
depending on time.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Build-up of P in excessively fertilized soils has become an envi-
ronmental concern, since accumulation of P in surface soil can re-
sult in a transfer of P to groundwater producing concentrations
that exceed groundwater quality standards. Thus, several countries
have implemented protective measures in order to prevent an
excessive P input. Amlinger et al. (2004) recommended a maxi-
mum application per year between 50 and 68 kg P2O5 equiva-
lent ha�1. The main input of P in agriculture came from
fertilizers, but also from manures and organic amendments.
Knowledge of P partitioning, solubility and, ultimately, bioavail-
ability are essential to consider in balancing the use of compost
as a fertilizer while protecting the environment (Toor et al.,
2006). The use of only nitrogen based criterion to establish the or-
ganic application dose to soils could lead to an over-fertilization of
nutrients such as P and K, especially when composts with very low
mineralization rates are considered. As Shober and Sims (2003) re-
ported, 24 states of the USA have regulations or guidelines related
to the restriction of land application of biosolids based on the P cri-
terion. However, in the future, P supply could be reduced, because
ll rights reserved.
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mining phosphorus for fertilizer is consuming the mineral faster
than geologic cycles can replenish it (Déry and Anderson, 2007).
In this future scenario, organic wastes and, especially compost,
could constitute a strategic resource to cover P fertilization in an
environmentally friendly management.

On the other hand, the organic wastes used to elaborate
compost are also affected by a high variability in their composition.
In Spain, variations of 25% for N and 19% for P contents in sewage
sludge, respectively, were detected during the 2001–2003 period.
For this reason, a complete characterization of P during
composting, including content and speciation, could be useful to
understand the P dynamics and thus, its bioavailability in the
amended soils. Nevertheless, most of the studies about compost
only include P total contents or increments between initial and fi-
nal total P concentrations, without consideration of the chemical
speciation of P and how it changes with time. Chemical analysis
is the usual way of studying the P speciation in organic materials,
NaOH–EDTA being the main extractant for organic P in compost
samples according to Bowman and Moir (1993) and Turner et al.
(2005). However, other instrumental techniques, such as NMR
could be also used for these purposes (Toor et al., 2006).
Using solution 31P NMR spectroscopy, multiple P compounds
can be quantified simultaneously in compost extracts with
minimal sample preparation and handling (Condron et al., 1997).
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Recent advances in methodology for solution 31P NMR spectros-
copy of alkaline soil extracts include improvements in signal iden-
tification (Makarov et al., 2002; Turner et al., 2003; Turner and
Richardson, 2004) and the development of a quantitative extrac-
tion procedure (Cade-Menun and Preston, 1996). In this speciation,
inorganic forms of P, such as pyrophosphate or orthophosphate,
and organic P forms, such as orthophosphate diesters, phospholip-
ids, orthophosphate monoesters could be elucidated. Therefore, or-
ganic P can be now quantified and partitioned more accurately
than using the classical analytical methods. However, chemical
speciation coupled with NMR analyses is time-consuming and
expensive. A promising alternative could be the estimation of the
P content in compost based on the use of near infrared reflectance
spectroscopy (NIRS), a non-destructive analytical technique that is
pollution-free and cost-effective, capable of analyzing organic sub-
stances rapidly (<1 min). NIRS is frequently applied in environ-
mental analyses including soil organic matter (Ludwig et al.,
2002; Cozzolino and Morón, 2006); soil carbon (Reeves et al.,
2006); humic and fulvic acids (Polak et al., 2005); organic wastes
(Malley et al., 2005; Grube et al., 2006); mineral concentration in
plants (Halgerson et al., 2004) and small compounds present in
animal cells, such as ammonium, glucose, or lactate (Riley and
Crider, 2000). In several studies, estimations of the total content
of P in an organic matrix were obtained with more or less accuracy.
Malley et al. (2005) obtained a coefficient of correlation of 0.71 and
a standard error of prediction of 0.70 mg g�1 in manure compost,
useful for screening, while Halgerson et al. (2004) observed a coef-
ficient of determination of 0.91 and a standard error of cross-vali-
dation of 175 mg kg�1 in alfalfa leaves. However, other authors
have reported the use of NIRS in the estimation of P in soil with dif-
ferent results, as Chang et al. (2001) that obtained a regression
coefficient of 0.40 and a root mean standard error of cross-valida-
tion of 32.28 mg kg�1 and He et al. (2007), which showed a corre-
lation coefficient between measured and predicted P of 0.47,
values not suitable to use this technique for P estimation.

Several mathematical approaches have been used for modeling
the signal obtained from NIRS and optimizing the output of infor-
mation, such as the use of multivariate calibration. Some of the
challenges posed in this framework are non-trivial and include
the following aspects: (a) the number of regressors (p wavenum-
bers) may greatly exceed training observations (n); (b) the regres-
sors are highly correlated, so we have a very ill-conditioned
statistical problem (Frank and Friedman, 1993). Two general ap-
proaches have been used to solve these issues: (1) reduction of
the regression bases, including partial least squares, principal com-
ponents, or projection onto bases of splines (Marx and Eilers, 1999)
and (2) penalized regression, like ridge regression or penalized sig-
nal regression (Eilers and Marx, 2003). With smooth spectra,
penalized signal regression is a very promising approach because
it forces the vector of regressor coefficients to vary smoothly with
wavenumber.

Therefore, the main objectives of this study were to establish
the effectiveness and accuracy of NIRS in the evaluation of the P to-
tal content and P forms during composting of winery and distillery
residues. For this purpose, the development of a modern mathe-
matical approach through penalized signal regression and the use
of solution 31P NMR spectroscopy procedure were also used and
validated.
2. Materials and methods

2.1. Compost samples

Two hundred and four samples were used in this study from
four different composting piles elaborated using several residues,
but including in all the cases wastes from the winery and distillery
industry. Four different piles (P1, P2, P3 and P4) were prepared
with mixtures of grape stalk (GS), grape marc (GM), exhausted
grape marc (EGM), sewage sludge (SS), cow manure (CM) and
poultry manure (PM), using the Rutgers static pile composting sys-
tem. The composition of the composting piles and the characteris-
tics of the raw materials used are detailed in previous works
(Bustamante et al., 2007, 2008b, 2009). In P1 and P2, GS, GM,
EGM and SS were used. Initially, GS, GM and EGM were mixed in
both piles and after 17 d, SS was added to both piles as a source
of nitrogen and microorganisms. On the other hand, P3 and P4
were elaborated by mixing EGM and two different animal man-
ures, CM and PM, respectively. The moisture of the piles was con-
trolled weekly by adding the necessary amount of water to obtain a
moisture content not less than 40%. In P1, fresh collected vinasse
(V) was used for watering; 0.4 L V kg�1 was added on the first
day, and the remaining volume, up to 0.95 L kg�1, was added grad-
ually up to 25 d of composting. The mixtures (about 1700 kg each
for P1 and P2 and 1800 kg each for P3 and P4) were composted in a
pilot plant, in trapezoidal piles (1.5 m high with a 2 � 3 m base)
with temperature control and supplied with forced aeration. The
timer was set for 30 s ventilation every 30 min, and the ceiling
temperature for continuous air blowing was 55 �C. Forced aeration
was used during the bio-oxidative phase, which lasted 130 d for P1
and P2, respectively, 134 d for P3 and 157 for P4. The maximum
temperature values reached by the composting piles throughout
the thermophilic phase were 47 and 42 �C for P1 and P2, and 54
and 50 �C for P3 and P4, respectively (the temperature evolution
of the piles is described in detail by Bustamante et al. (2007) and
Bustamante et al. (2008b)). The bio-oxidative phase of composting
was considered finished when the temperature of the pile was sta-
ble and near to that of the surrounding atmosphere. Then, the piles
were allowed to mature for two months. Samples were obtained by
mixing seven sub-samples coming from seven different zones of
the piles, from the whole profile (from the top to the bottom of
the pile) and they were collected approximately every 2 weeks.

2.2. Sample preparation and solution NMR spectroscopy

Total P content was measured colorimetrically after HNO3/
HClO4 digestion (Kitson and Mellon, 1944) in all the samples. For
P speciation, P was extracted by shaking 1 g of air-dried compost
samples with 20 mL of a solution containing 0.25 M NaOH and
0.05 M Na2EDTA for 16 h at 22 �C (Cade-Menun and Preston,
1996). It is assumed that NaOH–EDTA quantitatively recovers or-
ganic P from compost samples (Bowman and Moir, 1993; Turner
et al., 2005), although there is no direct method that confirms this.
Extracts were centrifuged at 10 000g for 30 min and an aliquot was
taken for determination of total P. The remaining solution was con-
centrated with speedvac Eppendorf Concentrator 5301. Each con-
centrate was re-dissolved in 0.1 mL of deuterium oxide and
0.9 mL of a solution containing 1.0 M NaOH and 0.1 M EDTA, and
then transferred to a 5 mm NMR tube. Solution 31P NMR spectra
were obtained using a Bruker Avance DRX 400 MHz spectrometer
operating at 121.5 MHz for 31P. Samples were analyzed using a
6.5 ls pulse (30�), a delay time of 2.0 s, an acquisition time of
0.67 s, and broadband proton decoupling. The delay time used here
allows sufficient spin–lattice relaxation between scans for P com-
pounds in NaOH–EDTA (Cade-Menun et al., 2002). Approximately
512 scans were acquired for all samples. Chemical shifts of signals
were determined in ppm relative to an external standard of 85%
H3PO4. The values can vary slightly among spectra due to slight dif-
ferences in pH, viscosity, and ionic strength, although this is min-
imized by analyzing samples at a strongly alkaline pH (>13).
Signals were assigned to P compounds or functional groups based
on literature reports (Turner et al., 2003) and signal areas calcu-



Table 1
Total P contents in all compost piles (dry weight basis).

Compost pile P range (g kg�1 d.m.) Mean value ± SD (g kg�1 d.m.)

P1 0.86–5.67 4.16 ± 1.41
P2 0.13–5.72 4.29 ± 1.70
P3 3.19–5.81 4.39 ± 0.72
P4 5.38–10.76 8.28 ± 1.57

P1 [grape stalk + grape marc + exhausted grape marc + sewage sludge + vinasse]; P2
[grape stalk + grape marc + exhausted grape marc + sewage sludge]; P3 [exhausted
grape marc + cattle manure]; P4 [exhausted grape marc + poultry manure].
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lated by integration. Sample analyses were carried out in triplicate
and the error of the NMR method determined for each constituent
was lower than 5%. Spectra were plotted with a line broadening of
1 Hz to preserve resolution in the phosphate monoester region.

2.3. NIRS analysis

NIRS analysis was performed using a FT-NIR spectrometer
(MPA, Bruker Optik GmbH, Germany) in the range of wavenumber
from 12 000 to 3800 cm�1 (equivalent to wavelength 830–
2630 nm) with a step of 8 cm�1. Compost samples were dried at
105 �C, grinded (£ < 1 mm) and dried again after storing. Samples
were divided in two sets (2/3 for the calibration and 1/3 for the val-
idation), the mean, range, and standard deviation of these two
sample sets being very similar. About 20 g of dried sample were
scanned in a glass plate. Individual sample were remixed and re-
scanned three times, being averaged after using Opus software
(version 6, � Bruker Optik), recording absorbance, as log 1/R,
where R is reflectance, for a total of 64 scans per spectrum. No out-
liers were found.

2.4. Mathematical model for P total content

A penalized signal regression procedure was used to establish a
prediction model for the P concentration from the information gi-
ven by the spectra, measured at different time points in four sim-
ilar compost piles, similar to that proposed by Eilers and Marx
(2003):

Notation of the model:
Yi, i = 1 , . . . , n, the P concentration as measured by the analytic

procedure, in every sample. Each measure is related to certain time
point during the observation period.

X = [xij], i = 1 , . . . , n and j = 1 , . . . , p is the absorbance matrix ob-
served from the spectra, where p denotes the number of wave-
lengths considered and n the number of time points measured.

Then, the model can be formulated in terms of the expected P
concentration, as:

EðYiÞ ¼ a0 þ
Xp

j¼1

xij � aji; ð1Þ

where a0 represents intercept and aji gives the weight of the wave-
number wj to predict P at time point ti. However, this formulation
encounters a conditioning problem as the number of observations
n is quite fewer than the number of predictors p. In fact, they pro-
pose to project a onto a known basis of smooth functions, so making
use of the ordered feature of the wavenumbers.

The number of initial predictors p given by the number of
wavelenghts considered was reduced to the number of nodes
established on the range of wavenumbers, mw, and throughout
the observed period of time, mt. These numbers must be small
enough to make viable the estimation problem, but large enough
to capture the spectrum behaviour, especially on ranges where it
varies a lot. The proposed modelization states that the coeffi-
cients a of the prediction model (1) can be written in terms of
a B-spline basis conformed from wavenumbers and the time
points as:

a ¼
XVK

m¼1

Xvt

l¼1

BmB0lcml;¼ BC; ð2Þ

where C = [cml] is the matrix of unknown tensor product B-spline
coefficients, c = vec(C) and B ¼ ðB� 1ml

Þ � ð1mk
� B0Þ: The symbols

� and � denote, respectively, Kronecker product and element-wise
multiplication of matrices. Then, it can be rewritten (1) as:

EðYiÞ ¼ a0 þ XBa ¼ a0 þ Uc; ð3Þ
with U ¼ ðXB� 1ml
Þ � ð1mk

� B0Þ and dim U = n � mkml. If mk and ml

take small values (generally less than 60) the estimation problem
reduces to a multiple linear regression one, where the number of
observations n is greater than the number of coefficients to esti-
mate, 1 + mkml.

Finally, an optimal solution for mk and ml was obtained by the
predictive cross-validation criteria given by Eilers and Marx
(2003). It consists of dividing the sample into two subsets, one
used to validate the model and the other one to study its capability
for prediction, always comparing the observed values to the esti-
mated ones (in our case, P concentration).

2.5. Mathematical model for P forms

When considering the organic P pools in compost (P forms),
measures for everyday under study were not available, but just
quantified at four different time periods. So, the model proposed
above it was not valid here, as data cannot be fitted by the day
of analysis. Then, an individual analysis was performed at each
period and for each P form.

The proposed model was quite similar to the previous one, but
here the coefficients related to the absorbances were just modelled
in terms of the wavenumber. Then, for every P form and time per-
iod, the model was given by:

EðYiÞ ¼ a0 þ
Xp

j¼1

xijaji;

with

a ¼
Xmk

m¼1

Bmcm ¼ BC;

where C = [cm] is the vector of unknown of B-spline coefficients and
mk is giving the same value that the optimum reached at the model
fitted above for the P, in order to preserve a similar structure in the
modelling process. So, we can write:

EðYiÞ ¼ a0 þ XBa ¼ a0 þ Uc;

with U = XB, where B is a univariate (cubic) B-spline basis presented
along the axis defined by the wavenumber.

The analysis has been resolved with the R package, version 2.7.0
(R Development Core Team, 2008). The functions used were pro-
grammed by Brian D. Marx and are available at http://www.stat.
lsu.edu/bmarx/.

3. Results

3.1. Total P content and P partition according to 31P NMR

Total P analysis is shown in Table 1, with the range and mean
value of total P contents during the composting process. A signifi-
cant increase in total P concentration during the process was ob-
served in all the piles. Compost elaborated with PM reached the

http://www.stat.lsu.edu/bmarx/
http://www.stat.lsu.edu/bmarx/
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highest value (more than 10 g kg�1 dry weight basis); SS and CM
ingredients induced similar P concentration in mature compost.
Ferrer et al. (2001) obtained total contents of P in winery composts
around 7 g kg�1 dry weight basis, especially when manures are
used as co-composting material. The total P contents in the win-
ery-distillery wastes show significant differences, wine lee and
winery sludge being the wastes that showed the greatest values
compared to grape stalk and grape pomace or marc (Bustamante
et al., 2008a). Solution 31P NMR spectra of compost sample extracts
from the piles 2, 3 and 4 are shown in Fig. 1. Pile 1 spectrum is not
included due to the high similarity with pile 2 spectrum, since the
only difference between these piles was the addition of vinasse in
pile 1. Orthophosphate monoesters appeared as an envelope be-
A Orthophosphate 
Monoesters

Orthophosphate 

A

BB

ppm

246

C

246

C

Fig. 1. Solution 31P NMR spectra of NaOH–EDTA extracts of compost samples: (A)
marc + exhausted grape marc) at 0 d; (C) pile 2 (grape stalk + grape marc + exhausted g
tween 4.0 and 6.0 ppm, with major signals at 5.89, 5.19, 4.93,
4.86, 4.71, 4.45 and 4.14 ppm. Well-resolved signals in this region
of the spectra allowed the obtaining of detailed information on
individual compounds. The latter signal probably represented scyl-
lo-inositol hexakisphosphate (Turner and Richardson, 2004). Myo-
inositol hexakisphosphate appeared as a signal at 5.89, originating
from the C-2 phosphate on the inositol ring. Strong signals at 5.19
and 4.86 ppm almost certainly represented phosphatidic acid and
b-glycerophosphate, respectively. These compounds are originated
from the degradation of phosphatidyl choline in alkaline solution
(Turner et al., 2003), so they are probably artifacts of the analytical
procedure rather than being present in significant quantities in
compost samples.
PyrophosphateOrthophosphate 
Diesters

-4-20 -4-20

pile 4 (exhausted grape marc + poultry manure); (B) pile 2 (grape stalk + grape
rape marc + sewage sludge) after 17 d.
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Signals from inorganic orthophosphate appeared at approxi-
mately 6.08 ppm in the extracts of all compost samples. The inor-
ganic orthophosphate was present in only small amounts, since the
signal at 6.08 was weak in the spectra (Fig. 1). Pyrophosphate sig-
nals appeared at �4.46 ppm. Signals around �20 ppm, from penul-
timate and mid-chain polyphosphate groups from organic
condensed phosphates (e.g. ADP or ATP), were absent in the
spectra.

Clear signals from DNA appeared in compost sample extracts at
approximately �0.2 ppm, with other signal at 1.7 ppm correspond-
ing to phospholipids from microbes (phosphatidyl ethanolamine).
As it was previously commented, the presence of strong signals
in the orthophosphate monoester region from degradation prod-
ucts of phosphatidyl choline suggests that the phospholipids were
considerably under-estimated in most of the extracts.

Table 2 shows the evolution of the P composition determined in
NAOH–EDTA extracts of compost samples by solution 31P NMR
spectroscopy. In all the composting procedures, inorganic P forms
were dominant in mature compost. On the other hand, only in
the composts with SS (piles 1 and 2), the proportion of pyrophos-
phate (a short chained inorganic polyphosphate) was significant in
relation to the total amount of inorganic P at the beginning of the
composting process. However, the proportion of pyrophosphate
represented less than 1% of the total P in mature compost. Net
transformation of organic P to inorganic P was observed during
all the composting process. This fact was noticeable in the first
stages of the thermophilic period (2–3 first week), especially for
the SS and PM derived compost. In addition, a change in the ratio
organic P vs. inorganic P from 9,4; 0.78 and 1.4 at the beginning
of composting to 0.09; 0.18 and 0.25 at the end of maturing period
was observed for pile 2, 3 and 4 respectively. About organic P form
evolution, orthophosphate monoesters presented higher contents
compared to orthophosphate diesters and phospholipids, the latest
being the most labile in the organic pool, with negligible presence
in mature compost. However, orthophosphate diesters still repre-
sents around 3% of the total organic P in matured compost elabo-
rated with manure.
3.2. Mathematical model for P content

To fit the model proposed in the Section 2, 136 samples (66.6%)
were used for estimation and 68 (33.3%) for predictive validation.
All point times (d) used at the experiment were included in the
estimation data. The range of values considered for mk was 20–
60, and 5–20 for ml. Optimal values obtained were mk = 40 and
ml = 14.
Table 2
The chemical speciation of phosphorus over time determined in NaOH–EDTA.

Composting time (d) Pyrophosphate Orthophosphate diesters

Pile 2: grape stalk + grape marc + exhausted grape marc + sewage sludge
0 2.1 16.3
16 2.4 2.6
86 1.1 1.2
234 0.5 >0.1

Pile 3: exhausted grape marc + cow manure
0 3.8 2.8
29 1.4 2.7
91 1.6 2.0
192 0.8 0.6

Pile 4: exhausted grape marc + poultry manure
0 1.5 2.2
28 0.5 1.7
90 0.2 0.3
140 0.5 1.0
212 0.4 0.4
Through the confidence interval estimated of the cml coeffi-
cients, it can be concluded on which wavenumbers are signifi-
cantly related to prediction of P: those that did not contain zero.
Fig. 2 shows the point estimates of these coefficients (continuous
line) and their 95% confidence intervals (dotted lines). Those
ranges where all lines stay above or below the zero, do actually
resemble ranges of wavenumbers that significantly contribute to
predict P concentration. It can be also appreciated the effect of time
on these estimates. For the early phase of the experiment, confi-
dence intervals resulted thinner than those for last phases because
the observed variability on the P concentration increased with
time. The model actually captures this behaviour.

The use of a penalized statistical model could be used as the
best way to estimate P using NIRS due to the high significance ob-
tained in all the time points (data not shown), because this ap-
proach can incorporate the variation in the contribution of each
wavenumber range during the composting process. This fact could
be also in concordance with the P forms variation detected in the
previous section. Fig. 3 shows the prediction results. On the left,
the predicted values of total P for the validation sample versus
the point time at which measurements were made. On the right,
observed values of P versus predicted ones with the model for
the validation sample. Predicted and observed values are quite
similar (in fact a diagonal line is appreciated) along all the time
range, even at the last time points, when the variability of P in-
creases. The correlation coefficient for observed and predicted val-
ues is 0.9937, much better than any other result published so far.
3.3. Mathematical model for P forms

In Figs. 4 and 5 are shown the results obtained for the different
P forms. These figures also include the correlation coefficients be-
tween observed and predicted values, which are always greater or
equal to 0.99, so implying that the fitted model is quite efficient for
prediction. Right graphs show the wavenumber ranges that result
significant at each period. We can observe clear differences on the
significant ranges for the different P forms at each period, so giving
support to the individualized modelling. In Table 3, partial linear
square regression (PLS) modeling was compared with the proposed
penalized signal regression procedure for total P and P forms in
compost samples. With penalized signal regression procedure,
we obtained a nearly perfect adjustment in total and the rest of P
pools, and only for the Orthophosphate form, the value of the root
mean square error of cross-validation was relatively high com-
pared with the other forms. However, PLS adjustment was lower
in all the parameters, especially for the P forms in compost.
Phospholipids Orthophosphate monoesters Orthophosphate

5.1 47.5 3.4
0.3 22.7 77.1
0.1 11.9 87.7
0.4 8.2 92.5

0.8 39.7 50.1
1.2 25.9 56.5
2.0 21.9 63.4
>0.1 14.5 87.1

1.1 54.6 39.1
0.3 26.8 69.6
>0.1 21.9 84.8
>0.1 19.1 80.3
0.2 15.3 86.6
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Fig. 2. Estimation coefficients evolution (continuous line) and 95% confidence intervals (dotted lines).
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4. Discussion

P content and dynamics in compost mainly depends on the
ingredient composition of the pile and the biotic degradation of or-
ganic matter. Shober and Sims (2007) reported that P solubility in
organic sources can be influenced by several aspects, such as ani-
mal diet, biological treatment, composting or storage practices.
Due to the nature of the P forms and their transformation into



1
2

3
4

Pyrophosphate

Correlation:  0.992

40
00

60
00

80
00

10
00

0
12

00
0

Pyrophosphate

Period

P 
Pr

ed
ic

te
d 

(g
kg

-1
) 

W
av

en
um

be
r

P  Observed (gkg-1)

0
5

10
15

Orthophosphate Diesters

Correlation:0.999

1 2 3 4 1 2 3 4 0 5 10 15 1 2 3 4

40
00

60
00

80
00

10
00

0
12

00
0

Orthophosphate Diesters

Period

W
av

en
um

be
r

P 
Pr

ed
ic

te
d 

(g
kg

-1
) 

P  Observed (gkg-1)

Fig. 4. Prediction results using penalized signal regression. Predicted values for the validation sample versus the observed values and the significant region of NIR spectra for
each period for pyrophosphate (on the left) and for orthophosphate diesters (on the right).

10 20 30 40 50

10
20

30
40

50

Orthophosphate Monoesters

Correlation:0.999

1 2 3 4

40
00

60
00

80
00

10
00

0
12

00
0

Orthophosphate Monoesters

Period

P 
Pr

ed
ic

te
d 

(g
 k

g-1
)

W
av

en
um

be
r

P Observed (g kg-1)
0 20 40 60 80

0
20

40
60

80

Orthophosphate

Correlation:  0.997

40
00

60
00

80
00

10
00

0
12

00
0

Orthophosphate

1 2 3 4 0 1 2 3 4 5

0

1

2

3

4

5

Phospholipids

Correlation:0.99

1 2 3 4

40
00

60
00

80
00

10
00

0
12

00
0

Phospholipids

P 
Pr

ed
ic

te
d 

(g
 k

g-1
)

P Observed (g kg-1)

W
av

en
um

be
r

Period

P 
Pr

ed
ic

te
d 

(g
 k

g-1
)

P Observed (g kg-1)

W
av

en
um

be
r

Period

Fig. 5. Prediction results using penalized signal regression. Predicted values for the validation sample versus the observed values and the significant region of NIR spectra for
each period for orthophosphate monoesters, orthophosphate and for phospholipids.

Table 3
NIRS validation results for total P and P forms in compost samples.

Parameter Penalized signal
regression

Partial linear square
regression

r2 RMSECV r2 RMSECV

P (g kg�1) 0.99 0.53 0.93 0.59
Pyrophosphate 0.98 0.02 0.79 0.45
Orthophosphate diesters 0.99 0.04 0.98 0.54
Phospholipids 0.99 0.06 0.82 0.59
Orthophosphate monoesters 0.99 0.62 0.88 4.75
Orthophosphate 0.99 3.97 0.93 6.47

P: phosphorous; r2: coefficient of determination for validation; RMSECV: root mean
square error of cross-validation.
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the composting process, a significant increase in P total concentra-
tion during the process is usually observed (Cooperbrand and Mid-
dleton, 1996; Felton et al., 2004). The use of SS or manures,
especially CM and PM could increase significantly the P content
in piles based on agricultural crop wastes with relatively low val-
ues of this element compared to N and K, obtaining a balanced
compost (Moral et al., 2009).

However, there are some difficulties in the interpretation of
solution 31P NMR (Ajiboye et al., 2007), since this technique give
us direct information about molecular and structural characteriza-
tion of inorganic and organic P in NaOH extracts. It is possible to
distinguish more labile organic species e.g. phospholipids from
the less labile, such as phytic acid, the major orthophosphate
monoester (Makarov et al., 2002). In this experiment, the most
important feature was the increase of the inorganic orthophos-
phate from organic P forms during the compost process, ranging
the inorganic P from 80% to 91.5% of the total P. Ajiboye et al.
(2007) reported values of inorganic orthophosphate in biosolids
and hog manure NaOH extracts around 95% and 79%, respectively.
The differential behaviour of P in compost elaborated with SS or
manure could be associated to the wastewater treatment and the
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role of chemicals added in the treatment plants. Hinedi et al.
(1989) reported that total P in anaerobically digested municipal
biosolids was almost entirely orthophosphate. Huang et al.
(2008) reported a different fractionation pattern of P in biosolids
depending on the use of ferrous sulphate, calcium oxide and alu-
minium sulphate. So, the chemical forms of P in organic amend-
ments are essential variables that must be considered prior to
the use of these amendments in agriculture in order to carry out
a suitable management of these materials. Ajiboye et al. (2007) ob-
served that most of the total P analyzed in organic amendments in
the sequential extracts of organic amendments was orthophos-
phate from readily soluble calcium and some aluminium phos-
phates, except in poultry samples, which was dominated by
organic P.

Total P estimation using commercial NIRS mathematical ap-
proaches obtained low accuracy, especially in compost samples
(Shepherd et al., 2003; Malley et al., 2005). In the majority of
experiments, time evolution is not considered in the mathematical
model. In this experiment, total P estimation and P form evolution
throughout the compost process were very well described using
penalized signal regression. In our study, penalized signal regres-
sion was more powerful in identifying significant NIR region for
P estimation compared with PLS procedure. Dao et al. (2001) ob-
served significant changes in P availability in composting proce-
dures by addition of aluminium- and iron by-products, with a
decrease of dissolved reactive P. Due to the heterogeneous nature
of the wastes used in commercial composting, the proposed quick
estimation could contribute to a better understanding of P dynam-
ics in composting and therefore, improve the managing of P fertil-
ization due to the different availability of P pools in amended soils.
In addition, the monitoring of the transformation of organic P
forms to orthophosphate during the composting could be a quality
parameter for this biotic process.
5. Conclusions

The proposed combination between NIR analysis and penalized
signal regression for estimate total contents and the changes in P
forms during this process is a promising and easy way to improve
the management of P input with agricultural purposes, especially
in industrialized composting plants in order to achieve availability
partners of P in organic materials. P speciation using a standard-
ized NaOH–EDTA extraction and solution 31P NMR spectroscopy
procedure increased significantly the output capabilities of predic-
tion of the NIR-penalized signal regression.
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