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! Lignocellulosic wastes (forest and horticultural wastes) were composted.
! The dynamics of biologically meaningful carbon pools were evaluated.
! The first thermophilic phase is crucial for the further evolution of the process.
! Multivariable analysis reveals parameters that characterize each stage.
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a b s t r a c t

The dynamics of biologically meaningful soluble and polymeric carbon fractions and the combined rela-
tionships between physical, chemical and biological parameters during composting of lignocellulosic
waste were evaluated. The first thermophilic stage is crucial in determining the further evolution of sol-
uble and polymeric carbon fractions but the dynamics of carbon is still important at the maturation stage.
Multivariate data analysis showed that not only are all parameters interrelated but also influence one
another’s variability. To discern completion of bio-oxidative stage other parameters in addition to tem-
perature should be measured. Evaluation of soluble organic carbon, microbial biomass carbon, pH and
inorganic nitrogen can be of great use in detecting the composting stage. This study offers new insights
into the mechanisms involved in the biodegradation of organic matter and help to prioritize the param-
eters that contribute at critical stages of the process.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Composting is one of the best choices for agricultural waste
treatment because it is an environmentally friendly process, adds
value to a wide variety of organic waste, and the compost obtained
is suitable as an amendment for soils and thus enables waste to be
recycled (Guardia et al., 2010; Vargas-García et al., 2010). Organic
matter is transformed during composting as a result of complex
interactions among chemical, physical and biological processes
(Tejada et al., 2009).

Microorganisms are the driving force behind the transformation
and stabilization of organic matter (Tang et al., 2004). Throughout
the stages of the process there is a succession of different dominant
microbial groups, as certain groups adapt to conditions of this
changing environment better than the other groups (Kuok et al.,
2012). Soluble organic compounds are easily biodegradable and
they are used as the primary nutrient source for microbial growth

(Said-Pullicino et al., 2007). However, the main nutrient sources in
organic waste are polymers such as cellulose, lignin and proteins
that are included in the solid fraction. These polymers are hydro-
lyzed by microbial extracellular enzymes releasing and solubilizing
their basic monomers that are further metabolized (Vargas-García
et al., 2010). Polymeric organic matter is thus transformed into a
more stable form called humic-like fraction (López et al., 2002;
Huang et al., 2010). Therefore, through the action of microorgan-
isms, transformation occurs modifying an initial waste into humi-
fied material. As a consequence, organic matter partitions between
liquid and solid fractions in composting. Several works focus on the
study of soluble (Sánchez-Monedero et al., 1999; Said-Pullicino
et al., 2007) and solid (Ciavatta et al., 1991; López et al., 2002) frac-
tions but detailed knowledge on the mechanisms underlying the
dynamics between both pools during the process is yet to be
attained.

The most evident effect of microbial activity on organic matter
is the increase in temperature inside the composting pile. For this
reason, this parameter is used to easily monitor performance of the
process at initial stages (bio-oxidative or self-heating stage) and it
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also helps to decide management operations such as turnings
(Kuok et al., 2012). After completion of the bio-oxidative stage, sev-
eral chemical and biological tests are needed to establish maturity
or stabilization of organic matter and hence accomplishment of the
process (Tejada et al., 2009). The selection of the most suitable
maturity indexes (Iglesias and Pérez, 1992; Bustamante et al.,
2008), the effect of different organic waste blends and manage-
ment practices on the quality of final compost, and process dura-
tion has been the focus of extensive research (Guardia et al.,
2010; Kuok et al., 2012; Lashermes et al., 2012; Yousefi et al.,
2013). However, composting cannot be described satisfactorily
analyzing one or several parameters independently. Physical,
chemical and biotic variables are interrelated and each influences
variability of another. Thus a multivariate data analysis is required
to process information in a meaningful fashion (Böhm et al., 2013).
As some examples, multivariate analysis were used to relate
changes in community composition to changes in the environment
(Cayuela et al., 2009; Huang et al., 2010; Zhang et al., 2011), to re-
veal the significant parameters that best describe the process or
the maturity of compost (Bustamante et al., 2009) or to classify
composted materials (Campitelli and Ceppi, 2008). Most of those
works analyzed the whole data set obtained from the full compost-
ing period. Nevertheless, each composting stage may have its own
critical parameters that should be identified.

The aim of this work was to study the dynamics of biologically
meaningful soluble and polymeric carbon fractions and the com-
bined relationships between physical, chemical and biological
parameters during composting of lignocellulosic waste. A detailed
evaluation of the changes in chemical and biochemical characteris-
tics of lignocellulosic waste could offer a deeper insight into the
mechanisms involved in the biodegradation during composting.
Moreover a multivariate approach could help prioritize some of
the parameters that contribute at critical stages of lignocellulosic
waste composting so that the proper management practices could
be performed driven by the most suitable parameter.

2. Methods

2.1. Composting procedure and sampling

Composting was carried out in the pilot plant of the University
of Almeria (Almeria, Spain) that is equipped with a forced aeration
system and automated controls of temperature and flux air. The
starting materials were prepared by mixing (50:50 w/w) sun-dried
tomato plant waste and pine woodchips, both ground to <3 cm, to
give a final C/N ratio of 25. Three forced-aerated and trapezoidal
piles (1.5 m width " 3 m length " 1 m height) of about 500 kg each
were built up. The moisture content was kept between 45% and
50% by watering. The process was monitored on-site for tempera-
ture with long-handled (50 cm) thermometer probes PT100 model
MPT2 (Lexitron-Guemisa, Madrid, Spain). The duration of the bio-
oxidative stage and turning operations were determined by the
temperature profile inside the pile. At this stage forced air was sup-
plied from the bottom of the pile through three perforated PVC
tubes (5 cm diameter " 5 m length) connected to a pump Lowarda
CEAM-7013 (Montecchio Maggiore, Italy). Forced air (0.6 m s#1)
was supplied for 5 min every 4 h. This aeration regime ensured
keeping a minimum of 10% oxygen (Vargas-García et al., 2010).

Samples were collected throughout the process at 19 critical
periods driven by temperature changes. Sampling strategy was de-
signed to guarantee a representative sample of the pile. Sub-sam-
ples were taken from nine different locations of each pile as
follows: 3 surface samples (1–10 cm depth), 3 samples at 45 cm
depth and 3 samples at 90 cm depth. Sub-samples were mixed in
equal amounts to give a final sample weight of about 1 kg and then

split into three parts for analytical replicates. Samples for most
chemical analyses were air-dried at 40 "C overnight and ground
to <1 mm, while those for microbial quantification and pH were
freshly processed. Samples for analysis of total protein, reducing
sugars (RS), phenolic acids, N–NH4, N–NO3, soluble organic carbon
(SOC) and microbial biomass C (Cmic) were stored in plastic bags at
#20 "C.

2.2. Biological analysis

The cultivable mesophilic and thermophilic bacteria, actinobac-
teria and fungi were estimated using a standard dilution-plating
procedure. Ten grams of compost were suspended in 90 mL of ster-
ile saline solution (NaCl, 0.9% w/v) and shaken for 30 min at room
temperature. Ten-fold dilutions were made in sterile saline solu-
tion and 0.1 mL was spread out in appropriate medium for each
microbial group. Medium and incubation time used were as fol-
low: bacteria were cultured in APHA (Cultimed, Spain) for 48 h;
actinobacteria were cultured in sodium caseinate agar (in g L#1:
sodium caseinate 2.0, asparagine 0.1, sodium propionate 4.0,
K2HPO4 0.5, MgSO4 0.1, FeSO4 0.001, glycerol 5, agar 15) for 96 h;
and fungi were cultured in Rose Bengal agar (Cultimed, Spain) for
96 h. Mesophilic and thermophilic microorganisms were incubated
at 30 and 50 "C, respectively. Plate counts were expressed as loga-
rithm of colony forming units per gram of compost dry weight
(LogCFU/g dw).

Microbial biomass C (Cmic) was determined using the fumiga-
tion–extraction method according to Vance et al. (1987). Compost
sample (10 g) was fumigated with ethanol-free CHCl3 for 24 h at
25 "C in a desiccator. After removal of chloroform vapor by evacu-
ation of the desiccators, the carbon in fumigated samples was ex-
tracted with 40 mL 0.5 M K2SO4 shaken at 200 rpm for 30 min.
Clear extracts were obtained by filtration and total organic carbon
(TOC-fumigated) was analyzed using a TOC–VCSN (Shimadzu Co.,
Kyoto, Japan). In parallel, a non-fumigated sample (10 g) was
K2SO4 extracted, filtered and total organic carbon (TOC-non fumi-
gated) was analyzed as above. Microbial biomass C (Cmic) was cal-
culated by subtracting TOC of the non-fumigated samples from
TOC of the fumigated samples.

2.3. Chemical and physical analysis

The moisture content was determined by drying at 105 "C for
24 h. pH was analyzed in a 1:10 (w/v) water extract. Total carbon
(C) and nitrogen (N) were determined in solid samples by dry com-
bustion at 950 "C using a LecoTruSpec C–N Elemental Analyzer
(Leco Co., St. Joseph, MI, USA). Organic matter content was assessed
by determination of loss on ignition at 550 "C to a constant weight.

Several soluble fractions were analyzed in extracts obtained
from compost samples. Soluble organic carbon (SOC), reducing
sugars (RS) and total proteins were analyzed in an extract of 10 g
compost in 40 mL 0.5 M K2SO4 shaken at 200 rpm for 30 min and
filtered through filter paper. SOC was analyzed using a total organ-
ic carbon (TOC) analyzer TOC–VCSN (Shimadzu Co., Kyoto, Japan).
Reducing sugars and total proteins were analyzed in a UV-1800
Spectrophotometer (Shimadzu Co., Kyoto, Japan) according to the
methods described by Somogyi (1951) and Herber et al. (1971),
respectively. N–NH4 and N–NO3 were determined in aqueous ex-
tracts by Kjeldahl distillation in an Auto-Titration Kjeldahl Distiller
(Pro-Nitro A 4002430) (Selecta S.A., Spain). The aqueous extracts
were obtained by filtration of a mixture of 5 g sample and
100 mL distilled water after shaking at 200 rpm for 30 min.

Polymers (lignocellulose, total sugars, fats–oil–waxes and res-
ins) along with humic-like and phenolic compounds were analyzed
in solid compost samples. Lignocellulose fractions (cellulose,
hemicellulose and lignin) were analyzed by using a fiber analyzer
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Ankom (Ankom Tech., Macedon, NY, USA). For total sugars analysis,
compost samples (25 mg) underwent hydrolysis with 0.1 mL of
12 M H2SO4 for 16 h at room temperature, followed by addition
of 2.4 mL of distilled water and heating in boiling water for 8 h
(Šafařík and Šantrůčková, 1992). Total sugars in the hydrolyzate
were spectrophotometrically quantified according to Dubois et al.
(1956). Fats–oils–waxes (FOW) and resins fractions were deter-
mined gravimetrically by weighing diethyl ether (FOW) and alco-
hol (resins) Soxhlet extracts obtained from 25 g compost sample
(Stevenson, 1994). Phenolic acids and humic substances were ana-
lyzed in pyrophosphate (Na4P2O7) extracts. Phenolic acids were ex-
tracted from solid samples according to the method described by
Morita (1980) and quantified as described by Marambe and Ando
(1990). The humic-like fractions were determined according to
the method described by Ciavatta et al. (1991). In brief, a pyro-
phosphate alkaline-extract was obtained by shaking at 120 rpm
for 24 h two-grams of sample with 200 mL of pyrophosphate–
NaOH solution (0.1 M Na4P2O7. 10 H2O + 0.1 M NaOH [pH 13]).
The dark-colored extract was centrifuged and filtered and used
for TOC analysis of pyrophosphate alkaline-extractable carbon
(Cext). The pyrophosphate–NaOH extract was further fractionated
according to Ciavatta et al. (1991) into humic acid-like (HA) and
fulvic acid-like (FA) fractions. Humic acid-like carbon (HA) and ful-
vic acid-like carbon (FA) were analyzed by measurement of TOC in
the corresponding fraction.

2.4. Data analysis

All analyses were conducted in triplicate and data are presented
as the mean. The normality of data was tested using the Shapiro–
Wilk test (p > 0.05). A one way analysis of variance (ANOVA) and
multiple comparison tests of Fisher’s least significant difference
(LSD) at a 95% confidence level were used to test for significant dif-
ferences between sampling times. Multivariate statistical analyses
were performed on the standardized matrices of the physical,
chemical and biotic parameters. The presence of categories within
samples collected at different composting times was investigated
using stepwise linear discriminant analysis (LDA). The method
used for variable selection was to minimize the Wilks’ lambda sta-
tistics. Principal component analysis (PCA) was used for data
reduction of the selected physical, chemical and biotic parameters
at critical intervals of the composting. All data analysis was per-
formed using Statgraphics Centurion XVI version 16.1.17 (Stat-
Point, Inc., Virginia).

3. Results and discussion

3.1. Evolution of physico-chemical parameters

Temperature is one of the main parameters used to monitor
composting. Fig. 1 and Table 1 show respectively the evolution of
this parameter and sampling timing which was planned according
to temperature values. The thermal profile was typical of turned
piles and allowed to distinguish three stages: bio-oxidative, cool-
ing and maturation. Bio-oxidative stage lasted for 42 days, similar
to results obtained by Vargas-García et al. (2010). Temperature
rose soon after the beginning of the composting process and
reached 65 "C within 2 days. Three thermophilic stages were
accomplished (TER1, TER2 and TER3), each reaching lower temper-
ature than the previous one. Turnings were performed each time
temperature steadily decreased for two consecutive days. After
the third turning, at day 26, temperature increased slowly up to
40 "C but did not exceed this thermal level afterwards. Samples
were collected before reaching 40 "C, i.e. at mesophilic
stages (MESA), also at thermophilic stages (TER), and right after

temperature fell down and turning was performed (MESD). During
thermophilic stages, samples were taken every three days, pro-
vided temperature kept constant or increased. The first two ther-
mophilic stages were longer (about 6 days) and reached higher
thermal values (above 50 "C) than the third one (5 days above
40 "C). This behavior is related to the gradual depletion of easily
biodegradable material along the bio-oxidative stage. This was
confirmed later by chemical analysis performed in samples. The
third thermophilic stage exhibited random fluctuations in temper-
ature and it was followed by a prolonged cooling stage (77 days) in
which temperature was around 40 "C. This trend can be explained
by the high lignocellulose content of materials that provide a con-
tinuous carbon source to sustain microbial activity thus preventing
full cooling, but it is not enough to reach a true thermophilic stage.
Yousefi et al. (2013) also noted this behavior in composting muni-
cipal solid waste. Maturation extended for 70 days, and final com-
post was obtained after 189 days. Several samples were taken at
cooling (MES) and maturation (MAD) stages as well as at final com-
post (PRF).

Physico-chemical parameters were analyzed in samples col-
lected (Table 1). Moisture was always around 50% because of peri-
odic watering. The initial pH was high (7.9) and it increased from
the beginning of composting, reaching a plateau after completion
of the first thermophilic stage with pH of 8.6–8.7, that was main-
tained up to the start of maturation. Only two significant pH de-
creases were noticed throughout this period, at the first early
thermophilic stage (TER1B) and after completion of the third ther-
mophilic stage (MESD3) which are likely to be related to the pro-
duction of organic acids. Total C moderately declined during the
bio-oxidative stage (around 2–3%) and sharply in cooling and mat-
uration stages (up to 7%). This trend was similar to that detected by
Tejada et al. (2009). The evolution of total N followed an almost
constant trend along the bio-oxidative stage, and subsequently in-
creased during the maturation stage. Consequently, there were not
N losses in the whole material and the final increase can be attrib-
uted to a concentration effect as a consequence of degradation of
organic C compounds, which reduced the dry mass (Said-Pullicino
et al., 2007). C/N ratio was gradually descending, and reached a fi-
nal value of 13 that shows stabilization of composted material
(Bustamante et al., 2008).

3.2. Microbial communities

The microbial communities underwent sharp modifications as
illustrated in Fig. 2a–d. The counts of mesophilic bacteria and
actinobacteria (around 108 CFU/g dw) in raw materials (MPR) were
higher than fungal community (106 CFU/g dw) and they also dom-
inated during the process (Fig. 2d). The thermophilic bacteria and
actinobacteria levels in MPR were around one order of magnitude
lower than their mesophilic counterparts, whereas initial counts of
thermophilic fungi were quite low (2 " 102 CFU/g dw) (Fig. 2c).

Mesophilic bacteria reached their maximum number
(2 " 109 CFU/g dw) in just one day after initiation of composting
(MESA1), then levels steadily decreased up to the beginning of
maturation stage (MES7) in which counts fell down from
1 " 108 CFU/g dw to 5.5 " 107 CFU/g dw and maintained this level
thereafter (Fig. 2a). These findings coincide with those of Kuok
et al. (2012). Fluctuations in thermophilic bacteria were clearly dri-
ven by temperature changes (Fig. 2a). The number of thermophilic
bacteria increased significantly after the start of the first meso-
philic stage (MESA1) and reached two maximum peaks at the
beginning of the second (MESA2) and third (MESA3) thermophilic
stages. After completion of bio-oxidative stage, thermophilic bacte-
ria followed further similar trend to the ones reported for meso-
philic bacteria (Fig. 2c).

576 J.A. López-González et al. / Bioresource Technology 146 (2013) 574–584



Mesophilic and thermophilic actinobacteria (Fig. 2a) increased
between the start of the process and the second thermophilic stage
(TER2A), at which time both communities reached maximum lev-
els. Afterwards, mesophilic actinobacteria followed a similar trend
and levels to those described for mesophilic bacteria except for a
wider decline in the maturation stage (MAD1-PRF) (Fig. 2d). Ther-
mophilic actinobacteria also fell drastically in this late stage after
displaying a continuous decrease from day 9 (TER2A). This result
was also obtained by Vargas-García et al. (2010).

Mesophilic fungi (Fig. 2b) sharply declined at the first and
second thermophilic stages (TER1 and TER2) showing different
pattern of variation in both cases. The number of mesophilic fungi
dropped from 9.1 " 105 CFU/g dw (day 0) to 4.7 " 104 CFU/g dw
(day 2) in the early stage of the first thermophilic stage (TER1A).
The counts increased just three days later even when temperature
was still in the thermophilic range (TER1B) and kept this trend up
to reach a value of 4.3 " 105 CFU/g dw at the second early

thermophilic stage (TER2A). A new decline was noticed at the sec-
ond late thermophilic stage (TER2B) after three days being exposed
to temperatures above 50 "C. High temperatures are known to
inactivate fungi (Hassen et al., 2001) and the adverse effect of high
temperature on mesophilic fungi was clearly demonstrated in this
study, although fungi did not disappear at the thermophilic stage.
This result suggests that mesophilic fungi adapt to thermal condi-
tions as the bio-oxidative stage proceeds. In contrast, the numbers
of thermophilic fungi exhibited low levels in the raw materials and
steadily increased as temperature rose until the first thermophilic
stage was accomplished (MESD1), then peaked at the second ther-
mophilic stage (TER2A) and MESD2 and stabilized thereafter.

Results obtained demonstrated that the microbial communities
adapt to temperature in bio-oxidative stage as noticed by the dif-
ferent growth levels pattern in each of the three thermophilic
stages (Fig. 2c). Fungal community was particularly sensitive to
temperature so that their dynamics depended on thermal values

Fig. 1. Changes in temperature of the three composting piles (bottom). Detail of temperature evolution and times of windrow turnings during bio-oxidative stage (top).
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and duration of the stage. Nevertheless, nutritional and environ-
mental factors other than temperature also affect microbial com-
munity dynamics.

3.3. Organic matter fractions dynamics

During the composting of lignocellulose-rich substrates, the
microorganisms release soluble organic intermediates from poly-
mers. This causes the solid polymeric matrix to partially solubilize
(soluble fraction), remain almost unchanged (polymeric fraction)
or reorganize in such a way that it is transformed in humus-like
substances (humic fractions). These pools continuously inter-
change substances during composting by means of microbiological
transformations or chemical reactions. The dynamics of biologi-
cally meaningful components of soluble, polymeric and humic-like
fractions during composting was analyzed in this work and the re-
sults are described below.

3.3.1. Soluble fractions
According to Hofman and Dusek (2003) organic matter ex-

tracted with 0.5 M K2SO4 can be used as a measure of the fraction
of total organic matter, which is actually available for microorgan-
isms. In this work potassium sulfate extract was used to analyze
soluble organic carbon (SOC), reducing sugars (RS) and proteins
along with microbial biomass C (Cmic). Ammonium and nitrate
were also analyzed in order to determine the nitrogen mobilization
pattern from solid matrix (mainly proteins). The results are pre-
sented as carbon and nitrogen soluble fractions (Fig. 3a and b).

SOC and RS in the soluble fraction are represented in Fig. 3a to-
gether with microbial biomass C (Cmic) and temperature, in order
to show the relationship between carbon release and removal by
microbial biomass and temperature effects. As expected, main
changes in SOC fractions were detected at bio-oxidative stage
and showed a general decreasing trend during composting. The
first thermophilic stage (TER1) was the most critical for this carbon
fraction. SOC and RS increased quickly after the start of the process
and peaked at the beginning of the first thermophilic stage (TER1A)
when temperature reached the highest value (65 "C). At the next
sampling time (5 days), at which temperature was still in the ther-
mophilic range, the values of these soluble fractions significantly
decreased. In this period, microbial biomass C (Cmic) followed an
opposite profile to SOC and RS. Afterwards, Cmic variations were
similar to that of thermal tendency. This behavior clearly indicates
that dynamics of carbon soluble fractions is strongly related to

microbial activity and temperature. SOC is expected either to be
quickly metabolized by microorganisms as it is released from the
bulk organic matter or to be eventually leached. Consequently, a
decrease in microbial activity may lead to an accumulation of this
fraction provided that a monomer releasing activity (e.g. enzymatic
hydrolysis) is present. This was probably the cause of the increase
in SOC at the early thermophilic stage that coincided with low Cmic

levels because of the deleterious effect of the high temperature on
biological survival. This initial increase has also been reported by
Zmora-Nahum et al. (2005) during composting of biowaste. The
recovery of Cmic levels above the initial ones when temperature
was still in the thermophilic range and the concomitant decrease
in SOC reflects a quick adaptation of microbial community to high
temperature. This acclimatization effect was also observed for
microbial counts as described in Section 3.2. Even though very
few references can be found in the literature that can be compared
with this study, other with the similar water soluble extracts re-
port a continuous decrease on this fraction throughout composting
(Zmora-Nahum et al., 2005; Said-Pullicino et al., 2007). This de-
crease depends on the continuous mineralization of soluble organ-
ic compounds and the re-polymerization and condensation
pathways that lead to the formation of complex organic substances
in the solid fraction (Said-Pullicino et al., 2007).

The dynamics of soluble inorganic (N–NH4 and N–NO3) and or-
ganic (soluble proteins) nitrogen are represented in Fig. 3b. Nitro-
gen is partitioned during composting between insoluble (mainly
proteins) and soluble fractions that are released from the former
by means of ammonification and proteolytic reactions. Ammo-
nium can be further oxidized to NO#2 or NO#3 by nitrification. As
a consequence, soluble nitrogen comprises a mixture of ammo-
nium, NO#2 , NO#3 , aminoacids and peptides (Guardia et al.,
2010). Initial stages of composting are usually dominated by pro-
teolytic and ammonifying activities that give rise to the release of
ammonium and soluble proteins while nitrification predominates
during maturation (Guardia et al., 2010). This was the general
profile found in the soluble nitrogen fraction during the compost-
ing process developed in this work (Fig. 3b). Soluble proteins and
ammonium concentrations were higher in the bio-oxidative stage
than in maturation and N–NO3 was the main N component of
nitrogen soluble fraction in maturation. Fluctuations of soluble
proteins during bio-oxidative stage followed a profile similar to
that reported for SOC with sharp differences between the first
and further thermophilic stages. This fraction accumulated at
the beginning of the first thermophilic stage (TER1) because of

Table 1
Samples collected and physicochemical parameters measured during composting.

Sample code Sampling days Phase Temperature ("C) Moisture (%) pH C (%) N (%) C/N

MPR 0 Raw materials 24.0 49.9 ± 1.2 7.0 ± 0.0 26.1 ± 1.4 0.9 ± 0.0 27.7 ± 2.4
MESA1 1 1st Rising mesophilic 43.2 48.4 ± 1.1 8.4 ± 0.0 24.5 ± 1.1 1.0 ± 0.0 25.7 ± 1.2
TER1A 2 1st Early Thermophilic 64.9 51.1 ± 0.7 8.4 ± 0.1 24.6 ± 2.4 1.0 ± 0.0 24.8 ± 1.8
TER1B 5 1st Late thermophilic 65.1 44.8 ± 0.7 8.3 ± 0.1 26.9 ± 0.7 1.1 ± 0.1 25.4 ± 2.2
MESD1 7 1st Decreasing mesophilic 59.8 49.4 ± 1.4 8.6 ± 0.0 25.4 ± 0.3 1.0 ± 0.0 24.7 ± 0.7
MESA2 8 2nd Rising mesophilic 40.4 49.89 ± 0.2 8.6 ± 0.0 25.7 ± 1.4 1.0 ± 0.0 24.5 ± 1.4
TER2A 9 2nd Early thermophilic 59.4 45.7 ± 2.1 8.6 ± 0.0 24.5 ± 0.6 1.0 ± 0.0 24.5 ± 0.9
TER2B 12 2nd Late thermophilic 54.8 44.6 ± 0.8 8.7 ± 0.0 24.7 ± 1.6 1.1 ± 0.0 22.9 ± 1.9
MESD2 14 2nd Decreasing mesophilic 45.9 41.0 ± 0.5 8.7 ± 0.0 25.0 ± 0.7 1.1 ± 0.1 23.5 ± 1.8
MESA3 15 3rd Rising mesophilic 44.2 47.4 ± 0.5 8.7 ± 0.0 26.2 ± 0.2 1.1 ± 0.1 23.5 ± 1.7
TER3A 16 3rd Early thermophilic 48.2 46.5 ± 0.8 8.7 ± 0.0 25.5 ± 1.5 1.1 ± 0.0 23.8 ± 1.3
MESD3 26 3rd Decreasing mesophilic 31.3 48.7 ± 0.6 8.5 ± 0.1 22.5 ± 0.1 1.0 ± 0.1 22.7 ± 1.1
MESA4 28 4th Rising mesophilic 34.8 47.4 ± 0.7 8.5 ± 0.1 22.2 ± 0.5 1.1 ± 0.0 20.6 ± 0.6
MES5 42 Mesophilic (cooling) 39.4 49.7 ± 0.3 8.7 ± 0.0 24.4 ± 1.6 1.2 ± 0.1 20.7 ± 1.9
MES6 56 Mesophilic (cooling) 40.0 41.0 ± 0.6 8.7 ± 0.0 23.2 ± 0.8 1.1 ± 0.0 21.6 ± 0.8
MES7 63 Mesophilic (cooling) 33.9 46.6 ± 2.5 8.6 ± 0.0 23.4 ± 0.9 1.2 ± 0.0 19.7 ± 0.8
MAD1 119 Early maturation 38.5 50.9 ± 1.5 8.6 ± 0.0 21.5 ± 0.1 1.2 ± 0.0 17.3 ± 0.3
MAD2 168 Late maturation 26.5 42.5 ± 1.7 8.5 ± 0.0 17.3 ± 1.0 1.2 ± 0.0 14.4 ± 0.5
PRF 189 End product 20.6 40.8 ± 1.8 8.5 ± 0.1 16.7 ± 1.6 1.2 ± 0.1 13.3 ± 0.7
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the decline in microbial activity at high temperature, but it de-
creased afterwards. Bustamante et al. (2008) also observed this
stabilization of organic nitrogen. Ammonium (N–NH4) concentra-
tions were rather low in comparison to values reported in nitro-
gen-rich substrates, such as manure and household waste
(Cayuela et al., 2009). This low ammonification rate was expected
for lignocellulose-rich substrates due to lower substrate degrada-
tion. The changes in N–NH4 during the bio-oxidative stage
strongly depended on temperature. Ammonium decreased at
the beginning of the first (TER1A) and the second thermophilic
(TER2A) stages because of high temperature along with alkaline
pH (Table 1) led to volatilization. These conditions still prevailed
at the late sampling times of each thermophilic stage (TER1B and
TER2B) but ammonia increased instead. This result supports the
idea that factors other than protein hydrolysis, nitrification, alka-
line pH, leaching and volatilization are involved in the dynamics
of this nitrogen species. Thus, the shift to microbial capabilities

that promote N–NH4 uptake as a consequence of thermal accli-
matization may partially explain this behavior. Nitrate (N–NO3)
was detected throughout the composting process. The concentra-
tions of this N fraction steadily decreased during bio-oxidative
stage except for the second thermophilic stage (TER2B) in which
a sharp increase was detected. Nitrification occurred mainly dur-
ing the maturation stage due to the elevated temperature and in-
tense biodegradation of organic matter in the active stage of
composting. Both factors, temperature and organic matter con-
tent, are known to have a negative impact on the ammonia oxi-
dation, the first step of nitrification (the ammonia oxidation
(nitritation) to NO#2 ) (Zeng et al., 2013). Although temperature
is reported to negatively influence nitrification, N–NO3 content
increased in the second thermophilic stage (55 "C). Recent studies
revealed the existence of thermophilic ammonium oxidizers
(Maeda et al., 2010) whose activity could account for the obtained
result.

Fig. 2. Variation of microbial counts (mean LogCFU/g dw, n = 3, SD < 5%) of (a) mesophilic and thermophilic bacteria (BM, BT) and actinobacteria (AM, AT) and (b) mesophilic
and thermophilic fungi (FM, FT); (c) ratio between mesophilic and thermophilic bacteria (BM/BT), actinobacteria (AM/AT) and fungi (FM/FT); (d) ratio between mesophilic
bacteria, actinobacteria and fungi. The radial lines represent sample codes (see Table 1).
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3.3.2. Polymeric fractions and humification
The most slowly-degradable fractions during composting of lig-

nocellulosic waste comprise polymers (mainly lignocellulose) and
the organic carbon fractions that are extracted with pyrophosphate
under alkaline conditions (Cext), also known as humic-like extract-
able carbon (Iglesias and Pérez, 1992). This humic-like carbon orig-
inates mainly from lignocellulose as a consequence of humification
(Stevenson, 1994). The changes undergone in components of the
polymeric and humic-like fraction during composting are shown
in Fig. 4a and b.

Polymeric fractions analyzed included cellulose, hemicellulose,
lignin and fats–waxes–oil and resins (FWO + resins) whose values
are shown in Fig. 4a along with other related carbon fractions (or-
ganic matter, Cext and total sugars) that would explain their
dynamics. The organic matter content decreased around 6% during
the bio-oxidative stage and 44% in cooling and maturation stages.
In line with the above are results obtained for total carbon (Table 1)
and total sugars trends (Fig. 4a). This behavior is explained by the
mineralization of the organic matter, mainly total sugars, that are

lost as CO2. Polymer fractions (FWO + Resins and lignocellulose)
along with total humic-like extractable carbon (Cext) accounted
for most of total organic matter at any stage of composting
(Fig. 4a). This is reasonable considering that main components of
bulk materials are insoluble polymers and humic-like substances.
Furthermore, organic matter dynamics during composting fol-
lowed the same change pattern as total sugars content (Fig. 4a).
The procedure used for total carbohydrate determination quanti-
fies not only soluble mono-, oligo- and polysaccharides but also
insoluble polysaccharides such as cellulose (Šafařík and Šantrůčk-
ová, 1992). Accordingly, most carbon and organic matter losses
were linked to the mineralization of total carbohydrates and there-
fore the evolution of this latter fraction was also related to modifi-
cation of holocellulose (cellulose plus hemicellulose) as explained
below.

The starting material was composed of 28.2% cellulose, 4.4%
hemicellulose and 13.3% lignin. Hemicellulose did not change
significantly during composting. In contrast, cellulose steadily de-
creased from the start up to the end of composting and its decline

Fig. 3. Evolution with composting time of (a) soluble carbon fractions [soluble organic carbon (SOC) (D) and Reducing sugars (j)] along with microbial biomass C (Cmic) (d)
and Temperature (N); (b) Soluble nitrogen fractions (N–NO3, N–NH4) and Total proteins (d). Results are expressed as mean (n = 3), error bars for total proteins represent LSD,
other data SD < 5%. X-axis represents sample codes (see Table 1).
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was particularly sharp during maturation stage. Cellulose decrease
coincided with the above mentioned decline of total sugars con-
tent. It is usual that cellulose does not degrade during the early
stage of composting because there are other readily biodegradable
compounds, as it was also evident by soluble carbon fraction re-
sults discussed in Section 3.3.1 (Fig. 3a). This behavior has been re-
ported in other composting process, for example, Huang et al.
(2010) detected biodegradation of cellulose only after 30 days of
lignocellulosic waste composting.

Lignin levels remained unchanged until the start of matura-
tion stage at which period content significantly decreased. The
lowest lignin content (11.3% dw) was obtained at MAD2
sampling (168 days). It is noteworthy that lignin degradation
coincided with the period of the highest cellulose degradation,
as the presence of the former limits the biodegradation of the
latter because both are bounded fractions. Therefore, as
previously hypothesized, the prolonged cooling stage obtained

in composting (Fig. 1) could relate to the presence of large
amount of nutrients retained by this recalcitrant fraction that
are slowly released from the polymeric matrix. In composting
processes, lignin is either not degraded (Lashermes et al., 2012)
or degraded during the maturation stage (Paradelo et al., 2013),
as obtained in this work.

Resins, fat, waxes and oils (FWO + resins) accounted for a small
fraction of starting material (10% dw). This hydrophobic fraction
dropped during bio-oxidative stage up to reach a value of 6% dw
at MESA3 sampling time (15 days) and remained unchanged after-
wards (Fig. 4a). Thus, degradation of this fraction is highly related
to temperature changes. It mainly occurred during the first two
thermophilic stages (TER1 and TER2) at which temperature was
much higher than that of the third thermophilic stage (TER3A)
when FWO + resins stabilized. This decreasing trend has been also
reported in composting of oily materials such as olive mill waste
(Cayuela et al., 2009).

Fig. 4. Variation with composting time of (a) polymeric fractions [pyrophosphate alkaline-extractable carbon (Cext), lignin, cellulose, hemicellulose and fats–waxes–oils and
resins (FWO + resins)], organic matter (s) and total sugars (d); (b) humic-like fractions [Humic acids-like (HA), fulvic acids-like (FA) and pyrophosphate alkaline-extractable
carbon (cext) (j)], phenolic acids (!) and percentage of degradation of lignin (s) and holocellulose (h). Results are expressed as mean (n = 3, SD < 5%). X-axis represents
sample codes (see Table 1).
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The changes in polymeric fractions during composting are ex-
pected to be linked to those of humic-like substances because
the latter are the final stages of degradation of polymers (Steven-
son, 1994). Fig. 4b shows the evolution of components of this frac-
tion during composting (i.e. Cext, HA, FA) along with other
parameters that could be related to its dynamics (phenolic acids
and degradation of holocellulose and lignin). As expected, humic
substances changes were found only in the maturation stage
(MAD1 to PRF). In this period all humic-like substances signifi-
cantly increased and this paralleled with the most active degrada-
tion of carbohydrate polymers (holocellulose, i.e. cellulose plus
hemicellulose) and lignin. Phenolic compounds profile also might
be linked to humic-like dynamics. These compounds exhibited a
general decreasing trend except for the increase obtained at second
thermophilic stage (TER2A). This evolution resembled to that ob-
tained by Tejada et al. (2009) and Paradelo et al. (2013). These re-
sults suggest a polyphenol repolymerization due to abiotic factors
during MAD1 that would contribute to humic-like substances for-
mation. The ratio HA/FA increased at maturation stage due to in-
creases in humic acids-like content, which is a high molecular
fraction of humic-like extract (Iglesias and Pérez, 1992). This result
reinforces the fact that there is a repolymerization over the sub-
stances in the maturation stage.

3.4. Interactions among physical, chemical and biotic composting
parameters

Descriptive information previously discussed provided useful
explanation on the dynamics of main variables involved in com-
posting of lignocellulosic waste. On the basis of results obtained
it was clear that composting evolved through different stages. In
order to detect relevant parameters at each stage of composting,
a multivariate analysis was performed. First, these stages were
identified by means of a discriminant analysis (DA) and then a
principal component analysis (PCA) was applied to the data matrix
for each period to prioritize significant parameters.

DA was applied to all parameters determined in this study ex-
cept those providing redundant information. The parameters not
included in the model were selected according to information pro-
vided by descriptive analysis and to Pearson correlation coefficient
(significant correlation r > 0.8 at p < 0.001) with another parame-
ter. Thus, organic matter (correlated with C), total sugars (corre-
lated with holocellulose), reducing sugars and soluble proteins
(correlated with SOC) were avoided. The variables FWO + resins
and phenolic acids were excluded in the stepwise DA because their
tolerance level was below the established minimum (p < 0.05). The
DA grouped samples according to the composting stage during
which they were taken (Fig. 5). Two discriminant functions were
obtained that explained 76.4% of the variation. The first discrimi-
nant function accounts for 51.5% of the variation and separates
the samples of the various composting stages based on humifica-
tion parameters (Cext and HA) and biotic plus soluble fraction
and temperature (BM, Cmic, SOC, N–NH4, T). Along the second func-
tion, which explains an additional 24.9% of the variation, pH, holo-
cellulose and N were the most determining variables. The samples
grouped in four clusters in the plot space that allowed to discrim-
inate composting stages. Samples from the first thermophilic stage
(MPR-MESD1) clustered in group I, and samples of following sam-
pling times until the beginning of the third thermophilic stage
(MESA3-TER3A) clustered in group II. This result confirms the dif-
ferentiation between the first and further thermophilic stages as
described earlier. Samples taken at cooling (MESD3-MES7) and at
the maturation (MAD1-PRF) stages formed two clear homogeneous
groups which were ascribed to stages III and IV, respectively. Con-
sequently, DA analysis showed that the bio-oxidative stage was

shorter than previously suggested by the thermal profile (16 days
in contrast to 42 days).

A PCA of the total variation was applied in the four periods and
the relationships between each of the two principal components
are shown in Fig. 6a–d. The cumulative contribution rate of the
two principal components (PC1 and PC2) reached 51.8%, 43.6%,
42% and 54.2% for stage I, II, III and IV, respectively. The results
indicated some interesting trends in the four periods. In the first
period (stage I), the most influential variables in PC1 (34.9% of var-
iance) were mesophilic fungi (FM), holocellulose, thermophilic
bacteria (BT) and temperature (T) while SOC and N–NH4 had the
higher loads for PC2 (17.9% of variance) (Fig. 6a). This result reaf-
firms the significance of temperature in this critical stage, as it lim-
its growth of fungi and stimulates thermophilic bacteria
community (Zhang et al., 2011). It also shows that polymeric car-
bohydrates (holocellulose) play an important role while proteoly-
sis and ammonification seem to be the other main processes that
characterize this stage. These processes have also been previously
reported in the early stages of composting (Guardia et al., 2010;
Huang et al., 2010; Zeng et al., 2013). In the second period (stage
II), SOC and mesophilic bacteria (BM) along with pH, N–NH4 and
N–NO3 presented the highest loads on PC1 and the two soluble
nitrogen forms (N–NO3 and N–NH4) accounted for the most signif-
icant parameters in PC2 (Fig. 6b). Consequently, the situation dras-
tically changed with respect to the first thermophilic stage being
the release of N–NH4 and its mineralization to N–NO3 the most
influential processes along with pH effects. It is also noticeable to
remark the shift of microbial community influence from FM and
BT in stage I to BM in stage II. Zhang et al. (2011) also found signif-
icant relationships between ammonium and nitrate with the bac-
terial but not fungal species, suggesting that these two
parameters were likely to influence, or be influenced by bacterial
species. Lignin, SOC and mesophilic fungi (FM) were the most influ-
ential variables in PC1 in the third period (stage III) while N–NH4

and Cmic gave the highest loads in PC2 (Fig. 6c). In the fourth period
(stage IV) loads of many parameters were quite similar in PC1
being SOC, carbon (C) and mesophilic actinobacteria (AM) the most
influential parameters while nitrogen (N) and lignin exhibited the
highest loads in PC2 (Fig. 6d). These results confirm the important
role that lignin plays in the final stages of composting as the core
for humic-like substances formation that took place yet since the
start of cooling stage at 26 days. This early influence of lignin con-
tent on the behavior of the process along with the notable role of
actinobacteria was also reported by Huang et al. (2010). It is also

Fig. 5. Discriminant analysis loading plot of physical, chemical and biological data.
Data are grouped in four classes: I, MPR-MESD1; II, MESA2-TER3A; III, MESD3-
MES7; IV, MAD1-PRF. Sampling days are shown beside sample code.
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noteworthy to mention the high load score of soluble carbon frac-
tion (SOC) at any stage of composting, even at the late ones (cool-
ing and maturation). Thus, the importance of this fraction to
determine carbon dynamics is not restricted to the first stages of
composting as it was earlier described (Zmora-Nahum et al.,
2005; Tejada et al., 2009). It is likely due to the crucial role of sol-
uble carbon in the changes occurring in the bacterial and fungal
community composition (Zhang et al. 2011). Finally, as the matu-
ration was approached it was possible to observe a stronger asso-
ciation of the variables (Fig. 6a–d). This behavior could be related
to the stabilization of organic matter at the end of the process.

4. Conclusions

This work concerns the in depth study of transformation of
main forms of organic matter during composting of lignocellulosic
waste and its relationships with biological and physical factors.
The first thermophilic stage of composting is crucial in determining
the further evolution of soluble and polymeric carbon fractions but
dynamics of carbon is still important at the maturation stage. Mul-
tivariable analysis reveals that evaluation of soluble organic carbon
(SOC), microbial biomass C (Cmic), pH and inorganic nitrogen (N–
NH4 and N–NO3) can be of great use in identifying the composting
stage.
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