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Abstract

Lipid extracts from four long-term experiments (Broadbalk Wilderness, Geescroft Wilderness, Hoosfield Spring Barley
and Park Grass) were analysed using a combination of gas chromatography, gas chromatography—mass spectrometry and
gas chromatography—combustion—isotope ratio mass spectrometry. The lipid content of the primary organic inputs for
each soil were also analysed in order to assess the early diagenetic fate of the various compound classes present. Soil pH was
observed to, either directly or indirectly, have a significant effect on lipids with a relative increase in abundance of n-alkanes
at higher pH (7.31) and a large relative increase in n-alkanoic and o-hydroxy acids at low pH (3.74). Triacylglycerols
exhibited severe losses irrespective of pH. In an arable soil, n-alkanoic acids showed a temporal decrease in concentration
whilst levels of n-alkanols remained static, the difference was ascribed to a more rapid turnover and possible leachate
migration of the n-alkanoic acids. The phytosterol, sitosterol, was observed to rapidly diminish in soils possibly as a result
of assimilation by soil dwelling invertebrates. Analysis of 5B-stigmastanol (a faecal biomarker) showed that it remained at
levels indicative of manuring even after 113 years. Furthermore, analysis of 53-stanyl esters revealed a manuring signal even
more persistent than that exhibited by the free stanols. Knowledge of the biogeochemical cycling of lipids in the soil envir-
onment will help facilitate understanding of the processes which underpin carbon cycling in soils. © 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

Soil organic matter is an important, dynamic reser-
voir in the global carbon cycle and other elemental
cycles. It has been estimated that about 1760x10'? kg
of carbon exists in the soil, over twice the amount
residing in the atmosphere (O’Neill, 1993). Hence, soil
plays a central role in the biogeochemical cycling of
carbon. Soil is intimately involved in the regulation of
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atmospheric ‘greenhouse’ gases, for example, it provides
anchorage and nutrition for the biosphere which is a
major reservoir for CO, (Wayne, 1991). Furthermore,
CH, another gas implicated in global warming is subject
to bioremediation by methanotrophic bacteria found in
the soil environment (Hanson and Hanson, 1996). The
rate of organic matter degradation/mineralisation in
soils is currently a key research issue, especially with
regard to the factors influencing the eventual release of
CO, back into the environment and the ability of soil to
sustain increased floral growth under elevated levels of
CO, (Cresser et al., 1993).

1.1. The origin and fate of lipids in soils

Lipids are generally defined as ‘organic molecules
insoluble in water and extractable by various organic

0146-6380/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
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solvents’. The description is both ambiguous and over
simplistic, seeking to singly classify an astonishingly
diverse series of organic compounds. Lipids vary struc-
turally from derivatives of complex organic components
(phospholipids, sphingolipids and lipoproteins) to sim-
pler functional classes such as hydrocarbons, aldehydes,
ketones, alcohols and carboxylic acids which can com-
bine to form other compounds such as wax esters, steryl
esters, terpenyl esters, mono-, di- and triacylglycerides
(Dinel et al., 1990). The very nature of extracted lipids
will vary according to the polarity of the solvent system
used for extraction. Globally, soil lipids constitute
between 4 and 8% soil organic carbon although quan-
tities of up to 42% have been observed to occur in a
cultivated organic soil (Preston et al., 1987). Whilst they
are admittedly a minor component in soils, lipids exhibit
an inherent diagnostic value regarding organic matter
both (endogenous and exogenous) and the pedological
processes to which it is subjected. They occur in both
flora and fauna as products of deposition, exudation
and decomposition as well as other sources such as
fungi and algae. The functional diversity of lipids con-
fers a variable rate of degradation/transformation to
this group of compounds, this may be exploited to
obtain information on the action of different soil pro-
cesses. Additionally, the composition, concentration
and diagenetic fate of lipids can vary between soil
environments due ultimately to differences in sources of
organic matter and changes in inorganic mineral con-
tents (Miller and Donahue, 1995). Soils exhibiting low
microbiological activity have been shown to possess a
relatively higher lipid content than those exhibiting high
levels of activity whilst soils exhibiting a low pH also
possess a higher concentration of lipid components
(Fridland, 1976). Such preservation is the result of both
physical conditions in the soil environment and the
action of the endogenous fungal population along with
cohabiting micro-, meso- and macrofauna (the popula-
tions of which are also determined by the soil environ-
ment). The complexity of this scenario is increased still
further by the reciprocal effect that soil lipids can have
on the physical and biological properties of a soil. Such
‘feed-back’ mechanisms are demonstrated by Dinel et al.
(1992) who observed a correlation between increases in
bound aliphatic compounds and the water stability of soil
aggregates. Whilst a large body of research concerning
lipids in marine and lacustrine sediments already exists,
investigations concerning lipids in soils are more scarce
making it a relatively poorly understood subject. Certainly
investigations concerning sedimentary lipids would
appear less problematic given the relatively greater
homogeneity and chemical stability inherent to such
depositional environments. In comparison, terrestrial
soils are transient, heterogeneous assemblages subject to
constantly fluctuating redox conditions, leaching and
erosion (Hedges and Oades, 1997).

Over the last 5 years this laboratory (Bristol) has
endeavoured to determine the fate of lipids in soils from
a series of carefully maintained long-term experiments
located on Rothamsted Experimental Station, Harpen-
den, UK. By using such soils, lipid contents may be
assessed and their occurrence rationalised with a full
knowledge of exogenous organic matter inputs over
time whilst maintaining a valid ecological context for
the soil system, cf. laboratory based studies. This com-
munication both reviews previous work and presents a
substantial amount of new data obtained from the
Rothamsted Classical Experiments.

1.2. The Rothamsted classical experiment

During the period 1843 to 1856, nine long-term agri-
cultural experiments were started at Rothamsted
Experimental Station. In 1878 one of these experiments
was discontinued, a second was stopped in 1990. How-
ever, the remaining seven have continued, with some
modifications, to the present day (Anon, 1991). They
consist of, amongst others, plots which have supported
continuous growth of arable crops such as barley
(Hoosfield Spring Barley) and wheat (Broadbalk Wild-
erness), as well as continuous grassland (Park Grass).
Other areas have been allowed to revert back to natural
woodland following many years arable cropping
(Broadbalk Wilderness and Geescroft Wilderness). The
bulk organic matter contents of soils from these sites, as
well as other elemental compositions have already been
extensively investigated (e.g. Warren and Johnston,
1964; Jenkinson, 1971; Jenkinson and Johnston, 1977,
Jenkinson et al., 1992). As well as comprehensive
records detailing the various inorganic and organic
inputs on each experiment, there is also an extensive
archive of soils, organic manures and crops sampled
from the experiments over the course of time. Therefore,
for some of the experiments, temporal changes in the
lipid profiles of soils may be investigated. The aims of
the studies reported on herein can be defined thus:

(1) characterisation of the lipid composition of
soils with well-defined biological inputs,

(ii) assessment of the fate of specific lipid classes in
soil profiles, and

(iii) determination of the factors which control the

preservation of soil organic matter.

2. Experimental
2.1. Experimental considerations

Consistent methods of extraction and chemical
separation have been adopted throughout these studies
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thereby maintaining a valid basis for comparison of
experimental data. This is a factor which should be cri-
tically examined when making inter-lab comparisons of
data since differing experimental protocols may well
render direct comparisons of data invalid. Whilst it is
acknowledged that certain soil treatments may even-
tually change the actual soil type in an experiment,
differently treated soils within any one experiment
currently all adhere to the same soil classification.
Therefore, direct comparisons between various intra-
experimental plots may be made without undue concern
about the occurrence of anomalous results derived from
the chemical properties of different soil classes.

2.2. Sample preparation and solvent extraction

Fresh soil and vegetation samples were initially oven
dried at 60°C. All soil samples were crushed with a pestle
and mortar and subsequently sieved over a 2 mm and a
75 pm sieve, pH was measured in H,O (soil:H,O 1:2.5).
Dried vegetation was crushed using the same method
but with the addition of liquid nitrogen to facilitate the
process. This was then sieved over 5 and 2 mm sieves.

All soil samples were Soxhlet extracted for 24 h using
200 ml dichloromethane (DCM):acetone (9:1 v/v) to
obtain a total lipid extract (TLE). 2-Hexadecanol (ISy),
10-nonadecanone (IS,), 5B-pregnan-3-one (IS;), 5B-preg-
nan-3a-ol (IS4), Sa-cholestanol (ISs) and hexadecyl-
octadecanoate (IS¢) were added as internal standards. The
same standards were added to the vegetation samples
which were ultrasonically extracted (5x) with DCM:
acetone (9:1 v/v); total volume 50 ml. Extracts were
combined and solvent removed under reduced pressure.
Redissolved residues were transferred with DCM:
isopropanol (2:1 v/v) and filtered over defatted cotton
wool. For total lipid analysis aliquots were filtered
through a glass column packed with 2 g of activated
silica gel 60 (160°C,>24 h; Fluka) to remove highly
polar compounds. Samples were trimethylsilylated (see
Section 2.5) and redissolved in hexane prior to analysis
by HTGC and HTGC-MS.

2.3. Acid/neutral fractionation

TLEs were separated into two fractions, ‘acid’ and
‘neutral’, using an extraction cartridge with a bonded
aminopropyl solid-phase (500 mg sorbent, 2.8 ml eluent
capacity; Varian). Extracts dissolved in DCM:isopropa-
nol (2:1 v/v) were slowly flushed through a cartridge
pre-eluted with hexane. After further elution with
DCM:isopropanol (2:1 v/v, 8 ml) the collected ‘neutral’
fraction was removed and the cartridge slowly flushed
with 2% acetic acid in diethylether (8 ml) thereby eluting
the ‘acid’ fraction. Solvent was removed from both frac-
tions under a gentle stream of nitrogen. Acid fractions
were derivatized and analysed using GC and GC-MS.

2.4. Column chromatography of neutral lipids

Glass columns were packed with dried activated silica
gel 60 (160°C, > 24 h; Fluka) and pre-cluted with hex-
ane. Samples were applied to the column as a mixture of
dissolved and finely suspended particulates in hexane.
Gradient elution was performed under positive pressure
supplied by a stream of nitrogen providing an elution
rate of ~15 ml min~!. The eluents used comprised five
separate solvent systems: hexane, hexane:DCM (9:1
v/v), DCM, DCM:methanol (1:1 v/v) and methanol,
applied in elutropic order to give five fractions: ‘hydro-
carbon’, ‘aromatic’, ‘ketone/wax-ester’, ‘alcohol’ and
‘polar’, respectively. The relative volumes of solvents
applied were determined by the ratio 2:1:3:2:2, following
the above elutropic series, and the size of the column being
used for a particular separation. Column fractions were
collected and dried in an identical manner to fractions
from the acid/neutral separation.

2.5. Derivatisation

Analytes were derivatized to their respective tri-
methylsilyl (TMS) ethers and/or esters by adding 30 pl
of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA;
Sigma), containing 1% trimethylchlorosilane (TMCS),
to sample aliquots and heating for 30 min at 70°C.
Excess derivatisation agent was removed under a gentle
stream of nitrogen and samples redissolved in hexane.

2.6. Gas chromatography (GC) and high temperature—gas
chromatography (HT-GC)

Derivatized fractions were analysed using a Hewlett—
Packard 5890 series II gas chromatograph equipped
with a fused-silica capillary column (Chrompack CPSil-
5CB, 50 m length x 0.32 mm i.d. x 0.12 um film thick-
ness). Derivatized fractions in hexane were injected (1.0
ul) on-column. The temperature was programmed from
40°C (1 min isotherm) to 200°C at a rate of 10°C min~!
and finally to 300°C (20 min isotherm) at 3°C min~!.
HT-GC analyses of TLEs were made using an alter-
native column capable of performing at elevated tem-
perature (DBI1, 15 m length x 0.32 i.d. x 0.1 um film
thickness). The temperature was programmed from
50°C (2 min isotherm) to 350°C at a rate of 10°C min~!
(10 min isotherm). The detector temperature was kept at
320°C (GC)/350°C (HTGC). Hydrogen was used as
carrier gas (10 psi head pressure).

2.7. Gas chromatography—mass spectrometry (GC-MS)
and high temperature-gas chromatography—mass
spectrometry (HTGC-MS)

GC-MS analyses were made using a Carlo Erba 5160.
GC separation was achieved using a fused silica capillary
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column (Chrompack CPSil-5CB, 50 m length x 0.32
mm i.d. x 0.12 um film thickness) and the temperature
was programmed from 40°C (1 min isotherm) to 200°C
at a rate of 10°C min~! and finally to 300°C (20 min
isotherm) at 3°C min—!. HTGC-MS analyses of TLEs
were made using an alternative column capable of per-
forming at elevated temperature (DB1, 15 m length X
0.32i.d. x 0.1 um film thickness). The temperature was
programmed from 50°C (2 min isotherm) to 350°C at a
rate of 10°C min~! (10 min isotherm). Helium was used
as carrier gas (10 psi head pressure) equipped with on-
column injection coupled, via a transfer line heated at
320°C (GC)/350°C (HTGC), to a Finnigan MAT 4500
quadrupole mass spectrometer scanning in the range of
m/z 50-650 with a cycle time of 1.0 s. The current was
maintained at 300 pA with an ion source temperature of
190°C and an electron voltage of 70 eV.

2.8. Gas chromatography combustion—isotope ratio mass
spectrometry (GCC-IRMS).

Stable carbon isotope ratios were measured on a
Varian 3400 GC (SPI-type injector tracking oven tem-
perature) [separation was achieved using a fused silica
capillary column (Chrompack CPSil-5CB, 50 m length
x 0.32 mm i.d. x 0.12 pm film thickness) and the tem-
perature was programmed from 40°C (1 min isotherm)
to 200°C at a rate of 10°C min~' and finally to 300°C
(20 min isotherm) at 3°C min~!; helium was used as
carrier gas (15 psi head pressure)] coupled to a Finnigan
MAT Delta S isotope mass spectrometer. The combus-
tion oven was held at 850°C. §'3C values were calculated
relative to the PeeDee Belemnite standard. Calculations
to correct for the three exogenous carbon atoms present
in the trimethylsilyl group were performed after §'3Cy
was determined from a cholesterol standard of known
isotopic composition (after Jones et al., 1991).

3. Results and discussion

3.1. Lipid compositions of soils with known recent
histories of use

Broadbalk Wilderness is a small site occupying about
0.2 ha of land. The land has long been in cultivation
with maps dating it as such from as early as 1623 (Jen-
kinson, 1971). From 1843 to the early 1880s the site was
in continuous wheat whereupon, in 1882, it was divided
into two subsections. One area was allowed to revert
back to natural woodland occupied by species of tree
indigenous to the local area, i.e. Crataegus monogyna
(hawthorn), Acer pseudoplatanus (sycamore), Fraxinus
excelsior (ash) and Quercus robur (common oak), as well
as a primary ground cover of Hedera helix (ivy; wooded
area). The other section had all woody shrubs cut out at

ground level annually (stubbed). This latter area was
subdivided again in 1957 to give a grazed area and a
now smaller stubbed area. The primary vegetation cov-
ering the grazed area was Lolium perenne (rye grass).
The stubbed area flora consisted of mixed herbs and
grass with a significant cover of Rubus sp. (bramble)
later on in the growing season. Due to heavy chalking in
the 18th or early 19th century the pH of the site is still
relatively high; 7.3 in 1991 (Kinchesh et al., 1995). Cor-
ing revealed no discernible horizonation in the wooded
soils (0-23 cm depth). For more details regarding this
site and the samples taken refer to van Bergen et al.
(1997).

Fig. 1a and b are partial gas chromatograms of the
total lipid extracts of rye grass and mixed herbs,
respectively, both obtained from the grazed area. Each
sample exhibits peaks corresponding to phytol and an
identical range (C,3—Cj;) of n-alkanes, at low abun-
dance, with a maximum at Cs;. As expected the grass
extract is dominated by n-hexacosanol (Cys) as are the
mixed herbs albeit at a slightly lower relative abundance
(e.g. Tulloch, 1976; Walton, 1990). Peripheral n-alkanol
homologues are also observed to occur in both samples
(Cyp—Csg, rye grass; Cr—Csg, mixed herbs) as are a
range of fatty acid-phytol esters although the mixed
herbs lack any components with C4 and C,, acid moi-
eties. 24-ethylcholest-5-en-3B-ol (sitosterol) can be
observed in both vegetation extracts whilst that of the
mixed herbs also contains a relatively lower proportion
of 24-ethylcholest-5,22-dien-33-0l (stigmasterol) both
compounds being common components of terrestrial
vascular plants (Goad, 1991). At later retention time a
series of wax esters can be observed in both extracts
each of which exhibits a maximum at Cyy (Cs33—Cys,
grass; Czg—Cso, mixed herbs). In both cases wax esters
contain a predominance of the C,4 n-alkanol moiety
thereby agreeing with previous findings (Kolattukudy,
1975). Two latter envelopes of triacylglycerols (TAGs;
Cs, and Csy) can also be observed (dominant fatty acid
moieties: Ci4.9 and/or Cig.1, Cig.2, Cig:3) as well as two
unidentified steryl esters.

The lipid components observed in the TLE of the soil
(Fig. Ic) from the grazed area are also dominated by
hexacosanol (C,¢) with a wider range of peripheral n-
alkanol homologues (C;g—Cs4). Thus, the predominant
component observed in the overlying vegetation is quite
clearly retained in the associated soil. The n-alkane
components have a slightly wider range (C»3—Css) with a
maximum at Cs;, again paralleling the input of grass
and mixed herbs. The phytosterol sitosterol is also pre-
sent in the grazed soil although its abundance is much
lower relative to the TLE when compared with the two
vegetation TLEs. Processes which may be responsible for
this loss are: (i) complete mineralisation, (ii) chemical
alteration to modified sterols, or (iii) condensation of ster-
oid moieties to form involatile constituents (van Bergen et
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Fig. 1. Partial gas chromatograms of the total lipid extracts of samples from the Broadbalk Wilderness: (a) Lolium perenne (rye grass),
(b) mixed herbs and (c) soil from the grazed plot. Key: IS, =internal standards;, @ =n-alkanes; W =n-alkanols; x=wax esters;
SE =steryl esters; DAG =diacylglycerols; TAG = triacylglycerols; C,, refers to total carbon numbers; numbers in bold indicate total

al., 1997). An overall loss of wax esters is seen in the
TLE of the grazed soil, the loss presumably due to a
combination of hydrolysis and B-oxidation. No fatty
acid-phytol esters are observed although a range of wax

esters is present at low abundance (C4—Csp; Cyy max-
imum) exhibiting a relative shift in abundance to higher
homologues thereby correlating with previous reports of
selective degradation of shorter-chain compounds (e.g.
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Ambles et al., 1989, 1994 a,b; Jambu et al., 1991, 1993).
The series of TAG envelopes observed in the soils is
relatively lower and there is a shift to a dominance of
lower molecular weight homologues (cf. wax esters).
This is most likely due to the greater degree of unsa-
turation in the longer C,g fatty acid moieties giving rise
to complex hydroperoxide mixtures which are easily
decomposed (Frankel, 1998). Losses via bioesterification
are also inferred by the occurrence of a Cs; TAG envel-
ope with an abundant C;7., acyl moiety which is most
likely derived from soil bacteria (van Bergen et al., 1997).
Certainly the loss of these compounds is not surprising
given their high energy value for soil microorganisms
leading to rapid hydrolysis and B-oxidation mediated by
the various lipases inherent to soil microfauna (Hita et
al., 1990). Fig. 2a and b depicts partial gas chromato-
grams of TLEs obtained from macerated, senescent
leaves of common oak and sycamore, respectively. The
most obvious difference between these extracts and
those obtained from the rye grass and mixed herbs is the
dominance of a series of sterols, triterpenols and related
acetate derivatives and the lack of a dominant hex-
acosanol (C,¢) component. The TLE of common oak
leaves exhibits a maxima identified as sitosterol with less
abundant peripheral peaks corresponding to taraxerol,
B-amyrin and lupeol. Similarly, the TLE obtained from
the sycamore leaves is also dominated by sitosterol with
stigmasterol, B-amyrin, B-amyrin acetate, 24-methyl-
enecycloartenol and 24-methylenecycloartenol acetate
residing at lower abundance. Homologous series of n-
alkanes (Cy3—Csy, Cy7 maximum, common oak; Cyz—
C;1, Cy9 maximum, sycamore) and n-alkanols (C,—Cso,
Cy4 maximum, common oak; Cyy—Csy, Cpy maximum,
sycamore) are observed to occur in both extracts the
distributions agreeing with those of previous studies
(Rieley et al., 1991). At late retention time, ranges of
wax esters can also be seen (Cs33—Csg, C44 maximum,
common oak; Cs;g—Csg, C4o maximum, sycamore) all
predominantly comprising C,, and C,4 n-alkanol moi-
eties. A restricted distribution of relatively significant
TAG envelopes elute in both samples at late retention
time and range from Csy to Cs4 with a dominant Cs;
peak. A number of other compounds are also present at
low abundance in the oak (phytol, fatty acid-phytol
esters, a terpenyl ester and a steryl ester) and sycamore
(phytol, a fatty acid-phytol ester and a diacylglycerol)
leaf extracts.

Fig. 2c depicts the TLE obtained from soil beneath
the woodland. Whilst a number of the trends between
the soil and overlying vegetation, e.g. wax ester and
TAG distributions, are more subtle and directly parallel
those observed for the grazed plot samples there are
some very striking differences. Compared with the leaf
extracts there has been a substantial loss in the sterol
component(s) with only sitosterol, at intermediate
abundance, being identified with any certainty. The soil

lipid profile is dominated by a homologous series of n-
alkanes (Cy;—Cs3, Cy9 maximum) and n-alkanols (Cyg—
Ci4, Coy maximum). However, whilst the n-alkanol
components still have a maximum at C,4 (cf. leaf
extracts) there is no great prominence of this component
relative to the peripheral homologues, presumably this a
result of other inputs of overlying vegetation, e.g. ivy,
which possesses a different weight range of n-alkanol
components (van Bergen et al., 1997). As stated above,
the loss of sterol components is very large. Since these
compounds are relatively more resistant to degradation
than other lipids, e.g. n-alkanols (Cranwell, 1981), and
there are no detectable free or bound transformation
products it is difficult to rationalise the loss of these
compounds via the three pathways of physical loss listed
above (van Bergen et al., 1997). One possible explana-
tion is direct assimilation rather than just degradation
and/or transformation. With but a few known excep-
tions an exogenous source of dietary sterol is necessary
to support the normal growth, development and repro-
duction of all insects. Although they are unable to syn-
thesise sterols de novo many arthropods can produce
cholesterol from higher sterol homologues, e.g. sitos-
terol, by a dealkylation at the C-24 position (e.g. Svo-
boda and Thompson, 1985; Nes et al., 1997). Soil
arthropods are an important factor in the uptake and
cycling of organic matter in the soil environment. For
example, collembola (one genus of arthropoda) have
been found to exist at densities in excess of 10° m~2 in
an English moorland soil (Cragg, 1961). Such a massive
reworking of the soil organic matter corrolates with the
substantial loss observed for phytosterols and highlights
the fact that the biological utility of a molecule is at
least as important as chemical lability in determining the
preservation of lipids in soils.

3.2. Fate of specific lipids in a soil profile

Like the Broadbalk Wilderness, the Geescroft Wild-
erness site is located in a small area of previously arable
land. The site was part of an experimental field growing
beans from 1847 to 1878, with frequent breaks towards
the end of this period. It was subsequently fenced off and
allowed to revert to natural woodland from 1883 (Jen-
kinson et al., 1992). Unlike Broadbalk, the site has never
been chalked (except for the receipt of a little lime on
occasions prior to reversion) which is reflected in the low
soil pH of 4.2 measured in 1991 (Kinchesh et al., 1995).
Samples were collected from Geescroft Wilderness in
May 1995. Three distinct horizons were sampled: (i) a
surface leaf litter consisting of dried and partially decom-
posed leaves of Quercus robur (common oak), (i) a
humic rich upper horizon (0-5 c¢cm), and (iii) a mineral
horizon (5-18 c¢cm). Replicate samples of the soil hor-
izons were taken at a position approximately 5 m from
the first sampling location. All soils were sampled using
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a 2 cm diameter auger to a depth of 23 cm. The hor- Fig. 3a—c are partial gas chromatograms of the TLEs
izonation evident in the soil lends itself to a more classical from partially decomposed oak leaves, the humic
organic geochemical approach of studying the effect of horizon soil and the mineral horizon soil, respectively.

early diagenesis on a known input to a soil system. The n-alkanes of the oak leaves have a distribution
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(C51—C33, C»7 maximum) characteristic of higher plant
waxes and are similar to those reported previously
(Prasad and Giilz, 1990; Prasad et al., 1990). In the
underlying horizons there is a significant decrease in
abundance of n-alkanes and a shift in the distribution to
higher molecular weight (C,;—Cs3, Cy9 maximum, humic
and mineral horizons) although the strong odd-over-
even predominance, indicative of higher plant input, is
retained (Peters and Moldowan, 1993). This change in
the distribution could be due to relatively decreased
degradation associated with increasing chain length
(Moucawi et al., 1981; Amblés et al., 1989). However, it
is probably the result of an input from another source
(e.g. fungi) to the soil, this is further supported by stable
carbon isotope data obtained for the major n-alkanes
(Nott, van Bergen, Bull and Evershed, unpublished
data). Whilst the lower pH of this site, compared with the
almost neutral Broadbalk Wilderness, may not directly
affect the relative accumulation/degradation of lipid
components at Geescroft the more acidic environment
will affect biological and physical soil attributes. Changes
in microbial, meso- and macrofaunal populations, sorp-
tion affinities, mineral structure etc. will have an obser-
vable affect on the rate of loss of different lipid
components. From the litter layer to the humic horizon
and the humic horizon to the mineral horizon there is an
increase in the n-alkanoic acids, relative to other lipid
components, describing a biomodal distribution ranging
from Cig to C3; and maximising at Ciq and Cyg. The
distribution is weighted towards the more hydrophobic
high molecular weight components. It should be stressed
at this point that the n-alkanoic acids still degrade albeit
at a lower rate relative to other lipids. The abundance of
n-alkanoic acids in the soil extracts is significant in that
the orientation of these polar compounds on the surface
of soil particles can cause such particles to become
hydrophobic and thereby decrease the rate of organic
matter degradation as a whole (Jambu et al., 1995). This
may account for the greater recalcitrance (> 100 years)
of lipids from any vegetation present before the current
overlying species predominated at this site (see below).
However, this physical effect certainly does not affect all
compound classes. TAGs present in the senescent leaves
are totally lacking in the TLEs of the humic and mineral
soils. The loss of these valuable ‘high energy’ com-
pounds is evidently even greater at lower pH (cf.
Broadbalk Wilderness).

Fig. 4a—c depicts quantitatively the abundance of
n-alkanol components, as determined by GC, for the
isolated n-alkanol fractions of the senescent oak leaves,
humic horizon soil and mineral horizon soil respec-
tively. An even-over-odd predominance, characteristic
of higher plants is clearly defined (Jambu et al., 1993).
The distribution observed in the oak leaf litter fraction
ranges from C,, to C;; with a pronounced maximum at
C,4. This distribution is essentially maintained in the

humic horizon although it is slightly wider C;3—C3, and
the homologues peripheral to the maximum at C,4 are
relatively higher than in the litter (an exact mechanism
explaining the relatively greater loss of the C,4 compo-
nent is currently not clear although a possible explana-
tion could be the existence of a bacterial population
which can preferentially utilise the more abundant C,4
component). Hence, the n-alkanol fraction of the humic
horizon demonstrates a clear input of oak leaf litter.
However evidence for this input is not apparent in the
distribution of the mineral horizon. In this case the
homologous series ranges from C;4 to Cz, with a less
pronounced maximum at C,s. This probably represents
a contribution from a different source since frequently
in terrestrial vascular plant waxes the predominant »n-
alkanol is Cyg or Cyrg (Walton, 1990). Comparison of
the n-alkanol distributions in Fig. 4b and ¢ with the n-
alkanoic acid distributions in Fig. 3b and c clearly
demonstrates little correlation between the two com-
pound classes. Hence, the incorporation of previous
plant material is the most likely explanation for the shift
observed in the n-alkanol distribution. Sterol/triterpenol
fractions were isolated from each of the Geescroft hor-
izons and analysed by GC, Fig. Sa—c depicts partial gas
chromatograms obtained from the litter, humic and
mineral horizon extracts, respectively. As expected, 24-
ethylcholest-5-en-3B-ol (sitosterol) is the most abundant
compound in the fraction obtained from senescent
leaves (Goad, 1991). The peripheral sterols: cholest-5-
en-3fB-ol (cholesterol), 24-methylcholest-5,22-dien-3f-ol
(epibrassicasterol), 24-methylcholest-5-en-33-ol (campes-
terol) and 24-ethyl-5B-cholestan-33-ol (5B-stigmastanol)
are present as minor components as is the oxidation
product 24-ethylcholest-4-en-3-one. The triterpenol tar-
axerol is present at an intermediate concentration along
with lower quantities of B-amyrin, a-amyrin and lupeol.
The most significant difference seen in the humic horizon
fraction, and subsequently that of the mineral horizon, is
the overwhelming loss of sitosterol, whilst the triterpe-
nol components become the predominant compounds.
This loss of sitosterol can be explained by a possible
combination of assimilation by soil insects, to produce
cholesterol (e.g. Svoboda and Thompson, 1985; Nes et
al., 1997) as above, and rapid oxidative degradation.
The action of an oxidative pathway is supported by the
occurrence of 24-ethylcholest-4-en-3-one in all samples.
This compound is an intermediate in both the oxidation
and reduction of sitosterol and fills a role analogous to
that of cholest-4-en-3-one in the oxidation and reduc-
tion of cholesterol (Arima et al., 1969; Nagasawa et al.,
1969; Eyssen et al., 1973, Ren et al., 1996). However,
since there is no concomitantly large increase in the
relative abundance of 5a- (or 5B) stigmastanol the majority
of sitosterol lost via this intermediate must have been
degraded oxidatively, eventually forming a series of non-
steroidal compounds before total mineralisation. However,
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oxidative degradation by micro-organisms does not
explain why sitosterol is lost to a much greater extent
than apparently more labile lipids, e.g. n-alkanols and -
alkanoic acids (Cranwell, 1981). Hence, the former
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route involving assimilation by soil arthropods is most
likely an important route leading to the major loss of
sitosterol. Triterpenol components are observed to be

comparatively more recalcitrant.
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the TLEs.

The lower pH of this site makes it an interesting
comparison for the Broadbalk Wilderness site. Certainly
there is a significant effect on organic matter preserva-
tion both on a bulk (formation of a humic horizon) and
molecular scale (e.g. m-alkanoic acids). Despite these
differences, certain processes of loss are still fully

operational, e.g. TAG and sitosterol degradation, indi-
cating them to be routes of loss apparently independent
of pH changes in the soil environment. However, since
both examples likely arise from the action of micro-/
mesofauna the same processes may actually be effected
by different biological species at the two sites.
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3.3. Temporal changes in the distribution and abundance Wheat Experiment. It consists of a series of large unre-
of lipids plicated strips receiving different combinations of phos-
phorus, potassium and magnesium. Each strip was

The Hoosfield Spring Barley Experiment was started in originally divided at right angles to test various forms of
1852 making it the longest running cereal experiment in nitrogen fertiliser, this test was discontinued in 1966.

the world with the exception of the adjacent Broadbalk Additional plots included a farmyard manure (FYM)



400 1.D. Bull et al. | Organic Geochemistry 31 (2000) 389408

treatment which was divided after 20 years to test the
effect of FYM residues. Since 1968 each main plot has
been divided to test 4 rates of addition of inorganic
nitrogen. Fuller details may be obtained from Warren
and Johnston (1967) and Jenkinson and Johnston
(1977). This study concerns soils from three experi-
mental sub-plots: one has received no FYM since at
least 1852 (unmanured), another received FYM (35 t
ha=! yr~!) for 20 years from 1852 to 1871 then none
since (FYM residues) and the final soil has received
FYM each year (35 t ha~! yr~!) since 1852 (continuous
FYM). Spring barley has been grown each year and the
stubble ploughed back into the soil. Fresh soils were
sampled in May 1995 to a depth of 23 cm using a 2 cm
diameter auger. Additionally, archived soils from 1882,
1913, 1946 and 1965 were obtained as well as modern
samples of the two exogenous inputs, namely FYM and
spring barley vegetation. For a more detailed discussion
of sample history and treatment refer to Bull (1997) and
Bull et al. (1998).

The primary aim of this particular study was to
examine the pedological persistence of FYM and vege-
tation derived lipids in some soils which had received
unchanging treatments and had been sampled over the
entire course of the experiment. The use of archived
soils enables temporal changes in the soil lipid profiles
to be monitored rather than analysing a single modern-
day soil, the lipid profile of which is a net result of all
inputs and pedological processes over time (e.g. Broad-
balk and Geescroft Wildernesses). We have estimated
that ca. 28, 44 and 84 t.upon ha~! from crop stubble has
been ploughed back into the unmanured, FYM-residues
and continuous FYM plots, respectively. Additionally,
FYM treatments account for an extra ca. 56 teyrpon ha ™!
to the FYM-residues plot and ca. 400 tcapon ha™! to the
continuous FYM plot. Hence, in the lipid profile of the
latter plot there is likely to be a large bias towards an
input of FYM.

Fig. 6 depicts the quantified n-alkanol profiles for
each soil plot from 1882 and 1995 as well as those for
FYM and spring barley. Inspection of these data quite
clearly demonstrates that annual ploughing of the stub-
ble results in the concentration of n-alkanol components
being maintained over time. The relatively high amount
of n-alkanol homologues observed to occur in the
unmanured soil implies that stubble is the primary
source for these components in each plot although there
will be an input associated with straw in the FYM for
the continuous manure plot (resulting in an increased
abundance of the Cy6 component). This is not surprising
given the high concentration of n-alkanols in spring
barley vegetation and the fact that the overall abun-
dance in any one year correlates with the actual order of
recorded crop yields, i.e. unmanured < FYM-residues <
continuous FYM (Warren and Johnston, 1967). How-
ever, the soil samples do exhibit a number of peripheral

n-alkanol homologues which do not occur in the two
inputs, i.e. Cig, Cy9, C3» and Csy4. Potential sources of
these components are microbial reduction of long chain
n-alkanoic acids as described by Jambu et al. (1993)
and/or homologues released via hydrolysis of wax
esters, i.e. old carbon. The observed loss of the Cy¢
homologue, relative to peripheral components, may well
result from preferential utilisation by a specific micro-
bial population although such a hypothesis has yet to be
tested.

Fig. 7 depicts the quantified n-alkanoic acid profile
for the soil from each plot from 1882 and 1995 as well as
those for the FYM and spring barley. The concentration
of n-alkanoic acids in the two inputs is, in this case,
much closer, cf. n-alkanols. Whilst the dominant C,¢
homologue in the spring barley is clearly paralleled in
the 1882 soils only the unmanured soil retains this
dominance 113 years later. The most striking temporal
difference is the loss of m-alkanoic acids in the unma-
nured (~83%) and FYM-residues (~75%) plots. This
demonstrates a rapid turnover combined with possible
migration of these compounds in the soil leachate lead-
ing to a loss which cannot be compensated for by
annual ploughing of stubble. However, the annual
application of manure does compensate for losses of n-
alkanoic acids in the continuous FYM plot leading to a
small net increase in overall n-alkanoic acid abundance
after 113 years (~9%). The accumulation of FYM
derived lipids is further demonstrated by the over-
whelming dominance of long-chain r-alkanoic acids
centred about a C,4 maximum, paralleling the distribu-
tion obtained for FYM.

As well as assessing the general fate of soil lipids, the
input of FYM to two of the experimental soils enables
an appraisal of the fate of lipids diagnostic of the man-
ure input to be made. The use of 5B-stanols as bio-
markers of faecal deposition has solicited significant
attention (Grimalt et al., 1990; Bethell et al., 1994
Evershed and Bethell, 1996; Evershed et al., 1997;
Simpson et al., 1998, 1999; Bull et al., 1999a,b). Whilst
saturated sterols are relatively more stable than their
unsaturated analogues during early diagenesis (Mack-
enzie et al., 1982) the longevity of 5B-stanols demands
assessment especially in the light of the rapid loss of A3-
sterol components observed in the soils of the two
wildernesses. Additionally, at least one species of insect,
the Mexican bean beetle, has been shown to assimilate
saturated 5B-stanols adding still further weight to this
demand (Svoboda and Thompson, 1985). Fig. 8 is a
temporal plot of 24-ethyl-5B-cholestan-3f-ol (5B-stig-
mastanol; the major 5B-stanol in FYM) absolute con-
centration for the three treatments studied. Values
obtained for the continuous FYM soils continue to
increase over time corroborating an annual input of
FYM whilst values from the unmanured plot act effec-
tively as a background of 58-stanols in the soil. It can be
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in this case, as a proxy for TOC. This result thereby
validates the use of 5B-stanols as molecular markers of
faecal deposition in terrestrial soils.

5B-Stanols are also observed to occur in manure as
constituents of stanyl esters. Fig. 9 depicts the wax ester
distribution derived from FYM. Amongst the wax ester

clearly seen that after an initial drop in concentration, on
the cessation of manuring, the abundance of 5f-stig-
mastanol in the FYM-residues soil remains above that of
the background till the modern-day. The degradation of
5B-stigmastanol is analogous to that of total organic car-
bon (TOC) indicating the possible use of this compound,
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homologues 24-ethyl-5p-cholestanyl palmitate is observed
to occur as are its C,;7 and C,g congeners, albeit at lower
abundances. The absolute concentration of 24-ethyl-5p-
cholestanyl palmitate in FYM and each of the soils
sampled in 1995 is also included. It may be observed that
the concentration of the compound in FYM is much

higher than levels determined for the three soil samples.
However, the effect of manuring can still be clearly seen
by comparing the levels determined for the unmanured
and continuous FYM soils; the former being an order of
magnitude lower than the latter. Furthermore, the value
determined for the FYM-residues soil is also significantly
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higher than that of the unmanured sample (~400%
higher) giving a clearer signal of previous manuring
than is obtained from the free 5B-stanols. This provides
compelling evidence for the use of esterified 5p-stanols,
which demonstrate better preservation of the manuring
signal, in future studies involving the detection of faecal
deposition.

3.4. Effect of soil pH on the preservation of various
compound classes

The Park Grass experiment was started in 1856, the
field on which it is located having been under pasture
for at least a century before this (Tilman et al., 1994). At
the beginning of the experiment the site had received no
regular dressings of calcium carbonate and the pH was
in the region of 5.7. A test of liming began in 1903, was
modified in 1965, and the plots now range in pH from
7.3 down to 3.5 depending upon treatment (Johnston et
al., 1986). Soils were sampled in May 1995 and 1996 to a
depth of 23 cm using a 2 cm diameter auger. Single
samples were collected from four plots of varying pH,
identified as: 10d (pH 3.8), 11/1a (pH 6.3), 11/1d (pH
3.7) and 18/2 (pH 7.3). The soil samples from the more
acidic plots, i.e. 10d and 11/1d, were subdivided into a
dark brown humic horizon (ca. 0-5 cm) and a deeper
mineral horizon (ca. 5-18 cm). The overlying vegetation
for the two acidic soils consists of a single grass species
on each: Anthoxanthum odoratum (10d) and Holcus
lanatus (11/1d). The other two plots (11/1a and 18/2)
have a mixed sward containing various grasses, legumes
and forbs (Thurston et al., 1976; Tilman et al., 1994).

For more details concerning sample treatments refer to
van Bergen et al. (1998).

This study was made with the primary intent of
assessing the effect of pH on the preservation/degra-
dation of plant derived biomolecules in the soil envir-
onment. The different species of vegetation in each sub-
plot are a result of the different liming and fertiliser
treatments. Whilst a single species of vegetation for each
plot might be desirable for our purposes this is neither
feasible or ecologically valid. In soils exhibiting a more
alkaline pH (7.31) n-alkanes (not shown) are present at
higher relative abundances. Since the quantity of n-
alkanes in each of the vegetation samples is about equal
a high pH may well help to preserve vegetation derived
n-alkanes relative to other classes of lipid (van Bergen et
al., 1998). However, an input from endogenous soil
organisms such as fungi cannot be wholly excluded
(Weete, 1976). Conversely, n-alkanoic acids (not shown)
are observed to accumulate relative to other lipids in the
soils with a low pH, e.g. plots 10d and 11/1d. This
agrees with the similar relative accumulation observed
in the soils from the Geescroft Wilderness. Although »n-
alkanoic acids can derive directly from vegetation we
would contend that the majority of these components
arise from the oxidation of other lipids such as n-
alkanes and n-alkanols (Moucawi et. al., 1981; Ambles
et al., 1994a,b). There is also a relative accumulation of
n-alkanoic acids in the soil from plot 11/1a. This can be
explained by the fact that until fairly recently this plot
also had a low pH, the pH in 1970 being 4.8. Thus, the
presence of the organic acids does not substantially affect
the current soil pH. It also demonstrates the profound
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Fig. 9. A partial gas chromatogram of the wax ester fraction derived from FYM. Insert: A quantitative summary of the 5B-stanyl
palmitate concentration in each of the plots sampled from the Hoosfield Spring Barley experiment in May 1995.

differences by which present-day lipidic preservation can
be enhanced by previous treatments of soils.

Fig. 10a—c depicts partial gas chromatograms of
the n-alkanol fractions obtained from the grass
(Anthoxanthum odoratum), humic soil horizon and
mineral soil horizon of plot 10d respectively. The n-
alkanol distribution obtained for the grass ranges from
Cy6 to C3¢ with a dominant C,g maximum. In compar-
ison the distribution obtained from the mineral soil is
slightly wider (C,,—C39) and maximises at C,q. Dis-
tributionally, the homologous series of n-alkanols
observed in the humic horizon is much closer to that of
the mineral soil indicating that the n-alkanol components

are dominated by an input most likely derived from
previous standing vegetation. Interestingly, this conclu-
sion is also corroborated by stable carbon isotope mea-
surements of the major n-alkanol components. Whilst
the grass derived n-alkanols give §'3C values of —38.3%o,
n-alkanols in both the humic and mineral horizon both
produce values of ~36.5%.. This is concordant with a
slower incorporation of Anthoxanthum odoratum derived
organic matter into the soil organic matter and thus the
presence of more ‘old’ carbon in the humic layer of plot
10d. Plot 11/1d (not shown), exhibits greater incorpora-
tion of the standing vegetation (Holcus lanatus). Both
plots 10d and 11/1d receive N, P, Mg and Na fertilisers,
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Fig. 10. Partial gas chromatograms of n-alkanols in samples from plot 10d of the Park Grass experiment: (a) Anthoxanthum odoratum
(grass), (b) soil from the humic horizon and (c) soil from the mineral horizon. §'3C values determined for the major components are

included.

11/1d also receives K fertiliser but 10d does not. How-
ever, whether the difference in n-alkanol preservation is
determined directly by this or indirectly by the growth
of a different species of plant is currently unresolved.
Whilst o-hydroxy acids are not detectable in soil from
plot 18/2, plots 10d and 11/1d both exhibit similar dis-
tributions of even components (C>,—Cs¢). The distribu-
tion derived from 10d has an unpronounced maximum at
Cy; (180 pg grdc) whilst the more abundant homologues

derived from the 11/1d soil maximise about C,4 (490 pg
g1bc)- The origin of the o-hydroxy acids is not com-
pletely clear. Base hydrolysis of Holcus lanatus root
material has been shown to yield C», and C»4 ®-hydroxy
acids (Bull, Nott, van Bergen and Evershed, unpub-
lished results), the obvious inference being that the ®-
hydroxy acids are derived from root biopolyesters, i.e.
suberin which has been reported to contain substantial
amounts of either the C,, or C,4 homologue (Walton,
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1990; Matzke and Riederer, 1991; Riederer et al., 1993;
Nierop, 1998). Interestingly these compounds also
accumulate relative to the TLE in soils of low pH, par-
alleling the accumulation of n-alkanoic acids.

Overall, the Park Grass soils provide a sound experi-
mental basis which confirms and reinforces observations
made, concerning the preservation of lipids, on results
obtained for the other three study sites, especially con-
clusions drawn from the Broadbalk and Geescroft
Wildernesses.

4. Conclusions

The overall aim of this study has been to investigate
and assess the lipid composition of a series of controlled
experimental soils and thereby derive information about
the fate of lipids during early diagenesis. Soils from four
experiments, each subjected to a variation in organic
input or exhibiting a different pH, were analysed and the
findings discussed in relation to each other. Of the var-
ious results obtained the most significant are as follows.

1. Soil pH was observed to have a significant effect
on the preservation of certain lipids. n-Alkane
preservation was enhanced under more alkaline
conditions whilst n-alkanoic and w-hydroxy acids
accumulated, relative to other components, in
more acidic soils. Accumulated n-alkanoic acids
were found to persist in soils even after a change
to more alkaline conditions.

2. Severe losses in triacylglycerols were observed in
soils irrespective of physical conditions this most
likely being the result of preferential biological
utility.

3. The effects of functional diversity were observed
by comparing the preservation of n-alkanol and n-
alkanoic acid components in an arable soil. The
abundance of n-alkanols was seen to be preserved
over time whilst, despite annual inputs, n-alkanoic
acid abundance continually decreased. Only in a
soil supplemented annually with FYM was this
decline abated. Losses were ascribed to rapid
turnover and possible loss of the more polar n-
alkanoic acids in the soil leachate.

4. Sitosterol was observed to diminish in concentra-
tion at a greater rate than chemically more labile
lipids in the same environment. This phenomenon
was ascribed at least in part to its essential assim-
ilation by soil arthropoda.

5. In light of point (3) the stability of 53-stigmastanol,
a chemical biomarker of ruminant faeces, was
investigated. A viable manuring signal was
observed to persist in a soil that had received no
manure applications for 113 years thereby validat-

ing, for studies with appropriate controls, the use
of 5B-stanols as biomarkers of faecal deposition.

6. The survival of a manure signal based on 5B-stanyl
esters was also assessed and found to retain a
more persistent biomarker signal of manuring
than that exhibited by the free 5B-stanol compo-
nents; presumably because the esterified compo-
nent is more resistant to degradation.

Whilst this investigation has generated a number of
interesting and useful results, there are still a number of
ways in which the study of the early diagenetic fate of
lipids in soils can be improved. As with any comparative
study any inferences drawn by making comparisons are
statistical probabilities albeit sometimes very persuasive
ones. A route by which such probabilities could become
certainties would be through the use of isotopes. Various
isotopically enriched (or depleted) substrates (e.g. Cy lit-
ter on Cs soil, '*CHj3, 13CO») could be used in a multitude
of soil incubation/degradation studies and the generation
and/or interconversion of lipids followed isotopically
(e.g. Lichtfouse, 1997; Bull et al., 1999b). The use of stable
isotopes is particularly attractive since it enables natural
in situ studies to be performed thereby leading to ecolo-
gically sound findings directly applicable to the natural
environment. Recent advances in instrumentation have
facilitated the routine trapping of single molecular species
from biological extracts thus enabling single lipid com-
ponents to be collected to levels where '*C dating is a viable
proposition (Eglinton et al., 1996, 1997). Radiocarbon
dating of specific molecular components would prove
invaluable in ascertaining lipid-carbon flows and soil resi-
dence times, adding a further dimension to soil lipid ana-
lysis (Bol et al., 1996; Huang et al., 1996). Only through
such studies can we hope to fully understand the complex
processes occurring in a pool which is fundamental to the
global carbon cycle.

Acknowledgements

This project was undertaken whilst the authors were in
receipt of a NERC Grant GR3/9578 to RPE. J. Carter
and A. Gledhill are thanked for their help with the GC/
MS and GCC/IRMS analyses. The use of the NERC
Mass Spectrometry Facilities (Grants GR3/2951, GR3/
3758, FG6/36/01) is gratefully acknowledged. TACR
receives grant-aided support from the BBSRC.

References

Amblés, A., Magnoux, P., Jambu, P., Jaquesy, R., Fustec, E.,
1989. Effects of addition of betonite on the hydrocarbon
fraction of a podzol soil (A1 Horizon). Journal of Soil Sci-
ence 40, 685-694.



1.D. Bull et al. | Organic Geochemistry 31 (2000) 389408 407

Ambleés, A., Jambu, P., Parlanti, E., Joffre, J., Riffe, C., 1994a.
Incorporation of natural monoacids from plant residues into
an hydromorphic forest podzol. European Journal of Soil
Science 45, 175-182.

Ambleés, A., Jambu, P., Parlanti, E., Joffre, J., Riffe, C., 1994b.
Incorporation of natural monoacids from plant residues into
an hydromorphic forest podzol. European Journal of Soil
Science 45, 175-182.

Anon, 1991. Rothamsted — The Classical Experiments. AFRC
Institute of Arable Crop Research, Harpenden pp. 31.

Arima, K., Nagasawa, M., Bae, M., Tamura, G., 1969. Micro-
bial transformation of sterols part I. Decomposition of cho-
lesterol by micro-organisms. Agricultural and Biological
Chemistry 33, 1636-1643.

van Bergen, P.F., Bull, .D., Poulton, P.R., Evershed, R.P.,
1997. Organic geochemical studies of soils from the
Rothamsted classical experiments—I. Total lipid extracts,
solvent insoluble residues and humic acids from Broadbalk
Wilderness. Organic Geochemistry 26, 117-135.

van Bergen, P.F., Nott, C.J., Bull, I.D., Poulton, P.R., Ever-
shed, R.P., 1998. Organic geochemical studies of soils from
the Rothamsted classical experiments—IV. Preliminary
results from a study of the effect of soil pH on organic matter
decay. Organic Geochemistry 29, 1779-1795.

Bethell, P.H., Goad, L.J., Evershed, R.P., Ottaway, J., 1994.
The study of molecular markers of human activity: the use of
coprostanol in the soil as an indicator of human faecal
material. Journal of Archaeological Science 21, 619-632.

Bol, R., Huang, Y., Meridith, J.A., Eglinton, G., Harkness,
D.D., Ineson, P., 1996. The C-14 age and residence time of
organic matter and its lipid constituents in a stagnohumic
gley soil. European Journal of Soil Science 47, 215-222.

Bull, I. D., 1997. New Molecular Methods for Tracing Natural
and Anthropogenic Inputs to Soils and Sediments. Ph.D.
dissertation, University of Bristol, Bristol, UK, 222p.

Bull, I.D., van Bergen, P.F., Poulton, P.R., Evershed, R.P.,
1998. Organic geochemical studies of soils from the
Rothamsted classical experiments—II, Soils from the Hoos-
field Spring Barley Experiment treated with different quan-
tities of manure. Organic Geochemistry 28, 11-26.

Bull, I.D., Simpson, I.A., van Bergen, P.F., Evershed, R.P.,
1999a. Muck ‘n” molecules: organic geochemical methods for
detecting ancient manuring. Antiquity 73, 86-96.

Bull, I. D., Betancourt, P. P., Evershed, R. P., 1999b. Chemical
evidence supporting the existence of a structured agricultural
manuring regime on Pseira Island, Crete during the Minoan
Age. Aegaeum 20, 69-74.

Cragg, J.B., 1961. Some aspects of the ecology of moorland
animals. Journal of Animal Ecology 30, 205-234.

Cranwell, P.A., 1981. Diagenesis of free and bound lipids in
terrestrial detritus deposited in a lacustrine sediment.
Organic Geochemistry 3, 79-89.

Cresser, M., Killham, K., Edwards, T., 1993. Soil Chemistry and
its Applications. Cambridge Environmental Chemistry Series
5. Cambridge University Press, Cambridge, UK, 192 pp.

Dinel, H., Schnitzer, M., Mehuys, G.R., 1990. Soil lipids: origin,
nature, contents, decomposition and effect on soil physical
properties. In: Bollag, J.M., Stotzky, G. (Eds.), Soil Bio-
chemistry. vol. 6. Marcel Dekker, New York, pp. 397-429.

Dinel, H., Lévesque, P.EM., Jambu, P., Righi, D., 1992.
Microbial activity and long-chain aliphatics in the formation

of stable soil aggregates. Journal of the Soil Science Society
of America 56, 1455-1463.

Eglinton, T.I., Aluwihare, L.I., Bauer, J.E., Druffel, E.R.M.,
McNichol, A.P., 1996. Gas chromatographic isolation of
individual compounds from complex matrices for radio-
carbon dating. Analytical Chemistry 68, 904.

Eglinton, T.I., Benitez Nelson, B.C., Pearson, A., McNichol,
A.P., Bauer, J.E., Druffel, E.R.M., 1997. Variability in
radiocarbon ages of individual organic compounds from
marine sediments. Science 277, 796-799.

Evershed, R.P., Bethell, P.H., 1996. Application of multi-
molecular biomarker techniques to the identification of fae-
cal material in archaeological soils and sediments. ACS
Symposium Series 625, 157-172.

Evershed, R.P., Bethell, P.H., Reynolds, P., Goad, L.J., 1997.
5B-Stigmastanol and related 5B-stanols as biomarkers of
manuring: Analysis of modern experimental material and
assessment of the archaeological potential. Journal of
Archaeological Science 24, 485-495.

Eyssen, H.J., Parmentier, G.G., Compernolle, F.C., de Pauw,
G., Piessens-Denef, M., 1973. Biohydrogenation of sterols by
Eubacterium ATCC 21,408 - nova species. European Journal
of Biochemistry 36, 411-421.

Frankel, E.N., 1998. Lipid Oxidation. The Oily Press, Dundee
(pp. 303).

Fridland, Y.V., 1976. Some characteristics of soil lipids as a
function of ecological conditions. Pochvovedeniye 2, 53-61.
Goad, L.J., 1991. Phytosterols. In: Charlwood, B.V., Bar-
nethorpe, V.V. (Eds.), Methods in Plant Biochemistry vol. 7.

Academic Press, New York, pp. 369-434.

Grimalt, J.O., Fernandez, P., Bayona, J.M., Albaiges, J., 1990.
Assessment of faecal sterols and ketones as indicators of
urban sewage inputs to coastal waters. Environmental Sci-
ence and Technology 24, 357-363.

Hanson, R.S., Hanson, T.E., 1996. Methanotrophic bacteria.
Microbiological Reviews 60, 439—471.

Hedges, J.I., Oades, J.M., 1997. Comparative organic geo-
chemistries of soils and marine sediments. Organic Geo-
chemistry 27, 319-361.

Hita, C., Parlanti, E., Jambu, P., Joffre, J., Amblés, A., 1996.
Triglyceride degradation in soil. Organic Geochemistry 25,
19-28.

Huang, Y.S., Bol, R., Harkness, D.D., Ineson, P., Eglinton, G.,
1996. Post glacial variations in distributions, C-13 and C-14
contents of aliphatic hydrocarbons and bulk organic matter
in three types of British acid upland soils. Organic Geo-
chemistry 24, 273-287.

Jambu, P., Amblés, A., Dinel, H., Secouet, B., 1991. Incor-
poration of natural plant hydrocarbons from plant residues
into a hydromorphic podzol following aforestation and fer-
tilisation. Journal of Soil Science 42, 629-636.

Jambu, P., Ambleés, A., Jaquesy, J.C., Secouet, B., Parlanti, E.,
1993. Incorporation of natural alcohols from plant residues
into a hydromorphic forest-podzol. Journal of Soil Science
44, 135-146.

Jambu, P., Amblés, A., Magnoux, P., Parlanti, E., 1995. Effects
of addition of clay minerals on the fatty acid fraction of a
podzol soil. European Journal of Soil Science 46, 187-192.

Jenkinson, D. S., 1971. The accumulation of organic matter in
soil left uncultivated. Rothamsted experimental station.
Report for 1970, Part 2, pp.113-137.



408 1.D. Bull et al. | Organic Geochemistry 31 (2000) 389-408

Jenkinson, D.S., Johnston, A.E., 1977. Soil organic matter in
the Hoosfield continuous barley experiment. Rothamsted
experimental station. Report for 1976, Part 2, 87-101.

Jenkinson, D.S., Harkness, D.D., Vance, E.D., Adams, D.E.,
Harrison, A.F., 1992. Calculating net primary production
and annual input of organic matter to soil from the amount
and radiocarbon content of soil organic matter. Soil Biology
and Biochemistry 24, 295-308.

Johnston, A.E., Goulding, K.W.T., Poulton, P.R., 1986. Soil
acidification during more than 100 years under permanent
grassland and woodland at Rothamsted. Soil Use and Man-
agement 2, 3—10.

Jones, D.M., Carter, J., Eglinton, G., Jumeau, E.J., Fenwick,
C.S., 1991. Determination of '3C values of sedimentary
straight chain and cyclic alcohols by gas chromatography /
isotope ratio mass spectrometry. Biological Mass Spectro-
metry 20, 641-646.

Kinchesh, P., Powlson, D.S., Randall, EW., 1995. 13C NMR
studies of organic matter in whole soils: II A case study of
some Rothamsted soils. European Journal of Soil Science 46,
139-146.

Kolattukudy, P.E., 1975. Biochemistry of cutin, suberin and
waxes, the lipid barriers in plants. In: Galliard, T., Mercer,
E.I. (Eds.), Recent Advances in the Chemistry and Bio-
chemistry of Plant Lipids. Elsevier, Amsterdam, pp. 289-347.

Lichtfouse, E., 1997. Heterogeneous turnover of molecular
organic substances from crop soils as revealed by C-13
labelling at natural abundance with Zea mays. Nat-
urwissenschaften 84, 23-25.

Mackenzie, A.S., Brassell, S.C., Eglinton, G., Maxwell, J.R.,
1982. Chemical fossils: The geological fate of steroids. Sci-
ence 217, 491-504.

Matzke, K., Riederer, M., 1991. A comparative study into the
chemical constitution of cutins and suberins from Picea abies
(L.) Karst., Quercus robur L., and Fagus sylvatica L. Planta
185, 233-245.

Miller, R.W., Donahue, R.L., 1995. Soils and Our Environ-
ment. Prentice Hall, New York.

Moucawi, J., Fustec, E., Jambu, P., 1981. Decomposition of
lipids in soils: Free and esterified fatty acids, alcohols and
ketones. Soil Biology and Biochemistry 13, 461-468.

Nagasawa, M., Bae, M., Tamura, G., Arima, K., 1969. Micro-
bial transformation of sterols part II. Cleavage of sterol side
chains by micro-organisms. Agricultural and Biological
Chemistry 33, 1644-1650.

Nes, D.W., Lopez, M., Zhou, W., Guo, D., Dowd, P.F., Nor-
ton, R.A., 1997. Sterol utilisation and metabolism by Helio-
this zea. Lipids 32, 1317-1323.

Nierop, R.G.J., 1998. Origin of aliphatic compounds in a forest
soil. Organic Geochemistry 29, 1009-1016.

O’Neill, P., 1993. Environmental Chemistry. 2nd edition.
Chapman and Hall, London pp. 268.

Peters, K.E., Moldowan, J.M., 1993. The Biomarker Guide.
Prentice Hall Inc, New Jersey (pp. 363).

Prasad, R.B.N., Giilz, P.G., 1990. Surface structures and
chemical composition of leaf waxes from Quercus robur L.,
Acer pseudoplatanus L., and Juglans regia L. Zeitschrift fiir
Naturforschung 45, 813-817.

Prasad, R.B.N., Miiller, E., Giilz, P.G., 1990. Epicuticular
waxes from leaves of Quercus robur. Phytochemistry 29,
2013-2101.

Preston, C.M., Shipitalo, S.-E., Dudley, R.L., Fyfe, C.A.,
Mathur, S.P., Lévesque, M., 1987. Comparison of !3C-
CPMAS NMR and chemical techniques for measuring the
degree of decomposition in virgin and cultivated peat pro-
files. Canadian Journal of Soil Science 67, 187-198.

Ren, D., Li, L., Schwabacher, A.W., Young, J.W., Beitz, D.C.,
1996. Mechanism of cholesterol reduction to coprostanol by
Eubacterium coprostanoligenes ATCC 51222. Steroids 61, 33—
40.

Riederer, M., Matzke, K., Ziegler, F., Kogel-Knabner, 1., 1993.
Occurrence, distribution and fate of the lipid plant biopoly-
mers cutin and suberin in temperate forest soils. Organic
Geochemistry 20, 1063-1076.

Rieley, G., Collier, R.J., Jones, D.M., Eglinton, G., 1991. The
biogeochemistry of Ellesmear Lake, U. K.-I. Source correla-
tion of leaf wax inputs to the sedimentary lipid record.
Organic Geochemistry 17, 901-912.

Simpson, [.A., Dockrill, S.J., Bull, I.D., Evershed, R.P., 1998.
Early anthropogenic soil formation at Tofts Ness, Sanday,
Orkney. Journal of Archaeological Science 25, 729-746.

Simpson, [.A., van Bergen, P.F., Perret, V., Elhmmali, M.M.,
Roberts, D.J., Evershed, R.P., 1999. Lipid biomarkers of
manuring practice in relict anthropogenic soils. The Holo-
cene 9, 223-229.

Svoboda, J.A., Thompson, M.J., 1985. Steroids. In: Kerkut,
G.A., Gilbert, L.I. (Eds.), Comprehensive Insect Physiology,
Biochemistry and Pharmacology. vol. 1. Pergamon Press,
Oxford, pp. 137-175.

Thurston, J.M., Williams, E.D., Johnston, A.E., 1976. Modern
developments in an experiment on permanent grassland
started in 1856: effects of fertilisers and lime on botanical
composition and crop and soil analyses. Annals of Agr-
onomy 27, 1043-1082.

Tilman, D., Dodd, M.E., Silvertown, J., Poulton, P.R., Johnston,
A.E., Crawley, M.J., 1994. The Park Grass experiment: Insights
from the most long-term ecological study. In Leigh, R. A.,
Johnston, A. E. (Eds.), Long-term Experiments in Agricultural
and Ecological Sciences. CAB International, pp. 287-303.

Tulloch, A.P., 1976. Chemistry of waxes of higher plants. In:
Kolattukudy, P.E. (Ed.), Chemistry and Biochemistry of
Natural Waxes. Elsevier, Amsterdam, pp. 236-287.

Walton, T.J., 1990. Waxes, cutin and suberin. In: Harwood,
J.L, Bowyer, J.R. (Eds.), Methods in Plant Biochemistry.
Academic Press, London, pp. 105-158.

Warren, R. G., Johnston, A. E., 1964. The Park Grass experi-
ment. Rothamsted experimental station. Report for 1963, pp.
240-262.

Warren, R. G., Johnston, A. E., 1967. Hoosfield continuous bar-
ley. Rothamsted experimental station. Report for 1967,
pp.320-338.

Wayne, R.P., 1991. Chemistry of Atmospheres. 2nd edition.
Clarendon Press, Oxford pp. 447.

Weete, J.D., 1976. Algal and fungal waxes. In: Kolattukudy,
P.E. (Ed.), Chemistry and Biochemistry of Natural Waxes.
Elsevier, Amsterdam, pp. 349-418.



