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Abstract
Purpose Processes that lead to soil organic carbon (SOC)
protection depend on both soil porosity and structure organi-
zation, as well as chemical and biological properties. In par-
ticular, the soil micro-nano porosity (<30 μm) regulates mi-
croorganism accessibility to the soil pore system and offers
surfaces for organic carbon adsorption and intercalation into
soil minerals. The aim of this work was to investigate how
pore size distribution can selectively protect specific carbon
pools in different aggregate size fractions, by considering the
effects of long-term application of farmyard manure (FYM)
and mineral (Min) fertilization.
Materials and methods Macroaggregates (250–2000 μm),
microaggregates (53–250 μm), and silt–clay (<53 μm) frac-
tions of three different soils (clayey, peaty, and sandy) were
separated by wet sieving technique and then subjected to
chemical and physical analysis. Sample porosity and pore size
distribution were analyzed using mercury intrusion
porosimetry (MIP), while SOC chemical structure was char-
acterized by means of nuclear magnetic resonance (13C cross-
polarization–magic angle spinning nuclear magnetic reso-

nance (CP MAS 13C NMR)) and diffuse reflectance infrared
Fourier transform (DRIFT) spectroscopies.
Results and discussion Results showed that FYM increased
organic (OC) and humic carbon (HC) content compared to the
Min fertilization and unfertilized soils. However, it caused a
gradual decrease in O,N-alkyl C, and alkyl C of humic C from
macroaggregate to silt–clay fractions, suggesting an advanced
state of humic component degradation as revealed by CP
MAS 13C NMR, DRIFT analyses. MIP analysis showed a
clear increase of micropores (5–30 μm) and cryptopores
(0.0035–0.1 μm) from macroaggregate to silt–clay fractions,
while minor differences were observed among the treatments.
The application of principal component analysis to mineral
soil fractions identified the formation of three main clusters,
where (i) macroaggregates of clayey soil were mainly associ-
ated to cryptopores and OC and (ii) microaggregates and silt–
clay fraction were mainly isolated by carbonyl C,
ultramicropores, and total porosity. The third cluster was as-
sociated with medium and fine sand of the sand soil fraction as
coupled with O,N-alkyl C, anomeric C, mesopores, and HC/
OC ratio.
Conclusions Overall, this study indicates that pore size distri-
butionmay be a valuable indicator of soil capacity to sequester
carbon, due to its direct influence on SOC linkages with soil
aggregates and the positive effects against SOC decomposi-
tion phenomena. In this context, micropore- to nanopore-
dominated structures (e.g., clayey soil) were able to protect
OC compounds by interacting with mineral surfaces and in-
tercalation with phyllosilicates, while meso/macropore-
dominated structures (i.e., sandy soil) exhibited their low abil-
ity to protect the organic components.
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1 Introduction

In the last decade, increasing attention has been given to the
physical separation of soil organic carbon (SOC), aiming to
obtain homogeneous pool fractions that are related to different
stabilization mechanisms (Lützow et al. 2006). Many studies
focused on aggregate stability and turnover (Six et al. 2002)
since a complex feedback involves soil structure evolution
and SOC turnover (Christensen 2001). On the one hand,
SOC plays a pivotal role on aggregation mechanisms by act-
ing as a binding agent between particles, but on the other, it is
protected from microbial attack within soil pores (Dungait
et al. 2012; Regelink et al. 2015). Indeed, SOC protection is
promoted by the physical disconnection between decom-
posers and organic matter (Schmidt et al. 2011). The spatial
distributions of SOC, solutes, and microbial communities
within aggregates depend on the pore development within
aggregates (Chenu et al. 2001; Kuka et al. 2007; Eusterhues
et al. 2007) and pore interconnections that are accountable for
the limited movement of microorganisms among their differ-
ent size categories. Different authors (Hènaut et al. 2002;
Edwards et al. 2007; Van Haastert and Bosgraaf 2009;
Reynolds et al. 1989) described microorganism movements
in the soil matrix as a Brandom walk,^ with a probability of
access to organic matter that is mainly controlled by a combi-
nation of biological, physical, and chemical variables
(Dungait et al. 2012). For this reason, the decomposers’ ability
to metabolize SOC is strongly regulated by pore size and their
degree of connection.

Soil aggregation occurs through complex interactions of
physical processes, chemical associations, and biological ac-
tivity (Oades and Waters 1991; Jastrow and Miller 1998; Six
et al. 2004). A simple hierarchical model for soil aggregation
can explain many aspects of the dynamics of soil organic
matter degradation. Indeed, aggregate hierarchy occurs with
a parallel hierarchy of pores that exist between and within
aggregates of varying sizes (Elliott and Coleman 1988).
Thus, the smaller pores inside microaggregates (53–250 μm)
are more likely to exclude biota and their enzymes than those
in larger structures (e.g., macroaggregates 250–2000 μm).

Porosity and microstructure within aggregates change not
only with their turnover (i.e., breakdown and reformation),
altering activities associated with plant roots and soil fauna
(Czarnes et al. 2000; Hussein and Adey 1998), but also with
tillage and fertilization management that strongly affects
aggregate stability. For instance, Schjønning et al. (2002)
found a larger volume of pores >30 μm in an organically
managed sandy–loam soil than in an arable one receiving only
mineral fertilization. The former also showed a much more
complex and tortuous pore system. Pagliai et al. (2004) ob-
served a change in shape and pore size distribution within
about a year after compost and manure application. The
amended soils resulted in a higher macroporosity than the

control, with the highest percentage of elongated pores (be-
longing to classes 50–500 μm) measured in the livestock ma-
nure treatment. On the contrary, Haynes and Naidu (1998)
found an increase in total porosity and the relative volume of
pores <30 μm after 90 years of farmyard manure application.

Dal Ferro et al. (2012, 2013), integrating micro-CT with
mercury intrusion porosimetry techniques, proved that SOC
content and its humic fractions have a dual effect on the soil
structure, as they favor the formation of both micropores
(<5 μm) and macropores (>560 μm).

Although knowledge on the interaction between SOC and
the aggregation process is rapidly increasing, the role of humic
substances (HS) as binding agents and how exactly their
chemical moieties may influence the soil aggregate porosity
are still debated. Despite many studies on HS, their detailed
nature is not fully understood. HS are operationally defined by
a standardized procedure of extraction; however, a complicat-
ing factor is their high variability depending on the ecosystem
where they are originated (i.e., vegetation, climate, and tillage
and fertilization practices). Kelleher et al. (2006), using ad-
vanced nuclear magnetic resonance approaches, suggested
that the vast majority of operationally defined humic material
is a very complex mixture of microbial and plant biopolymers
and their degradation products, but not a distinct chemical
category. Recent studies have shown that HS are a heteroge-
neous pool of substances with very different turnover times
(Lützow et al. 2007).

For a long time, the formation of recalcitrant HS has been
considered as the major pathway for soil organic matter
(SOM) stabilization (Piccolo 2002). In fact, the chemical het-
erogeneity and association with soil minerals make such a
macromolecular complex resistant to enzyme attack (Lützow
et al. 2007; Marschner et al. 2008). As a consequence, the
interaction between HS and soil particles may regulate the C
persistence in soils. An improved understanding of these in-
teractions might lead to new strategies for soil C sequestration
through HS stabilization. Consistent with previous findings,
we expect that pore size distribution can selectively protect
specific carbon pools in different aggregate size fractions,
influencing soil C sequestration. Moreover, we hypothesize
that the strong interaction between SOC and soil structure is
due to long-term fertilization practices.

The aim of this study was to investigate the chemical and
physical mechanisms of SOC protection associated with spe-
cific SOC pools. The samples were collected from a long-term
experiment established in the early 1960s in northeastern Italy,
where contrasting soils were treated with farmyard manure
and mineral fertilization. SOC dependency on chemical and
physical protection mechanisms was investigated by aggre-
gate physical fractionation and analyses of pore size distribu-
tion, 13C cross-polarization–magic angle spinning nuclear
magnetic resonance (CP MAS 13C NMR), and Fourier trans-
form infrared (FTIR) spectroscopies.
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2 Material and methods

2.1 The long-term experiment

The long-term trial is located at the Experimental Farm of the
University of Padova (Veneto Region, NE Italy). The local cli-
mate is sub-humid, with annual rainfall of about 850 mm and
yearly average temperature of 12 °C. Reference evapotranspira-
tion (ETo) is 945 mm with a peak in July (5 mm day−1). ETo
exceeds rainfall from April to September. The site has a shallow
water table fluctuating from about 0.5–1.5 m in late winter-early
spring to 1–2 m in summer. The experiment began in 1964 in 4-
m2 open lysimeters, 80 cm deep, where three types of soil (here-
inafter called clayey (CLY), sand (SND), and peaty (PTY), in
relation to their dominant property) (Table 1) were factorially
combined with six types of mineral, organic, or mixed fertiliza-
tion, organized in two randomized blocks (36 lysimeters). The
soils were brought from three locations in the Veneto region:
clayey soil from the south-western plain, sandy soil from the
central coastal area, and peaty soil from the southern plain. The
original soil profiles were reconstructed in the lysimeters. The
sandy soil (Calcaric Arenosols, Typic Ustipsamments, mixed,
mesic—ARPAV, 2005) contains predominantly quartz and feld-
spar and a significant amount of dolomite (16%). The clayey soil
(Cumulic, Vertic, Endoaquoll fine, mixed, calcareous, mesic—
ARPAV, 2005) has a higher amount of smectite/montmorillonite
(16 %) than the other soils and a considerable presence of mica
(19 %) and dolomite (15 %). The peaty soil (Typic Sulfisaprists,
euic, mesic—ARPAV, 2005) is characterized by a higher mica
content (25 %), whereas smectite/montmorillonite reaches 12%.
After 40 years of experimental conditions, some original propri-
eties have changed, as reported in Morari et al. (2008).

Fertilization treatments were as follows: no applications
(O), farmyard manure (FYM) (40 t ha−1 year−1) and mineral
fertilizer (Min) (200 kg ha−1 year−1 N–100 P2O5–240 K2O).
The FYM applied almost the same amount of macroelements

as Min, with about 3.5–4 t C ha−1 year−1. Until 1984, there
was a 2-year maize (Zea mays L.)—wheat rotation (Triticum
aestivum L.). Thereafter, a variable rotation was adopted be-
tween 1985 and 1992, with various horticultural crops. Since
1993, there has been a 3-year rotation of tomato
(Lycopersicon esculentum Mill.)–sugarbeet (Beta vulgaris
L.)–maize, followed by various horticultural crops, maize
and sunflower (Helianthus annuus L.) from 2003 to 2007.
Apart from fertilization, all plots were treated in the same
way in terms of rotation and management (tillage, sowing,
harvest, etc.). The top 15–20 cm was dug each autumn, and
crop residues were removed.

2.2 Soil sampling and fractionation technique

The top soil layer (0–20 cm) was sampled in June 2008. The
sampleswere taken from five different points in the lysimeter and
bulked to obtain a sample of about 1 kg. Sampleswere broken up
manually, air-dried, and sieved at 2 mm. To standardize the frac-
tionation procedure and better evidence the relationship between
aggregation and organic binding agent in the different soils, we
first isolated the large macroaggregates (1000–2000 μm) by dry
sieving. More than 50–60 % of the total mass was in the large
macroaggregate fraction. No large aggregates were isolated from
sandy soil, so all the soil was retained (<2000 μm). Large aggre-
gates (two sub-samples per plot, 36 in total) were then separated
into three aggregate size fractions by wet sieving, using an auto-
matic machine oscillator. Briefly, the apparatus produces vertical
actions that transmit a 3-cm stroke vertical movement to a stack
of interfitting sieves with a mesh of 250 and 53 μm. The sieves,
10 cm in diameter and 5-cm height, were immersed in distilled
water inside a beaker (15-cm diameter × 18-cm height). Prior to
sieving, the water level was adjusted to prevent water reflux over
the edge of the 250-μm sieve during the oscillation. Before siev-
ing, 15 g of sample was immersed on top of the 250-μmsieve for
10min to allow slaking. After slaking, aggregates were separated
by vertical oscillations at a frequency of 50 rpm for 18 min (for a
total of 900 oscillations). Macroaggregates (250–2000 μm) and
microaggregates (53–250 μm) were then collected from the cor-
responding sieves, whereas the silt–clay fraction (<53 μm) re-
maining in the beaker was precipitated by adding 3 mL of 1 N
CaCl2. In sandy soil, the silt–clay fraction was not recovered
because of its very low amount, and in general, due to the lack
of aggregation, we can define macroaggregates (250–2000 μm)
and microaggregates (53–250 μm) as medium and fine sand,
respectively. All isolated fractions were dried at 60 °C in a
forced-air oven.

2.3 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is commonly accepted
as a standard for soil total pore volume and pore size distribu-
tion determination (Hajnos et al. 2006; Zaffar and Lu 2015).

Table 1 Physical–chemical characteristics of the 0–30-cm depth at the
beginning of the experiment (1964)

Parameters Clay Sandy Peaty

Sand (2 mm–50 μm) (%) 25.0 93.4 38.0

Silt (50–2 μm) (%) 23.0 6.0 13.6

Clay (<2 μm) (%) 52.0 0.6 48.4

pH 7.9 (7.7) 8.1 (7.7) 4.9 (7.2)

Total carbonate (g kg−1) 26.0 39.0 0.0

Organic carbon (g kg−1) 14.5 (15.7) 1.7 (3.1) 105.0 (89)

Total nitrogen (g kg−1) 1.5 (1.5) 0.15 6.7 (6.5)

C/N 10.0 (10.2) 12.0 16.0 (13.6)

Total phosphorus (g kg−1) 2.8 (5.6) 0.5 (1.8) 1.1 (3.1)

Available phosphorus (mg kg−1) 161.5 26.2 100.4

Values between brackets were measured in 2002
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The different aggregate fractions and the starting large macro-
aggregates (1000–2000 μm) were analyzed by MIP for total
porosity (TP) and pore size distribution (PSD) within the di-
ameter range 0.0035–75 μm. Pores within the range 10–
75 μm were analyzed with Thermo Finnigan Pascal 140,
while pores within the range 0.0035–10 μm were analyzed
with Thermo Finnigan Pascal 240. The pore radius into which
Hgwas intrudedwas calculated as a function of pressure using
the Young–Laplace equation:

r ¼ 2γcosθ
P

ð1Þ

where P is the pressure (kPa), r is the radius (μm), λ is the
surface tension of mercury (0.47 N m−1), and θ is the contact
angle (140°). Pores were labeled with a classification adapted
from Cameron and Buchan (2006) as mesopores 30–75 μm
(C30–75), micropores 5–30 μm (C5–30), ultramicropores
0.1–5 μm (C0.1–5), cryptopores 0.01–0.1 μm (1) (C0.01–
0.1), cryptopores (2) 0.007–0.01 μm (C0.007–0.01), and
cryptopores (3) 0.0035–0.007 μm (C0.0035–0.007).

2.4 Soil chemical analysis

Wet-sieved aggregates were analyzed for organic carbon (OC)
(g OC kg−1 dry soil) by dichromate oxidation (Walkley and
Black 1934). The initial fraction 1–2 mm was also analyzed,
but OC concentration did not differ from the bulk soil (data
not reported).

Humic carbon (HC) was extracted from air-dried soil ag-
gregate fractions (WSA) with 0.5 M NaOH as previously
described by Lugato et al. (2010). Here, the term HC is com-
prehensive of both the humic and fulvic fractions. HC was
dialyzed against distilled water and then lyophilized prior to
analysis. To perform chemical analysis, the HC extracted from
the two replicates was mixed together to form a single sample.
In total, 24 HC samples were analyzed (3 soils × 3 treat-
ments × 3 aggregate fractions − 3 silt–clay fractions in sandy
soil).

2.5 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of humic C were recorded with a Bruker
TENSOR series FTIR spectrophotometer (Ettlingen,
Germany) equipped with an apparatus for diffuse reflectance
(Spectra-Tech. Inc., Stamford, CT). The spectra were acquired
between 4000 and 400 cm−1 by accumulating 64 interfero-
grams at 4-cm−1 resolution. A background spectrum using
KBr powder (Aldrich Chemical Co. Milwaukee, WI) was re-
corded prior to collection of each sample spectrum. Analyses
of spectral data were performed with Grams/386 spectral soft-
ware (Galactic Industries, Salem, NH).

2.6 Solid-state 13C nuclear magnetic resonance

Solid-state 13C NMR characterization was performed with a
Bruker Avance 400 WB spectrometer equipped for solid-state
analysis and operating at 100.61 MHz. A lyophilized sample
of 100 mg was packed into a 4-mm zirconia rotor with Kel-F
caps and spun at a speed of 12.5 kHz. Further details were
described in Simonetti et al. (2012).

The spectra were divided into five regions according to
Helfrich et al. (2006): (i) alkyl C (0–35 ppm) of lipids, fatty acids,
and plant aliphatic polymers; (ii) O,N-alkyl C (35–90 ppm) de-
riving primarily not only from polysaccharides but also from
proteins; (iii) anomeric C (90–108 ppm) of cellulose and hemi-
cellulose; (iv) aromatic or aryl C (108–158 ppm); and (v) car-
bonyl C (158–182 ppm) from esters, carboxyl groups, and amide
carbonyls (Chen andChiu 2003;Helfrich et al. 2006). Integration
of the peaks within each of the chemical shift regions allowed the
evaluation of the relative C contents expressed as percentages of
the total area.

2.7 Statistical analysis

Soil porosity, SOC, and HC were analyzed with ANOVA, and
significantly different means were estimated by using the
Student–Newman Keuls test (StatSoft Inc 2004). The 13C
NMR characterizations of SOC extracted from the two replicates
were mixed together to form a single sample. In total, 24 HS
samples were analyzed (3 soils × 3 treatments × 3 aggregate
fractions − 3 silt–clay fractions in sandy soil). To clarify the
structure of these interdependences, we performed a joint princi-
pal component analysis (PCA) of our data on the 12 variables: (i)
five porosity classes (relative frequency values of mesopores,
ultramicropores, and cryptopores (1), (2), (3)); (ii) the TP per-
centage; (iii) OC content; and (iv) four integrated peak areas of
the main 13C chemical shift: carbonyl C, aryl C, anomeric C,
O,N-alkyl C. The PCA variables were selected on the basis of
the Kaiser–Meyer–Olkin (KMO) test as a measure of sampling
adequacy, obtaining a KMO value of 0.60. Data were submitted
to the principal component (PC) analysis; rotated orthogonal
components (varimax normalized method of rotation) were ex-
tracted, and the relative scores were determined. Only PCs with
eigenvalues >1 were considered for the discussion.

3 Results

3.1 Physical analysis

Porosity varied in the aggregate fractions, while no statistical
difference was due to the treatments. Higher total porosity
(TP) (Fig. 1) was measured in microaggregate (53–250 μm)
and silt–clay (<53 μm) fractions than in macro (250–
2000 μm) (p < 0.01) and large (1000–2000 μm) aggregates.
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In particular, TP was 59 % for micro and silt–clay fractions in
PTY and 47 and 44 %, respectively, in CLY. Low TP was
instead measured in SND with 39 % in medium sand and
23 % in fine sand fractions, while the sand (<2000 μm) was,
as expected, in the middle (35 %).

Pore size distribution (PSD) changed significantly
(p < 0.01) in CLY according to the aggregate fractions
(Figs. 2 and 3) but not with treatments. However, long-term
FYM amendment led to an apparent increase of volume in
porosity classes <5 μm (data not shown). Higher C30–75
values were observed in the macro (250–2000 μm) and micro
(53–250 μm) fractions (0.07 and 0.09 cm3 cm−3) than in the
silt–clay. On the contrary, micropore class (C5–30) exhibited
higher volumes in microaggregate (0.30 cm3 cm−3) than in
silt–clay (<53 μm) and macroaggregate (0.07 cm3 cm−3) frac-
tions. Ultramicropores (C0.1–5) were higher in silt–clay
(0.20 cm3 cm−3) than the other two classes, while cryptopores
(from 1 to 3) had similar distribution with higher values in
macroaggregate fraction (Figs. 2 and 3).

As observed for clayey soil, the porosity in PTY was not
influenced by treatments even if FYM amendment led to an
apparent increase of cryptopore (<C0.01–0.1) volumes. PSD
was significantly different (p < 0.05) between aggregate

fractions. Mesopores (C30–75) and micropores (C5–30) were
mostly distributed inmicroaggregate (0.12 and 0.31 cm3 cm−3)
with respect to macroaggregate and silt–clay fractions.
Ultramicropore (C0.1–5) class was the most frequent in silt–
clay (<53 μm) (0.38 cm3 cm−3), corresponding to 60 % of TP.
Cryptopore (1), (2), and (3) classes showed a similar distribu-
tion to that observed for CLY soil. Macroaggregates had the
highest values (p < 0.01), while no statistical differences were
observed in silt–clay.

The porosity in SND soil was considerably influenced by
treatments. Indeed, mesopore (C30–75) distribution was sta-
tistically (p < 0.01) higher inMin fertilization (0.20 cm3 cm−3)
than in FYM (0 .13 cm3 cm− 3 ) and the con t ro l
(0.15 cm3 cm−3). Mesopores (C30–75), micropores (C5–30),
and cryptopores (1) were more frequent in microaggregates
(53–250 μm) (Figs. 2 and 3). The other classes (C0.1–5,
cryptopores (2) (3)) did not exhibit significant differences be-
tween the fractions.

3.2 Chemical analysis

The silt–clay fraction was significantly depleted in OC content
(p < 0.05) with respect to microaggregate (53–250 μm) and

Fig. 1 Total porosity (%) for the
different aggregate size fractions
and large aggregates (1000–
2000 μm)
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macroaggregates (250–2000 μm) of CLY and PTY soils
(Table 2). Microaggregates and macroaggregates exhibited
similar values between treatments, apart from FYM associated
with CLY soil, where SOC showed the highest values for both
macroaggregate and microaggregate fractions (21.75 and
27.02 g C kg−1 aggregate, respectively). Similar results were
observed for PTY soil (Table 2). Conversely, the OC concen-
tration in SND soil did not show significant differences in
either aggregate fractions or between treatments; however,
the FYM amendment gave a higher OC concentration
(p < 0.05) than the control and Min treatments. The determi-
nation of HC can provide an estimate of the effects of different
treatments on SOC humification processes. In CLY and PTY
soils, the HC concentration was considerably influenced by
long-term FYM input compared to the control and Min fertil-
ization (Table 2). With respect to the aggregate fractionations,
the HC concentration in microaggregate and macroaggregate
was not different in either soil, whereas it differed (p < 0.05) in

silt–clay. Instead, no statistical differences were found in SND
soil.

The HC/OC ratio did not reveal a clear pattern in relation to
soil aggregation, since no significant differences were ob-
served between CLY and PTY soils. However, higher values
were found in macroaggregates as affected by FYM and Min
treatments in the CLY and PTY soils, respectively.

3.3 Fourier transform infrared spectra (FTIR)

The HC spectra from different soil aggregate fractions (Fig. 4)
showed the spectral pattern of HS described in the literature
(Mafra et al. 2007; Francioso et al. 2007; Mao et al. 2007;
Francioso et al. 2009; Simonetti et al. 2012). Humic C spectra
were characterized by a broad band around 3500–3300 cm−1

(OH stretch of different groups), a shoulder at around 3100–
3040 cm−1 (NH3

+ stretch and C=CH stretch vibrations), peaks
at around 2960 and 2870 cm−1 and 2930 and 2940 cm−1 (CH3

Fig. 2 Quantitative (q) (cm3/
cm3) pore size distribution (PSD)
in the range 0.0035–75μm for the
different aggregate size fractions.
Within each porosity class,
histograms having the same letter
are not statistically different at
p < 0.05. Bars represent the
standard error
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and CH2 stretch of aliphatic chains, respectively), a broad
band at 2600–2500 cm−1 (OH stretch in dimeric acids), a
strong band at around 1720–1700 cm−1 (C=O stretch of car-
boxylic acids), an intense band at around 1650 cm−1 (amide I,
C=C stretch vibration in aromatic rings and C=O stretch in
ketone), a medium peak at around 1560 cm−1 (amide II, aro-
matic rings, asymmetric stretch of COO−), a weak peak at
around 1450 cm−1 (CH3 asymmetrical bending and CH2 scis-
soring vibrations, symmetric stretch of COO−), a variable in-
tensity peak between 1230 and 1250 cm−1 (amide III, C–O
stretch of aromatic rings and carboxylic acids), a strong peak
between 1100 and 1030 cm−1, and a minor absorption peak at
820 cm−1 (C–O stretch of cellulose and other β-anomers and
β-glycosides).

Humic C from aggregate fraction spectra of untreated CLY
soil (Fig. 4) was very similar. Conversely, after 44 years of
Min fertilization, the HC spectra showed some structural

modification between aggregates in terms of relative intensity
changes of carbonyl (1712 cm−1) and C–O groups
(1234 cm−1). Moreover, C–O group shifted toward lower fre-
quencies in 53–250- and <53-μm aggregate fractions with
respect to 250–2000-μm ones. This might imply an involve-
ment of C–O group in carboxylic acids rather than C–OH in
phenols (Rao 1963). Likewise in FYM amendment (Fig. 4),
the HC spectra exhibited the principal variations in the car-
bonyl (1709 cm−1) and C–O groups (1218 cm−1) that seem to
be the most interesting vibrations as regard aggregate size.
The relative intensity of these bands gradually increased in
the micro (53–250 μm) and silt–clay (<53 μm) fractions. A
shift to higher frequencies of the C–O group was observed in
the 53–250-μm (+16 cm−1) and <53-μm fractions (+22 cm−1)
suggesting the presence of C–O group in the phenolic struc-
ture (Rao 1963). Min and FYM fertilization had a positive
effect on the distribution of some functional groups of HC

Fig. 3 Relative (%) pore size
distribution (PSD) in the range
0.0035–75 μm for the different
aggregate size fractions. Within
each porosity class, histograms
having the same letter are not
statistically different at p < 0.05.
Bars represent the standard error
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from CLY soil aggregate sizes. More acid groups were dom-
inant withMin fertilization, while phenolic structure increased
with FYM amendment.

Humic C spectra of untreated PTY soil aggregate sizes
(Fig. 4) showed variations in the relative intensity of the peaks
from 2930 to 2880 cm−1 (aliphatic groups), 1550 cm−1 (amide
II, aromatic rings), 1223 cm−1 (C–O groups), and 1040 cm−1

(carbohydrates). The aliphatic region seems to bemore intense
in the 250–2000-μm fractions, whilst the C–O and carbohy-
drate groups considerably increased in the microaggregate
(53–250 μm) fraction. Fertilization with Min (Fig. 4) did not
lead to substantial modification of functional groups between
the HC spectra of macro (250–2000 μm) and micro (53–
250 μm) fractions. Conversely, the silt–clay fraction showed
an enhancement in relative intensities of the bands at
1710 cm−1 (carbonyl group), 1233 cm−1 (C–O group), and
1048 cm−1 (carbohydrates). After 44 years of FYM amend-
ment (Fig. 4), no significant difference was observed among
functional groups attributable to treatment.

Humic C spectra from medium and fine particles of un-
treated SND soil did not differ (Fig. 3). Min fertilization did
not change the pattern of HC frommacro (250–2000 μm) size
fraction with respect to the untreated one; instead, micro (53–
250 μm) fraction differed by the lack of a broad band at
2655 cm−1 (OH stretch in dimeric acids). FYM did not seem
to cause significant modification betweenmacroaggregate and
microaggregate (53–250 μm) fractions. However, the FYM
amendment seemed to increase the relative intensity of the

band at 1650 cm−1 (amide I, C=O in ketone) with respect to
untreated and Min fertilization.

3.4 Solid-state 13C nuclear magnetic resonance

NMR spectra of HC from the untreated CLY aggregate size
fractions were characterized by different percentage distribu-
tions of 13C between fractions (Table 3; Fig. 5). Humic C from
macroaggregate of CLY soil showed the highest content of
O,N-alkyl/methoxyl groups (54 %, Table 3; Fig. 5), probably
derived from root residues (hemicellulose and cellulose), and
a smaller proportion of aromatic C (aryl C) (5.1 %, Table 3;
Fig. 4). In contrast, HC from the microaggregate (53–250 μm)
fraction exhibited a high level of aromatic C (~6 %, Table 3;
Fig. 4) and carbonyl C (~20 %, Table 3; Fig. 4). Alkyl and
anomeric C were prevalent in HC from silt–clay (<53 μm).
Mineral fertilization caused a decrease in O,N-alkyl C content
from macro (54 %) to silt–clay (50 %) size fractions
(Table 3; Fig. 4), whereas the alkyl C content was variable.
Conversely, HC from microaggregate (53–250 μm) fraction
showed the highest O,N-alkyl and alkyl C content, suggesting
that root residues were not so extensively decomposed in this
fraction. The low aromatic C content also found in this frac-
tion might also support this evidence. Humic C from silt–clay
(<53 μm) fraction was markedly characterized by higher
amounts of aromatic (~6 %) and carbonyl C (~21 %) than in
the other treatments.

Table 2 Organic carbon (g/kg), humic carbon (g/kg), and HC/OC ratio for the different treatments in CLY, PTY, and SND soils

CLY

Fraction (μm) OC (g/kg) HC (g/kg) HC/OC

0 MIN FYM 0 MIN FYM 0 MIN FYM

250–2000 15.22 cd 16.22 c 21.75 b 5.72 b 6.52 b 11.94 a 0.38 b 0.40 b 0.56 a

53–250 14.02 cd 14.65 cd 27.02 a 5.35 b 5.98 b 12.99 a 0.38 b 0.41 b 0.48 ab

<53 12.13 d 9.61 e 15.05 cd 4.18 b 4.71 b 6.26 b 0.35 b 0.49 ab 0.42 b

PTY

OC (g/kg) HC (g/kg) HC/OC

0 MIN FYM 0 MIN FYM 0 MIN FYM

250–2000 66.94 abc 58.66 abc 91.94 a 32.68 abc 34.50 abc 44.02 a 0.49 ab 0.59 a 0.48 ab

53–250 65.04 abc 59.89 abc 85.89 ab 36.04 abc 31.69 abc 42.72 ab 0.55 ab 0.53 ab 0.50 ab

<53 42.22 bc 37.95 c 45.14 bc 15.06 c 16.66 c 20.31 bc 0.36 c 0.44 bc 0.45 bc

SND

OC (g/kg) HC (g/kg) HC/OC

0 MIN FYM 0 MIN FYM 0 MIN FYM

250–2000 2.17 1.43 2.83 2.22 1.80 2.78 1.04 1.23 1.05

53–250 1.59 1.20 2.48 1.54 1.33 2.22 0.97 1.10 1.00

Values with different letters are significantly different at p = 0.05
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FYM amendment caused a decrease in O,N-alkyl C and
alkyl C in microaggregate (53–250 μm) and silt–clay frac-
tions, whereas the anomeric C content did not seem to be
affected. However, it decreased with respect to the other treat-
ments. An increase in aryl C (~12%), carbonyl C (~20%) and
the presence of phenolic compounds (150 ppm, spectrum not
shown) were instead observed in macroaggregate (250–
2000 μm) fraction.

In the HC spectrum from untreated PTY soil, a progressive
decrease was observed in proportion of alkyl C and O–N alkyl
C between aggregate fractions (Table 3; Fig. 4). In contrast,
the proportion of aromatic C increased from macro (250–
2000 μm) to silt–clay (<53 μm) size fractions. Min fertiliza-
tion led to a progressive increase in O,N alkyl C content from
macroaggregate (250–2000 μm) to silt–clay fractions, while
alkyl C was more accumulated in the microaggregate fraction.
In addition, the alkyl C/O and N alkyl C ratio tended toward 1
in microaggregate (53–250) fraction.

In HC from silt–clay (<53 μm) fraction, a high proportion
of O,N alkyl C (~43%) and a low aromatic C content (~17%)
were observed (Table 3; Fig. 4).

FYM amendment gave an HC similar to those of untreated
soil (Fig. 4). However, the amount of alkyl C and O,N alkyl C
progressively decreased from macroaggregate to silt–clay
fractions, while the amount of aromatic C and carbonyl C
progressively increased (Table 3; Fig. 4). The presence of
phenols (~150 ppm, spectrum not shown) was only found in
the macroaggregate and microaggregate fractions, while no
resonance was observed in untreated fractions.

Humic C from aggregate fractions of untreated SND soil
was characterized by the lowest percentage of alkyl C
(Table 3; Fig. 4) with respect to other soil fractions. N,O alkyl
C and anomeric C in medium (~67 and 12 %, respectively)
and fine (61 and 12 %, respectively) fractions did not differ,
but their content was unexpectedly high. The amount of aro-
matic and carbonyl C increased inmedium sand (53–250μm).
Mineral fertilization led to an accumulation of alkyl C and
N,O alkyl C in medium sand fraction, whilst anomeric C
(17 %), aromatic C (~10 %), and carbonyl C (~7 %) increased
in fine sand (53–250 μm) fraction. FYM amendment led to a
magnification of alkyl C, aromatic C, and carbonyl C in both
size fractions compared to other treatments (Table 3; Fig. 4).

Fig. 4 Diffuse reflectance
infrared Fourier transform
(DRIFT) spectra of humic carbon
(HC) extracted from different
aggregate size fractions of CLY,
PTY, and SND soils:
macroaggregate (250–2000 μm),
microaggregate (53–250 μm),
and silt–clay (<53 μm)
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N,O alkyl C and anomeric C tended to decrease with respect to
other treatments.

3.5 Correlation and principal component analysis analyses

In mineral soils, significant relationships were found between
pore classes and chemical parameters (Table 4). The C30–75
pores were positively correlated (p < 0.05) with OC, HC/OC
ratio, O,N-alkyl C, and anomeric C and negatively with OC,
alkyl C, and carbonyl C. The C0.1–5 pores had a positive

correlation with carbonyl C and alkyl C and a negative one with
O,N-alkyl C (r = −0.64). Cryptopores (1), (2), and (3) showed
positive correlations with OC (r = 0.80, on average) and carbon-
yl C, while they were negatively correlated with HC/OC ratio
(r = −0.65, on average). On the contrary, the C30–75 pore size
class in the PTY was positively correlated (p < 0.05) with OC
and HC/OC ratio and negatively with carbonyl C content. The
C0.1–5 poreswere positively correlated (p < 0.05) with carbonyl
C and negatively with OC, HC/OC ratio (r = −0.60 and
r = −0.67, respectively), and alkyl C (r = −53).

Table 3 CPMAS 13C NMR relative peak area (%) for humic C isolated from different aggregate size fractions of clay, peaty, and sandy soils fertilized
consecutively over 40 years with mineral (Min) and manure (FYM)

Alkyl C 0–35 ppm O,N alkyl C 35–90 ppm Anomeric C 90–108 ppm Aryl C 108–158 ppm Carbonyl C 158–182 ppm

Clay (CLY) (μm)

Untreated

2000–250 16.5 55.0 4.9 5.1 18.4

53–250 16.5 52.9 4.6 6.4 19.6

<53 20.3 50.2 5.6 5.4 18.5

Min (μm)

2000–250 13.6 54.0 5.5 5.6 18.3

53–250 19.9 54.5 4.3 4.3 17.1

<53 16.6 50.1 5.7 6.3 21.3

FYM (μm)

2000–250 20.0 53.9 3.6 6.9 15.5

53–250 11.8 51.6 3.8 12.1 20.6

<53 19.6 51.6 3.5 6.7 18.5

Peaty (PTY)

Untreated (μm)

2000–250 20.9 37.3 1.7 24.2 15.8

53–250 17.3 31.5 2.5 30.4 18.2

<53 11.3 25.3 1.6 35.3 26.4

Min (μm)

2000–250 17.3 29.2 3.2 33.3 17.0

53–250 27.8 35.1 1.6 21.2 14.2

<53 19.6 42.6 2.5 16.8 18.3

FYM (μm)

2000–250 15.3 31.8 3.4 32.9 16.5

53–250 15.1 26.0 4.3 37.9 16.6

<53 11.6 24.6 nd 38.5 25.2

Sandy (SND)

Untreated (μm)

2000–250 6.5 67.2 12.0 4.4 10.1

53–250 8.7 61.0 12.1 7.1 11.2

Min (μm)

2000–250 9.4 69.0 11.4 3.8 6.5

53–250 2.3 63.3 17.0 10.3 7.2

FYM (μm)

2000–250 14.4 56.3 6.1 10.2 13.0

53–250 17.0 50.4 7.3 12.0 14.0
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Multivariate analysis was conducted only for the mineral
soils (CLY and SND) since potential physical mechanisms of
SOC protection in PTY were masked by the high inherent
SOC. Application of PCA to mineral soils allowed three
PCs to be extracted, explaining 87 % of the variability
(Table 5; Fig. 6). PC1 explained 59 % of the variance and
was inversely correlated (factor loadings >0.7) with OC con-
tent and cryptopores (1), (2), and (3). PC2 explained 19 % of
the variance and was correlated with C0.1–5 pores, TP, and
carbonyl C, while it was inversely correlated with C30–75
pores, O,N alkyl C functional group, and HC/OC ratio. PC3
explained 10 % and was correlated with aryl C content. The
plot of variables and cases, according to PC1 and PC2 and
reported in Fig. 6, identified three clusters. The first one was
represented by CLY macroaggregate fraction, which was
mainly isolated by cryptopores (1), (2), and (3) and OC con-
tent. The second cluster showed CLY 53–250 and <53 μm
mainly isolated by carbonyl C, C0.1–5 pores, and TP. Finally,
the third cluster isolated the medium and fine fraction of SND
soil and O,N-alkyl C, anomeric C, C30–75 pores, and HC/OC
ratio.

4 Discussion

Soil porosity distribution strongly affects SOC dynamics, in
some cases promoting a faster SOC turnover, but in others
enhancing its protection (or stabilization) as a result of pore
space inaccessibility to microorganisms and enzymes. This
occurs in the microporosity to cryptoporosity domain, where
organic matter might also interact with clay minerals by inter-
calation or adsorption (Lützow et al. 2006). Strong et al.
(2004), studying the spatial location of C composition in the
soil pore system, found a strong correlation (r = 0.92) between
total C and pore volume <1.2 μm. Conversely, they observed
a negative correlation (r = −0.35) for total C and pore volume
in the range 15–60 μm. Other recent findings corroborated
those previously reported: for example, Pituello et al. (2016)
extensively studied the long-term effect of residue incorpora-
tion on the soil pore structure (0.25 nm–2.5 mm) of three
contrasting soils and highlighted a positive correlation be-
tween nanopores (10–50 μm) and OC content that was likely
due to an OC-mediated stimulus to particle aggregation, while
larger pores (30–75) were contemporarily reduced. These

Fig. 5 Cross-polarization–magic
angle spinning (CP MAS) 13C
nuclear magnetic resonance
(NMR) spectra of humic carbon
(HC) extracted from different
aggregate size fractions of CLY,
PTY, and SND soils:
macroaggregate (250–2000 μm),
microaggregate (53–250 μm),
and silt–clay (<53 μm)
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results are consistent with our data on mineral soils (SND and
CLY), since strong correlations were found between OC,
cryptopores (C0.1–5) and mesopores (C30–75), 0.80 and
−0.70, respectively. Conversely, PTY soil showed a positive
correlation between mesopores and OC content, most likely
because of the direct contribution of SOC internal porosity to
bulk soil porosity (Zaffar and Lu 2015).

SOC protection from decomposition is enhanced in small
microaggregates particularly rich in pores <0.2-μm diameter.
Kaiser and Guggenberger (2003) suggested that the clogging
of very small micropores (<2 nm) caused by the SOC sorption
could be an additional mechanism against chemical and bio-
logical attack. The same authors also found a close relation
between large pores and SOC from plant residues enriched in
labile materials. Other studies demonstrated that organic mat-
ter increased the number of larger pores of soils and favored
the formation and stabilization of biogenic macropores
(Pagliai et al. 2004; Oorts et al. 2007; Grosbellet et al. 2011;
Zaffar and Lu 2015). Among labile components of SOM, the
polysaccharides stabilize the soil by binding small particles
into microaggregates and then into macroaggregates (Six
et al. 2004). Our results confirmed the existence of a close
correlation between mesopores and anomeric C (cellulose
and hemicellulose) and O,N alkyl C deriving primarily from
polysaccharides and proteins (Table 4).

On the contrary, micropores, abundant in microaggregates
and silt–clay fractions (Figs. 2 and 3), were correlated with

Table 4 Correlation matrix of selected soil parameters

OC (g/ka) HC (g/kg) HC/OC Carbonyl C Aryl C Anomeric C O,N alkyl C Alkyl C

Mineral soil (CLY-SND)

c75–30 % 0.70 0.58 0.88 0.90 0.09 0.79 0.85 0.79

c30–5 % 0.19 0.08 −0.35 0.33 −0.17 −0.27 −0.20 0.25

c5–0.1 % 0.23 0.16 −0.44 0.53 0.03 −0.43 0.64 0.55

Cryptopores (1), (2), (3) % 0.80 0.80 0.65 0.59 −0.02 0.61 −0.50 0.44

Total porosity (%) 0.12 −0.05 −0.43 0.40 −0.03 −0.14 −0.43 0.27

c75–30 q 0.62 0.55 0.74 0.80 0.24 0.83 0.69 0.80

c30–5 q 0.25 0.11 −0.46 0.42 −0.13 −0.29 −0.34 0.32

c5–0.1 q 0.14 0.04 −0.42 0.50 −0.03 −0.35 0.59 0.51

Cryptopores (1), (2), (3) q 0.78 0.68 0.84 0.79 −0.16 0.70 0.68 0.60

Peaty (PTY)

c75–30 % 0.66 0.79 0.72 0.71 −0.11 0.40 0.18 0.45

c30–5 % 0.17 0.24 0.26 −0.26 −0.02 0.11 −0.13 0.38

c5–0.1 % 0.60 0.72 0.67 0.68 0.05 −0.38 −0.02 0.53

Cryptopores (1), (2), (3) % 0.41 0.43 0.33 −0.34 0.05 0.28 0.12 0.00

Total porosity (%) −0.37 −0.42 −0.39 0.37 0.00 −0.28 −0.16 −0.05
c75–30 q 0.57 0.70 0.65 0.64 −0.11 0.38 0.12 0.45

c30–5 q 0.16 0.21 0.19 −0.28 −0.09 0.18 −0.06 0.40

c5–0.1 q 0.72 0.85 0.77 0.84 0.12 0.57 −0.14 0.57

Cryptopores (1), (2), (3) q 0.42 0.40 0.22 −0.30 0.05 0.25 0.14 −0.05

Values in italics are significantly different at p = 0.05

Table 5 Factor loadings (varimax normalized) calculated for selected
soil parameters

Factor loadings (varimax normalized)

Extraction: principal components

Factor 1 Factor 2 Factor 3

c75–30 % −0.91 −0.36 0.09

c5–0.1 % 0.72 0.07 0.14

c0.1–0.01 % 0.17 0.96 0.05

c0.01–0.007 % 0.13 0.97 0.03

c0.007–0.0035 % 0.09 0.97 −0.07
Total porosity (%) 0.75 −0.39 −0.14
OC (g/ka) 0.45 0.80 −0.04
HC/OC −0.74 −0.57 0.28

Carbonyl C 0.81 0.52 −0.04
Aryl C 0.02 −0.03 0.98

Anomeric C −0.64 −0.61 0.04

O,N alkyl C −0.84 −0.39 −0.30
% Total variance 58.6 19.0 9.8

Marked loadings are >0.7

Factor loadings range between −1 and 1. Loadings close to −1 or 1
indicate that the factor strongly affects the variable. Loadings close to
zero indicate that the factor has a weak affect on the variable. However,
there is not a significance related to factor loadings and the value of 0.7 is
generally accepted as a cut-off criteria
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carbonyl C and alkyl C (compounds represented by fats and
waxes deriving from plants, fungi, and bacteria), the latter
being considered to be resistant to degradation due to its
apolar nature (Derenne and Largeau 2001). In particular, the
semicrystalline nature of polymethylenic chains might justify
the recalcitrance of alkyl C (Hu et al. 2000). Mechanisms of
physical preservation, occlusion within aggregates and ad-
sorption onto minerals (Six et al. 2000), could play a major
role in carbonyl and alkyl C stabilization. Carbonyl C could
form organomineral associations through, e.g., ligand ex-
change and polyvalent cation bridges, while alkyl C favors
weak interactions, such as hydrophobic interactions including
van der Waals forces and H-bonding (Vermeer and Koopal
1998; Vermeer et al. 1998). Therefore, molecules sorbed to
mineral surfaces cannot be utilized by microorganisms
(Chenu and Stotzky 2002) resulting in more resistance to en-
zyme attack (Theng 2007; Khanna et al. 1998).

Lastly, aryl C is not correlated with specific pore class,
evidencing potential mechanisms of biochemical recalci-
trance. Indeed, aromatic compounds such as tannins and poly-
phenols could form complexes with proteins and inhibit the
activity of soil enzymes (Freeman et al. 2004).

As confirmed by PCA analyses (Fig. 6), possible mecha-
nisms involved in SOC dynamics may be summarized as fol-
lows: (a) in sandy soil, the fine and the medium sand fractions
tend to be differentiated by labile OC compounds (O,N-alkyl
C and anomeric C), most likely due to the prevalence of im-
mature SOC as characterized by a composition inherited from
the plant residues and its fast turnover. (b) Aryl C compounds
are not specifically associated with a given soil fraction or

porosity class. These compounds are generally considered re-
calcitrant, and for this reason, they accumulate in the soil
irrespective of the physical fractions. (c) Carbonyl C and alkyl
C tend to be associated with the silt–clay fraction of clayey
soil (Fig. 5) as a consequence of their interaction with mineral
surfaces.

5 Conclusions

Although complex physical, chemical, and biological process-
es and their interactions govern the SOC turnover, there was
evidence that soil porosity distribution could be a valuable
indicator of the soil capacity to sequester organic carbon. In
particular, in clayey soil, organic compounds were likely
protected by the interaction with mineral surfaces and interca-
lation in phyllosilicates; conversely, low SOC in the sandy soil
evidenced a limited SOC protection. In the latter, the high
content of labile OC compounds suggested the prevalence of
a fast turnover of fresh soil organic matter.

No specific protection mechanisms were identified in the
peat soil; conversely, its inherited high SOC content allowed
the direct contribution of organic matter to bulk soil porosity
to be demonstrated. This research confirms that interactions
between soil porosity and organic matter are complex. A num-
ber of environmental variables such as long-term fertilization
practices may considerably influence the aggregation mecha-
nism and the architecture of pores through the organic matter
components. Major progress has beenmade in the understand-
ing of interactions between aggregates and soil organic matter.

Fig. 6 Factor loadings for the 12
variables used in principal
component analysis (PCA) and
cases
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This is evident by continuous evolution of models described
for understanding of these interactions.

For management purposes, this study suggests that a ratio-
nal program of organic fertilization should consider the spatial
variability of soil physical properties in order to exploit the
capacity of the silt–clay fraction and microaggregates to en-
hance and protect SOC, in this way increasing the efficiency
of the carbon input.
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