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Abstract

Hydrogen isotope values (8D) of sedimentary terrestrial leaf wax such as n-alkanes or n-acids have been used to map and
understand past changes in rainfall amount in the tropics because 3D of precipitation is commonly assumed as the first order
controlling factor of leaf wax dD. Plant functional types and their photosynthetic pathways can also affect leaf wax D but
these biological effects are rarely taken into account in paleo studies relying on this rainfall proxy. To investigate how bio-
logical effects may influence 5D values we here present a 37,000-year old record of 8D and stable carbon isotopes (5'*C) mea-
sured on four n-alkanes (n-C,7, n-Cyg, n-Csy, n-Cs3) from a marine sediment core collected off the Zambezi River mouth. Our
paleo 8'3C records suggest that each individual n-alkanes had different C5/C, proportional contributions. n-Cse was mostly
derived from a Cj dicots (trees, shrubs and forbs) dominant vegetation throughout the entire record. In contrast, the longer
chain n-C;; and n-Cs3; were mostly contributed by C, grasses during the Glacial period but shifted to a mixture of C, grasses
and Cs dicots during the Holocene. Strong correlations between 8D and 8'°C values of n-Cs; (correlation coefficient
R?>=0.75, n = 58) and n-C5; (R? = 0.48, n = 58) suggest that their 8D values were strongly influenced by changes in the rel-
ative contributions of C;/C, plant types in contrast to 7-Cag ( RP=0.07,n= 58). Within regions with variable Cs/C, input, we
conclude that 3D values of n-C,9 are the most reliable and unbiased indicator for past changes in rainfall, and that D and
3'3C values of n-Cs; and n-Cs; are sensitive to C5/C, vegetation changes. Our results demonstrate that a robust interpretation
of palaeohydrological data using n-alkane 8D requires additional knowledge of regional vegetation changes from which n-
alkanes are synthesized, and that the combination of 8D and &'C values of multiple n-alkanes can help to differentiate bio-
logical effects from those related to the hydrological cycle.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION is one of the most promising tools for inferring changes in

paleoprecipitation (e.g. Liu and Huang, 2005; Niedermeyer

The stable hydrogen isotopic composition (8D) of long
chain plant leaf wax derived from terrestrial plants (n-al-
kanes and n-acids) preserved in lake and marine sediments
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et al., 2010; Schefuss et al., 2005, 2011; Tierney et al., 2008).
This new tool is largely based on studies comparing modern
plant wax 3D values with local precipitation and/or lake
water 8D values. These studies suggest that regional mete-
oric water 6D values are the primary controls on the leaf
wax signatures (Bi et al., 2005; Garcin et al., 2012; Hou
et al., 2008; Polissar and Freeman, 2010; Feakins and Ses-
sions, 2010; Sachse et al., 2004, 2006). Besides 6D of mete-
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oric water, biological factors such as plant functional types
and their photosynthetic pathways also affect the D values
of leaf wax (Bi et al., 2005; Chikaraishi and Naraoka, 2003;
Garcin et al., 2012; Hou et al., 2007; Liu and Yang, 2008;
Liu et al.,, 2006; Mclnerney et al.,, 2011; Pedentchouk
et al., 2008; Smith and Freeman, 2006). It has been demon-
strated that the significant differences in net apparent frac-
tionation &jpig.w from source water to lipids is associated
with plant biosynthetic pathways (see Sachse et al., 2012
for a review). These differences in gjpiq.w are likely due to
factors such as evapotranspiration processes and the loca-
tion and timing of wax synthesis. Since these factors are
particular for different plant functional types it can lead
to large variations in gjpig.w that are diagnostic of their bio-
synthetic origins such as C4 and Cj plants (i.e. Smith and
Freeman, 2006; Mclnerney et al., 2011; Sachse et al.,
2012). However, accounting for these biological factors
has been particularly challenging in paleo 8D records due
to the difficulties in assessing the relative importance of
environmental and biological factors controlling leaf wax
4D values.

Owing to the isotopic difference resulting from physio-
logical differences during CO, acquisition for photosynthe-
sis (Cerling et al., 1997), carbon-isotopic composition
(8'3C) signatures can serve as tracers for C4 (using C, car-
bon metabolic pathway) and Cs (using C3 carbon metabolic
pathway) plants, and therefore have been used as a proxy
for determining the changes in composition and origin of
continental vegetation (i.e. Huang et al., 2000, 2001). Paral-
lel 3'*C measurements on long chain leaf wax in the same
sedimentary sequence have been suggested as a potential
tool for differentiating the influences of metabolic and/or
plant functional types from that of precipitation (Garcin
et al., 2012). A handful of studies have demonstrated that
8D and 8'3C can be used to infer past changes in the hydro-
logical cycle and in vegetation at low latitudes, respectively
(see e.g. Schefuss et al., 2005; Niedemeyer et al., 2010;
Tierney et al., 2008, 2010). A prerequisite for interpreting
leaf wax 6D as an indicator of changes in precipitation is
to assume that vegetation remained relatively stable with
a small range of 3'°C values throughout the studied time
window (Schefuss et al., 2005; Niedemeyer et al., 2010).
However, in areas with large shifts in C3/Cy4 plant types
due to change in regional climate and/or in catchment area
of a large river system it is essential to disentangle effects of
precipitation from plant functional types on leaf wax 3D
values for a more reliable interpretation of leaf wax 3D
(Smith and Freeman, 2006; Garcin et al., 2012).

Additionally, leaf wax 8D and 8'3C are often measured
on the single most abundant leaf wax homologue (such as
individual n-Cy9 and n-Cj3; alkanes or n-Csg acid), assuming
that the most dominant individual leaf wax biomarker at
catchment-scale reliably reflect the climatic conditions of
the region (Collins et al., 2011; Konecky et al., 2011; Nie-
dermeyer et al., 2010; Schefuss et al., 2005; Tierney et al.,
2008, 2010). A number of observations from modern plants
suggest the most abundant long chain n-alkanes (such as n-
C,7, n-Cyg, and n-Cs) from the same plant functional group
respond similarly to climatic and environmental factors
(Sessions et al., 1999; Chikaraishi and Naraoka, 2003; Yang

and Huang, 2003; Bi et al., 2005; Liu et al., 2006; Sessions,
2006; Liu and Yang, 2008). However, in areas where the
different plant functional types are changing, 3D can reflect
changes in rainfall as well as vegetation (Smith and Free-
man, 2006; Liu and Yang, 2008). This is because the vege-
tation sources to individual n-alkanes or n-acid homologues
can change during the studied time window and these veg-
etation sources may have different dominance of individual
homologues. For example, previous studies show that C,
grasses in southern African savannah are dominated by n-
C;; and n-C33 homologues, whereas Cs trees in woodland
savannah are dominated by n-C,9 and n-C3; homologues
(Rommerskirchen et al., 2006; Vogts et al., 2009). Changes
in plant functional types driven by changes in climate will
eventually affect the 8D values measured on individual
homologues. As a result, the temporal changes in precipita-
tion pattern deduced from leaf wax 6D obtained in sedi-
mentary sequences may vary depending upon which
homologue was used to derive past changes in the hydro-
logical cycle (e.g. Schefuss et al., 2011).

We present a new paleo-record of n-alkanes from a high-
resolution marine sediment core retrieved in the Mozam-
bique Channel close to the Zambezi River mouth. We exam-
ined the relative importance of changes in precipitation
regimes and shifts in C3/C, plant types on 3D values of n-al-
kanes (6D,yx) by performing dual measurements of 8D and
8'*C on four n-alkane homologues. Since the Zambezi River
catchment area is composed of a mixed vegetation of Cj
woodland and C,4 grasses savannah (Still et al., 2003; Timber-
lake, 2000), we expect that the composition of C;/C,4 plant
functional types strongly influence our paleo 8D records in
addition to the influences from rainfall changes.

2. REGIONAL SETTING AND CLIMATE

We analyzed a marine sediment core (GIK 16160-3,
18°14.47'S, 37°52.11'E, 1339 m water depth) retrieved close
to the Zambezi River mouth in the southwestern tropical
Indian Ocean (Fig. 1). The Zambezi River rises in north-
western Zambia on the Central African Plateau. It is the
largest river in southern Africa, and its catchment area
(1.4 x 10°km?, ~9-20°S and ~18-37°E) integrates sub-
stantial tropical southern African hydrological regions
(Walford et al., 2005). Its runoff discharges an average of
82 km® per year into the Indian Ocean, so that marine sed-
iments situated close to the river mouth provide excellent
climate archives for recording continental climate changes
(Schefuss et al., 2011). The rainfall seasonality in the Zam-
bezi River catchment is connected to large-scale atmo-
spheric patterns driven by changes in monsoonal flow
originating in the tropical Indian Ocean as well as the sea-
sonal migration of the Intertropcial convergence Zone
(Goddard and Graham, 1999; Nicholson, 2000). Precipita-
tion amounts are marked by a dry season occurring during
austral winter in the catchment (Timberlake, 2000). The
hydrology of the Zambezi River catchment is not uniform
with generally high rainfall (1300 mm/yr) in the north and
lower rainfall (600 mm/yr) in the south (Moore et al.,
2007). The rainy season within the catchment area occurs
when northeasterly winds transport moisture from the trop-
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Fig. 1. Distribution of (a) modern vegetation types and (b) C4 vs. C; plant vegetation distribution in Africa. The catchment area (red line) of
the Zambezi River is composed of substantial mixtures of C,4 grassland and C; woodland savannah (redrawn from Still et al., 2003). GIK
16160-3 core location (yellow star) and Lake Tanganyika core site (white dot) were also indicated.

ical Indian Ocean to the tropical southern Africa during
late spring to early autumn (Gimeno et al., 2010).

Vegetation in the Zambezi River catchment is very di-
verse (Timberlake, 2000). The Zambezian biome covers
95% of the basin, which is composed of a mixture of Pani-
coideae (mainly C4) and Chloridoideae (C,) grassland
savannah and C; woodland savannah (Fig. 1), interspersed
with lakes and wetlands where drainage is poor (Rommer-
skirchen et al., 2006; Timberlake, 2000). C; grasses are un-
likely to play an important role in the tropical Africa (Still
et al., 2003) and field survey shows that only 10% of grass
species below ~2000 m elevations are C; grasses (Living-
stone and Clayton, 1980).

3. THEORETICAL BACKGROUND FOR éD OF C4
GRASSES AND C3 DICOTYLEDONS (DICOTS)

Numerous studies have identified plant physiological
factors affecting leaf wax 8D values in addition to the
source water isotopic composition (i.e. Liu and Yang,
2008; Smith and Freeman, 2006; Mclnerney et al., 2011).
A recent literature review shows that the apparent fraction-
ation factors (€,.map) for three common n-alkanes (n-C,7,
n-Cyg, n-Cs;) are highly coherent within the same plant
functional group (Sachse et al., 2012). However &, map
are significantly different among plants using different pho-
tosynthetic pathways and plant functional types, for exam-
ple C; and C, grasses, and Cj trees, forbs and shrubs
(Sachse et al., 2012).

Since n-Cs; is also a dominant n-alkane for C4 grasses in
tropical Africa we synthesized from the literature €,.map
values of four n-alkanes (n-C,7, n-Cyg, n-Csy, n-Cs3) for
C, grasses and C; dicots, the dominant two vegetation
types in our study area (see Supplementary data Appendix).
We grouped C; dicot together including all trees, forbs and

shrubs because we are not able to distinguish these func-
tional groups from the sedimentary record. We calculated
€ak-map between n-alkanes and growth water following
the formula e,.pap = 1000[(3,y + 1000)/(Spap + 1000) -
— 1] (Sessions et al., 1999) to account for variations in 6D
values caused by variables other than growth water. The
measured 8D values of growth water were used when avail-
able, otherwise the 6D of local mean-annual precipitation
(MAP) are assumed as 6D of the growth water. The esti-
mates of mean annual precipitation were performed using
the Online Isotopes in Precipitation Calculator for each
study location (Bowen, 2010; Bowen et al., 2009; Bowen
and Revenaugh, 2003). The results are summarized in
Fig. 2, and the statistics are presented in Table 1. We used
R 2.12.1 (R-Development-Core-Team, 2010) to perform all
statistical analyses.

We found that the four n-alkanes are highly coherent
within the group of C,4 grasses or C; dicots (Table 1) similar
to the observations by Sachse et al. (2012) for three homo-
logues, further confirming that 3D of one homologue n-al-
kane can be used to derive paleohydrological changes if the
plant functional groups have not changed over time (i.e.
Smith and Freeman, 2006; Liu and Yang, 2008; McInerney
et al., 2011). Moreover, the g,.map Of Cs dicots (composed
of shrubs, forbs and trees) is significantly more enriched by
~30%, than that of C, grasses (Fig. 2, student-z test
p<0.001). The e,p.map differences between C; woody
plants and C, grasses may be explained by differences in
leaf architecture as well as in location and timing of wax
synthesis (Sachse et al., 2012). This result supports that
the plant functional types in combination with their photo-
synthetic pathways can have an important effect on 6D,y
(i.e. Smith and Freeman, 2006; Mclnerney et al., 2011).
Therefore, the effect on 8D from plant types need to be ta-
ken into account while interpreting the 3D,y in Zambezi
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Fig. 2. Box plot of apparent fractionation (g,;.map) between the most common long chain n-alkanes (1n-Cy7, n-Cyg, n-Cs;, and n-Cs3) and
mean annual precipitation (MAP) categorized by photosynthetic pathway as well as plant function types: C3 dicots and C,4 grasses. Student-t
test shows that €,j.map across all four homologues of these two groups are significantly different (p <0.001). The box plots show median
(horizontal lines), upper and lower quartiles (boxes), and maximum and minimum values (vertical lines) in addition to any outliers, i.e. values
that exceed the fifth or ninety-fifth percentile (open circles). Sample size (n) is indicated for each group. The values for 8D of these long chain
n-alkanes are taken from Bi et al. (2005), Chikaraishi and Naraoka (2003), Feakins and Sessions (2010), Hou et al. (2007), Krull et al. (2006),
Liu et al., (2006), Liu and Yang (2008), Pedentchouk et al., (2008), Sachse et al., (2006, 2009), Smith and Freeman (2006), Yang and Huang
(2003), and Mclnerney et al. (2011). The 8D of MAP estimates of mean annual precipitation using the Online Isotopes in Precipitation
Calculator (http://wateriso.eas.purdue.edu/waterisotopes/pages/data_access/oipc.html) based on Bowen and Revenaugh (2003), Bowen et al.
(2009) and Bowen (2010) from sample locations.

Table 1

One-way ANOVA tests of differences in g,..map values between individual n-alkanes (n-Cy7, n-Cyg, n-C3; and n-Cs3) within a plant functional
type showing that the four homologues were not significantly different within each group. “SS” is sum of squares, “df” degrees of freedom and
“F” the F ratio, “p” the p-value. For statistical purposes only samples with values of a/l four n-alkanes were included in this analysis.

Plant functional type Dependent variable Factors SS df F )4
C,4 monocot g.map values of ind. n-alkanes n-Cy7, n-Cpg, n-Csy, n-Cs; 1274 3 0.8354 0.479
Residuals 38629 76
C; dicot e.map values of ind. n-alkanes n-Cy7, n-Cyg, n-Csy, n-Cs; 1136 3 0.300 0.826
Residuals 126395 100
River catchment, where the vegetation type is mainly com- the Marine09 calibration curve. We then performed a lin-
posed of a mixture of C; woodland and C, grassland savan- ear interpolation between adjacent radiocarbon dates. The
nah (Fig. 1). 15 AMS dating results reveal a continuous sedimentation
sequence and the GIK 16160-3 over the last 37,000 years
4. MATERIALS AND METHODS (Table 2). A substantial increase in sedimentation rates
from ~19 to 12 ka compared to the Glacial and Holocene
4.1. Age control time interval is probably linked to changes in sediment in-
put from the nearby margin related to sea level rise that
The age model for core GIK 16160-3 is based on fif- occurred during the Termination 1.
teen '*C-AMS dates measured on mixed planktonic formi-
nifera  fractions containing  Globigerinoides  ruber, 4.2. n-Alkane extractions and analyses
Globigerinoides trilobus and Globigerinoides sacculifer at
the Leibniz Laboratory for Radiometric Dating and Sta- Approximately 8 g of homogenized dry sediment were
ble Isotope Research, University of Kiel (CAU) (Fig. 3). extracted for total lipids with a mixture of dichloromethane
When G. ruber could provide sufficient sample mass, we and methanol (DCM:MeOH, 9:1 v:v) at 100 °C and at
used only G. ruber for radiocarbon dating (Table 2). We 100 bar for three 15 min cycles in a Accelerated Solvent
converted *C ages into calendar ages using CALIB 6 pro- Extractor (ASE200, Dionex Cooperation). Elemental sulfur
gram (Stuiver and Reimer, 1993) with the Marine09 cali- was removed by stirring for 30 minutes with activated cop-
bration curve (Reimer et al., 2009). We have taken the per beads in DCM under vacuum. Lipids were partitioned
mean Delta R and Delta R error (191 4 54 years) from into different fractions using column chromatography with
two sites with known reservoir ages closest to our core activated silica gel (4 h at 450 °C). The saturated hydrocar-
location, Comoros and Mayotte (marine Reservoir correc- bon fraction containing the n-alkanes was obtained by col-
tion database) (http://calib.qub.ac.uk/marine/) to correct umn chromatography over AgNOj-impregnated silica

for the constant reservoir age of 405 years embedded in eluted with hexane.
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Fig. 3. (a) n-Alkane abundance; (b) uncorrected 8D; (c) ice volume corrected 3D for four n-alkanes (1-Cs3 31,29.27) from core GIK16160-3. (d)
813C record for individual n-alkanes. Fifteen calibrated '*C dates (filled triangle) based on planktonic foraminifera were also plotted. The
more enriched 8'3C values indicates more C, vegetation contribution and the more depleted 5'>C indicates more C; vegetation type

contribution.

Quantification and identification of compounds were
performed with an Agilent 6890 N Gas Chromatograph
(GC) with a Flame Ionization Detector, based on compar-
isons with a laboratory internal standard (a series of n-al-
kane mixtures). The saturated hydrocarbon fraction was
analyzed in replicates for stable carbon (8'*C, n=3 for
each sample) and hydrogen (3D, n = 7-8 for each sample)
isotopic compositions on a Thermo Finnigan MAT 253
mass spectrometer interfaced with a Thermo Finnigan
GC combustion III (for 8'3C) or High Temperature Con-
version systems (for D) at the Leibniz Laboratory, CAU.
Individual n-alkanes were separated using an Agilent HP-5
capillary column (30 m x 0.32 mm x 0.25 pm). 313C is ex-
pressed relative to the VPDB scale, established by using
Arndt Schimmelmann’s stable isotope A2 reference mix-
ture from 2009. The accuracy and precision of the system
were determined daily by measuring an in-house mixture
of n-Cyg to n-Cyo alkanes in between samples. The stan-
dard error of mean (S.E.) of 3'°C on internal standard
was <0.2%, (n=2 or 3 per sample). The S.E. for §'3C
of n-Cy7, n-Cy9, n-Cs;, and n-Csz based on three measure-
ments for sample were <0.22%,. Due to small error ranges
for all samples, error bars on each sample were not
plotted.

Pyrolytic conversion of organic hydrogen to H, was
conducted at 1450 °C. Measurements of the Hs' factor
were determined daily using H, reference gas. The H;" fac-
tor varied between 6.95 and 7.55 ppm nA~! over a period
of 5months, averaging 7.15 ppm nA~!, with a standard
deviation of 0.13 ppm nA~!. 8D values of our in-house
mixture of n-C,o to n-Cyo alkanes were calculated relative
to pulses of reference H, gas and were calibrated against
the VSMOW scale by reference to H, produced from co-in-
jected A2 mixture (available from A. Schimmelmann, Bio-
geochemical Laboratories, Indiana University). Data were
then normalized to the VSMOW isotopic scale by using lin-
ear regression to our in-house n-alkane mixture, which is
running daily with samples. S.E. for 8D of the in-house
standard (average n =8 per day) was 0.79, or better for
all compounds. The S.E. for 3D of n-Cy;, n-Cyg, n-Csy,
and n-Cs3 based on 7 or 8 measurements for each sample
were <0.87%,. Similar to 3'C, we did not plot the error
bar because of such small error ranges for all samples.

4.3. CPI and ACL

We calculated the Carbon Preference Index (CPI) and
Average Chain Length (ACL). The CPI is used to examine
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14C.AMS dates used for the chronology of GIK 16160-3.

133

Sample Core depth Foraminferal taxa used 14%C age ("*Cyr  Error (*C  Calendar age range Calendar age
(cm) for dating BP) yr) (1o) (yr BP) (ka)"
KIA 41415 18 G. ruber + G. trilobus + G. 1225 25 554-650 605
sacculifer
KIA 43167 96.5 G. ruber 3970 30 3638-3809 3721
KIA 41416 163 G. ruber 5835 35 5965-6135 6049
KIA 41417 223 G. ruber 8305 45 8539-8758 8659
KIA 41418 253 G. ruber 9930 50 9793-10078 9914
KIA 41419 287 G. ruber 10560 60 11235-11618 11432
KIA 41420 313 G. ruber + G.trilobus + G. 11620 70 1278112984 12906
sacculifer
KIA 41421 363.5 G. ruber 13070 70 14465-14883 14595
KIA 41422 392.5 G. ruber + G.trilobus + G. 13590 70 15204-15904 15641
sacculifer
KIA 43168 426 G. ruber + G.trilobus 14270 70 16716-16914 16812
KIA 41424 527.5 G. ruber 17170 120 19826-20137 19923
KIA 41425 582.5 G. ruber 20560 160 23608-24125 23850
KIA 43169 625 G. ruber 23750 190 27764-28267 28005
KIA 41426 667.5 G. ruber 28990 430 31937-33155 32581
KIA 43179 691 G. ruber 32750 590 35589-37511 36728

T Median age.

the odd over even carbon number predominance to distin-
guish terrestrial plant from petroleum sources (Marzi et al.,
1993). ACL is to assess the dominace of the n-alkanes. The
CPI is defined as:

CPI _ Z(Xz +Xi+1 + ... +Xn) + Z(Xi+2 + ... +Xn+2)
2 x Z(Xi+1 + ... +Xn+1)

(1)
i=25, n=33. X; refers to the abundance of the n-alkane

with number of carbon atoms.
The ACL is defined as:

X

The ACL = 2=0%1) )
2 X

where X; is the abundance of the n-alkane with i number of

carbon atoms.

4.4. 8D Correction for the ice volume

We corrected 8D values for global seawater isotopic
changes caused by changes in continental ice volume using
the simulated 8"®0;cevome data published in (Bintanja
et al., 2005). The ice-volume correction for 8D values is
based on (Jouzel et al., 2003):

oD = 6Dmeasured - 8A6180ice-volume

5Dmeasured A 18 Oice-volume
X<1+ 1000 >/(1+8 1000 ) ®)

where 8'%0jccvorume i the ice-volume contribution to
changes in oceanic 8'®*0. The 8D values discussed in this
work are all referred to ice volume corrected values.

5. RESULTS

We measured four dominant long-chain odd-numbered
n-alkanes from GIK 16160-3: n-C,;, n-Cyg, n-Cz; and n-

Cs;3. Among them, n-Cy9 and n-C;; are the most abundant
and n-C,; is the least abundant (Fig. 3a). Overall, the n-al-
kanes were more abundant during the Glacial (~15 ka and
onward) and Deglacial (~15-10 ka) compared to the Holo-
cene (~10 ka to present). This pattern likely reflects the clo-
ser proximity of the Zambezi River mouth and transport of
reworked shelf sediments to the coring site during the last
Glacial sea-level low stand as compared to the Holocene
(Marz et al., 2008). The CPI ranges from 4.1 and 6.4 with
an average CPI 5.5, suggesting that n-alkanes from the
Zambezi catchment are typically derived from terrestrial
plants. This is because the odd-over-even predominance
of wax n-alkanes of terrestrial higher plants are character-
ized by CPI of >4 (Chikaraishi and Naraoka, 2004; Collis-
ter et al.,, 1994) whereas petroleum have CPI of ~1
(Collister et al., 1994). The ACL ranges between 29.4 and
30.5 throughout the core, further confirming that n-Cy
and n-Cs; are the dominant n-alkanes in the Zambezi
catchment.

The magnitudes of 8D fluctuation for each n-alkane
homologue are distinctly different from each other
(Fig. 3b). The ice-volume corrected 3D values resulted in
<59, depletion compared to the uncorrected raw values,
with the overall patterns for all four n-alkanes unchanged
(Fig. 3b and c¢). Among them, n-Cs; has the largest varia-
tions, ranging between ~—175%, and —1409%,, whereas n-
Cy only ranges from ~—150%, to —135%, from the Glacial
to the early Holocene. In addition, the 8D values of n-Cs;,
33 are more depleted than those of n-C,7, 59 and the magni-
tude of 6D differences among individual n-alkanes also vary
throughout the record (Fig. 3c). For example, the most pro-
nounced differences occurred during the last Glacial period
with an average offset of 209, between n-Cs; and n-Cyg,
whereas their offset is only 2%, to 109, for the Holocene.
SD trends of n-C,; 29 are very similar except between ~11
and 9 ka, which may be partially due to aquatic plants in-
put to n-C,7 (Ficken et al., 2000).
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Similar patterns also apply to the §'*C records of the
four n-alkanes (Fig. 3d). For example, the 8'*C values of
n-Cs3 are the most enriched, and record the largest magni-
tude of 8'°C variations, ranging from ~-29 to —22%,. In
comparison, n-C,g is the most depleted, and varies from
—329, to —27%, (Fig. 3d). n-C,; and n-C;; have compara-
ble 8!3C values, ranging from —32%, to —25%,. Maximum
offsets among the individual n-alkane 8'*C values (up to
69, between n-Cs3 and n-Csy) also occurred during the last
Glacial period. The offsets decrease during the Deglacial
and reach a minimum (1-29,) during the Holocene
(Fig. 3d), which are within the uncertainty of 8'*C values
of individual homologues obtained from the modern plant
studies (Rommerskirchen et al., 2006; Vogts et al., 2009).
Overall, long-term trends in the offset between these four
n-alkanes are remarkably similar in 8D and 8'3C values
(Fig. 3c and d).

6. DISCUSSION
6.1. Effect of vegetation types on 8'>C variability

The different ranges of 8'>C values for each n-alkane in
our GIK 16160-3 record suggest that the proportional con-
tributions of C,4 grasses and C; dicots varied between each
homologue. The lighter 8'C values in our record (Fig. 3)
fall into the upper range of modern African woodland C;
dicots that span from —37.79%, to —29.19, for n-Cyg 3
(Vogts et al., 2009). The heavier values correspond to a mix-
ture of C; dicots and C,4 grasses as African C4 grass n-
Ca931.33 range from —26.39%,, to —18.3%,, (Rommerskirchen
et al., 2006). A gradual decrease in n-Cs3 values from ~—22
to —299%, from the Glacial to the Holocene indicates that
the catchment shifted from a dominant C,4 vegetation to a
more evenly mix of C; dicots and C,4 grasses types. Simi-
larly, the decrease of 813Cn_c31,27 values from —259, to
—329;, also suggests that n-Cs; 7 was mainly derived from
C,4 plant types during the Glacial to a slightly mixed vege-
tation types during the Holocene. In comparison, the rela-
tive narrower 8'>C range from —27%, to —32%, for n-Cao
implies it was less sensitive to C; and C,4 plant changes than
the other homologues and that its contributions were dom-
inated by Cs plant types (Fig. 3d).

6.2. Controls on 8D variability

The incoherent 6D variations among individual homo-
logues demonstrate that not all individual homologues
can be straightforwardly interpreted as proxies for changes
in rainfall because C; dicots and C, grasses affected individ-
ual 8D,y differently (Fig. 3c). Our 8'°C record suggests that
C, grasses contributed a greater proportion to the two long-
er chain n-alkanes (n-Cs; 33) than C; dicots. From Fig. 2
and the previous literature (i.e. Sachse et al., 2012) it is
apparent that 3D,y of C,4 grasses are more depleted than
that of C; dicots because the &, pap Of Cy4 grasses is signif-
icantly more depleted than that of C; dicots. The ~209,, dif-
ferences in 6D values between n-C,9 and n-C 33 during the
Glacial in our record can thus be explained by the distinc-
tively different €,y map values (~309,) for C; dicots and C,

175 n-Ca7 (R?=0.14, n=58, p=0.004)
1 ° n-Co9(rR?=0.07, n=58, p=0.05)
4 n-Ca1 (R*=0.48, n=58, p<0.001)
4704 © 1Ca3(R*=0.75,n=58, p<0.001)
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Fig. 4. Correlations between 8D and §'3C for four n-alkanes (n-
C33.31.20.27)- The lack of correlation between 6D and 313C for n-Cyo
and n-C,; suggest limited influence from C,/C; vegetation type for
these two homologues (dashed lines). In contrast, strong negative
linear correlations between 8D and 8'°C for n-Cs; and n-Cs;
demonstrate that the increases in 6D values were strongly
influenced by the decreases in C4 contributions over the Deglacial
interval.

grasses (Fig. 2, Table 1). Therefore, changes in contribu-
tions from Cj3 dicots and C,4 grasses were the primary cause
for the different 6D patterns of the four homologues in our
record.

Furthermore, our data show that shifts in C, grasses and
C; dicots have less effect on the short than long-chain n-al-
kanes. Strong negative linear correlations between 6D and
313C values for n-Cy3 (R>=0.75, n=158, p<0.001) and
n-Cs; (R*=0.48, n=>58, p <0.001) demonstrate that the
increases in 8D values were strongly influenced by the de-
creased contribution of C, grasses to these homologues,
in particular during the Deglacial period (Fig. 4). In com-
parison the correlation between 8D and 8'3C for n-Cyo
(R?=0.07, n=58, p=0.05 and n-Cy (R>=0.14,
n=>58, p<0.01) were much weaker, suggesting that dD
values from these two homologues were less influenced by
changes between C, grasses and Cj dicots (Fig. 4). The
combined 8D and 3'>C records on multiple n-alkanes dem-
onstrate that besides the influence of precipitation 8D val-
ues changes in vegetation also played an essential role in
affecting past changes in 6D values of n-C;; and n-Css.
Monitoring changes in the relative importance of changes
in precipitation and in plant functional types over time ap-
pears crucial to accurately interpret the 6D,y values to de-
rive past changes in the hydrological cycle.

6.3. Mixing of n-alkanes in plant types
Stable isotope ratios of the longer chain lengths are

more influenced by C4 grass inputs than the shorter chain
lengths because the longer chains n-Cz; and n-Csz vs. the
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shorter chains n-C,9 and n-C,; display two distinct trends
(Fig. 4). Such distinction is yet not entirely clear in modern
plants because the n-C,9 and n-Cs; alkanes have generally
been found in all plants (Sachse et al., 2012 and reference
therein) and trees have wide range of chain lengths and
overlap with grasses (i.e. Chikaraishi and Naraoka, 2003;
Liu et al., 2006; Liu and Yang 2008). However, chemotax-
onomic studies demonstrate that modern C, grasses from
tropical Africa synthesize slightly more of the longer chain
lengths such as C;; and Css, resulting in ACL of ~30.7
(Rommerskirchen et al., 2006). In comparison, C; savanna
trees and shrubs (dicots) synthesize a wider variation of
chain lengths but are slightly more dominant with n-Cyg
and n-C3; and have an ACL of ~29.0 (Vogts et al., 2009).
This evidence suggests that longer chain lengths are more
susceptible to grass inputs than the shorter chain lengths
for African vegetation types thus corroborating the conclu-
sion drawn independently from our paleo 8D and §'°C
results.

6.4. Vegetation corrections for 8D of longer chain r-alkanes

Since n-Cyy was the least influenced by changes of pro-
portional contributions from C, grasses and C; dicots
(Fig. 4), we used 8D,,.c29 as the most robust indicator for
precipitation. A recent study using 6D,y derived from 11
surface lake sediments in tropical Africa has also corrobo-
rated that 0D, _c»9 is more robust than 6D,_c3; for recon-
structing the isotopic composition of precipitation, as the
latter may be derived from different plant functional types
(Garcin et al., 2012). To evaluate the degree to which n-
Cs;3 and n-Cj; were influenced by C,4 grasses relative to n-
C,9 we calculated the differences between n-Cs3 or n-Cs
and n-Csg for 8'°C and 8D. We found strong negative cor-
relations between ASD and A8'3C for n-Cs3 9 (R*=0.85,
n=>58, p<0.001) and for n-Cs s (R>=0.70, n=>58,
p<0.001) (Fig. 5), indicating that contrasting temporal
changes recorded by 8D of n-Cs3, n-Csy, and n-C,9 were pri-
marily due to different C; tree vs. C4 grass contributions to
each n-alkane. We used the slope and intercept (Fig. 5) of
the linear regression to account for the differences in C; tree
vs. Cy4 grass contributions on 8D of n-Cs3 or n-Cj relative
to n-Cy9 by applying the following equations:

5Dveg.corr.n—C33 - 5Dn—C33 - [_34 X (513CH—C33

-363C, ¢,) — 1.3] (4)
aDveg.corr,n—C“ = 5Dn—C3| - [_32 X (513Cn—C31
- 513C"*C29) - 56] (5)

where 8D,,_.c33 and 8D,,_c3; are the measured values. Since
the 6D corrections for n-Cs; or n-Cs; are calculated relative
to n-Cyg, their trends approximate that of n-C,g (Fig. 6b).
However, the vegetation corrected 6D patterns of n-Csj
or n-C3; homologues are more likely to accurately reflect
rainfall 6D values compared to the non-corrected values be-
cause our calculations demonstrate that the dD differences
between n-Csz or n-Cz; and n-Cy9 can be explained primar-
ily by shifts from C,4 grasses to C; dicots (~85% and ~70%,
respectively). As n-C,; is the least abundant homologues in
our record and its 6D values are not strongly affected by
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Fig. 5. Relationship between (a) ASD,,_c33.29 and AS"3C,,.c33.20; (b)
A3D,,.c31.20 and A8'>C,,.c31.00, Suggesting the proportional differ-
ences of C4 and C; contribution affected the different patterns of
3D and 8'3C of individual n-alkanes.

shifts in 8'°C, we did not correct the vegetation effect on
}’l-C27.

The fact that 8D differences between n-alkanes for a
large part can be explained by shifts between C, and C; veg-
etation type signifies that we can compare those differences
to 8D and 8'*C values of modern Cs dicots and C, grasses.
For our paleo data, the offsets between n-Csz3 and n-Cyg are
~6%, for 8'3C and ~20%, for 8D (Fig. 5). For n-alkanes de-
rived from modern C; dicots and C,4 grasses, the offsets are
~129, for 8'3C and ~30%, for 8D (Fig. 2, Vogts et al.,
2009; Chikaraishi and Naraoka, 2003). The offset for
3'3C in our record equates ~50% of that between modern
C; dicot and C,4 grasses, and the offset for dD equates
~70%, demonstrating that the rate by which 8D changes
relative to 8'3C is fairly similar. The slightly greater change
rate of 3D relative to 8'3C in our record perhaps suggests
that residual factors other than vegetation shifts also
affected 8D, in the Zambezi Catchment area. Evidence
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indicates that the dD-enrichment due to soil-water evapora-
tion (Hou et al., 2008) and leaf-water transpiration (Fea-
kins and Sessions, 2010) affect 8D,y of woody plants.
Generally, €,.map values are smaller in drier conditions/
environment because there is more enrichment in plant
water and more enrichment in precipitation due to lower
precipitation amount (i.e Sachse et al., 2012 for the review).
These climate-induced effects perhaps partially explain the
large variability of &, .map Within the C; dicots and Cy4
grasses from the global perspective (Fig. 2 and Sachse
et al., 2012). However, shift between C4 and C; plant types
explain more than 70% of 8D variation in our core, suggest-
ing evapotranspiration is less important than the effects
linked to the physiology of C3/C, vegetation types in trop-
ical Africa as climate-induced factors eventually lead to the
vegetation change adapted to these conditions. It is also
possible that C; trees and C,4 grasses peak during different
seasons, therefore utilizing different water sources with con-
trasting 8D signatures. However, in a distinctly seasonal cli-
mate regime as in tropical southern Africa, plants take

advantage of the seasonal water availability during the
rainy season and hence produce the majority of their bio-
mass during that season (Garcin et al., 2012). In addition,
recent studies have demonstrated that leaf wax n-alkane
from trees and grasses are synthesized early in the ontogeny
of a leaf (Sachse et al., 2010; Kahmen et al., 2011). Hence it
is plausible that most of the n-alkanes are synthesized using
the same water source during the rainy season in austral
summer in the Zambezi River catchment.

6.5. Paleohydrological implications

From a paleohydrological perspective, the 6D values of
n-C,9 infer substantial variations in monsoon rainfall
throughout the last 37 kyr with values ranging from
—1559, to —1359,, (Fig. 6b). The depleted 6D, values re-
flect high amounts of precipitation in low latitude (e.g. Nie-
dermeyer et al., 2010; Schefuss et al., 2005, 2011; Konecky
et al., 2011). Our rainfall record shows that tropical south-
ern Africa experienced dry periods during the Deglacial and
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the early Holocene (Fig. 6b). Wet phases are recorded for
the late and mid-Holocene (~7 ka to present) and the late
Marine Isotope Stage 3 (MIS3), the wettest period being re-
corded during the Last Glacial Maximum (LGM, ~23 to
19 ka).

The 8D and 8'*C ranges prior to vegetation correction
are broadly in agreement with long-term 8D and §'°C
trends recorded in an adjacent record of 8Dy (ice volume
corrected values) and 813C,y from Zambezi River mouth
covering the last 17 kyr only (Schefuss et al., 2011), but with
our time resolution for the Deglacial interval being much
lower. Schefuss et al. (2011) inferred enhanced rainfall dur-
ing Younger Dryas (YD, ~12-10.5 ka) and Heinrich Sta-
dial 1 period (HS1, ~19-14.6 ka) using 8D, .c3; rather
than dD,,.c29. Since 3D,,.c29 have a smaller range of magni-
tude than dD,,_c3; (Fig. 6¢) we evaluated the effect of chang-
ing C3/C,4 vegetation on 8D from Schefuss et al. (2011) by
correlating the 313C and 8D values of n-Cag 31,33 (Supple-
mentary Fig. 1). This analysis shows that changes in §'*C
values explains more than 50% of 8D changes for n-Cs;
(R*=0.53, n=105, p<0.001) and 40% for n-Cs
(R?=10.40, n =127, p <0.001), suggesting that the longer
chain length n-Cs;3 or n-Cs; were likely to have been affected
by shifts between C;3/C,4 vegetation changes whereas n-Cag
was the least affected (R2=0.13, n =123, p < 0.001) (Sup-
plementary Fig. 1). The greater influence of vegetation shift
on n-Cs;z or n-Cs; than n-Cyg accords with the analysis from
our core, suggesting that n-Cy9 in the study by Schefuss
et al. (2011) would reflect precipitation with a higher fidelity
than n-C3; and consequently dampen the 8D magnitude but
not affect the direction of precipitation trends. With n-Csg,
HS1 would have experienced similar precipitation as the
Holocene (Fig. 6¢). That said, the C3/Cy4 vegetation correc-
tion is probably more critical when Glacial-interglacial
timescales are considered tropical southern Africa. Never-
theless, accounting for vegetation changes may help recon-
ciling differences observed in the magnitudes of the different
n-alkanes homologues 8D and 8'C in the dataset of Sche-
fuss et al. (2011).

The rainfall variability in the Zambezi catchment
broadly corresponds to changes in summer insolation at
18°S during the last 37 kyr (Fig. 6a). Most strikingly, the
LGM stands out as the wettest period of our record
(Fig. 6b). The wet LGM contrasts with most records of pre-
cipitation from Eastern and southern Africa, and in partic-
ular with a record of 8D of Cy n-acid from Lake
Tanganyika (Tierney et al., 2008, Fig. 6d), north of the
Zambezi catchment. The Tanganyika basin (3°20'-8°45'S
and 29°00'-31°20'E) is situated on the boundary of wood-
land savannah and tropical rainforest (Fig. 1) and it has
higher precipitation rate (1200 mm/yr) than the Zambezi
catchment. Its precipitation is also controlled by the sea-
sonal migrations of the Inter-tropical Convergence Zone
(ITCZ) as well as moisture flux from the Indian Ocean
and Congo air Boundary (Tierney et al., 2010). Overall,
both 8D records from the Zambezi catchment and from
lake Tanganyika illustrate an anti-phasing in changes in
the hydrological cycle (Fig. 6b and d). The apparent anti-
phased precipitation trends recorded in East African lakes
and our record support the notion of a meridional hinge

zone mediated by ITCZ between equatorial and tropical
southern Africa during the last glacial period (Tierney
et al., 2010). Such pattern may be explained by a latitudinal
asymmetry of precipitation rate and/or precipitation origin
between these two catchments. It further supports that the
ITCZ location during austral summer months was likely
confined to 20°S during the LGM (Verschuren et al.,
2009) because subtropical southern Africa was also dry dur-
ing the LGM (Gasse et al., 2008 and reference therein).

For the Lake Tanganyika record, however, 8D of n-Cyg
acid was more enriched during the LGM than during the
early Holocene by a magnitude of ~409,,, which is substan-
tially larger than the change observed in our record. Yet,
this 409, decrease recorded during the Deglacial is accom-
panied by a 10%, decrease in 8'*C of n-C,g (Tierney et al.,
2010), suggesting that vegetation shifts occurred in response
to rainfall changes in the lake Tanganyika catchment. The
lack of information on the origin and isotopic values of dif-
ferent n-acid homologues in the record by Tierney et al.
(2010) makes it challenging to assess how shifts in C3/Cy
vegetation might have affected 6D. Therefore, it appears
crucial to have dual 8'*C and 8D measurements from differ-
ent n-acid or n-alkanes homologues in tropical sites in order
to more accurately quantify the amplitude of past changes
in rainfall.

7. CONCLUSION

Our work demonstrates that the 6D,y was not only con-
trolled by changes in precipitation, but also by changes in
photosynthetic pathways and plant functional types in
southern tropical Africa in the past 37,000 years. The
importance of these biological effects on 6D is supported
by the significant differences in €, map between Cy4 grasses
and Cj dicots from literature compilation data. Impor-
tantly, for areas where vegetation is composed of a mixture
of C4 grasses and Cj dicots, dual measurements of 6D and
8'°C on multiple n-alkanes are essential for disentangling
the vegetation effect from the hydrological effects on n-al-
kane 8D temporal shifts. After accounting for different
C5/C, vegetation contributions to each n-alkanes, the differ-
ences in 8D of all individual homologues show similar
trends and may provide similar information on past
changes in the regional hydrological cycle. This reinforces
the idea that leaf wax 6D provide realistic, robust and reli-
able tools for reconstructing past changes in the low lati-
tudes hydrological cycle.
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