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Abstract

This paper deals with four pedons (three Fulvudands and one Andic Haplorthox), located at
high elevations (2000-2400 m a.s.1.) in the Nilgiri Hills on an old laterized surface of South
India, and characterized by thick (50-100 cm) epipedons whose colour tends to darken with
depth. In two of them, the colour contrast between the top and the bottom A horizons was so
well expressed that they were morphologically very similar to the African Oxisols reported to
have sombric subsurface horizons. Soil organic matter (SOM) of the different selected A
horizons was characterized by its mean residence time and its 8°C value, whereas their
humic acids were examined by techniques that made it possible to determine their chemical
composition and their chromatic properties. It was found that the darker colour of the
subsurface A horizons of these soils was related to three joined characteristics: a SOM 8"C
signature indicating a C4-type vegetation (i.e. a grassland-type) origin, the presence of humic
acids belonging to the A-type (i.e. melanic) category of Kumada (1987), and large mean
residence time values. In contrast, the top A horizons had a more recent SOM, mainly
inherited from a C3-type vegetation, and humic acids (HAs) that were less condensed than the
A-type HAs. It was also found that where the presence of sombric-like subsurface A horizons
was the most evident, the vegetation change recorded by the soils (i.e. the change from a
grassland-type vegetation towards a C3-type vegetation) was expressed on the thickest part of
their epipedon.

These observations led us to propose that the occurrence of sombric-like subsurface A
horizons resulted from the following sequence of events: (i) an exceptionally thick
accumulation of organic matter deriving from grassland followed by (ii) its progressive
replacement by less dark organic matter deriving from a C3-type vegetation. This proposal
was found to be in reasonable agreement with the history of the vegetation changes
experienced by the Nilgiri Hills since the end of the Pleistocene. On the other hand, it is also
very similar to one of the hypotheses proposed by Van Wambeke (1992) to explain the
frequent occurrence of sombric horizons in the Oxisols and Ultisols of the high-altitude areas

of Central Africa.

1. Introduction

Although sombric horizons are known to occur extensively in Oxisols and Ultisols of the
high-altitude areas of Central Africa (as an example, see Frankart, 1983, and more recently,

the soil map of Rwanda by Baert et al,, 2000), the genesis of this diagnostic subsurface



horizon remains poorly understood. Its present definition (Soil Survey Staff, 1999), which
dates from the time of the introduction of this particular B horizon into the soil classification
system of Congo (Sys et al., 1961), considers it as a horizon containing illuvial humus not
associated with aluminium. However, the illuvial origin of its humus was frequently
questioned (Frankart, 1983; Neel, 1983; AGCD, 1987, Buol and Eswaran, 1987,
Mutwewingabo, 1989) during the eighties, in particular. Thus, views have also been
expressed that the sombric horizons might be either buried A horizons or, in some locations at
least, the present-day subsurface remnants of thick dark A horizons formed during a previous
cooler climatic period (Van Wambeke, 1992)

During a study of the organic matter-rich soils capping the low activity clay regoliths of the
Nilgiri Hills (South India), Caner (2000) made observations that have led him to consider
Van Wambeke's suggestion reported above in greater detail. At high elevations, on an old
laterized surface in India, many soils do indeed have deep A horizons whose colour generally
darkens, sometimes very distinctly, with depth. However, these horizons also have
exceptionally large contents of metal-humus complexes and, for this reason, the soils under
consideration frequently belong to the Andisol Order (Caner et al., 2000). If we also keep in
mind that colour and melanic index value in Andisols are two characteristics reflecting the
type of vegetation (i.e. grass versus forest) under which the soils have evolved (Shoji, 1988),
it could then be hypothesized that the darkening of colour with depth observed in Nilgiri soils
might be indicative of vegetation changes.

The purpose of this paper is to present observations and analytical data to document this
hypothesis. Firstly, we will show that both the organic matter and the humic acids of the
Nilgiri Andisols or andic soils keep the signature of the different types of vegetation under
which these soils evolved during the last millennia. Afterwards, we will demonstrate that
whenever a darkening of colour is observed in their thick A horizons, this morphological
modification is closely associated with a change in the origin of their organic matter. In other
words, we will show that the occurrence of dark, sombric-like subsurface A horizons in the
Nilgiri soils can clearly be related to the vegetation and, most likely, to the associated climatic
changes that have affected this area since the end of the Pleistocene. Finally, we will examine

the implications of the present study concerning the genesis of the African sombric horizons.



2. Materials and methods

2.1. Study area and its environment.

The Nilgiri Hills (also called the Nilgiris, 2000 to 2500 m a.s.l) correspond to the
Precambrian charnockite massif rising at the junction of the Western and Eastern Ghats in
Southern India (Fig. 1). They result from residual erosion (Gunnell and Louchet, 2000) and
have been deeply laterized during the Tertiary (Subramanian and Murthy, 1976; Subramanian
and Mani, 1981). Demangeot (1975) has given a good description of the geomorphic features
of this strongly rolling surface formed by low areas (or basins) of convex landforms separated
by hill ranges. The thick regoliths inherited from this previous weathering cycle constitute, in
most places, the present day parent materials of the soils.

In the Nilgiris, the climatic conditions are characterized by a mean annual temperature of
about 15°C and by rainfall regimes showing very drastic changes over short distances along a
West-East gradient. In consequence, precipitations range from 5000-2500 mm year™ in the
western part subjected to the south-west monsoon, from 2000-1500 mm in the eastern part
receiving convective rains, and from 1200-900 mm in the central part exposed to a mixed
regime. The native vegetation, largely disturbed by human activities, corresponds to a mosaic
of stunted, high-elevation, evergreen forest (locally called ‘shola’) dominated by Lauracea,
Mpyrtacea and Ericacea species, and grasslands of different floristic compositions including a
majority of C4 species (Cymbopogon, Arundinela, Chrysopogon, Themeda, Blasco, 1971,
Sutra, 1997). The origin and the present day dynamics of this grassland-forest mosaic are
subject matters that have been much debated (Blasco, 1971; Gupta and Prasad, 1985;
Sukumar et al., 1993; Rajagopalan et al., 1997). However, it is generally accepted at this time
that they are the result of the climatic variations and the associated vegetation changes that
have affected this area over the last 20,000 years (Sukumar et al., 1993).

Under residual forests or tree plantations that preserved them from erosion or noticeable
human disturbances, the Nilgiri soils are characterized by thick A horizons (several tens of
centimetres to one metre), darkened by organic matter overlaying reddish earthy materials. As
already noted, these soils that were mapped as Oxic Humitropets or Typic Haplohumults by
Seghal et al. (1996) can now often be classified as Andisols. Indeed, though devoid of
allophane, these soils are always rich in metal-humus complexes and owe their andic
properties to the weathering reactions that have taken place between their humic substances
and the oxides inherited from their pre-weathered ‘lateritic’ parent materials (Caner et al.,

2000).
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Figure 1. Environmental setting of the Nilgiri Hills and location of the four selected sampling sites

2.2. Sampling

Four pedons, differing mainly in the thickness and colour of their epipedons, were selected
for the present study (Fig. 2) among the Nilgiris' soil profiles examined by Caner (2000). In
the first two (Nilg 4 and Nilg 16, Fig. 2, top), the upper part of the epipedon was almost
homogeneously dark reddish brown but a lightening of colour towards the soil surface was
nevertheless noticeable. In the other two (Nilg 19 and Kota 0, Fig. 2, bottom) which also had
the deepest epipedon, the change of colour between surface and subsurface (darkening with
depth) was much more apparent. In addition, by observing road cuts which follow convex
contours at the sites where these last two pedons were observed, the colour differences noted
above were traced laterally over distances of several hundred metres, suggesting that their
dark subsurface horizons were not buried A horizons.

The four pedons were located at 2100 m a.s.1., in different locations of the massif (Fig. 1): the
Nilg 4 pedon is under forest ('shola’) whereas the other three pedons are under tree
plantations. Pedons were described using standard rules and symbols (Soil Survey Division

Staff, 1993) and two different series of sampling were performed.



- First, each genetic horizon was identified, labelled and described. These horizons, or
different sub-horizons (labelled using a second Arabic numeral), were then sampled, sieved at
2 mm and the fine earth used for the routine characterization of the main properties (Tables 1
and 2).

- In a second step, samples were collected from selected layers in the thick A horizons, then
wet-sieved (Gavinelli et al., 1995) to remove plant residue (mainly rootlets) and the fractions
of less than 50 um were used for detailed studies of soil organic matter (SOM) (Tables 3 and
4).

2.3. Laboratory methods

Three sets of analyses were performed for this study: routine analyses for the global
characterization of soils leading to their classification, isotope studies and organic matter
analyses to document the hypothesis that vegetation changes may have played a role in the

development of sombric-like horizons.

2.3.1. Routine analyses

The methods used to characterize the soils and to identify their andic properties were
presented in Caner et al. (2000). Briefly, they consisted of the determinations making it
possible to classify the pedons according to the Soil Taxonomy (Soil Survey Staff, 1999).
Particle size distribution analysis was done after pre-treatment with 30% H,O, to destroy
organic matter, and with acid ammonium oxalate (pH 3.0) to remove amorphous cements.
Melanic index (MI; Honna et al., 1988) was calculated as the ratio of the absorbance at
450 nm to that at 520 nm of a soil (0.5 g of fine earth) extract in 0.5% NaOH. Estimates of
Al-humus contents were computed from the mean values of the figures obtained using the

two alternative formulas proposed by Poulenard and Herbillon (2000).

2.3.2. Carbon isotope studies

Stable carbon isotope ratios (8°C) are widely used, coupled with '*C dating, to document
vegetation dynamics in natural ecosystems where C; and C4 plant communities coexist (or
may have coexisted) (Boutton, 1996). In the present paper, " C ratios were determined after

combustion of < 50 um soil fractions in sealed quartz tubes with CuO and Cu,O at 950°C for

4 h.



Figure 2: Photographs illustrating the four pedons of this study. These photographs show the
superposition of thick, organic matter-rich A horizons above reddish ‘lateritic’ materials. A gravelly
stone line always demarcates the transition. 7op: typical Nilgiris soils displaying rather uniform dark
reddish brown (5 YR 2.5/2) epipedons, (left: pedon Nilg 4; right: pedon Nilg 16). Botfom: soils which
present the thickest epipedons and subsurface A horizons (5 YR 2.5/2), darker than the surface ones
(10YR 3/4 or 5YR 3/3), (left: pedon Nilg 19; right: pedon Kota 0). In the present paper, the subsurface
dark horizons of Nilg 19 and Kota 0 were referred as sombric-like subsurface A horizons.



The CO, was isolated and purified by cryogenic distillation and its >C isotope composition
determined (Micromass VG 602D). Isotope ratios were expressed as 8"C relative to the NBS
(VPDB) standard according to the formula:

dC = [(Rsampte/RvppB) - 1] x 1000, where R is the BC/C ratio.

C dating was performed on the < 50-um soil fractions by the liquid scintillation method
(Balesdent and Guillet, 1982). Samples with weights equivalent to 5 g of organic carbon were
burnt at 900°C under O, flow. The resulting CO, was purified by cryogenic distillation and
converted into benzene of which '*C activity was determined relative to the NBS standard.
1€ activities were corrected for isotope fractionation and expressed as AYC, according to the
following the formula:

A™C =3"C - [(28"°C + 50) x (1+(3"*C/1000))]

with 8'*C being the measured activity of the sample.

For surface samples which presented A*C positive values, the mean residence time of SOM
(MRT) was computed using a model which took the incorporation of '*C derived from the
atmospheric nuclear tests in the SOM (Balesdent and Guillet, 1982; Balesdent, 1987) into
account. For subsurface horizons, MRT was computed from the A™C activity using a "*C

half-life of 5,568 years.

2.3.3. Organic matter analyses

Humic compounds were obtained by repeated extractions on the < 50 um soil fraction with a
mixture of 0.1 N NaOH and 1% Na4P,07. Humic acids (HAs) were precipitated at pH 2, kept
for 16 hours at 4 °C and centrifuged. HAs were purified by dialysis (Spectra-Por 6,
molecular-weight cut-off 6000 da), decationised through cation-exchange resin (Amberlite IR
120) and freeze-dried before analysis. Only total carbon was measured on the fulvic acids
(FAs).

Elemental analysis of C, H, N and O of HAs was performed on a CHN+O autoanalyser
(Carlo Erba 1108). Ash content was determined by loss on ignition at 700°C.

The absorbance of the HAs in UV-visible light, especially their brown colour, is attributed to
the conjugated double bonds distributed in the structure and is correlated with the
humification degree (Stevenson, 1982). In consequence, the colour intensity of suspensions of
humic substances was measured in order to get an estimation of the degree of humification

and to compare profiles or horizons within a profile.



We employed the criteria defined by Kumada (1987) and further modified by Arai et al.
(1996). The absorbance of HAs at 400 and 600 nm (A400 and Aepo) was recorded from 0.1 N
NaOH solutions, containing 1% of HA, on a Beckman DU 70 spectrophotometer. The colour
coefficient (ALogK = LogAdap - Logdens) and the colour intensity (Aeoo/C, where C is the
carbon concentration of the suspension) of the HAs were calculated. A¢oo/C values were then
plotted against ALogK values to determine the type of HAs (i.e. A-type, B-type, P-type or
Rp-type) present (Kumada, 1987; Arai et a/, 1996). The degree of humification of the HAs
increases as ALogK decreases and Aguo/C increases; ALogK < 0.65 and Ago/C > 5 are

considered as characteristic of A-type (i.e. melanic) HAs.

Fourier-transformed infrared (FT-IR) spectra were obtained by absorbance from KBr pellets
(1 mg HA pressed under vacuum in 200 mg KBr) on a Bruker Vector 22 FTIR

spectrophotometer.

Solid-state >C-NMR spectra of HAs with cross polarization and magic angle spinning
(CPMAS NMR) were obtained on a Bruker DSX 300 operating at 75.47 MHz. The rotor spin
rate was set at 4 kHz. Spectra were acquired with a 1 ms contact time, 5 s recycle time and a
13 ms acquisition time. Chemical shifts are reported relative to tetramethylsilane at O ppm.
Spectra were divided into chemical regions according to Preston (1996), Kogel-Knabner
(1997) and Golchin et al. (1997): 0-46 ppm, aliphatic carbon; 46-110 ppm, O-alkyl; 110-
160 ppm, aromatic carbon; 160-210 ppm, carbonyl.

3. Results

3.1. Soil morphology

The morphological characteristics of the four selected pedons are summarized in Table 1 and
illustrated in Figure 2. All soils exhibit two groups of horizons (Fig. 2) separated by a
gravelly stone line (Bw), rich in ironstone nodules demarcating a lithological discontinuity.

- In depth, below the stone line, the 2Bo horizons have bright reddish colours. They are
almost structureless but contain microaggregates, reminiscent of the structural features of an
Oxic horizon. These 2Bo horizons are also very rich in Al and Fe oxides and very poor in
weatherable minerals (for Nilg 4 and Nilg 16, see data in Caner et al., 2000).

- Similarly, the epipedons, above the stone line, have a weakly developed structure. In all
soils, the subsurface A horizons are somewhat darker than the surface ones, these colour

differences and, thus, the contrast between the two groups of A horizons being much more



Table 1: Environment, morphological characteristics and general properties of the selected pedons

Pedon Horizon DPepth(cm)  colour Textural Structure Claylf .
(location, Rainfall) (moist) classes * (gkg)’ water

Nilg4 (11°17° 56"’ N, 76°35° 57" E; 2200 mmyear'l)

A 0-30 5YR 3/2 cl very fine granular 550 5.09
A, 30-55 5YR 2.5/2 cl massive 510 4.93
Bw 55-65 5YR 3/3 scg massive 400 5.01
2Bo; 65-110 2.5YR 3/6 cg massive 490 5.03
2Bo, 110-150 2.5YR 3/6 c massive 460 5.04
Nilg 16 (11°24° 57" N, 76° 34° 50" E; 2500 mm year™)
Ay 0-20 7.5YR 3/2 cl granular 420 4.54
A, 20-45 5YR 2.5/2 cl massive 400 4.85
Aj 45-60 5YR2.5/2 cl massive 610 5.37
Ay 60-70 5YR 3/3 scg massive 480 5.56
Bw 70-85 5YR 3/3 cg massive 530 5.62
2Bo; 85-100 2.5YR 3/6 c massive 670 5.75
2Bo; 160 10R 4/6 c massive 760 5.89
Nilg 19 (11° 13 02" N, 76° 37° 19" E; 1700 mm year™)
A 0-15 10YR 3/4 cl very fine granular 380 4.63
A, 15-45 10YR 3/4 cl massive 370 543
As 45-90 5YR 2.5/2 cl massive 470 4.45
Ay 90-120 5YR2.5/2 c massive 490 3.98
Bw 120-135 5YR 4/4 scg massive 540 3.91
2Bo; 135+ 2.5YR 3/6 SC massive 330 4.35
Kota 0 (71°24°55°" N, 76° 49’ 24" E; 1300 mm year™)
A 0-20 5YR 3/3 cl very fine granular 480 4.09
A, 20-50 5YR 3/3 cl massive 650 4.62
As 50-90 5YR 2.5/2 cl massive 620 4.61
Ay 90-120 5YR2.5/2 sc massive 520 4.77
Bw 120-135 2.5YR 3/4 scg massive 490 4.79
2Bo; 150-160 5YR 4/6 sc massive 620 4.73

* Textural classes: sc, sandy clay; ¢, clay; cl, clay loam; g, gravels.
b Clay : content in clay after destruction of organic matter and an oxalate pre-treatment.

evident where the epipedons are the thickest, i.e. in Kota O and Nilg 19 pedons. In the last
case especially, the subsurface A horizons are characterized by a darkening corresponding to
two units of the Munsell values and a distinctly more reddish hue.

In consequence, the Nilg 19 and Kota 0 pedons exhibit clear morphological similarities to
those African Oxisols whose deep umbric epipedon was reported to merge with their sombric
horizon (Eswaran and Tavernier, 1980). They, however, differ from some of the low-activity
clay soils with a sombric horizon described by Sys (1972) by the fact that their dark

subsurface horizons do not occur below a brighter B horizon.



3.2. Chemical and Physical properties and soil classification

Selected results illustrating chemical and physical properties of the soils are listed in Table 2.
The most conspicuous of these results deal with the large soil organic C contents (21 to 174
g C kg, Table 2). Indeed, the figures lead us to estimate organic carbon stocks (up to 1-m
depth) as large as 30 to 50 kg m™.

With the exception of the Kota 0 pedon where a small C increase was noted in the Az horizon,
C contents regularly decreased with depth. Similarly, the optical density of oxalate extract
(ODOE, Table 2) values followed the same depth trend. These results may be taken as an
indication that, even in the Kota O pedon, the darker subsurface horizons could not be
considered as B horizons containing illuvial humus. Accordingly, they were labelled as A
horizons in Table 1. As a matter of fact, the comparison between the Munsell colours given in
Table 1 and the C contents (Table 2) indicated that, in most cases, the colour darkening was
associated with decreasing C contents. Thus, the chromatic properties of organic substances
rather than their contents should be at the origin of the darkening with depth observed in the
sombric-like horizons of the pedons Nilg 19 and Kota 0.

Table 2 also shows that the Nilg 4, Nilg 16, and Nilg 19 pedons had the combination of
properties (Al, + 1/2 Fe, =20 g kg™, phosphate retention = 85% and bulk density <0.90 g
cm™) known as the andic soil properties and were therefore Andisols rich in Al-humus
complexes (CoAl, Table 2). However, despite their large organic C contents, these three
pedons lacked the Munsell colours (Table 1) and, sometimes, the melanic index values (Table
2) as well, required for identifying a melanic epipedon. Consequently, they had to be
classified as Fulvudands. At the Subgroup level (see the pertinent data in Caner et al., 2000),
they further keyed out as either Acrudoxic Fulvudands (Nilg 4) or Pachic Fulvudands
(Nilg 16 and Nilg 19). In contrast, the Al, + 1/2 Fe, values of the top horizons of the Kota 0
pedon were less than 20 g kg™ and this soil could not be classified as an Andisol. This pedon
had an Oxic horizon below its stone line (results not shown), i.e. at an unusually great depth
(135 cm and more) and, on this basis, it was tentatively classified here as a member of the

Andic Hapludox Subgroup.



Table 2: Data on selective dissolutions and andic soil properties

Pedon Horizon/ Depth C Total Al +1/2Fe, CoAl* ODOE’ P retention Bulk density py©

layer cm  (gkgh  (gkeh  (gkgh (%) (kg dm)
Nilg 4
A 0-30 79.3 26.0 180 1.08 97 0.74 1.92
A, 30-55 40.0 252 150 0.99 98 0.89 1.53
Bw 55-65 20.6 17.1 70 0.90 85 0.95 1.56
2Bo; 65-110 10.1 10.6 nd 0.48 83 0.98 nd
2Bo; 110-150 6.5 93 nd nd 83 1.10 nd
Nilg 16
A 0-20 139.0 29.5 170 1.10 98 0.47 1.66
A, 20-45 81.8 35.6 220 1.05 99 0.49 1.59
Aj 45-60 49.2 30.8 210 0.91 99 0.65 1.60
Ay 60-70 314 25.7 160 0.81 99 0.72 1.73
Bw 70-85 26.6 23.2 160 0.81 98 0.80 1.68
2Bo; 85-100 6.4 7.9 nd nd 85 0.95 nd
2Bo, 160 3.4 93 nd nd 96 1.09 nd
Nilg 19
A 0-15 112.2 24.9 140 0.86 90 0.65 2.10
A, 15-45 75.0 29.6 160 0.90 95 0.69 1.90
Aj 45-90 28.9 22.7 130 0.75 94 0.75 1.72
Ay 95-120 14.4 12.7 50 0.74 77 0.92 1.90
Bw 120-135 6.5 4.7 nd 0.37 63 1.23 nd
2Bo, 160 6.0 33 nd 0.13 nd nd nd
Kota 0
A 0-20 92.2 18.6 100 0.91 89 0.70 2.10
A, 20-50 37.0 15,6 100 0.71 nd 0.77 1.73
Aj 50-90 42.4 19.0 110 0.70 96 0.80 1.60
Ay 90-120 36.0 26.2 160 0.84 99 0.87 1.70
Bw 120-135 22.1 17.1 100 0.61 94 1.05 1.85
2Bo; 150-160 8.9 8.9 nd nd 75 1.20 nd

* CoAl: Al-humus contents estimated according to Poulenard and Herbillon (2000).
® ODOE: Optical density of the oxalate extract measured by the method of Daly (1982).
¢ MI: Melanic index following Honna et al. (1988).

3.3. Soil carbon isotope studies

For the bottom (As, A4, Bw) horizons, the SOM 8"°C values ranged from -11.8%o to -15.9%o,
indicative of C4-type plant origin. In contrast, the SOM &"C values ranged from -23.1%o to -
24.2%o in their A, top soil counterparts, which clearly indicates a C3-type vegetation origin,
except for the Nilg 16 topsoil OM where the 8°C value (-17.5%o) is indicative of a mixed

origin (C3 and C4-type vegetation). On the other hand, some intermediate horizons of the



Table 3: SOM general characterisation, isotope composition and dating

Pedons Horizons/  Depth 3=C AMc® MRT
layers (cm) (%0) (%0) (years B.P.)
Nilg4 A 0-10 -24.2 56 153 £20
Alz 15-30 -19.8 -132 1140 £ 42
Az 40-55 -14.4 -400 4100 + 52
Bw 55-65 -12.5 nd nd
Nilg16 A 0-10 -17.5 87 108 £ 9
Az 20-35 -12.5 -98 826 + 39
Az 45-50 -11.1 -295 2814 +£42
Ay 60-70 -12.4 -914 19715 + 160
Bw 70-85 -11.8 -963 26213 +£299
Nilg19 A, 0-10 -23.1 108 85+20
Az 15-25 -22.3 -39 277 + 34
Az 25-40 -22.4 -239 2192 £ 50
Aszp 60-70 -15.2 -808 13245 £ 81
As3 70-80 -15.9 nd nd
A 100-120  -14.9 nd nd
Kota 0 Ay 0-20 -23.2 141 62+ 4
Az 30-40 -15.8 -396 4054 £ 51
Az 50-65 -14.8 -450 4811 + 59
Aszz 80-90 -12.9 -921 20411 + 154
Asp 100-120 -12.9 -937 21171 + 206

* Corrected "C activities (see text).

other three pedons were similarly characterized by 8"C values ranging between -14.4%o and -
19.8%o0, which also indicates that their organic materials were of mixed C3 and C4-type
vegetation origin. The SOM &"C data therefore showed a general trend for the Cs-derived
SOM to increase towards the surface (Table 3).

The results of the '*C dating (Table 3) showed a rapid increase of the mean residence time
(MRT) of SOM with increasing depth and very old SOM in the deepest organic horizons (60-
120 cm; from 13,245 yr BP for pedon Kota 0 to 26,213 yr Bp for pedon Nilg 16).

Both the 8"C values and the '*C dating illustrate the tendency for a C4-type vegetation to
have been replaced by a C3-type vegetation, and the depth trends observed are therefore in
agreement with what has been reported in several tropical areas where a savanna vegetation
give way to forests (e.g. in Brazil, Desjardins et al., 1996; in Colombia, Guillet et al., 1988; in
India, Mariotti and Peterschmitt, 1994).



3.4. Humic acid characteristics

3.4.1. Organic elemental analysis and infrared spectroscopy

The organic carbon content of the humified fractions (< 50 um) ranged from 59% to 83% of
total soil organic carbon (SOC) in the fine earth (0-2 mm) (results not shown). Organic matter
occurring in the coarse fractions (> 50 um) was mainly made of rootlets. Extractable organic
carbon was 35% to 38% of SOC, HA/FA ratios were about 0.8 and HAs therefore represented
between 28% and 30% of the OM occurring in the humified fraction (results not shown). The
C contents of the HAs extracted from these soils varied from 52.5 to 59.0%, H contents from
2.1to0 4.9%, N from 1.5 to 5.1% and O contents from 34.7 to 40.0% (Table 4), typical of soil
(Steelink, 1985) and Andisol (Yonebayashi, and Hattori, 1988) HAs. The aliphatic structure
of the HAs from the A; horizons was revealed by their IR spectra showing an intense
absorption of the double-band at 2920 cm™ (C-H stretching) (Fig. 3) and by their large H/C
atomic ratios (> 1) (Table 4) (Andreux, 1978, Steelink, 1985). In contrast, the IR spectra of
the HAs from the Az horizons were characterized by the lower intensity of aliphatic groups
and of absorption bands of carboxyl and carbonyl groups, whereas the aromatic bands at
1720 cm™ (C=0 stretching) and 1620 cm™ (C=C stretching) presented greater intensities.
Phenolic -OH groups (3400 cm™, IR shoulder) were also well represented in these latter
horizons. The abundance of oxygen may be related to the amount of both carboxyl groups,
which are responsible for the large acidity of these compounds (see Caner, 2000), and

hydroxyl-alcoholic groups, which probably derive from polysaccharides.

3.4.2. UV-Visible spectroscopy

The values of the selected optical parameters listed in Table 4, which show that the
humification degree reaches its highest level (A-type) in HAs from the A,, A; and Ay
horizons of the Nilg 4 and Nilg 16 pedons and from the A3 and A4 horizons of the Nilg 19
and Kota O pedons, are in agreement with the observed dark colour of these horizons (see

Table 1). On the other hand, HAs from the A; horizons of the Nilg 4 and Nilg 16 pedons and

A; and A, horizons of the Nilg 19 and Kota 0 pedons presented a lower humification degree

(B-type), again in agreement with their brown colours



Table 4 Elemental organic composition, optical parameters and classification of the humic acids.

Pedons Horizon Depth Ash  C N H §) C/N H/C O/C ALogk Aqd/C HA®
Nayer (cm) (%) (%)*® --- (atomic ratio) --- type
Nilg 4
Aqp 0-10 52 530 43 4.5 38.2 14.5 1.02 0.54 0.63 3.32 Rp
A 15-30 3.1 53.7 3.6 5.7 36.9 17.2 1.27 0.52 0.58 5.86 A
Ay 40-55 75 568 26 2.8 37.8 252 0.58 0.50 0.57 6.83 A
Nilg 16
A 0-10 58 56.0 34 43 36.3 19.2 0.92 0.49 0.58 5.17 B
Ay 20-35 1.9 585 34 34 347 20.4 0.70 0.44 0.54 6.06 A
Az 45-50 8.6 56.1 2.2 2.7 39.0 29.9 0.58 0.52 0.54 6.77 A
Ay 60-70 7.3 56.9 1.9 2.5 38.7 345 0.52 0.51 0.55 7.76 A
Nilg 19
An 0-10 0.3 53.9 49 4.9 36.3 12.9 1.09 0.51 0.73 265 P/B
Ag 15-25 46 539 5.1 4.6 36.4 12.2 1.03 0.51 0.65 3.56 B
A 25-40 9.8 525 4.5 42 38.9 13.8 0.96 0.56 0.61 3.29
Aszp 60-70 59 573 1.8 2.4 38.5 37.1 0.50 0.50 0.59 8.81 A
Kota 0
A 0-20 27 537 42 4.6 37.6 151 1.02 0.53 0.69 3.42 B
Ay 30-40 47 549 23 2.7 40.0 27.7 0.59 0.55 0.56 7.96 A
Az 50-65 39 559 20 2.7 393 32.0 0.58 0.53 0.56 7.81 A
Aszz 80-90 34 589 1.6 2.4 37.0 42.9 0.50 0.47 0.59 7.03 A
Aspn 100- 3.7 576 1.5 2.1 38.8 46.1 0.44 0.51 0.58 8.06 A
120

* Results are expressed ash-free basis. ® HA classification following Kumada (1987).

3.4.3. "C-NMR spectroscopy

Fig. 4 presents the >C-NMR spectra of the HAs extracted from organic matter-rich horizons.
Two HA groups can be distinguished:

- HAs from the A; horizons were marked by the abundance of alkyl C (0-30 ppm), O-alkyl C
(55-57 ppm related to CH3-O- groups derived from lignin), N-alkyl groups and an intense
carbonyl C region (170 ppm).

- HAs from the A3 horizons of the Nilg 16 and Kota 0 pedons were dominated by aromatic C
(130 ppm) and carbonyls (170 ppm), whereas alkyl C (0-30 ppm) bands were virtually absent.
The results confirm those obtained from elemental analysis and IR spectroscopy: aromatic

HAs occurred in depth whereas relatively aliphatic ones were present close to the surface.
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Figure 3: FT-IR spectra of humic acids from the Nilg 16 (A) and Kota 0 (B) pedons (A; and A;

horizons).

Moreover, the NMR spectra of the humic acids from the sombric-like subsurface A horizons
of the Nilg 19 and Kota O pedons presented features that were very similar to those obtained

by Golchin et al. (1997) on charred residues from grasses.
4. Discussion

4.1 Vegetation changes recorded by the soils

In the case of Nilgiris, as in many other tropical areas, C4-type plants generally dominate in
grasslands whereas C3-type plants specifically occur in forests. Nevertheless, C3-type herbs
may have also replaced C4-type grasses in grassland, particularly during the deglaciation
period (18,000-10,000 yr BP), when high moisture conditions were supposed to have
favoured C3-type species (Sukumar et al., 1993). In the present study, the interpretation of

5"C values in terms of plant formations does not pose any problem with regard to the C4-
type plant signatures; it is clearly attributed to grassland formations. For the C3-type plant
signatures, when a surface horizon is concerned, the nature of the current vegetation, forest or
plantation is in agreement with this signature.

Taking the above interpretations into account, the data listed in Table 3 indicate that the four
soils have recorded rather different vegetation successions. For instance, in Nilg 16, a clear
grassland signature shows itself in a layer that is both close to the soil surface (20-35 cm) and
characterized by a recent MRT (826 years BP). In contrast, the first 40 cm of the Nilg 19

epipedon have a SOM clearly deriving from a forest vegetation that already existed at this
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Figure 4: Solid state "C-NMR spectra of humic acids from the Nilg 16 (A) and Kota 0 (B) pedons

(A, and A; horizons).

particular site 2,000 years ago. Thus, our results are obviously too limited and also too
scattered to attempt any reconstitution of the recent history of the vegetation dynamic in the
grassland-forest mosaic of the Nilgiris. They are, however, in reasonable agreement with the
finding that the savanna extended considerably at the end of the Pleistocene (Sukumar et al.,
1993; Rajagopalan et al., 1997). Similarly, they point to the fact that, where the sombric-like
subsurface A horizons are present (as in the Nilg 19 and Kota O pedons), the change from
grassland to forest vegetation took place earlier than at the sites where similar subsurface

horizons were not observed.

4.2 Organic matter origin, properties of humic acids and soil colour.

Figure 5 presents graphs on which the 8C of organic matter have been plotted against either
the colour intensity values or the H/C ratios of humic acids. Both graphs (Fig. SA and 5B)
reveal a similar trend: as the 8"C values increase, the chromatic and the chemical properties
of humic acids are modified. Thus, the darkest and most condensed HAs (i.e. those belonging
to the A-type category, see Table 4) show a clear tendency to have formed at the expense of a
grassland vegetation.

Since the humic acids, along with the iron oxides, are the major pigments responsible for soil
colour (Schulze et al., 1993), the data plotted in Fig. 5 can now be compared with the colours
of the different A horizons listed in Table 1. We can then deduce (Fig. 5) that the horizons
with Munsell chromas and values lower than 3/2 belong to a population that includes the
samples that have both a SOM derived most obviously from grassland and A-type humic

acids.
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Figure S: Plots of H/C ratios (A) and colour intensity values (B) of HAs versus the SOM
8"C values. Samples having 8"C values higher than -15%o and aromatic and melanic HAs
are part of a population that is statistically different from the one that includes the other
samples. Filled symbols correspond to SOM from subsurface horizons having a Munsell

colour of 5YR 2.5/2., whereas open symbols correspond to SOM from horizons having a
Munsell colour lighter than SYR 2.5/2.

In other words, regardless of the origin and position of the samples in their respective
epipedon, the darkest ones (those having a Munsell colour of SYR 2.5/2) all contain A-type
humic acids and organic matter derived from a grassland vegetation.

Despite the fact that the three Andisols of this are classified as Fulvudands, the relationships
between soil colours and organic matter origin described above are consistent with previous
observations concerning the differences existing between the dark Melanudands and the
lighter coloured Fulvudands occurring in Japan (Shoji, 1988; Nanzyo et al., 1993). The
former have also been reported to contain A-type humic acids inherited from grass vegetation
whereas the latter occur most commonly under deciduous trees. Moreover, it has been shown
(Golchin et al., 1997, Higashi et al., 1999) that where a grass ecosystem gives way to a
deciduous forest, the Melanudands may loose their dark colour (and their characteristic A-

type humic acids) after a very short period of time (i.e. a century or even less).

4.3 Genesis of sombric-like subsurface horizons

The pedons of this study present similarities and differences with the Andisols of Japan that
loose their dark colour after a vegetation change. They also occur in sites that have
experienced a vegetation change relatively recently (here, from a grassland-type vegetation

towards a C3-type one) and a colour lightening is similarly observed but only in their upper A



horizons. Moreover, in the Nilgiris, colour contrasts with depth remain noticeable in the same
epipedon and this sometimes occurs to such an extent that two of the soils of this study can be
identified as having sombric-like subsurface A horizons.

In view of these observations, we therefore suggest that the genesis of sombric-like
subsurface horizons of the Nilgiris' soils results from the following sequence of events: (i) an
exceptionally thick accumulation of dark organic matter deriving from grassland followed by
(i) its progressive replacement by less dark organic matter deriving from a C3-type
vegetation during a sufficient time span and on a sufficient thickness of their upper A
horizons. To be plausible, our proposal must also explain why the invasion of the Nilg 19 and
Kota 0 pedons by organic matter deriving from a C3-type vegetation has left dark horizons in
the deeper layers whose organic matter derives from a grassland vegetation. In this respect,
two complementary factors are likely to have played a role. Firstly, the sombric-like horizons
contain very large amounts of Al-humus complexes (up to 150 g kg, see Table 2) and these
constituents are known to be particularly resistant to mineralisation (Boudot et al., 1988).
Secondly, the fires that Blasco (1971) considers as the key factor in the stabilization of the
grassland-forest mosaic of the Nilgiris may also have played a role. Indeed, the sombric-like
horizons characteristically contain type-A humic acids, i.e. humic constituents that have been
frequently considered as indicators of charred organic matter (Shindo et al., 1986; Skjemstad
et al., 1996; Golchin et al., 1997) and, for this reason, considered as forming part of the most
inert pool of SOM (Skjemstad et al., 1996).

4.4 Sombric-like horizons of the Nilgiris versus the African sombric horizons

So far, we have shown that one of the hypotheses proposed to account for the presence of
sombric horizons in central Africa is consistent with the observations reported in the present
study. In the Nilgiris, the dark subsurface horizons are the remnants of humification processes
that have taken place under a former grassland vegetation. In Africa, the sombric horizons
have many different facies (Frankart, 1983) and, as Van Wambeke (1992) observes, they
occur in environments where their origin may be related to many different types of events. As
far as we know, no analytical data similar to those discussed in this paper are available. Thus,
we are certainly not in a position to extend our hypothesis to cover the whole African area
where sombric horizons were reported to occur. However, we may underline coincidences.
Beside similarities in terms of elevation and nature of the soil parent materials, there are now
reports (e.g. Bonnefille et al.,, 1990) indicating that in Burundi, especially, the end of the

Pleistocene was also characterized by an important extension of the savanna at elevations that



were more recently colonized by the montane forest. On the other hand, in an early paper by
Ruhe (1956), a climatic and associated vegetation change was already suggested to be at the
origin of the development of sombric horizons. Finally, there is another puzzling similarity.
As is clearly the case in the Nilgiris and in Central Africa as well, the dark subsurface
horizons frequently have chemical and physical properties similar to those that are presently
recognized as soil andic properties (Neel, 1983; Buol and Eswaran, 1987, Mutwewingabo,

1989).

5 Conclusion

The soils of the Nilgiris showing the clearest colour contrast between their dark subsurface
horizons and their brown top A horizons have recorded the vegetation changes that they
experienced since the end of the Pleistocene in their organic matter. SOM of the dark
subsurface horizons derives from the grassland vegetation that existed more than 10,000 years
ago, whereas top soil OM have the 8"C signature of organic constituents deriving from the
C3-type vegetation that replaced the grassland more recently. On the other hand, the different
horizon colours observed, as well as the different origins of their organic matter, are also
reflected in the chromatic and chemical properties of their humic acids. In depth, the humic
acids belong to the A-type category of Kumada (1987) whereas, in the top A horizons, similar
highly aromatic and dark humic acids are absent.

In view of these results, the sombric-like subsurface A horizons observed in the Nilgiris are
therefore considered to be the relics of humification processes that took place under a
grassland vegetation in sites that, later experienced a surface lightening of their dark humus
under the influence of a C3-type vegetation.

In the present paper, this interpretation, which is very similar to the hypothesis proposed by
Van Wambeke (1992) to explain the genesis of some African sombric horizons, results from
the utilization of approaches that were generally not available when the sombric horizon was
initially defined. Since organic matter origin can now be more easily traced, these approaches
should also to be used to see if the African sombric horizons would have inherited their dark

SOM from a previous savanna vegetation as well.
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