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Abstract Organic matter in sedimentary archives
is abundantly used to reconstruct paleoenvironmen-
tal and climate histories. Thereby, distinguishing
between the terrestrial and aquatic origin of sedimen-
tary organic matter is often a prerequisite for robust
interpretations. In this case study, we use published
data for modern plants and topsoils to identify the ter-
restrial versus aquatic source of n-alkane and sugar
biomarkers in two afro-alpine sediment archives
(Lake Garba Guracha and Depression B4) in the Bale
Mountains, Ethiopia. The results of our comparative
approach show that the long-chain n-alkanes C,q, C5,
and C;; in the sedimentary archives yielded patterns
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similar to those typical for the potential terrestrial
input. By contrast, the relative abundances of the sedi-
mentary mid-chain n-alkanes C,; and C,5, and at least
partly Cy; are significantly increased compared to the
plants and topsoils. This suggests that they are pri-
marily produced by aquatic macrophytes and micro-
organisms. The P, ratio (Cy3+C,5)/(Cp3+Ch5+Cyy
+ Cj,) is validated as a suitable source identification
proxy in our study area. The sugar biomarkers xylose
(xyl) and arabinose (ara) are abundant in the plant
and topsoil samples. By comparison, high relative
abundances of fucose (fuc) and rhamnose (rham) are
generally only observed in sediments. This indicates
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that these sugar biomarkers are primarily produced by
aquatic macrophytes or micro-organisms. Therefore,
the ratio (fuc+rham)/(ara+xyl) is a suitable sugar
biomarker proxy for organic matter source identifica-
tion. The relative abundances of galactose and man-
nose are systematically decreasing and increasing,
respectively, from leaves over O-layers to Ah-hori-
zons. Furthermore, they are not significantly differ-
ent from the abundances found in the sediments. This
hinders terrestrial versus aquatic source identification
using galactose and mannose.

Keywords Organic matter source

Introduction

Sedimentary organic matter in lake sediments is fre-
quently used for paleoenvironmental and climate
studies (Meyers and Ishiwatari 1993; Smol et al.
2002). Organic matter originates from the complex
mixture of lipids, carbohydrates, proteins, and other
components produced by organisms that have lived
in (autochthonous) and around the lake (allochtho-
nous) (Smol et al. 2002). As a result, organic matter
source identification is an essential prerequisite for
robust paleoenvironmental reconstructions (Doyle
et al. 2022). During the last decades, different molec-
ular markers and proxies were therefore suggested
and developed for characterizing the organic matter
and its degree of alteration in sedimentary records
(Meyers and Ishiwatari 1993; Meyers 1994; Anders-
son et al. 2012). For instance, the total organic car-
bon to nitrogen ratio (TOC/TN) is used to distin-
guish between terrestrial and aquatic carbon sources.
Organic matter derived from algae shows low TOC/
TN values (between 4 and 10), whereas vascular land
plants are usually characterized by high TOC/TN val-
ues (>20) (Meyers 1994). Similarly, the stable carbon
isotopic composition 8'C is frequently used to distin-
guish between C3 and C4 plant-derived organic mat-
ter (Meyers and Ishiwatari 1993; Meyers and Lallier-
Verges 1999). However, TOC/TN and 813C values are
affected by mineralization and degradation, result-
ing in more positive 8'°C values and a lower TOC/
TN ratio (Meyers 1994). Moreover, the Hydrogen
and Oxygen Indexes, which represent the amount of
hydrogen and oxygen in organic matter, may be used
as proxies for organic matter source identification
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(Talbot and Livingstone 1989; Liiniger and Schwark
2002). Note that both indexes are affected by degra-
dation, too.

In addition to the bulk parameters introduced
above, molecular biomarkers such as n-alkanes
(Ficken et al. 2000; Doyle et al. 2022) and hemi-
cellulose-derived neutral sugars (Hepp et al. 2016)
have been suggested for organic matter source iden-
tification. This is based on different biomarker pat-
terns in vascular plants versus aquatic organisms. For
instance, long-chain n-alkanes are abundant com-
ponents of most vascular plant epicuticular waxes
(Eglinton and Hamilton 1967; Bush and Mclnerney
2013), while mid- and short-chain n-alkanes predom-
inate in many aquatic macrophytes and algae, respec-
tively (Ficken et al. 2000, 2002). Similarly, the appli-
cability of sugar biomarkers in paleoenvironmental
studies is based on the notion that polysaccharides
synthesized by vascular plants contain high amounts
of pentose sugars (arabinose and xylose), whereas
those synthesized by micro-organisms are dominated
by hexose sugars (galactose, mannose, rhamnose, and
fucose) (Oades 1984; Cheshire 1979).

The Bale Mountains in the southeast highland of
Ethiopia comprise Africa’s largest afro-alpine area,
the Sanetti Plateau, above 4000 m asl (Hillman 1988;
Miehe and Miehe 1994). Numerous small lakes and
depressions make this area favourable for paleoenvi-
ronmental reconstructions. Even though they are few
in number, paleoenvironmental and anthropological
studies of the Bale Mountains (Wesche et al. 2000;
Umer et al. 2007; Tiercelin et al. 2008; Kuzmicheva
et al. 2014; Gil-Romera et al. 2019; Ossendorf et al.
2019; Groos et al. 2021) reveal major climatic events,
vegetation changes, and anthropogenic influence.
Therefore, in-depth studies of sedimentary archives
can provide substantial knowledge on the past and
future effects of climate change and anthropogenic
activities at local and regional scales.

This study aims to identify the sources of n-alkane
and sugar biomarkers in two sedimentary archives
located at high altitudes in the Bale Mountains,
namely the glacial cirque lake Garba Guracha and a
depression called B4 located on the Sanetti Plateau.
Bittner et al. (2020) presented the Paq ratio and sugar
proxy (fuc+xyl)/ara for Garba Guracha sediments
previously and Mekonnen et al. (2022) provided the
Paq ratio for B4 depression sediments. However, a
systematic comparison of the whole datasets with
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regional reference plants and soils has not been car-
ried out hitherto. Therefore, for this systematic com-
parison, we use published data from Lemma et al.
(2019) and Mekonnen et al. (2019), who previously
chemotaxonomically characterized modern plants
and soils along the southwest and northeast transects
of the Bale Mountains using n-alkane and sugar bio-
markers, respectively.

Study site

The Bale Mountains belong to the Bale-Arsi Massif,
located east of the Main Ethiopian Rift in the Oro-
mia Regional State, southeast of Ethiopia, between
6.4833333°-7.1666667° N and 39.5°-39.9666667° E
(Fig. 1). The Bale Mountains National Park covers
an area of ~2200 km?, including the most exten-
sive continuous high-altitude afro-alpine plateau,
the Sanetti Plateau, and the peak, Tullu Dimtu, at
4377 m asl (Kidane et al. 2012). The mountains
rise from the eastern highlands beside the Ethiopian
Rift Valley from 2500 m asl to the Sanetti Plateau at
38004000 m asl (Hillman 1988). The geology of the
Bale Mountains is characterized by volcanic material
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consisting of alkali basalt, trachyte, and tuffs with
rhyolites formed during the Miocene and Oligocene
(Billi 2015). Studies indicate that high altitudes of the
mountains (>3000 m asl) were glaciated during the
Last Glacial Maximum (Osmaston et al. 2005). The
soils of the Bale Mountains are generally shallow and
rich in stones. They are made of silty loam that ranges
from reddish brown to black. Andosols, Leptosols,
and Cambisols are common types of soils in the Bale
Mountains. Moreover, muddy Gleysols are found in
wetlands and sedimentary basins (Yimer 2007).

Due to the differences in elevation and aspect, the
climate of the Bale Mountains varies from north to
south (Kidane et al. 2012). The mean annual tempera-
ture is 11.8 °C at Dinsho (the Bale Mountains National
Park headquarters at 3170 m asl), while the mean
minimum temperature is around 0.6 °C in mountain-
ous areas (Hillman 1988; Miehe and Miehe 1994). The
precipitation of the Bale Mountains is governed by
the movement of the Intertropical Convergence Zone
and Congo Air Boundary, resulting in longer rainy
(March—October) and shorter dry (November—Febru-
ary) seasons. The rainy season is bimodal, with a maxi-
mum from July to October and a second peak from

x
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Fig. 1 Map showing the geographical location of the study area and sampling sites
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March to June. While the northeasterly winds from the
Arabian Peninsula dominate during the dry season, the
southwesterly monsoon transports moisture from the
Indian Ocean and the Atlantic Ocean via the Congo
Basin during the rainy seasons (Tierney et al. 2013;
Lemma et al. 2020). The southwestern part of the Bale
Mountains experiences the highest precipitation and
humidity, with 10001500 mm/yr, and the northern
part receives annual rainfall ranging between 800 and
1000 mm/yr (Woldu et al. 1989). The Sanetti Plateau is
characterized by strong diurnal temperature fluctuations
and night frost (Hillman 1988).

Following the climate variability along altitude, the
vegetation of the Bale Mountains is divided into three
main zones: the afromontane, the Ericaceous, and the
afro-alpine belt (Hedberg 1951; Friis 1986). The afromon-
tane forest, which is further divided into dry and moist
afromontane forests, covers an altitude of 1450-3750 m
asl. The dry afromontane forest in the north is dominated
by Juniperus procera, Hagenia abyssinica, and Hyperi-
cum revolutum (Yineger et al. 2008), while the southern
afromontane forest is dominated by Warburgia uganden-
sis, Croton macrostachyus, Podocarpus falcatus. The Eri-
caceous belt spans between 3200 and 3800 m asl and is
characterized by Erica arborea and Erica trimera in the
form of shrubland in most parts and moist forest on the
southern slopes (Harenna forest). Finally, the afro-alpine
vegetation is characterized by Helichrysum splendidum-
Alchemilla haumannii dwarf-scrubs, Kniphofia foliosa
Giant Lobelia (L. rhynchopetalum) and grasses (Hedberg
1964), accompanied by patches of Erica growing beside
big boulders above 3800 m asl. The wetlands of the Bale
Mountains at higher altitudes are mainly characterized by
wetland plant species such as Carex monostachya, Haplo-
carpha rueppellii, Ranunculus sp. and Eriocaulon schim-
peri (Dullo et al. 2015; Chignell et al. 2019). Water plants
such as Potamogeton thunbergii and Ranunculus tricho-
phyllus and Pediastrum algae are common on the shallow
lakes nearby the B4 depression (Mekonnen et al. 2022).

Materials and methods

Sample collection

Modern reference samples (leaves as well as surface
soil samples from O-layers and Ah-horizons) were

collected from the northeastern and southwestern
transects (3870 to 4134 m asl and 2550 to 4377 m asl,
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respectively) of the Bale Mountains, including the
surrounding area of Garba Guracha (Fig. 1). Twenty-
five leaf samples from Erica spp. and afro-alpine
plants such as Alchemilla haumannii, Helichrysum
splendidum, Lobelia rhynchopetalum, Kniphofia foli-
osa, and Festuca abyssinica, and 38 surface soil sam-
ples (15 humified organic O-layers and 23 Ah-hori-
zon soil samples) were collected (cf. Lemma et al.
2019 and Mekonnen et al. 2019).

Late Glacial and Holocene sediment samples were
collected from the glacial lake Garba Guracha and a
periodically dry depression referred to as “B4” (cf.
Bittner et al. 2020 and Mekonnen et al. 2022, respec-
tively). In brief, Garba Guracha is a NEE-oriented
glacial cirque located at 3950 m asl (6.875781° N,
39.878075° E) between the Ericaceous and afro-
alpine belts. It is about 500 m long and 300 m
wide, has a maximum water depth of 6 m, and has
a watershed of 0.15 km?. Previous studies by Umer
et al. (2007) and Tiercelin et al. (2008) provided
a detailed description of the lake’s geochemistry.
In 2017, Bittner et al. (2020) retrieved a 15 m long
core using a Livingstone piston corer operated from
a raft anchored at 4.8 m of water depth. Sediments
were sub-sampled in the laboratory from the core
depth between 75 and 948 cm at 10 cm intervals for
n-alkanes (n=288) and sugar biomarker (n=69) anal-
yses. Further details on the core retrieval, stratigra-
phy, and chronology of this 16.7 kyr BP paleolimno-
logical archive are presented in Bittner et al. (2020).

The B4 depression is located above the upper limit
of the Ericaceous belt at 3970 m asl (6.88905° N;
39.90869° E). A pit profile with humic-rich lacustrine
sediments was dug down to a depth of 2.55 m, and
samples were taken every 2-cm, from 69 to 255 cm,
and every 5 cm above 69 cm. In brief, the B4 profile
is composed of three stratigraphic units covering the
Late Glacial and Holocene according to Mekonnen
et al. (2022). Unit 1 (255-175 cm) is dark-grey, lami-
nated silty-clay above a thin grayish sandy silt layer
and basalt boulders. Unit 2, from 175 to 70 cm depth,
is gray partly laminated silty clay, deposited between
16.6 and13.6 cal kyr BP. Unit 3 is about 70 cm thick
and consists of light brown, weakly clayey sandy silt
with red mottles and bleached aggregate surfaces,
indicating waterlogging during the rainy season.
Given that Unit 3 is strongly affected by degradation;
only the 34 n-alkane data from Unit 1 and 2 were
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further evaluated within this study here. The basal
sediments of this profile are dated to 18 cal kyr BP.

Laboratory analyses
n-Alkane and sugar biomarker analyses

The analyses for all here reviewed n-alkane datasets
(Lemma et al. 2019; Bittner et al. 2020; Mekonnen
et al. 2022) were carried out using the Soxhlet lipid
extraction method by adding dichloromethane (DCM)
and methanol (MeOH) as solvents (9:1 ratio) for
24 h, following the method described by Zech and
Glaser (2008). After obtaining the total lipid extracts
(TLEs), Sa-androstane was added as an internal
standard to the TLEs. The samples were concentrated
using rotary evaporation and transferred to amino-
propyl columns. The n-alkanes were eluted from the
TLEs using 3 mL of hexane as solvent. Subsequently,
the n-alkanes were quantified using a GC-2010 series
gas chromatograph coupled with a flame ionization
detector (GC-FID; Shimadzu, Kyoto, Japan). The
GC instrument was equipped with an SPB-5 column
(28.8 m length, 0.25 mm inner diameter, and 0.25 pm
film thickness). An n-alkane mixture (C3—C,,) was
used as an external standard for linear calibration, and
helium was used as a carrier gas.

The analyses for the reviewed sugar dataset from
modern reference samples and the newly generated
sugar dataset from Garba Guracha (B4 sediments
were not studied using sugars) were carried out fol-
lowing the method described by Mekonnen et al.
(2019). Samples were hydrolyzed at 105 °C for four
hours after adding 10 ml of 4 M trifluoroacetic acid
(TFA) and 100 pg of the internal recovery standard
(myo-inositol). The hydrolyzed samples were filtrated
over glass fiber filters, and TFA was removed using a
rotary evaporator. The samples were further purified
over XAD-7 and DOWEX 50WX8 columns. There-
after, the sugars were freeze-dried and derivatized.
Unlike Bittner et al. (2020), who applied methylbo-
ronic acid (MBA) derivatization, we used N-methyl-
2-pyrrolidone (NMP) and N, O-Bis(trimethylsilyl)
trifluoroacetamide (BSTFA) for derivatization fol-
lowing the procedure described by Mekonnen et al.
(2019). This has the advantage that in addition to
arabinose, fucose, and xylose, also fructose, galac-
tose, glucose, mannose, thamnose, and ribose can be
quantified using subsequent gas chromatograph-flame

ionization detection (GC-FID, Shimadzu, Kyoto,
Japan). Still, glucose was not further considered dur-
ing data evaluation because the partial contribution
of cellulose structures could not be excluded. Simi-
larly, fructose and ribose were not further evaluated
because of their very low concentrations.

Results

n-Alkane contents and patterns of modern plants, top
soils, and sediment samples

The average total n-alkane contents are 1764, 859,
and 58 pg g~ ! for leaves, O-layers, and Ah-horizons,
respectively, according to the dataset published by
Lemma et al. (2019) (Fig. 2). In the Garba Guracha
and B4 sediments, the average total n-alkane con-
tents are 64 and 177 ug g~ !, respectively, according
to the datasets published by Bittner et al. (2020) and
Mekonnen et al. (2022). All n-alkane patterns reveal
a strong odd-over-even predominance (OEP). The
long-chain n-alkanes C,q, C5;, and C;; are dominant
in modern samples. While C;; is the predominant
n-alkane also in the Garba Guracha sediments, C,; is
predominant in the B4 sediments. In contrast to the
modern samples, the mid-chain n-alkanes C,; and
C,5 are abundantly present in the sediment of B4 and
Garba Guracha (Figs. 2 and 4).

The relative abundances of mid- and long-chain
n-alkanes for all samples are presented in the form of
ternary diagrams in Fig. 3. Accordingly, regarding the
homologues C,g, C;; and C;; (Fig. 3a), the modern
samples show a larger variability than the sediments
of Garba Guracha and B4. Still, the mean relative
abundances of these long-chain homologues are quite
congruent. However, when the n-alkane homologue
series < C,; are included in the ternary diagrams, the
congruency of the modern samples with the sedimen-
tary samples disappears. For instance, with regard
to the homologues C,;, C,9 and Cj;, most terrestrial
samples are characterized by relative abundances of
C,7<10%, whereas relative abundances of C,,>10%
are characteristic for the sediments of Garba Guracha
and B4 (Fig. 3b). Similarly, including mid-chain hom-
ologues in the ternary diagrams reveals that the rela-
tive abundances of C,5 and C,; are typically < 10%
in most terrestrial samples. By contrast, the relative
abundances of C,s and C,; are typically > 10% in the
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Fig. 2 Average n-alkane
contents and patterns of
leaves, O-layers, and Ah-
horizons (Lemma et al.
2019), as well as of the
Garba Guracha and B4
sediments
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sediments of Garba Guracha and B4 (Fig. 3c). Fig-
ure 4 depicts that modern samples (leaves, O-layers,
and Ah-horizons) yielded P,, values typically <0.1,
whereas the Garba Guracha and B4 sediments yielded
P, values typically > 0.2.

Sugar contents and patterns of modern plants, top
soils, and sediment samples.

The average sugar contents in the modern samples
range between 0.8 (fucose in topsoils) and 40.7 mg
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g~ ! (xylose in leaves), according to the dataset pub-
lished by Mekonnen et al. (2019), whereas for the
Garba Guracha sediment samples, they range between
2.3 (rhamnose) and 4.4 mg g~ ! (galactose) (Fig. 5).
No sugar analyses were carried out for the B4 sedi-
ments. The modern samples are characterized by
a pronounced predominance of xylose, arabinose,
and galactose, and all sugar biomarkers signifi-
cantly decrease from the leaves to the Ah-horizons.
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Fig. 3 Ternary diagrams for the relative abundances (%) of long- and mid-chain n-alkanes in modern leaf and soil samples (Lemma

et al. 2019) versus in Garba Guracha and B4 sediment samples

By contrast, the predominance of xylose, arabinose,
and galactose is by far less pronounced for the Garba
Guracha sediments (Fig. 5).

Figure 6 depicts the relative abundances of the
individual sugar biomarkers. Accordingly, xylose
and galactose are the most abundant hemicellulose-
derived sugar in leaves, followed by arabinose. The
relative abundances of xylose, arabinose, and galac-
tose significantly decrease from leaves over O-layers
to the Ah-horizons (Fig. 6). By contrast, the relative
abundance of mannose substantially increases. The
relative abundances of rhamnose and fucose are very

low in leaves and do not show significant increases
from leaves to the Ah-horizons (Fig. 6).

Galactose is the predominant sugar biomarker in
the Garba Guracha sediments, followed by xylose,
fucose, arabinose, mannose, and rhamnose. The rela-
tive abundances of fucose and rhamnose are signifi-
cantly higher in the Garba Guracha sediments than
in the modern samples (Fig. 6). Therefore, we calcu-
lated the ratio (fuc+rham)/(ara+xyl) as a proxy for
organic matter source identification. Our compari-
son reveals significantly higher values for the Garba
Guracha sediments than for the modern samples
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Fig. 4 Comparison of the

P,q ratios yielded for leaves 0.6 1
(n=25), O-layers (n=15),

Ah-horizons (n=23) versus

sediments from B4 (n=234)

(Mekonnen et al. 2022) and

Garba Guracha (n=88)

(Bittner et al. 2020). The 0.4 1
notched box plots indicate
the median (solid lines
between the boxes) and
interquartile range (IQR)
with upper (75%) and
lower (25%) quartiles. The 0.2
notches display the 95%

confidence interval of the

median. The lines extending

outside the box (whiskers)

show variability outside

Paq

'\_Ij

_ ==

the quartiles. The circles 0.0 1 ]

represent outliers T
P Plant

(Fig. 7). The sediments are typically characterized
by (fuc +rham)/(ara+ xyl) ratios>0.75, whereas the
modern leaf and soil samples are typically character-
ized by ratios < 0.75.

Discussion

Terrestrial versus aquatic source identification of the
sedimentary n-alkanes

The dominance of long-chain n-alkanes in modern
samples from the Sanetti Plateau is consistent with
several studies reporting the dominance of long-chain
n-alkanes in leaves and modern soils (Eglinton and
Hamilton 1967; Bush and Mclnerney 2013). The low
n-alkane contents in modern soils can be explained by
dilution with minerogenic soil components as well as
by degradation (Zech et al. 2011; Schifer et al. 2016).
The average total n-alkane content is higher in B4
than in Garba Guracha, likely due to high n-alkane
preservation in the lower section of the profile.

As shown in Fig. 3a using a ternary diagram, the
relative contributions of the sedimentary n-alkane
homologues C,y, C;; and Cs; are well concordant
with the modern leaves, O-layer, and Ah-topsoil sam-
ples. Albeit this is no prove, it indicates that these
sedimentary long-chain n-alkanes are likely primar-
ily of terrestrial (allochthonous) origin. By contrast,
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(modern soil samples)

Ah-horizons GG B4

the concordance in the ternary diagrams of Fig. 3 is
lost when including the n-alkane homologues C,,,
C,s. and C,;. This suggests that these sedimentary
n-alkanes are not of pure terrestrial origin but at
least partly originate from a different source. Indeed,
Ficken et al. (2000) reported on aquatic macrophytes
producing such homologues and proposed the P,
ratio (Cp3+Cy5)/(Cp3+Cys+Crgt+Cyy) as a proxy
to identify the sedimentary input of submerged or
floating aquatic macrophytes. According to Ficken
et al. (2000), Py values<0.1 are characteristic for
terrestrial plants, whereas values between 0.1 and 1
are characteristic for emergent and submerged mac-
rophytes. This boundary is also well suited for distin-
guishing our modern reference (terrestrial) and sedi-
ment samples (Fig. 4) and, at the same time, strongly
suggests that the sedimentary n-alkane homologues
C,; and C,5 in Garba Guracha and B4 are mainly
aquatic-derived.

While Bittner et al. (2020) stated that an unam-
biguous terrestrial versus aquatic source identifica-
tion of the n-alkane record of Garba Guracha seems
challenging at the current state of research, the results
and the interpretation of our comparative approach
are well in agreement with other studies reporting
on short- and mid-chain n-alkane production by sub-
merged and floating plants, algae, and bacteria (e.g.
Aichner et al. 2010; Cranwell et al. 1987; Liu and Liu
2016).
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Fig. 6 Relative abundances of sugar biomarkers in leaves range (IQR) with upper (75%) and lower (25%) quartiles. The
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Fig. 7 The ratio 1.5
(fuc +rham)/(ara+xyl) in
leaves (n=25), O-layers
(n=15), Ah-horizons
(n=23), and the Garba
Guracha sediments (n=69).
The notched box plots
indicate the median (solid
lines between the boxes)
and interquartile range
(IQR) with upper (75%) and
lower (25%) quartiles. The
notches display the 95%
confidence interval of the
median. The lines extending
outside the box (whiskers)
show variability outside

the quartiles. The circles 0.0-

(OX0)

1.04

0.5+

(Fuc+Rham)/(Ara+Xyl)

represent outliers Leaves

Still, it is noteworthy that the interpretation of the
sedimentary long-chain homologues in terms of pri-
marily terrestrial input is not completely unambigu-
ous. According to Lichtfouse et al. (1994), Dennis
and Kolattukudy (1991), Metzger and Largeau (2005)
and He et al. (2018), Botryococcus braunii, a green
algae commonly found in tropical freshwater lakes
(Jankovska and Komaérek 2000), is characterized by
an abundant production of the long-chain n-alka-
dienes C,;, C,g, and C;,. A diagenetic reduction is
suggested as an important source of sedimentary
n-alkanes. Indeed, Umer et al. (2007) found abundant
Botryococcus pollen in the Garba Guracha sediments.
Similarly, pollen results from the B4 sediments show
high amounts of Botryococcus, especially at the bot-
tom of the profile (Mekonnen et al. 2022). Therefore,
Botryococcus may not be excluded from having also
contributed to the long-chain n-alkanes of the sedi-
mentary archives of the Bale Mountains. According
to published data, the ambiguity in the interpretation
of sedimentary long-chain n-alkanes can be alleviated
by compound specific 813C values of the n-alkanes
and through the application of isotopic mixing mod-
els (Aichner et al., 2010; Gao et al., 2011; Liu et al.,
2015; Andrae et al., 2020; Yang and Bowen, 2022).
Andrae et al. (2020) for instance have shown that in
their case study from Australia aquatic macrophyte
input significantly influenced the §13C isotopic com-
position of the long-chain n-alkanes C27 and C29.
This finding together with our own results shown
in Figs. 2 and 3b suggests that the C27 n-alkane
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homologue in the Garba Guracha and B4 sediments
are the results of mixing terrestrial and aquatic
sources. While bulk §13C values for Garba Guracha
(ranging between -22.7 and -13.9 %o) and B4 (aver-
age ~ 14 %o) clearly indicate that bulk sedimentary
organic matter is strongly influenced by aquatic input,
compound-specific 513C analyses were only real-
ized on two selected samples from B4 for the most
abundant long-chain n-alkanes C27, C29 and C31
(Mekonnen et al., 2022). The obtained 513Cn-alkane
values range from -22.1 to -29.8%o and hence reflect
an isotopic mixing of aquatic and terrestrial sources
for these long-chain n-alkanes.

Last but not least, apart from “terrestrial” versus
“aquatic” input, a “microbial” input should not be
completely overlooked. Several studies have high-
lighted that soil micro-organisms (as well as likely
sedimentary micro-organisms) do not only degrade
organic matter, including n-alkanes, but are also able
to contribute to the built-up of a microbial short-,
mid-, and even long-chain n-alkane pool in soils and
sediments (Jones 1969; Nguyen Tu et al. 2011; Zech
et al. 2011; Brittingham et al. 2017; Li et al. 2018).

Terrestrial versus aquatic source identification of the
sedimentary sugar biomarkers

As presented above, the leaf samples from the San-
etti Plateau are characterized by high abundances of
xylose and arabinose. This is in agreement with lit-
erature reporting on the high production of these
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sugar biomarkers by vascular plants (Oades 1984;
Jia et al. 2008; Hepp et al. 2016). Similarly, the high
abundance of galactose in the terrestrial reference
dataset of Mekonnen et al. (2019) is well explica-
ble with dominant vegetation such as Erica, Alche-
milla, and Lobelia (Schidel et al. 2010; Gunina and
Kuzyakov 2015). The significant decrease of most
sugars from leaves to soils can be attributed to dilu-
tion with minerogenic soil components as well as to
degradation (Hedges et al. 1985; Jia et al. 2008). For
instance, Jia et al. (2008) and Hernes et al. (1996)
reported on the labile nature of arabinose and glu-
cose, whereas fucose, rhamnose, xylose, and mannose
were described as more refractory. In the terrestrial
reference dataset of Mekonnen et al. (2019), man-
nose is the only sugar substantially increasing with
regard to its relative contribution in soils. This likely
reflects the soil microbial build-up of this sugar bio-
marker. Indeed, Oades (1984) and Murayama (1984)
reported on the substantial synthesis of mannose by
soil microbial populations. The dataset of Mekonnen
et al. (2019) does not show a significant increase in
the relative abundances of rhamnose and fucose from
the leaf to the soil samples. This contrasts with stud-
ies showing such an increase during soil degradation
(Murayama 1984; Oades 1984).

Given the high terrestrial production of xylose and
arabinose (Fig. 5), we suggest that their predomi-
nance in the Garba Guracha sediments reflects an at
least partly terrestrial input. The relatively high abun-
dances of galactose and mannose in the Garba Gura-
cha sediments might be attributed to contributions by
both soil and aquatic micro-organisms. According to
Oades (1984), the ratio (G+M)/(A+X) can serve
as a proxy to differentiate between plant-derived and
microbial-derived sugars in soils. However, because
galactose and mannose are produced by both soil
and aquatic bacteria, their use for identifying terres-
trial versus aquatic input is challenging. The results
of our comparative approach show that the relative
contributions of rhamnose and fucose are signifi-
cantly higher in sediments compared to the terrestrial
reference samples of Mekonnen et al. (2019) (Fig. 6).
Rhamnose and fucose are reported to occur in sub-
merged aquatic plants (Jia et al. 2008). Furthermore,
organic matter decomposition in sediments can lead
to the in situ microbial synthesis of fucose and rham-
nose (Marchand et al. 2005). Last but not least, also
Hepp et al. (2016) reported that fucose is abundantly

produced by algae and zooplankton, whereas xylose
and arabinose strongly predominate in terrestrial
plants and soils. This different behavior of the here
discussed specific sugar biomarkers results in the
ratio of (fuc+rham)/(ara+xyl) clearly allowing to
distinguish between modern terrestrial reference
samples of Mekonnen et al. (2019) and Garba Gura-
cha sediments (Fig. 7). This finding suggests that the
ratio (fuc+rham)/(ara+xyl) is a promising proxy for
terrestrial versus aquatic source identification, also
beyond our case study.

Conclusions

In this study, we aimed to identify the terrestrial
versus aquatic sources of partly published n-alkane
and sugar biomarker datasets from two afro-alpine
sedimentary archives in the Bale Mountains of
Ethiopia. We compared the Late Glacial and Holo-
cene sedimentary biomarker patterns with those of
published modern plants and soils serving as terres-
trial reference samples. Our comparative approach
shows that long-chain n-alkanes predominate in
both the modern and sediment samples. Ternary
diagrams reveal that there is a high concordance
of the sedimentary C,y, Cs;, and C;; patterns with
those of the terrestrial samples, whereas C,;, C,s,
and C,; occur at strikingly higher relative abun-
dances in the sediments. This strongly indicates
that the latter are produced by aquatic macrophytes
and micro-organisms. The P,  ratio (C,3+Cys)/
(Ci3+Cys+Cyy + C3y) reveals a significant dif-
ference between modern plant and soil samples
and the sediments. Regarding the sugar biomark-
ers, unambiguous terrestrial versus aquatic source
identification of arabinose and xylose in the sedi-
ments is challenging. By contrast, the much higher
relative abundances of rhamnose and fucose in the
sediments compared to modern plants and soils cor-
roborate that they are mainly produced by aquatic
macrophytes and micro-organisms. Therefore, we
propose that the ratio (fuc+rham)/(ara+xyl) is a
valuable sugar biomarker proxy for distinguishing
aquatic versus terrestrial origin. The last conclusion
that can be drawn from our comparative approach is
that no unambiguous source identification is possi-
ble for sedimentary galactose and mannose.
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