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Napoli, Italy, and bDepartment of Soil Science, University of Nigeria, Nsukka, Nigeria

Summary

In highly weathered tropical conditions, soil organic matter is important for soil quality and productivity.

We evaluated the effects of deforestation and subsequent arable cropping on the qualitative and

quantitative transformation of the humic pool of the soil at three locations in Nigeria. Cultivation

reduced the humic pool in the order: acetone-soluble hydrophobic fraction (HE) > humic acid (HA) >

humin (HU) > fulvic acid (FA), but not to the same degree at all three sites. The C and N contents, as

well as the C/N ratios of humic extracts, were large and not substantially influenced by land use. The

�13C values of the humic extracts were invariably more negative in forested soils thereby showing a

dilution of �13C signature with cultivation from C3 to C4 plants. The �13C values of apolar HE fractions

were generally more negative, indicating a reduced sensitivity compared with other humic fractions to

turnover of crop residues. The contents of hydrophobic constituents (alkyl and aromatic C), as revealed

by cross-polarization magic angle spinning (CPMAS) 13C-NMR spectroscopy, in HA, FA and HU were

generally < 50%, with the exception of larger hydrophobicity in HU in the forested soil at Nsukka and

HA in that at Umudike. The HE fraction contained significantly more apolar constituents, and conse-

quently had a larger intrinsic hydrophobicity than the other humic fractions. The larger reduction of

apolar humic constituents than of the less hydrophobic humic fractions, when these soils were deforested

for cultivation, indicates that at those sites the stability of accumulated organic matter is to be ascribed

mainly to the selective preservation of hydrophobic compounds.

Introduction

In the tropics, soil organic matter determines the fertility and

productivity of soils, especially when these are highly weath-

ered, with small or no reserves of nutrients, and are managed

without any external inputs of organic or inorganic fertilizer

(Feller & Beare, 1997; Zech et al., 1997). Moreover, at the

global scale the type of land use will affect the capacity of

the soil to act as both a source and a sink of organic matter,

nutrients and atmospheric CO2. It is therefore essential that

the influence of land use on the dynamics of soil organic

matter in the tropics should be more precisely clarified.

Massive deforestation in the tropics has resulted in loss of

soil productivity through reduction in organic C content and

consequent loss in aggregate stability (Alegre & Cassel, 1986).

Since the aggregates and particle-size fractions are the seat of

organic matter, their loss through rapid decomposition often

accompanies deforestation (Piccolo, 1996). Moreover, higher

temperatures and moisture regimes also enhance soil organic C

turnover rates in tropical soils as compared with temperate

ones (Ayanaba & Jenkinson, 1990), thereby increasing the

potential risk of soil degradation. Several studies have focused

on organic matter dynamics in tropical soils of South America

(Desjardins et al., 1994) and a few in soils of the West African

Sahelian region (Dutartre et al., 1993). Some of the studies have

dealt with carbon storage as influenced by land use (Lepsch

et al., 1994) or the estimate of organic matter turnover using the
13C natural abundance technique (Martin et al., 1990).

Soil organic matter is composed of different compartments

which differ from each other in biochemical composition,

biological stability and carbon turnover rates. The humified

organic matter, namely humic acid (HA), fulvic acid (FA) and

humin (HU), is supposed to represent the most microbially

recalcitrant and thus stable reservoir of organic carbon (OC)

in soil and is an important component for the control of soil

erosion by water and wind (Piccolo, 1996). Most of the studies

on organic matter dynamics in the tropics have focused on its

absolute amount without recourse to the chemical fractions.
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Zech et al. (1997) reviewed several studies that have utilized

cross-polarization magic angle spinning (CPMAS) 13C-NMR

to characterize the humification process of soil organic matter

(SOM) in the tropics. In the highly weathered, lowland,

humid, tropical soils of Nigeria and similar soils, there is no

information on the changes of the stable humic pool following

deforestation and consequent arable farming. Yet more than

70% of the cation exchange capacity (CEC) of these soils is

attributed to SOM and to HA in particular (Asadu et al., 1997).

In this study, we evaluated the qualitative and quantitative

changes associated with the composition of humic substances

following the conversion of tropical forests at three sites in

Nigeria to arable farming. The aim of this study was to con-

tribute to the knowledge of organic matter dynamics in a

humid region of Africa.

Materials and methods

Soil sampling and preparation

Geographical and agronomic information on the three loca-

tions in Nigeria were given in detail by Spaccini et al. (2001),

whereas clay mineralogy, soil classification, and some of the

soil physico-chemical properties for each location are given in

Table 1. The clay fraction was obtained by slow sedimentation

in water after destruction of SOM with Na-hypochlorite. The

X-ray diffractograms were obtained on oriented clay samples

saturated with glycerol or MgCl2, using a Siemens D500 dif-

fractometer with Cu-Ka radiation.

The experimental plots belong to the University of Nigeria

and had been deforested mechanically in the 1970s followed up

by hand-hoeing. Small forest plots were conserved nearby

(< 1 km) and consisted of local rainforest species. The culti-

vated sites for this study have run continuously since 1990

(Abakiliki and Umudike) and 1991 (Nsukka) under arable

cropping without inputs of organic fertilizers. At each site

the experiment was set up as a randomized complete block

design with three replicates of each of the forested (F) and

cultivated (C) treatments. Each plot size was 6m� 5m. At

Abakiliki and Nsukka, cultivation consisted essentially of

hand-hoeing and planting without weed control, fertilizer

addition and mechanical tillage. At Umudike mechanical cul-

tivation (disking, ploughing and harrowing at about 20 cm

depth) was used. In September 1995, three bulked topsoil

(0–20 cm) samples, collected from each replicate of the treat-

ments, were air-dried, sieved through a 4.75-mm aperture

mesh and shipped to Italy for fractionation of humic sub-

stances and their characterization.

The < 2mm fractions were used to determine particle-size

distributions (after complete dispersion with sodium hexa-

metaphosphate) by the pipette method of Gee & Bauder

(1986). The soil pH was measured in 1:2.5 soil/water ratio,

OC by the wet oxidation method of Nelson & Sommers (1982)

and converted to OM by multiplying by 1.724, and

Table 1 Sampling site, soil classification, and some properties of soils (standard deviations in parentheses)

pH Organic matter CECc �13C

Site Soil order Texturea Clay mineralsb (H2O) /g kg�1 /cmolc kg�1 /‰

Abakiliki Inceptisol LS MiA, KB, SmC Forested

06�300N, 08�150E 5.59 41.4 34.5 �26.02

(0.32) (6.4) (1.8) (0.11)

Cultivated

5.54 17.9 23.0 �21.18

(0.27) (0.9) (3.3) (0.12)

Nsukka Ultisol SCl KA Forested

06�510N, 07�240E 3.53 20.7 15.0 �28.17

(0.16) (0.9) (3.6) (0.14)

Cultivated

3.87 11.7 14.5 �19.22

(0.21) (2.1) (0.7) (0.13)

Umudike Ultisol SCl KA Forested

05�290N, 07�330E 4.21 4.1 24.0 �27.28

(0.28) (0.5) (1.1) (0.16)

Cultivated

4.53 1.0 11.0 �22.16

(0.14) (0.3) (0.8) (0.12)

aLS, loamy sand; SCl, sandy clay loam.
bMi, mica; Sm, smectite; K, kaolinite; A¼ abundant; B¼ present; C¼ few.
cCEC, cation exchange capacity.
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NH4OAc-exchangeable bases and CEC by the procedures

described by Thomas (1982).

Extraction of humic substances

The specific humic fractions were isolated (Piccolo et al., 1998)

from the surface horizon (0–20 cm) of each replicate soil from

forested and cultivated treatments. The following fractions

were obtained:

1 Humic (HA) and fulvic acids (FA) were extracted with a

combined 1M NaOH and 1M Na4P2O7 solution (50:50, v:v).

2 A so-called humin (HU) fraction was extracted from the soil

residue remaining after the NaOH–Na4P2O7 extraction of HA

and FA. The soil residue was first washed with distilled water

until neutrality of washings and then shaken twice with a 10%

HF solution for 24 hours. After centrifugation at 1510 g for

30minutes, the supernatant was discarded while the residue

was washed to neutrality with distilled water and again

extracted with a 1M NaOH–Na4P2O7 solution. This extract

(HU) was subsequently treated as for HA.

3 A humic extract (HE) was solubilized in a solution of acet-

one�0.6M HCl (8:2, v:v). Briefly, soil samples were placed in

rubber-stoppered polyethylene bottles with the extracting solu-

tion (1:5, w:v) and shaken for 24 hours on a mechanical sha-

ker. The mixture was centrifuged, and the supernatant

containing the extract (HE) was filtered through a glass micro-

fibre filter (Whatman GF/C, 47mm). The soil residue was

further extracted twice with the same extracting solution. The

HE from subsequent extractions was combined, rotoevaporated

and dialysed against water to eliminate the solvent completely.

For the alkaline extractions, the suspensions holding HA

and FA, filtered once through glass wool, were combined and

brought rapidly to pH 1 with concentrated HCl, and the HA

was allowed to precipitate for 24 hours at 20�C. The precipi-

tated HA was separated from inorganic impurities through

repeated (three times) dissolution and re-precipitation in

0.5M NaOH and 0.5M HCl solutions, respectively. The solu-

ble FA was purified by passing through non-ionic polymeric

resins (XAD-8, SERVA Chemicals) to remove the non-humified

organic compounds (mainly saccharides). The eluted FA

were brought to pH 5 with HCl, dialysed against distilled

water until chloride-free, freeze-dried and stored for further

analysis. The HA, HU and HE samples were further purified

by shaking in polyethylene bottles for 24 hours with 0.5%

HCl–HF solution until the ash content was < 5%. The

humic fractions were then dialysed against water until free

of Cl–, freeze-dried and stored for further analysis.

NMR spectroscopy

The 13C-NMR spectra of humic extracts from the soils were

recorded by the CPMAS technique. The CPMAS NMR spec-

tra were obtained for every replicate extract of every sample.

The analyses were done with a Bruker AMX400 at

100.625MHz using a rotating speed of 5000� 50Hz, a contact

time of 1ms, a recycle time of 1 s and an acquisition time of

13ms. All runs were made with variable contact time (VCT)

pulse sequence in order to find the optimum contact time

(OCT) for each sample and to minimize the error in the

evaluation of peak areas (Conte et al., 1997). The OCT ranged

between 0.8 and 1.0ms. The line broadening for free induction

decay transformation was fixed at 50Hz. The following

resonance intervals were associated with the different carbons

(Preston & Newman, 1995): alkyl C: 0–50 p.p.m.; C-N in

polypeptidic compounds: 50–85 p.p.m.; C-O in carbohydratic

compounds: 85–105 p.p.m.; aromatic C: 105–160 p.p.m.; car-

boxylic-C: 160–200 p.p.m. The areas relative to these reson-

ance intervals (p.p.m.) were used to evaluate the degree of

hydrophobicity (HB/HI) of the humic fractions:

HB=HI ¼ ½ð0�50Þ þ ð105�160Þ�=½ð50�105Þ þ ð160�200Þ� :
ð1Þ

All integral regions were also corrected for the areas of spinning

side bands (SSB) when they appeared in the spectra. Each SSB

area was subtracted from that of the region in which it appeared

and added to the area of the centre band (Piccolo & Conte, 2003).

Elemental and �13C content of humic fractions

The isotopic abundance (�13C) in the isolated humic samples

was measured by continuous-flow isotope ratio-mass

spectrometry (Carlo Erba N Analyzer 1500 coupled with a

Finnigan MAT 251), and results expressed as ‰, as the

deviation of the isotopic ratio of the sample from that of an

arbitrary standard:

�13C ‰ ¼ ½ðRsample � RstandardÞ=Rstandard�Þ � 1000; ð2Þ

where Rsample is 13C/12C of the sample and Rstandard is 13C/12C

of the Pee Dee Belemnite (PDB) standard (0.0112372).

The C, N and H contents in all humic fractions were calcu-

lated on ash-free bases from measurements obtained by a

Fison-Interscience elemental analyser.

Results and discussion

Yields of humic fractions

The extraction yields for HA, FA, HU and the humic fraction

solubilized in the acetone–HCl solution (HE) obtained from the

sites under study are shown in Table 2. In accordance with the

decrease in SOM (Table 1), a progressive reduction in these

humic fractions was found for all soils as forests were converted

to arable farming. The magnitude of reduction was, however,

site-specific. More than 80% of the reduction in HE extracted with

the acetone–HCl mixture occurred at Abakiliki and Nsukka

whereas the smallest reduction was obtained at Umudike

(60.9%). Abakiliki and Nsukka had a greater reduction in
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HA (56.6 and 55.5%, respectively) and FA (50.0 and 53.7%,

respectively) than Umudike (25.0% for HA and 36.0% for

FA). The reduction in HU at Abakiliki and Umudike (64.7 and

45.8%, respectively) was significant, according to standard

deviation, whereas the increase in HU (50%) passing from forest

to cultivation at Nsukka was not significant (Table 2).

Similar reductions in these humic fractions have been

reported in other studies (Spaccini et al., 2001). Reduction of

OM with progressive cultivation is commonly attributed to

microbial oxidation of the partially decomposed organic mater-

ials or clay–humic complexes which were previously protected

in soil aggregates and became disrupted as a result of farming

practices (Piccolo, 1996). These findings indicate that decom-

position affected the soil content in HE and HA more than in

other humic fractions after soils were cultivated.

Carbon, nitrogen and isotopic �13C content of humic fractions

The C and N contents of the humic extracts and the relative

C/N ratios are reported in Table 3. Their values are within

the ranges found for other soils (Piccolo et al., 1998). At

Abakiliki, the C content decreased significantly in the HA

and HE fractions, passing from the forested to the cultivated

soils, whereas HU remained substantially unchanged and FA

showed a slight increase. The C content in the humic frac-

tions of Nsukka revealed a similar behaviour, though to a

lesser extent. Conversely, at Umudike, it was the FA fraction

that showed a significant decline in C content as a result of

cultivation, whereas the rest of the humic fractions did not

change substantially. The N content of the HA and HE

fractions decreased from forested to cultivated soils at all

sites, while the HU fraction remained substantially

unchanged. The FA fraction showed contrasting results

since its N content decreased at Nsukka and Umudike but

increased significantly at Abakiliki, when passing from

forested to cultivated sites.

The C/N ratios followed the changes in C and N content in

the humic fractions. However, the values did not indicate

significant changes for the majority of humic fractions in all

soils when sites were converted from forest to cultivation.

Significant exceptions were the decrease of FA at Abakiliki

and the increase of HE at Umudike, reflecting the N content

that increased in the former fraction and decreased in the

latter. The general constancy of C/N values for the different

humic fractions indicates the ability of the fractions to resist

microbial decomposition because of their recalcitrant nature

due to either physical protection in microaggregates (Dutartre

et al., 1993) or chemical protection by their hydrophobic

composition (Spaccini et al., 2000).

Isotopic (�13C) measurements of SOC have been utilized

successfully to document effects of land use changes on turn-

over rates of OM (Bernoux et al., 1998). Such studies have

been done in particle-size fractions, aggregate size classes and

free particulate OM with a density of > 1.6 g cm�3. Organic

matter in sand-sized fractions has faster turnover rates than

that in clay/silt size fractions (Desjardins et al., 1994), and OM

turnover rates are greater in macro- than in microaggregates

Table 2 Yields of extraction (g kg�1 of soil) and relative standard

deviations (in parentheses) for humic acids (HA), fulvic acids (FA),

humin (HU) and humic extract (HE)a from forested (F) and cultivated

(C) soils in Nigeria

Site HA FA HU HE

Abakiliki

F 12.9 (1.2) 7.8 (1.1) 3.4 (0.4) 3.0 (0.2)

C 5.6 (0.4) 3.9 (0.3) 1.2 (0.2) 0.6 (0.2)

Nsukka

F 5.4 (1.2) 4.1 (1.3) 1.0 (0.2) 2.7 (0.2)

C 2.0 (0.9) 1.9 (0.6) 2.0 (1.1) 0.4 (0.1)

Umudike

F 5.2 (0.4) 2.5 (0.2) 2.4 (0.6) 2.3 (0.3)

C 3.9 (0.9) 1.6 (0.5) 1.3 (0.3) 0.9 (0.3)

aExtracted by acetone–HCl solution.

Table 3 C and N content (%) and �13C values (‰) of humic fractions

(HA, FA, HU, HE) from forested (F) and cultivated (C) sites of

Nigeria (standard deviations in parentheses)

Fraction Site C /% N /% C/N ratio �13C /‰

Abakiliki

HA F 56.64 (0.15) 3.12 (0.03) 18.15 (3.27) �25.97 (0.14)

C 50.71 (0.16) 2.63 (0.05) 19.28 (4.05) �21.13 (0.16)

FA F 36.52 (0.06) 1.77 (0.05) 20.63 (2.27) �26.36 (0.23)

C 38.03 (0.22) 2.95 (0.03) 12.89 (3.22) �20.97 (0.14)

HU F 54.42 (0.21) 3.32 (0.06) 16.39 (4.43) �24.45 (0.11)

C 54.31 (0.15) 3.32 (0.04) 16.35 (3.11) �20.42 (0.15)

HE F 62.44 (0.13) 1.71 (0.03) 36.51 (5.84) �26.81 (0.20)

C 56.90 (0.13) 1.61 (0.02) 35.34 (5.30) �23.27 (0.14)

Nsukka

HA F 54.29 (0.17) 4.30 (0.04) 12.56 (2.65) �27.31 (0.09)

C 53.12 (0.20) 3.18 (0.05) 16.70 (3.34) �17.22 (0.12)

FA F 36.35 (0.11) 2.68 (0.03) 13.56 (1.90) �26.89 (0.18)

C 38.93 (0.13) 2.35 (0.02) 16.56 (2.48) �17.25 (0.16)

HU F 49.77 (0.13) 3.10 (0.06) 16.05 (3.05) �27.79 (0.13)

C 49.57 (0.17) 3.02 (0.04) 16.41 (3.45) �17.17 (0.10)

HE F 61.67 (0.12) 2.48 (0.03) 24.86 (3.73) �27.78 (0.19)

C 60.15 (0.16) 2.33 (0.03) 25.81 (4.90) �17.97 (0.18)

Umudike

HA F 55.32 (0.12) 3.87 (0.03) 14.29 (2.14) �27.10 (0.12)

C 55.41 (0.14) 2.90 (0.02) 19.01 (3.06) �23.31 (0.16)

FA F 39.66 (0.14) 2.91 (0.02) 13.62 (2.18) �26.99 (0.21)

C 26.03 (0.15) 1.85 (0.02) 14.07 (2.39) �22.38 (0.11)

HU F 50.74 (0.18) 3.95 (0.05) 12.84 (2.95) �26.53 (0.17)

C 50.67 (0.16) 3.80 (0.03) 13.34 (2.53) �22.99 (0.17)

HE F 57.30 (0.20) 3.58 (0.03) 16.00 (3.68) �26.79 (0.13)

C 57.95 (0.19) 2.23 (0.03) 25.98 (4.99) �24.09 (0.21)
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(Puget et al., 1995). Also, OM present in soil fractions with low

densities tends to have a more rapid turnover rate than that

present in soil fractions with greater densities (Gregorich et al.,

1995). Despite the importance of humic matter in the accumu-

lation of OM in soils, little investigation has been conducted

on the variation of �13C values in humic fractions of soils

subjected to land use change (Lichtfouse et al., 1998; Spaccini

et al., 2000) and even less in tropical soils (Zech &

Guggenberger, 1996; Zech et al., 1997).

The isotopic �13C values of humic extracts given in Table 3

show that with the exception of Nsukka cultivated soil, where

the OC is from C4 plants, the rest are dominated by C3 plants.

For the forested sites, the values are consistent with the domin-

ant tropical vegetation, which has the C3 photosynthetic path-

way, existing at these locations for more than 100 years.

According to Bernoux et al. (1998), terrestrial plants with the

C3 (Calvin cycle) pathway have �13C values in the �35 to

�20‰ range whereas those with the C4 (Hatch–Slack)

pathway have larger �13C values, in the �19 to �9‰ range

(Boutton et al., 1998). The larger (less negative) �13C values in

the cultivated soils are a result of the introduction of C4 plants

during cultivation. This was verified in all humic fractions of

this study that showed greater �13C values when soils were

converted to cultivation, and reached a peak in the HU frac-

tion in the Nsukka cultivated soil with a �13C value of

�17.17‰. This value indicates the dominance of C4 plants

such as grasses, which were removed before cropping with

cassava (Manihot esculenta Crantz). About 20 years ago the

dominant vegetation at this site was Eupatorium odoratum (a

C3 plant) which decomposes very fast (Agbim, 1987), but was

replaced by the present grasses dominated by Panicum spp. (a

C4 plant). Nadelhoffer & Fry (1988) have explained that the

isotopic composition of SOM is identical to the isotopic

composition of the vegetation from which it was derived

because the fractionation during decomposition is small rela-

tive to the original fractionation during C fixation. However,

while acidic hydrolysates from the same soils did not show any

incorporation of carbon from C4 plants (Spaccini et al., 2004),

humic materials in this study revealed a significant enrichment

of 13C after a relatively short period of cultivation (Table 3).

Flexor & Volkoff (1977), who studied changes in �13C values

of humus chemical fractions of a humic Ultisol profile under

Brazilian tropical forest, showed that the humic fraction had

large negative �13C values. However, Wedin et al. (1995)

argued that the selective preservation of specific groups of

compounds (such as lignin) does not explain the pattern of

�13C in all cases. In fact, we found that the HE fraction

maintained significantly larger �13C values than the rest of

the humic fractions in all soils converted to cultivation,

thereby showing a different selective transformation in respect

to other humic fractions. Spaccini et al. (2000) studied the

changes of �13C values of HE fractions with a year-long incu-

bation of maize residues in soils of a climosequence in Europe.

They found that not only was the 13C isotopic content of the

HE fraction slightly affected by decomposition of the C4

maize tissues but it exerted a chemical protection on the rest

of the humic pool. They attributed this effect to the highly

hydrophobic composition of the HE fraction that limits the

diffusion of water and microorganisms to other humified com-

ponents. The slightly more negative �13C values found for HE

in both forested and cultivated sites (Table 3) thus also suggest

that in these Nigerian soils this hydrophobic humic fraction

has a slower turnover than the other humic fractions. This

explanation is also supported by the large C/N ratios found

for the HE fraction in all sites.

CPMAS 13C-NMR spectra of humic extracts

The solid-state 13C-NMR spectra of HA, FA and HU of the

forested and cultivated soils are shown in Figure 1 whereas

those of HE are reported in Figure 2. The carbon distributions

in the different chemical shift (p.p.m.) intervals for the relative

fractions are shown in Table 4. In spite of the quantitative

error in the solid-state NMR technique, which was kept small

(< 5%) by applying the VCT technique, the spectra of HA, FA

and HU showed that the structure of humic matter was

affected by deforestation and subsequent arable cropping.

At Abakiliki, the alkyl region (0–50 p.p.m.) of HA and HU

increased significantly as a result of cultivation. The magni-

tude of the increase was 30.6% for both HA and HU, while

FA remained unchanged. At Nsukka, no significant

differences were observed in the alkyl content of HA and

FA, while HU decreased substantially. At Umudike, a slight

reduction of alkyl content in HA following cultivation was

compensated by its increase in FA and HU.

Signals relative to aromatic carbon (105–160 p.p.m.) were

generally largest in the forested and cultivated HU, followed

by HA, and least in FA at the three sites. However, cultivation

caused a slight concentration of aromatic carbon in the HA

fraction for Abakiliki and Nsukka. The aromatic content of

the FA fraction did not change at Abakiliki and Umudike,

while it decreased significantly with cultivation at Nsukka. The

aromatic content of the HU fraction showed an increase with

cultivation at Abakiliki and an even more significant enhance-

ment at Nsukka, whereas it was decreased significantly at

Umudike.

At Abakiliki, the carboxyl-C signal (160–200 p.p.m.)

decreased significantly by 13.4% in HA, remained substan-

tially unchanged in HU, but increased by 38.1% in FA follow-

ing cultivation. At Nsukka, the same resonance region

increased for HA (14.4%), FA (32.1%) and HU (35.7%) with

cultivation. Also at Umudike, the carboxyl-C increased signifi-

cantly in all humic fractions as a result of cultivation (Table 4).

The increase in the carboxyl-C of the majority of these soils

may be attributed to the side-chain oxidation of plant-derived

lignin–phenolic compounds which is likely to increase as a

result of cultivation (Zech & Guggenberger, 1996) or to incor-

poration of carboxyl-rich material from fresh vegetal tissues

Influence of land use on humic substances in Nigerian soils 347

# 2004 British Society of Soil Science, European Journal of Soil Science, 56, 343–352



(Spaccini et al., 2000). The peptidic-C (50–85 p.p.m.) revealed a

generally significant reduction following cultivation in the HA,

FA and HU fractions at all sites, thereby indicating rapid

turnover of this carbon type under the new land use. The

anomeric-C (85–105 p.p.m.), a signal attributed to saccharidic

carbons, decreased at Umudike in all humic fractions but

increased in FA at Abakiliki and in HU at Nsukka following

cultivation.

These changes may be better evaluated by following the

content of hydrophilic (HI) and hydrophobic (HB) carbons

as well as the overall hydrophobicity (HB/HI) in the humic

fractions (Table 4). The hydrophilic carbon in HA decreased

due to cultivation at Abakiliki, remained unchanged at

Nsukka but increased at Umudike. Concomitantly, the hydro-

phobic carbon in the HA fraction increased significantly at

Abakiliki and showed smaller variation at Nsukka and Umudike,

resulting in an HB/HI ratio for HA that increased only at

Abakiliki. The HI in FA was about the same at Abakiliki

and Umudike but increased somewhat at Nsukka following

cultivation, whereas that of HU decreased at Abakiliki by

16%, increased at Nsukka by 43.3%, but remained stable at

Umudike. The consequence was that the degree of hydro-

phobicity in FA did not vary at Abakiliki and showed a

decrease at Nsukka and an increase at Umudike. Conversely,

the hydrophobicity of HU increased with cultivation at

Abakiliki, decreased at Nsukka and remained unchanged

at Umudike.

In general, when the degree of hydrophobicity was averaged

between forested and cultivated soils, it became evident that

the HA, FA and HU fractions followed a different dynamic

pathway at Abakiliki in comparison with that at Nsukka and

Umudike. A review of the factors controlling organic matter

dynamics in tropical soils, carried out by Zech et al. (1997),

indicated that changes in OM during the process of
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Figure 1 CPMAS 13C-NMR spectra of humic acid

(HA), fulvic acid (FA) and humin (HU) fractions

extracted from Nigerian soils (UM, Umudike; NS,

Nsukka; AB, Abakiliki) at forested (F) and cultivated

(C) sites.
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decomposition are affectedby thedominant site-specific character-

istics such as temperature, humidity, moisture content, pH and

nutrient levels. However, while the climatic parameters of the

soils of this study are similar (Spaccini et al., 2001), their

texture and mineralogical composition are different (Table

1), Abakiliki being the least sandy soil with a predominance

of mica in its fine particles, in comparison with the Nsukka

and Umudike ultisols which contained mainly kaolinitic

clay. This difference may suggest a site-specific influence of soil

inorganic components on the transformation of the humified

pool of SOM. The presence of high-surface-area clay minerals

in Abakiliki, compared with kaolinitic minerals at Nsukka and

Umudike, may selectively protect C-substituted, recalcitrant

aromatic and alkyl structures by surface adsorption within

the humic–clay complexes (Lichtfouse et al., 1998; Spaccini

et al., 2000). Conversely, more water-soluble hydrophilic com-

ponents may have undergone rapid biological oxidation dur-

ing cultivation. Previous studies also indicated a selective

preservation of alkyl components in less soluble soil humic

fractions (Kögel-Knabner et al., 1992) and a relation of the

most hydrophilic FA fraction to the turnover of fresh OM

added to soils (Zalba & Quiroga, 1999; Spaccini et al., 2000).

The 13C-NMR spectra of humic substances extracted with

acetone–HCl solution (HE) are shown in Figure 2, whereas the

C distributions calculated from spectra are given in Table 4.

The spectra reveal a large alkyl signature in the 0–50 p.p.m.

region (CH2 and CH3 groups in polymethylenic chains) for all

locations. This is in agreement with NMR spectra of HE

fractions isolated from temperate soils (Piccolo et al., 1998;

Spaccini et al., 2000) and confirms the large content of apolar

organic components (such as waxes and fatty acids) extracted

with this humic fraction. As forested soils were turned over to

220 180 140 100 60 20 –20 –60 220 180 140 100 60 20 –20 –60
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Figure 2 CPMAS 13C-NMR spectra of humic extract (HE) fractions extracted from Nigerian soils (AB, Abakiliki; NS, Nsukka; UM, Umudike) at

forested (F) and cultivated (C) sites.
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cultivation, the HE fraction at all locations revealed a constant

content of the aliphatic-C (0–50 p.p.m.) and a significant

decrease of the C-N-C (50–85 p.p.m.) region (Table 4). The

aromatic-C (105–160 p.p.m.) was enhanced significantly at

Nsukka and Umudike and decreased at Abakiliki. The HE

fraction showed a significant increase in oxidation (carboxylic-

C, 160–200 p.p.m.) at all sites with the exception of Umudike.

The large content of hydrophobic carbon (aromatic-C þ
aliphatic-C) of the HE fraction resulted in a degree of hydro-

phobicity (HB/HI) substantially larger than for the rest of the

humic fractions (Table 4). Moreover, the hydrophobicity of

the HE fraction increased with cultivation except for Abakiliki.

Lichtfouse et al. (1998) indicated that alkyl compounds

constitute the basic component of the recalcitrant OM strictly

associated with the finest (< 2�m) soil particles. TheHE fraction

appears very similar to the chemical characteristics of the

most resistant OM fraction isolated from surface horizons

of forested soils after sequential extraction and vigorous

hydrolysis of the resulting humin residues as reported by

Kögel-Knabner et al. (1992). These authors suggested that

the non-hydrolysable, highly alkyl organic residue may consist

of preserved macromolecular materials directly inherited

from higher plants. The alkyl structures of the HE fraction

are also likely to represent the most persistent fraction of

stable OM in these tropical soils based on a mechanism of

selective preservation of hydrophobic components (Piccolo,

1996; Lichtfouse et al., 1998). The stability of apolar material

in soils is attributed to the entropy-driven separation of this

hydrophobic fraction from water and, in turn, from

microbial activity (Piccolo, 2002).

The significant quantitative decrease of HE, followed in

order of magnitude by that of HA, FA and HU (Table 2),

when tropical forested soil is increasingly disturbed by farming

practices is accompanied by significant chemical changes in the

Table 4 Distribution of 13C (%) in chemical shift intervals of 13C-NMR spectra of humic fractions (HA, FA, HU, HE) from forested (F) and

cultivated (C) sites in Nigeria (standard deviations in parentheses)

Chemical shift /p.p.m.

Fraction Site 0–50 50–85 85–105 105–160 160–200 HIa HBb HB/HIc

Abakiliki

HA F 37.3 (0.9) 23.2 (0.8) 2.2 (0.1) 0.7 (< 0.1) 36.6 (1.4) 62.0 38.0 0.61

C 48.7 (1.8) 16.1 (0.7) 2.5 (0.1) 1.0 (< 0.1) 31.7 (1.2) 50.3 49.7 0.99

FA F 28.6 (0.8) 37.8 (1.1) 5.0 (0.1) 0.1 (< 0.1) 28.6 (0.8) 71.4 28.6 0.40

C 29.1 (1.0) 23.8 (1.1) 7.6 (0.2) 0.1 (< 0.1) 39.5 (1.8) 70.9 29.1 0.41

HU F 31.4 (0.7) 23.0 (1.0) 5.4 (0.1) 5.4 (0.2) 34.8 (1.3) 63.2 36.8 0.58

C 41.0 (1.2) 15.0 (0.8) 4.0 (0.1) 6.0 (0.2) 34.0 (1.4) 53.0 47.0 0.89

HE F 56.2 (1.8) 19.0 (0.4) 0.3 (< 0.1) 18.0 (0.3) 6.5 (0.2) 25.8 74.2 2.87

C 52.4 (2.2) 16.0 (0.6) 0.2 (< 0.1) 15.7 (0.5) 15.7 (0.4) 31.9 68.1 2.13

Nsukka

HA F 48.1 (2.0) 22.1 (0.9) 4.3 (0.1) 0.5 (< 0.1) 25.0 (0.8) 51.4 48.6 0.94

C 46.3 (1.4) 20.2 (0.9) 4.1 (0.2) 0.8 (< 0.1) 28.6 (0.5) 52.9 47.1 0.89

FA F 38.6 (1.3) 25.3 (0.9) 5.6 (0.1) 3.2 (0.1) 27.4 (0.5) 58.2 41.8 0.72

C 35.0 (1.1) 22.8 (0.7) 5.1 (0.2) 0.8 (< 0.1) 36.2 (1.3) 64.2 35.8 0.56

HU F 52.0 (1.7) 15.2 (0.8) 1.6 (< 0.1) 3.2 (0.2) 28.0 (0.7) 44.8 55.2 1.23

C 35.5 (0.8) 10.7 (0.2) 5.8 (0.1) 9.9 (0.6) 38.0 (2.0) 54.5 45.5 0.83

HE F 54.6 (2.4) 18.6 (0.5) 0.4 (< 0.1) 16.2 (0.4) 9.8 (0.3) 28.8 70.8 2.46

C 55.3 (1.8) 16.2 (0.6) 0.3 (< 0.1) 18.7 (0.6) 12.2 (0.5) 28.7 74.0 2.57

Umudike

HA F 41.5 (1.9) 19.5 (0.8) 5.5 (0.3) 8.5 (0.6) 25.0 (1.3) 50.0 50.0 1.00

C 38.2 (0.9) 15.3 (1.0) 5.6 (0.4) 8.4 (0.9) 33.5 (1.9) 54.4 46.6 0.86

FA F 30.3 (0.9) 32.0 (1.2) 6.6 (0.2) 0.8 (< 0.1) 30.3 (1.6) 68.9 31.1 0.45

C 35.3 (1.5) 25.3 (0.7) 3.2 (0.1) 0.9 (< 0.1) 35.3 (1.1) 63.8 36.2 0.57

HU F 31.1 (1.1) 24.1 (0.8) 10.4 (0.3) 11.6 (0.5) 22.8 (0.6) 57.3 42.7 0.75

C 35.3 (1.8) 13.4 (0.2) 2.5 (0.1) 8.4 (0.1) 40.3 (2.2) 56.3 43.7 0.78

HE F 43.4 (1.0) 25.0 (1.0) 0.2 (< 0.1) 16.8 (0.7) 14.7 (0.5) 39.9 60.1 1.51

C 41.8 (1.2) 23.1 (0.9) 0.3 (< 0.1) 20.9 (0.5) 14.0 (0.5) 37.4 62.6 1.68

aPer cent of hydrophilic carbon: [(50–85)þ (85–105)þ (160–200)].
bPer cent of hydrophobic carbon: [(0–50)þ (105–160)].
cDegree of hydrophobicity.
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nature of the residual humic materials. The humic substances

of the tropical soils of this study have shown a site-specific

tendency to stabilize their hydrophobic constituents with cul-

tivation, as a function of soil mineralogy. This is generally

reflected in the intrinsic hydrophobicity (HB/HI) of the

humic fractions. However, the concomitant variation of more

labile hydrophilic compounds or the increase of oxidized com-

ponents might have altered the consistent degree of hydropho-

bicity in some other humic fractions.

Previous work suggested that the hydrophobic components

are essential to the preservation and stability of OM in soils

(Spaccini et al., 2000). Moreover, it has been found that the

larger the hydrophobicity of humic substances in soil, the

smaller is the mineralization of bio-labile compounds and the

release of CO2 (Piccolo et al., 1999; Spaccini et al., 2000). The

loss of hydrophobic components due to disruption of soil

macroaggregates and exposure of organic compounds to biotic

and abiotic oxidation may be conducive to less stable humic

associations and more fragile soil structures (Piccolo, 2002).

The results on Nigerian soils appear to confirm these previous

findings in that the alteration of the OM status with cultiva-

tion caused the loss of its protective properties by generally

decreasing the hydrophobicity accumulated under forest and

increasing the relative content of oxidation products.
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