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Hyrax middens are unique environmental archives with the potential to provide unprecedented high-
resolution palaeoenvironmental records, particularly in the arid regions of southern Africa. This study
provides the first detailed characterisation of the organic matter composition of hyraceum and aims to
identify biomarker evidence capable of providing new or supplementary palaeoenvironmental data from
these novel archives. Pyrolysis gas chromatography mass spectrometry reveals hyraceum to be dominated
by nitrogen-containing aromatic compounds, notably benzamide. This is almost certainly derived directly
from the hyrax urine and is probably the main source of nitrogen as measured in bulk δ15N measurements.
Solvent-extractable lipids comprise homologous suites of long-chain n-alkanes (C24–C34) and n-alkanols
(C16–C26), characteristic of higher plant leaf waxes, along with an abundance of animal-derived sterols,
higher plant sterols and terpenoids; as well as the ubiquitous benzamide.
n-alkane distributions and compound specific δ13C clearly differentiate samples from the C3 vegetation
dominated Cape Floristic Region, and the more arid, C4 grass-rich savannas of central Namibia (Klein
Spitzkoppe). Distinct changes in n-alkane distribution and δ13C are observed within the Spitzkoppe midden;
most notably the mid to late Holocene period (c. 6000–2000 cal yr BP), which records a progressive
reduction in grass-derived organic matter inputs. Based on the animal's feeding behaviour and contemporary
site ecology, a phase of increasing aridity is inferred, which is consistent with other proxy data from this site
(e.g. bulk δ15N). The excellent preservation of plant and animal biomarkers suggests that there is significant
potential for midden-derived biomarkers to provide long-term palaeoenvironmental proxies.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction

The rock hyrax (Procaviidae: Procavia capensis) is a medium sized
gregarious herbivore common throughout Africa. Colonies of this
species have a habit of defecating and urinating in the same location,
resulting in the progressive accumulation of ‘middens’ composed of a
yellow-brown compact material known as hyraceum. In arid environ-
ments hyraceum has a high preservation potential within the rock
overhangs and crevices the animal inhabits and can form stratified
deposits many tens of centimetres thick. In the drylands of southern
Africa palaeoecological archives of significant length and/or resolution
are extremely rare (Chase and Meadows, 2007). The recognition that
hyraceumdepositsmaybe of considerable (Pleistocene) antiquity, and
that they preserve palaeoecological proxies such as pollen (Scott and
Bousman, 1990; Scott, 1996) has generated considerable interest
09 Published by Elsevier B.V. All rig
(Scott et al., 2004; Gil-Romera et al., 2006a,b; Scott and Woodborne,
2007; Meadows et al., in press). The more recent demonstration that
hyraceum preserves records of near-decadal resolution (Chase et al.,
2009) serves to underline the great potential of these archives.

Hyraxes are not thought to feedmuch further than c. 60–500 m from
the rock overhangs/koppies they inhabit and are relatively unselective
feeders, suggesting that their diet and associated faeces reflect
contemporary local vegetation (Sale, 1965; Hoeck, 1975; Brown and
Downs, 2005). Many studies have therefore utilised palynological
evidence within hyraceum to reconstruct local palaeovegetation (e.g.
Scott and Bousman, 1990; Gil-Romera et al., 2006a,b). There is also an
increasing emphasis on the potential of stable isotope records obtained
from midden material (Scott and Vogel, 2000; Chase et al., 2009).
Analysis of δ13C of organic matter is particularly pertinent in this region
as southern African vegetation is characterised by plants exhibiting all
three major photosynthetic pathways (C3, C4 and CAM), with their
distribution closely related to the region's climate. C3 vegetation
dominates in the winter-rainfall affected Cape Floristic Region (Vogel
et al., 1978; Fig. 1), while the sub-tropical summer-rainfall environ-
ments covering the greater part of the sub-continent are characterised
bya significantproportionofC4 vegetation.Organicmatter derived from
hts reserved.
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Fig. 1. Southern African rainfall seasonality indicated as percentage of annual
precipitation falling in April–September. This distinct seasonality patterning reflects
the position of the sub-continent at the margins of the sub-tropical climate system,
such that rain-bearing westerly systems cross the Western Cape throughout the winter
months. C3 (black) and C4 (white) plant and mixed C3/C4 (grey) distributions are
shown along with the sample site locations; Truitjes Kraal (1) Klein Spitzkoppe (2).
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the C3 and C4 photosynthetic pathways displays distinct isotopic
signatures, reflecting their differing discrimination against 13C during
photosynthesis (Farquhar et al., 1989). CAMplant δ13C values are highly
variable, but generally lie between those of C3 and C4 plants. This is
because some species exhibit C3/CAM flexibility, while others may be
obligate CAM plants (Rundel et al., 1999). In southern Africa they are
particularly prevalent in the Succulent and Nama Karoo Biomes
(Cowling and Hilton-Taylor, 1999).

It is well established that herbivore faecal matter reflects the δ13C
of the vegetation consumed by the animal (e.g. Codron et al., 2007 and
references therein). More recently Chase et al. (2009) suggested a
strong linkage between (plant-derived) δ15N signals in hyraceum and
environmental moisture availability. Hyrax middens essentially
comprise varying proportions of faecal pellets and concentrated
urine, as well as additional–potentially allochthonous–material such
as hair, aeolian dust, plant fragments and pollen (Scott, 1996; Scott
and Woodborne, 2007). In hot and dry conditions the urine rapidly
evaporates, precipitating salts (primarily KCl with smaller amounts of
the carbonate minerals vaterite and weddelite; Scott andWoodborne,
2007; Prinsloo 2007), which seal in much of the associated organic
matter. The inorganic composition of hyraceumwas recently reported
(Prinsloo, 2007), but the associated organic matter has yet to be
considered in any detail. A range of important insights can be obtained
from the analysis of coprolitic organic matter, particularly from the
specific organic compounds indicative of living organisms (biomar-
kers) that may be preserved (e.g. Hollocher et al., 2001). Coprolite
studies utilising plant and animal biomarkers have previously
considered palaeo-dietary reconstructions in archaeological research
(e.g. Lin and Conner, 2001), and palaeo-diet/palaeoecological recon-
structions for now-extinct fauna (van Geel et al., 2008). The latter
study demonstrated the clear preservation of plant biomarkers,
specifically leaf wax lipids, within herbivore digestive tracts.

Many plant biomarker palaeoenvironmental studies have specif-
ically employed leaf wax lipids (e.g. n-alkanes, n-alkanols; n-alkanoic
acids; Collister et al., 1994), which may be widely distributed in the
environment and are diagnostic of differing plant sources (Conte and
Weber, 2002). In southern Africa Rommerskirchen et al. (2003)
analysed leaf waxes within Late Holocene (terrestrially-derived)
marine sediments in the southeast Atlantic Ocean. They demonstrated
that the relative abundances of n-alkane and n-alkanol homologues,
along with compound specific stable carbon isotope signals, tracked
large-scale ecological patterns on the African continent, particularly
the distribution of tropical C3 vegetation and C4 grass-rich savanna
ecosystems. Schefuß et al. (2003) reported comparable patterns for
North Africa, while studies elsewhere have also related lipid
distributions to changes in humidity and/or aridity (e.g. Castañeda
et al., 2009). A clear implication of these studies is that palaeocological
and palaeoclimatic fluctuations can be recorded in archives preserv-
ing leaf wax lipids (e.g. Rommerskirchen et al., 2006). Hyraceum
deposits therefore offer a unique opportunity to systematically
develop this approach in a region where suitable archives are usually
lacking.

Given their relatively recalcitrant nature leaf wax lipids should
survive transit through the Hyrax's digestive tract and be subse-
quently preserved within hyraceum. Furthermore, unlike δ13C isotope
analyses of total organic matter, individual leaf waxes δ13C signals can
provide a direct and unequivocal insight into an animal's past dietary
habits, which are in turn related to changes in the local environment
(see references above). An additional advantage of this approach is
that leaf wax homologue distributions can also be obtained relatively
rapidly from total solvent extracts, and may provide a means for the
rapid identification of major palaeoecological shifts within long
hyraceum sequences. The overall aim of this paper therefore is to
provide an initial assessment of the organic matter composition and
lipid biomarker suites preserved within hyraceum, with particular
emphasis on assessing the potential of solvent-extractable leaf wax
lipids as a palaeoenvironmental proxy. In conjunction, we consider
the (insoluble) macromolecular organic matter composition of the
hyraceum. As solvent-extractable lipids typically comprise a small
percentage of the total organic matter in a sample, the analysis of
macromolecular organic matter provides a means to assess the major
sources of carbon and nitrogen as determined in total organic carbon
(TOC) and total nitrogen (TN) stable isotope analyses (e.g. Scott and
Vogel, 2000; Chase et al., 2009). The macromolecular organic matter
fraction will likely comprise high molecular weight and/or polymeric
organic compounds (a typical plant-derived example is lignin), but to
date this has never been investigated with hyraceum (c.f. Hollocher
et al., 2001).

The overall aims of the study are:

1. To characterise the major solvent-extractable and macromolecular
constituents of hyraceum organic matter and to assess organic
matter provenance and preservation.

2. To assess the potential of leaf wax lipids and compound specific n-
alkane δ13C analyses as palaeoenvironmental proxies using a long
(c. 12,000 year) hyraceum sequence for which additional proxy
data are presently available.

3. Consider the results of 1 and 2 in light of sample site ecology, and
assess the wider implications for reconstructing terrestrial
palaeoecological change in southern Africa using this approach.
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2. Sample details

In this study we selected two midden sites representative of
distinct biomes and climatic settings within southern Africa. The first
site (Truitjes Kraal; henceforth “TK”) is in the southern Cederberg
Mountains of theWestern Cape Province of South Africa at an altitude
of c. 890 m (Fig. 1). This region is characterised by sclerophyllous,
shrubby “fynbos” vegetation of the Cape Floristic Region (e.g. Linder,
2003). This vegetation consists primarily of C3 plants, including
grasses such as Pentaschistis sp. from the C3 Pooideae sub-family
(Gibbs-Russell et al., 1990). C4 grasses are not typically found in the
Cederberg (Vogel et al., 1978). Some small trees are present, (e.g.
Searsia undulata; formerly Rhus undulata), and the site lies within a
few kilometres of the ecotone between the Fynbos and the Succulent
Karoo Biomes (Meadows et al., in press). The latter region is relatively
rich in succulent (frequently CAM) species, and a number of
succulents are also found in the vicinity of the sample site; notably
species from the Crassulaceae and Mesembryanthemaceae families
(Meadows et al., in press). The climate in this region is dominated by
winter-rainfall and at the TK site mean annual rainfall is currently
c. 250 mm a−1 (Schulze, 1997). The TK midden ranges in age from
9510 to 1310 cal yr BP (Meadows et al., in press). In this study
representativematerial from a sub-sample dating to 7000–8000 cal yr
BP was analysed (Fig. 2). Palynological analyses suggest comparable
vegetation to the present at this time (ibid).

The second midden investigated was obtained from the Namibian
inselberg Klein Spitzkoppe (henceforth referred to as “SP”), approxi-
mately 140 km northeast of Walvis Bay (21°49′S, 15°11′E). The site lies
between the Namib Desert in the west and the highland plateau of
central Namibia to the east. Presently the site receives c. 135 mm of
rainfall per annum, the majority of which (N70%) falls in the summer
months January–March (Hijmans et al., 2005). Modern vegetation
comprises very dry savanna (specifically, Xeric Namibian savanna
woodland; Barnard, 1998), which includes Sterculia sp., Euphorbiaceae,
Asteraceae, Scrophulariaceae and Capparceae (Gil-Romera et al.,
2006b). Grasses are primarily C4 type and belong to the sub-families
Chloridoideae and Arundinoideae (e.g. Stipagrostis sp.); Gibbs-Russell
et al., 1990; Schulze et al., 1996; Gil-Romera et al., 2006b). The inselberg
does however receive more rain than the surrounding lowlands, and
more mesic vegetation is present on the lower-most slopes (e.g.
Oleaceae, Vitaceae). Radiocarbon dating indicates that the SP midden
covers the period from c. 11,700 cal yr BP to the present (Chase et al.,
2009). We have analysed a sub-section of the midden (SPZ1-3) which
Fig. 2. The sampled material, with sub-sample locations. B
dates to between 11,600 cal yr BP and 1300 cal yr BP,with an estimated
accumulation rate of approximately 10.2 µm yr−1 (Chase et al., 2009).
This piece was further sub-sampled over its depth range of c. 150 mm
(Fig. 2).

3. Methods

All sampleswere drilled from pieces of hyraceum, freeze-dried and
homogenised in a ball-mill. Bulk elemental and stable isotope ratios
were obtained using a SerCon ANCA GSL elemental analyser
connected to a SerCon Hydra 20–20 continuous flow isotope ratio
mass spectrometer. In the case of samples from the SP midden, which
was found to contain c. 6–8% carbonate, total organic carbon (TOC)
was determined after pre-treatment with dilute hydrochloric acid. All
reported data are means of triplicate analyses of sub-samples. Carbon
isotopic composition is reported in per mill (‰) relative to the Peedee
Belemite (PDB) following:

δ13C =
Rsample

RPDB

� �
−1

� �
⁎1000ð‰Þ

Where R=13C/12C.
Lipid biomarkers were extracted using solvents of progressively

decreasing polarity (MeOH; dichloromethane (DCM); hexane) in
conjunction with ultra-sonic agitation. Extracts were pooled, evapo-
rated with a rotary evaporator and eluted over an Al2O3 column to
derive apolar (hexane) and polar (DCM) fractions. The polar fraction
was derivatized using bis(trimethylsilyl)trifluoroacetamide (BSTFA)
for 1 h at 60 °C prior to analysis.

Three additional larger samples were obtained from the top and
bottom of SP and top of TK samples (Fig. 2). These were spiked with
two internal laboratory standards (C18 n-alkane and C19 fatty acid
methyl ester) in order to quantify the concentration of extracted
biomarkers. Gas chromatography mass spectrometry was carried out
on all samples using a Perkin Elmer Clarus 500 GC/MS system fitted
with a CP-Sil 5CB MS column (30 m×0.25 mm). The temperature
programme comprised an initial temperature of 60 °C for 1 min,
increased to 120 °C at a rate of 20 °Cs−1, then ramped to a final
temperature of 310 °C at 4 °C min−1. The temperature was held at
310 °C for a further 15 min of analysis. Compounds were identified on
the basis of their retention times and mass spectra. Relative
concentrations were based on total ion current (TIC) chromatogram
peak integration using the Turbo-Mass software. Isotope ratio
oth the SP midden (A) and TK midden (B) are shown.
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monitoring GC/MS (irm-GC/MS) analyses were carried out using an
Agilent 6890 N gas chromatograph equipped with a platinum–copper
wire combustion reactor, which was interfaced to a SerCon GC-CP and
connected to the Hydra 20–20 MS.

Inorder to characterise the insolublemacromolecularorganicmatter
within hyraceum, we conducted pyrolysis GC/MS (py-GC/MS) analyses
on these samples. A representative sample from each midden was
analysed using a CDS 1000 pyroprobe coupled to a Perkin Elmer Clarus
500 GC/MS system (configured for splitless injection). Approximately
0.5 mg of freeze-dried and homogenised sample was encapsulated in a
clean quartz tube (held in placewith quartzwool) andwas pyrolysed at
610 °C for 15 s. Sampleswere analysedwith andwithout the application
of an online methylating agent, tetramethyl ammonium hydroxide
(TMAH). The resulting methylation prevents the complete thermal
degradation of some compounds and can assist in the identification of
Fig. 3. n-alkane homologue distributions (presented as absolute concentrations) for the sam
standard deviations for the individual n-alkanes.
the likelymacromolecular components in a sample. The GC settings and
column type were the same as those used for the lipid analyses. The
temperature programme comprised an initial temperature of 40 °C held
for 1.8 minutes,whichwas then ramped to afinal temperature of 310 °C
at 4 °C min–1. The temperature was then held at 310 °C for a further
20 minutes of analysis time.

4. Results

4.1. Apolar solvent-extractable compounds

The apolar fraction is dominated by peaks derived from n-alkane
homologues with chain lengths between C23 and C34 (C34 not always
identified). Additional, but much smaller peaks with comparable
retention times comprise methyl-alkanes. The absolute concentration of
ples SP-top, SP-bottom and the TK midden (large sample). The mean δ13C values and



Table 2
Total concentrations of n-alkane homologues for the large samples removed from the
SP and TK middens. Original sample masses are in included in the bottom row.

n-alkane
homologue

SP-top
(μg g−1)

SP-bottom
(μg g−1)

TK
(μg g−1)

21 0.0003 0.0007 0.0013
22 0.0002 0.0006 0.0006
23 0.0013 0.0021 0.0054
24 0.0005 0.0011 0.0017
25 0.0039 0.0065 0.0231
26 0.0008 0.0017 0.0054
27 0.0093 0.0134 0.0946
28 0.0014 0.0017 0.0259
29 0.0213 0.0173 1.1236
30 0.0023 0.0012 0.0588
31 0.0439 0.0191 0.7573
32 0.0021 0.0005 0.0291
33 0.0117 0.0018 0.0702
34 0.0003 0 0
Sample mass (g) 25.533 22.0131 11.9667
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C24–C33 n-alkanes (Fig. 3) is low when compared, for example, to ocean
cores (0.4–0.7 μg g−1; Huang et al., 2000) or some terrestrial sedimentary
contexts (0.5–1.3 μg g−1 Zhang et al., 2006). The concentrations at
Spitzkoppe range from b0.001 to 0.05 μg g−1, but are significantly higher
in the TK sample (up to 1.12 μg g−1), which is commensurate with the
bulk TOC data (Table 1). Then-alkane concentration in the upper-most SP
sample is slightly higher (Table 2) than bottom SP sample.

The n-alkane distributions are all characterised by strong odd over
even chain length preference. The calculated carbon preference index
(CPI; Table 3) values of between 6 and 19, in conjunction with the
dominance of C24–C33 n-alkanes, is consistent with a higher plant
origin; specifically the epicuticular waxes of vascular plants (e.g.
Eglinton and Hamilton, 1967; Pancost and Boot, 2004).

The relative abundance of the different n-alkane homologues varies
between the SP andTK sites (Fig. 3). In all but one sample (SP 4,which is
characterisedbydominant C31 andC33) themost abundant homologues
are the C29 and C31. Systematic variation in the dominant homologue
can be identified within the SP midden sequence. The normalised C31
index (C31/(C29+C31)), demonstrates that following an abrupt change
at the base of the sequence, C31 is substantially the more abundant
homologue in the lower c. 60 mm of the SP midden (Table 3), before
progressively decreasing in prominence up sequence. The n-alkane
distribution in the TK midden is clearly distinct from the SP midden
(Fig. 3), showing consistent C29 dominance over C31. Average chain
lengths for all three samples from this midden are essentially identical
and are consistent with a lower normalised C31 index relative to SP.

4.2. Polar solvent-extractable compounds

Amajor component of the polar lipid fraction, which is identified in
every sample, is benzamide (C6H5CONH2). This compound is the only
solvent-extractable nitrogenous compound identified (0.5 μg g−1 in the
TKmidden). A series of n-alkanol homologues is clearly detectable, with
chain lengths ranging from C16-ol to C28-ol and concentrations slightly
lower than the n-alkanes. For example, in the TK midden they range
between 0.002 and 0.03 μg g−1. As is typical of their occurrence in
recent sedimentary contexts they display a very strong even over odd
chain length preference (e.g. Eglinton and Hamilton, 1967). The
dominant homologue in TK (C26-ol) is also typical of a higher plant
source (e.g. van Bergen et al., 1997). In the case of SP, the n-alkanol
distribution is wider, with a broad peak between C16-ol to C20-ol.

The othermajor compounds in the polar fraction include cholesterol
and 5-β-Cholest-5-enol and their hydrogenated products (e.g. choles-
tanol. and 5-β-Cholestanol; 0.8 μg g−1). These animal-derived sterols
must have originated directly from the hyrax gut content (e.g. Lin and
Table 1
Bulk and acid-treated (TOC) carbon contents and δ13C obtained from SP and TK. TOC/TN
ratios are also shown for the SP site. Note that Truitjes Kraal samples display no
significant change with HCl pre-treatment (labelled “N/A”).

Sample code Sample
depth
(mm)

Total carbon
content
(%)

δ13C
(‰)

TOC
(%)

Organic δ13C
(‰)

TOC/TN

Spitzkoppe
SP1 15 22.2 −21.6 14.4 −23.5 4.7
SP10 25 24.9 −22.0 18.2 −23.6 6.6
SP2 30 23.1 −20.8 15.1 −23.3 4.3
SP3 40 24.7 −21.6 18.7 −23.0 6.9
SP4 60 25.9 −21.5 18.7 −22.9 8.8
SP5 80 26.6 −21.1 20.1 −21.9 9.3
SP6 90 27.6 −21.1 20.6 −21.9 9.0
SP7 100 25.5 −20.5 19.1 −22.2 8.4
SP9 115 25.9 −20.3 19.8 −22.0 9.1
SP11 120 25.1 −20.2 18.8 −22.1 8.8

Truitjes Kraal
TK2 20 36.4 −26.9 36.4 N/A N/A
TK5 30 37.3 −26.2 37.3 N/A N/A
Conner, 2001; van Geel et al., 2008). In fact, 5β-stanols are often used as
a means to detect faecal matter inputs to sedimentary or archaeological
deposits (e.g. Evershed et al., 1997; Bull et al. 1999). The occurrence
of phyto-sterols (e.g. ß-Sitosterol c. 0.4 μg g−1), which are derived
from the structural components of higher plant cell membranes, along
with higher plant-derived pentacyclic terpenoids such as α-Amyrin
(Volkman et al., 2007) further demonstrates the abundance of plant-
derived organic matter in the middens, which must have passed
through the animal unaltered by gut microflora.
4.3. Pyrolysis GC/MS

Comparison of the extractable lipid concentrations with the total
organic carbon contents clearly indicates that the lipids represent a
minor fraction of the total organic matter in hyraceum. Pyrolysis
allows an assessment of this (insoluble) macromolecular component
via the controlled thermal degradation of a sample followed by the
injection of the resulting products into a GC/MS system (e.g.
Wampler, 2007). Interpretation of the types and relative proportions
of the pyrolysis products provides an indication of the original
macromolecular structure and composition. Pyrograms for two
representative samples from the SP and TK middens are shown in
Fig. 4. The hyraceum pyrolysis products are essentially identical and
dominated by aromatic compounds. Some are common in pyrolysates
and are not diagnostic, as they may be fragmentation products of a
wide range of parent compounds (e.g. styrene; Fig. 4). More
interestingly, for both samples the largest (SP) or second largest
Table 3
The characteristics of the n-alkane chain length distributions. Cmax=highest concen-
tration n-alkane homologue, ACL= “average chain length” (C23–C33) defined:
ðC23⁎23 + C25⁎25 + C27⁎27 + C29⁎29 + C31⁎31 + C33⁎33Þ= ðC23+C25+C27 +C29 +
C31+C33Þ. CPI=“carbon preference index” (C25–C33) defined: CPI = 0.5⁎[(C25+C27+
C29+C31+C33) / (C24+C26+C28+C30+C32)+(C25+C27+C29+C31+C33)/ (C26+
C28+C30+C32+C34)]. The relative significance of the C29 and C31 homologues is
represented by the normalised C31 index: C31/(C29+C31).

Sample Depth
(mm)

Cmax ACL C31/(C31+C29) CPI

SP-top 5 31 30.02 0.67 13.08
SP3 40 31 29.66 0.78 6.10
SP4 60 31 31.04 0.89 7.45
SP5 80 31 30.93 0.91 14.65
SP7 100 31 30.54 0.88 8.72
SP9 115 31 30.75 0.91 12.42
SP-bottom 125 31 28.67 0.52 10.6
TK-top 5 29 29.71 0.40 17.23
TK2 20 29 29.83 0.48 11.54
TK5 30 29 29.75 0.38 18.72



Fig. 4. Pyrograms for the TK (top) and SP (bottom) middens, showing the total ion current (TIC) with no sample pre-treatment. Compounds mentioned in the text are labelled as
diamonds (styrene), circles (benzonitrile) and stars (benzamide).
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(TK) peak is benzonitrile, which is accompanied by benzamide and
additional polyaromatic nitrogen-containing compounds. These are
not typical pyrolysis products of plant-derived or sedimentary organic
matter, and must be related to animal metabolites.

In both cases, the addition of TMAH reduces the number of
pyrolysis products as it prevents the complete fragmentation of the
parent molecules. In these samples TMAH results in a shift in the
relative significance of the benzonitrile (significantly decreased) and
benzamide (increased) (Fig. 5), strongly suggesting that the former is
a pyrolysis product of the latter. This, together with the occurrence of
more complex polyaromatic nitrogen compounds, suggests that
benzamide is likely to be a structural monomer of a larger polymeric
structure that forms the organic matrix of the hyraceum. It appears
from the solvent extracts that benzamide is also partially soluble.
Benzamide and related compounds therefore comprise a significant
proportion of the total organic matter within the hyraceum, and are
probably the major source of nitrogen as measured in bulk N and δ15N
measurements. The TOC/N ratio of the hyraceum (Table 1) is akin to
that of both benzamide and benzonitrile (7).

Interestingly, common pyrolysis products unequivocally indicative
of higher plant inputs, such as lignin monomers, are absent or below
detection limits in the pyrolysates. Specific mass traces for lignin
pyrolysis products such as guaiacol, syringol and p-coumaric acid
confirmed this finding. This is however consistent with the lack of
observable macro plant remains (cf: pack rat middens; Pearson and
Betancourt, 2002, and references therein).

4.4. Compound-specific δ13C analysis

Compound specific δ13C analyses were conducted on the n-alkane
lipid extracts from the three large sub-sample extracts. The δ13C data
for the most abundant n-alkanes are shown in Table 4. The most
depleted n-alkanes in the SP samples are the C29 and C31 homologues
Fig. 3), which is consistent with the previous interpretation of a higher
plant leaf wax origin. From these data the relative proportions of C3

and C4 plant inputs may be estimated using a two component mixing-
model (Huang et al., 2000) with C4 and C3 end member δ13C values of
−20‰ and −35‰ (Boom et al., 2002), and the weighted (by relative
peak area) mean δ13C. The resulting data imply c. 60% (SP-top) and
50% (SP-bottom) C4 plant inputs to the SP hyraceum and c. 21% C4

plant inputs into the TK hyraceum.
The latter result is particularly interesting given that C4 grasses are

virtually absent in the Cederberg today and were probably also absent
in the past (e.g. Vogel et al., 1978; Scott and Vogel, 2000). This
enrichment of the n-alkane δ13C may instead reflect a contribution
from CAM plants, which are found both in the site vicinity and in the
nearby Succulent Karoo Biome (see also Scott and Vogel, 2000). Few
studies have reported n-alkane δ13C data for CAM plants (Collister
et al., 1994; Bi et al., 2005; Chikaraishi and Naraoka, 2007), and in each
case few species where analysed (none of which were southern
African). The data that are available suggest that CAM plant leaf waxes
are highly variable, with n-alkane δ13C values ranging from −21 to
−29‰ (Collister et al., 1994; Bi et al., 2005).

5. Discussion

5.1. The composition of hyraceum

The above analyses demonstrate the presence of both plant and
animal-derived organic matter within the middens. The solvent-
extractable fraction clearly represents a small proportion of the total
organic content of the hyraceum (Tables 1 and 2), and it is only the



Fig. 5. Example pyrograms (TIC) after the application of TMAH for the TK (top) and SP (bottom)middens. Compounds mentioned in the text are labelled as circles (Benzonitrile) and
stars (two methyl derivatives of benzamide, which are a result of the TMAH treatment).
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py-GC/MS data that provide a clear indication of the primary nature of
the organic matter within hyraceum. The presence of benzamide
within the solvent extracts and its great significance within the py-
GC/MS data suggests that this compound represents a significant
proportion of the hyraceum organic matter. It is possible that
benzamide is derived from hippuric acid; a metabolic compound
commonly found in the urine of mammals and ruminants (Bristow et
al., 1992). Given the dominance of benzamide and related com-
pounds, these are assumed to represent the primary source of
nitrogen as determined in bulk stable isotope measurements. Despite
visual differences between the middens (Fig. 2), and notable
differences in the extractable lipid compositions, these data imply
Table 4
n-alkane δ13C (‰) data for the TK and SP middens. Each mean and accompanying
standard deviation is based on 3 separate sample injections. Missing data reflect signals
too small for precise peak integration. Weighted mean δ13C was determined from C27–

C31 alkane relative peak areas.

n-alkane
homologue

TK δ13C
(‰)

SP-top δ13C
(‰)

SP-bottom δ13C
(‰)

Mean SD Mean SD Mean SD

25 −29.2 0.6 – – −24.5 0.1
27 −30.7 0.3 −25.1 0.5 −24.7 0.1
28 −30.9 0.7 – – – –

29 −32.2 0.5 −27.4 0.3 −28.1 0.1
30 −31.6 0.5 −26.1 0.1 – –

31 −32.3 0.3 −26.0 0.7 −29.0 0.2
32 −30.6 0.5 −26.7 0.8 – –

33 −30.7 0.4 −24.8 0.9 −26.7 0.4
Weighted mean −32.0 −25.9 −27.5
that bulk δ15N data will primarily record the isotopic signature of the
same animal-derived metabolic product in both middens.
5.2. Palaeoenvironmental significance

Given the concentration of other lipids and metabolic products
within the solvent extracts it seems most plausible to assume that the
majority of n-alkanes within the hyraceum were derived from the
hyraxes' diet. Similarly, van Geel et al (2008) identified plant-derived
n-alkanes and n-alkanols in high concentrations (c. 400 µg g−1)
within herbivore faeces (mammoth).

The relative abundances of the four major n-alkane chain lengths
associated with higher plant leaf waxes are plotted in ternary
diagrams (Fig. 6) with, for comparison, the southeast Atlantic n-
alkane data reported by Rommerskirchen et al. (2003). The hyraceum
data all plot in broadly the same domains of the diagrams, reflecting
the dominance of the C29 and C31 homologues; with only SP4 showing
a significant proportion of C33 n-alkane (Fig. 6B) and sample SP-
bottom (125 mm) exhibiting a relatively larger C27 signal (reflected in
the lower ACL value for this sample; Table 3 and Fig. 6A). In both
diagrams the SP data plot closer to data frommarine core sites 5–9, in
which terrestrial organic matter was primarily derived from southern
African savanna ecosystems (as opposed to sites 1–4). This is
consistent with the location of the SP site, although the midden
data display greater variability in C29–C31 abundance, as well as a
stronger dominance of the C31 alkane in some cases, compared to the
ocean core data. This may reflect some homogenisation of the
terrestrial organic matter during transport off the continent (e.g.
Eglinton et al., 2002). The TK data clearly plot separately to the SP
data, due primarily to the greater significance of the C29 n-alkane.



Fig. 6. The relative proportions of C27, C28 and C29 n-alkane (left) and C29 C31 C33 (right) n-alkane homologues extracted from the SP and TKmiddens plotted in relation to the data of
Rommerskirchen et al. (2003) — grey circles. Numbers refer to ocean cores from which these data were derived; running north–south from 1) ODP 1075A; 2) GeoB 1008-3;
3) GeoB1016-3; 4) ODP 1079A; 5) GeoB 1028-5; 6) ODP 1082A; 7) GeoB1710-3; 8) ODP 1084-A; 9) GeoB1722-1.
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There is less scatter in the three TK samples, although these sub-
samples are all comparable in age to one another.

When plotted stratigraphically the normalised C31 index for SP
midden samples reveals a progressive increase in the relative
significance of the C29 alkane (Fig. 7). The exact cause of systematic
changes in dominant n-alkane chain length within sedimentary
archives is still subject to some debate, although large-scale re-
organisations in the dominant regional vegetation type (e.g. grasses/
herbs verses trees; Schwark et al., 2002; Bai et al., 2008), as well as
changes in temperature (Poynter et al., 1989; Castañeda et al., 2009)
and/or humidity (Schefuß et al., 2003) have been cited as explana-
tions. In the African context, dust deposits collected from marine
transects reveal a strong relationship between n-alkane distribution
Fig. 7. The δ15N and normalised C31 index (C31/(C31+C29)) records plotted stratigraphi-
cally. Calibrated radiocarbon ages for themidden SPZ1-3 are shown. Further details of this
midden and its chronology are provided in Chase et al. (2009).
and the terrestrial distribution of tropical and savanna vegetation
north and south of the equator (Eglinton et al., 2002; Schefuß et al.,
2003; Rommerskirchen et al., 2003). Specifically, there is a tendency
for the C31 n-alkane homologue to become more dominant in organic
matter derived from drier savanna regions. This has been associated
with a greater occurrence of grasses, and a normalised C31 index N0.5
has been interpreted as indicative of predominantly grassy environ-
ments (Rommerskirchen et al., 2003; Zhang et al., 2006). The
normalised C31 index through the SP midden sequence therefore
implies a progressive reduction in grass inputs, particularly in the
youngest samples (Fig. 7).

The TK midden data are distinct from all of the SP sequence, with
notably lower ACLs and normalised C31 index values reflecting the
dominance of the C29 homologue. This result is consistent with the
site location in the Western Cape Province, which is characterised by
shrubbier (primarily C3) vegetation and a more humid climate than
the central Namibian SP site (Rommerskirchen et al., 2003; Schefuß
et al., 2003). The compound specific stable isotope data also imply a
contribution of CAM plants to the leaf wax lipids at this site. This is
cannot be resolved from the homologue distributions (e.g. CPI and
Cmax) given the limited study and variability shown in published
examples from CAM plants (e.g. Collister et al., 1994; Bi et al., 2005).
This subject has yet to receive systematic study in southern African
environments. However, hyraxes have been recorded feeding on
succulent plants elsewhere in Africa, despite a preference for fresh
grasses when in season, and feeding preferences are usually in
proportion to the vegetation present (Hoeck, 1975). Given that pollen
from CAM-containing plant families, such as Aizoaceae and Euphor-
biaceae is also recorded within the TK midden (Meadows et al., in
press), we cannot as yet rule out that CAM plants form a proportion of
the Hyrax diet in certain locations, such as the Cederberg and the
Succulent Karoo Biome.

The n-alkane δ13C data for the SP sequence (−27.5‰ to −25.9‰)
are markedly more enriched than the TK midden (−32.0‰), and
although limited in number, are also consistent with the inference that
greater proportions of C31n-alkanes (higher C31 index) tend to correlate
with grassier, C4-rich vegetation in savanna environments and a
more enriched n-alkane δ13C (Eglinton et al., 2002; Rommerskirchen
et al., 2003). C4 grasses, notably Stipagrostis sp., are very common
in the vicinity of Spitzkoppe and northern Namibia (Barnard, 1998;
Gil-Romera et al., 2006b), and although some CAM species are
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present, midden pollen records from the Huab River region c. 150 km
north of SP are dominated by Poaceae and Acanthaceae pollen (Gil-
Romera et al., 2006b).

The sampled SP midden sequence spans the period c. 11,600–
1300 cal yr BP, within which both the δ13C and n-alkane data imply a
progressive reduction in the significance of grass-derived organic
matter inputs from the mid–late Holocene (Fig. 7). Hoeck (1975)
reported that Procavia johnstoni tend to favour fresh grass, particularly
during the wet season. As grasses became less palatable and/or less
abundant during the dry season, the proportion of bushes and trees in
the hyrax diet tended to increase (ibid). Brown and Downs (2005) also
reported that during the dry season the proportion of tree bark in Pro-
cavia capensis' diet increased (as grasses dry out). The changing n-
alkane composition recorded in the SP midden therefore implies a
reduction in the extent of palatable grasses within the local vegetation,
and increased feeding on woodier vegetation. Based on the contempo-
rary ecology of this region this shift is suggestive of a period of
progressive aridification 6000–2500 cal yr BP, which is consistent with
other data from Spitzkoppe. Most notably, the δ15N record (Fig. 7),
which has been associated with shifts in relative aridity.

6. Conclusions

This initial study demonstrates the good preservation of both plant
and animal-derived organic matter within the middens. Plant-derived
n-alkanes dominate the apolar lipid fraction, while the polar lipids are
dominated by metabolic products from the animal (e.g. cholesterol),
plant sterols and n-alkanols. The solvent-extractable fraction repre-
sents a small proportion of the total organic matter and the py-GC/MS
data provide a first opportunity to consider the macromolecular
organic matter composition of hyraceum. The TK and SP middens
yield remarkably similar pyrolysates, with the hyraceum dominated
by nitrogen-containing aromatic structures. The abundance of
benzamide indicates that the majority of this organic matter is
derived directly from the hyraxes' urine, which implies that the same–
urine-derived–signal probably dominates the measured isotopic
(δ15N) composition of the bulk samples.

The extractable lipid data demonstrate that n-alkane homologue
distributions, coupled with the n-alkane δ13C pick out differences in
the vegetal inputs to middens in ecologically distinct sites, as well as
through time in the SP midden sequence. In the case of the SP midden
these data record a progressive reduction in grass inputs to the
midden, which is commensurate with our understanding of the
animal's feeding behaviour and the regional palaeoenvironmental
record. This represents a novel approach to reconstructing terrestrial
environmental fluctuations in southern African savannas. Given the
relative ease by which such homologue distribution data may be
acquired, this may prove an extremely valuable tool in unravelling
regional palaeoecological dynamics in a region where grasses are
frequently over-represented in pollen spectra.
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