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a b s t r a c t
Glacial and early Holocene-age sediments from lakes on Mt. Kenya have documented strong responses of montane hydrology, ecosystems, and carbon cycling to past changes in temperature and atmospheric CO2 concentrations. However, little is known about climate and ecosystem variations on Mt. Kenya during the Common Era (the
past ~2000 years), despite mounting evidence for signiﬁcant climate changes in the East African lowlands during
the past millennium and recent observations of alpine glacier retreat in the East African highlands. We present a
new, high-resolution record of the hydrogen and carbon isotopic composition of terrestrial plant wax compounds
(δDwax, δ13Cwax) preserved in the sediments of Sacred Lake from 200C.E. to the end of the 20th century. We ﬁnd
that Mt. Kenya's climate was highly variable during the past 1800 years. Droughts at Sacred Lake around
~200C.E., 700C.E., and 1100C.E. align with similar droughts in central Kenya and Uganda/Congo, indicating that
failures of both the Indian and Atlantic monsoons caused widespread drought throughout equatorial East
Africa during the early Common Era. In contrast, dry and wet periods at Sacred Lake during the past 500 years
show meridional and zonal contrasts with other sites in East Africa, suggesting strong spatial heterogeneity, possibly due to independent waxing and waning of the Atlantic and Indian monsoons. Pronounced drying after
~1870C.E. suggests that the current dry phase observed at Sacred Lake may have begun prior to the 20th century,
around the time when the retreat of Mt. Kenya's glaciers was ﬁrst observed by European explorers. Mt. Kenya's
vegetation responded strongly to these recent climate changes, highlighting the particular sensitivity of tropical
montane climate and ecosystems to regional and global climate patterns, and underscoring the critical need to
understand potential impacts of future climate change scenarios on this highly sensitive region.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
1.1. The Common Era in East Africa
The climate of tropical East Africa has ﬂuctuated dramatically over
the Common Era (the past ~ 2000 years; C.E.), with severe, multicentury droughts and pluvials that likely impacted human populations
living in the region (Verschuren et al., 2000; Russell and Johnson,
2005). A growing number of paleoclimate reconstructions from tropical
East Africa have revealed that the sign, magnitude, and timing of these
hydroclimatic anomalies varied widely, most notably during the past
~ 700 years when available records are most abundant (Russell and
Johnson, 2007; Tierney et al., 2013). These spatiotemporal gradients
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attest to the underlying climatic complexity of the region. East African
rainfall is produced by two monsoon systems originating in the tropical
Atlantic and Indian Oceans (Nicholson, 1996). Strong interannual rainfall
variability arises from interactions between these monsoons and the El
Niño/Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD), variations in local and remote sea surface temperature (SST), and the position
and strength of convergence along the Intertropical Convergence Zone
(ITCZ) (Nicholson, 1996, 1997; Goddard and Graham, 1999; Giannini
et al., 2008). Long-term variations in East African climate during the
Common Era were likely inﬂuenced by low-frequency dynamics of
these processes and their effects on the Atlantic and Indian Ocean monsoons, possibly driven by forcing from CO2, solar output, and resulting
global temperatures (Verschuren et al., 2000; Alin and Cohen, 2003;
Street-Perrott et al., 2004; Tierney et al., 2010). However, the impact of
these coupled processes on tropical East African climate variability remains very poorly understood, as high-resolution paleoclimate records
extending beyond ~ 1000C.E. are scarce. Moreover, tropical montane
rainfall and ecosystems have not been extensively studied during the
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Common Era, despite strong sensitivity to climate forcings on longer
timescales (Bonneﬁlle and Mohammed, 1994; Street-Perrott et al.,
1997; Thompson et al., 2002) and marked 20th century glacial retreat
(Hastenrath, 1984, 2001; Moelg et al., 2009). This lack of records from
higher elevations in East Africa makes it difﬁcult to contextualize recent
changes in montane environments or to assess potential connections between low- and high-elevation climate variations.
We reconstruct paleohydrologic variations during the Common Era
using sediments from Sacred Lake, Kenya (0°03′N, 37°32′E; 2350 m
asl; Fig. 1). Sacred Lake is a small (~1 km diameter) crater lake situated
in undisturbed humid tropical montane forest on the northeastern slope
of Mt. Kenya, eastern equatorial East Africa (Street-Perrott et al., 2004).
The lake had a maximum depth of approximately 5 m in 1989, though
its level is now so low that it is seasonally dry (H. Eggermont, pers.
comm.). The lake's mid-slope location on Mt. Kenya lends it a relatively
high amount of annual rainfall (N1500 mm/year; Thompson, 1966),
primarily falling during two rainy seasons, March–May (MAM) and
October–December (OND), with intervening drier seasons during
January–February (JF) and June–September (JJAS) (Fig. 1c).
This bimodal rainfall pattern, common to most of equatorial East
Africa, results from the twice-annual passage of the Intertropical
Convergence Zone (ITCZ) and its associated tropical rain belt over the
region (Nicholson, 1996; Verschuren et al., 2000; Russell and Johnson,
2005). During both rainy seasons, Mt. Kenya is located beneath this
zone of convergence. The primary moisture source is from the southeast

a)

(Fig. 1c) (Draxler, 1999; Russell and Johnson, 2007; Tierney et al., 2013),
highlighting the importance of convergence and topographic uplift to
rainfall on Mt. Kenya, particularly in the band of maximum rainfall on
its southern and eastern ﬂanks (Hastenrath, 1984; Nicholson, 1996).
On a regional scale, the MAM and OND rainy seasons are largely uncorrelated; although most of equatorial East Africa receives more rainfall on
average during the MAM “long rains,” the OND “short rains” season is
responsible for the majority of interannual variability (Nicholson,
1996, 1997; Goddard and Graham, 1999; Giannini et al., 2008). In contrast, Sacred Lake receives a similar amount of precipitation during
both OND and MAM (Fig. 1c), and its slope exposure makes it highly
sensitive to the intensity of northeasterly winds during the dry monsoon season (Jan–Feb) (Hastenrath, 1984; Street-Perrott et al., 2004).
That Sacred Lake receives a similar or greater amount of rainfall during
OND than MAM provides an important contrast to other records from
the region that are dominated by the MAM “long rains” season (Fig. 1).
Sacred Lake's slope position also makes it a sensitive recorder of
changes in montane vegetation (e.g. Street-Perrott et al., 2004), providing a unique opportunity to investigate changes in Mt. Kenya's montane
ecosystems during the Common Era. The climate and vegetation of
Mt. Kenya are altitudinally graded into three general belts: montane forest (from ~ 1500 to ~ 3500 m asl), ericaceous tall shrubland (~3500–
4000 m asl), and afroalpine shrub grassland (4000–4500 m asl)
(Coetzee, 1967). In the past 26,000 years, the catchment of Sacred Lake
has been occupied by all three of Mt. Kenya's main vegetation belts,

b)

c)

Fig. 1. a) Map of equatorial East Africa and of sites discussed in the text (http://www.geomapapp.org). b) Detailed map of Mt. Kenya depicting rainfall and vegetation zones and location of
Sacred Lake. Shaded regions correspond to vegetation zones, and bold/blue contours depict average annual rainfall. Topographic map and vegetation zones are adapted from Huang et al.
(1999) and Street-Perrott et al. (2004), and average rainfall is adapted from Thompson (1966). c) Left: Precipitation climatology from the Global Historical Climatology Network for meteorological stations adjacent to Sacred Lake (Meru, Kenya), Lake Edward (Fort Portal, Uganda), Lake Naivasha (Naivasha, Kenya), and Lake Challa (Taveta, Tanzania). Right: Backtrajectories of rain-bearing air masses arriving at Sacred Lake from July 2003–June 2004 (a “normal” year with little to no ENSO or IOD activity). Trajectories were modeled using the Hybrid
Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT; NOAA/ARL, Draxler, 1999) with the NCEP/NCAR Reanalysis 2.5 degree gridded dataset. 7-day trajectories were calculated
every 12 h for one full year. Only trajectories that produced N0.5 mm/h of precipitation within 12 h of reaching the study site are shown. (For interpretation of the references to color in
this ﬁgure, the reader is referred to the web version of this article.)
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and by four different types of montane forest. During the late Holocene,
however, the landscape has been occupied solely by humid montane forest (Coetzee, 1964, 1967), as it is today (Fig. 1b). Despite the relative stability of the vegetation belts compared to glacial/interglacial ﬂuctuations,
variations in highland vegetation from elsewhere in East Africa reveal
that the highlands are highly sensitive to centennial-scale climate ﬂuctuations (Bonneﬁlle and Mohammed, 1994), highlighting the need to investigate recent ecological changes on Mt. Kenya within the context of
the Common Era.
1.2. Using sedimentary leaf waxes to track changes in East African
precipitation and vegetation
We use the δD of terrestrial leaf wax compounds (δDwax) preserved
in the sediments of Sacred Lake to reconstruct variations in the δD of
precipitation (δDprecip) during the past 1800 years. Stable O and H isotopes in precipitation are useful tools for tracking past variations in
tropical rainfall and atmospheric circulation, owing to their strong relationships with rainfall amount, transport trajectory, and convective intensity (Dansgaard, 1964; LeGrande and Schmidt, 2009). In East Africa,
stable isotopes in modern precipitation have been shown to reﬂect
large-scale atmospheric circulation processes (Vuille et al., 2005), and
the δ18O of precipitation (and by inference, the δD of precipitation) on
Mt. Kenya has been shown to be a good indicator of moisture balance
(Barker et al., 2001). Leaf wax δD reﬂects δDprecip, after a series of offsets
due to soil water evaporation, fractionation of leaf water relative to
xylem water, and biosynthesis (Sachse et al., 2012). This technique
has been successfully employed to reconstruct late Quaternary changes
in East African monsoon intensity, rainfall amount, and other atmospheric circulation processes (Berke et al., 2012a).
The carbon isotopic composition of leaf waxes (δ13Cwax) can provide
important information about changes in vegetation through time
(Collister et al., 1994). Changes in the δ13C of bulk or compoundspeciﬁc plant material can arise from temperature, altitude, and water
stress, as well as phylogeny and physiology (O'Leary, 1981; Diefendorf
et al., 2010). Bulk plant material from C3 plants surveyed on Mt. Kenya
exhibit a ~ 10‰ range in their δ13C values, with a much smaller range
(b 3‰) found within the C4 group, consistent with global studies
(O'Leary, 1981; Ficken et al., 2000; Wooller et al., 2001). Variations between C3/C4 plants, however, can result in δ13C variations from 11–
25‰ (Ficken et al., 2000; Wooller et al., 2001). On glacial/interglacial
timescales, the δ13C of terrestrial plant wax compounds in sediments
of Sacred Lake has been shown to primarily reﬂect the interplay between plants using the C3 vs. the C4 photosynthetic pathway (Huang
et al., 1999). Variations in the relative abundance of C3/C4 plants from
the Last Glacial Maximum (LGM) to present on Mt. Kenya mainly reﬂects climate-driven changes in the altitudinal distribution of C3-dominated tropical montane forest and ericaceous/afroalpine zones
containing more C4 vegetation (Huang et al., 1999; Wooller et al.,
2001). Large δ13Cwax variations are associated with these changes, e.g.
up to a 17‰ glacial-early Holocene difference in δ13C of the C28 n-acid.
Glacial δ13CC28 values as high as −17.7‰ reﬂected an expansion of C4
grasslands due to low atmospheric CO2 conditions that favor C4 plants
(Collatz et al., 1998). Pronounced aridity may have further supported
these ecosystems during the glacial period, but it has been shown that
atmospheric CO2 played the biggest role in C3/C4 variations on Mt.
Kenya, with a deglacial rise in C3 plants coinciding with increasing atmospheric CO2 recorded in Antarctic ice cores (Street-Perrott et al., 1997).
Major ecological changes have the potential to impact δDwax through
differences in the apparent, or net, fractionation between wax compounds and precipitation (εwax-P) among different plant groups. Certain
life forms (e.g. trees vs. shrubs) or classes (e.g. monocotyledonous vs. dicotyledonous) tend to exhibit a stronger apparent D/H fractionation
(Sachse et al., 2012). Where possible, we calculate the potential inﬂuence of changing vegetation and include these corrections in our analysis. However, Sacred Lake is currently surrounded by undisturbed
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tropical montane forest, and has been occupied by tropical montane forest types for at least the past 3000 years (Coetzee, 1967). Sacred Lake
has been noted for its diverse community of aquatic vegetation, including C3 emergent macrophytes and C4 marginal swamp grasses and
sedges (Huang et al., 1999; Ficken et al., 2000), which could potentially
be a source for long-chain n-alkanoic acids in its sediments. However,
previous work has demonstrated that waxes from the dense terrestrial
vegetation surrounding Sacred Lake overwhelm any potential aquatic
source (Huang et al., 1999). Long-chain (NC25) n-alkyl lipids (including
n-alkanoic acids) in Sacred Lake's sediments come primarily from terrestrial plants, based on downcore covariation of δ13C from multiple
types of n-alkyl lipids characteristic of terrestrial plants and a low abundance of short-chain fatty acids characteristic of algae (Huang et al.,
1999). We calculate the Average Chain Length (ACL) of our samples
and compare with our δDwax values to provide an additional assessment
of changes in vegetation type.
2. Methods
Sediment core SL1 was recovered from 2.5 m water depth in 1989
(Olago et al., 2000), then archived in cold storage (4 °C) at Swansea University, UK. 97 samples for plant wax isotopic analysis were subsampled
from the upper 2.5 m of SL1 in 2010. To purify wax compounds, sediments were freeze-dried, homogenized, and extracted using a Dionex
350 Accelerated Solvent Extractor. Fatty acids were then puriﬁed following the methods of Konecky et al. (2011). The δD and δ13C of the
C28 n-alkanoic acid, the most abundant homologue in all samples,
were measured using gas chromatography isotope ratio mass spectrometry at Brown University. Hereafter, we refer to the δD and the
δ13C of C28 n-alkanoic acid as δDwax and δ13Cwax, respectively. δDwax
was measured on 97 samples and δ13Cwax was measured on a randomly
selected subset of 28 samples. Samples were run at least in duplicate for
both δD and δ13C, with precision of between 0.01–3.00‰ for δDwax and
between 0.01–0.52‰ for δ13Cwax. After every six injections, a synthetic
standard containing C16–C28 fatty acid methyl esters of known δD and
δ13C was injected to monitor machine performance and to calculate
standard error. Because precision is slightly higher on synthetic standards than on real samples, we also ran a subset of samples in triplicate
to produce a more robust error estimate. The pooled δDwax standard deviation from 7 triplicate samples was 1.65‰, and the pooled δ13Cwax
standard deviation from 5 triplicate samples was 0.17‰. All δDwax
and δ13Cwax values are reported relative to Vienna Standard Mean
Ocean Water (VSMOW) and Vienna Pee Dee Belemnite (VPDB), respectively, and have been corrected for the methyl group added during
derivatization.
An age model for the full length of core SL1 (16.34 m; N40,000 years
of sediment) was constructed using a mixed effect regression model
(Heegaard et al., 2005) based on 29 radiocarbon dates on bulk organic
matter (Loomis et al., 2012). Several substantial changes in sedimentation rate occur in deeper sections of the core, the uppermost of which is
around 365 cm depth. Because 14C ages in the upper 3 m of core suggest
much more linear sedimentation rates, and our samples extend only to
2.5 m, we constructed a new age model for the upper 3 m of core using
the 8 uppermost radiocarbon dates. We assume a core-top age of
1989C.E., the year of core collection. Our mixed-effect regression age
model is presented in Fig. 2.
3. Results and discussion
Leaf wax δD varies nearly 40‰, between −100.6‰ and −138.3‰
over the past 1800 years (Fig. 3), with prominent centennial-scale variations on the order of 10‰. These variations are superimposed upon a
longer-term ﬂuctuation in δDwax, with the most D-enriched waxes
occurring at 200C.E. and after 1960C.E., and the most D-depleted waxes
in between, with a minimum δDwax value at ~ 1400C.E. Changes in
C3/C4 vegetation (see below) could change the magnitudes of some of
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Fig. 2. Age model for sediment core SL1 (see text for details).

these ﬂuctuations in δDwax, as the apparent fractionation between precipitation and leaf wax compounds (εwax-P) for C3 vs. C4 plants can differ
by ~20‰ (Sachse et al., 2012). Accounting for these effects can change
the absolute value of reconstructed δDprecip by up to 11‰, but variations
in δ13Cwax are too small to alter the overall structure of the record
(Fig. S1). Due to this and to the continuing uncertainty regarding the
exact amplitudes of these corrections for n-alkanoic acids derived from
African vegetation, we discuss uncorrected δDwax values below. Both
corrected and uncorrected δDprecip are presented in Fig. S1. Additionally,
the Average Chain Length (ACL) of fatty acids, which is an indication of
changes in vegetation type, shows no strong relationship with δDwax in
our record (r2 = 0.03, p N 0.05). Therefore, changes in terrestrial or
aquatic vegetation are not likely to have driven the δDwax signal at Sacred
Lake over the past 1800 years.
3.1. Variations in Indian Ocean monsoon rainfall in tropical East Africa
during the Common Era
The sediments of Sacred Lake provide an important contrast to other
equatorial paleoclimate reconstructions from East Africa (Verschuren
et al., 2000; Russell and Johnson, 2007; Tierney et al., 2011, 2013).
Unlike equatorial lakes from Uganda and central Kenya (west of
Mt. Kenya), Sacred Lake currently receives no Atlantic-derived precipitation, and its elevation, northeastern slope exposure, and rainfall
seasonality make it particularly susceptible to changes in the Indian
Ocean monsoons. In contrast, equatorial lakes in central Kenya (e.g.
Lake Naivasha) and the western Rift Valley (e.g. Lake Edward, Uganda/
Congo) receive a mixture of Indian- and Atlantic-derived moisture,
and hence are sensitive to both monsoons (Nicholson, 1996). East/
west spatial gradients in these sites' rainfall histories therefore provide
insight into the two competing monsoon systems that provide moisture
for East Africa, and their interactions with regional and global climate
changes during the Common Era. North/south contrasts between
Sacred Lake and Lake Challa, located at a similar longitude but at 3°S
in the southeastern lowlands of Mt. Kilimanjaro, provide an important
perspective on the seasonal character of Indian Ocean rainfall variations
during the Common Era (Tierney et al., 2011). Lake Challa receives primarily Indian Ocean-derived precipitation, but with a higher proportion
falling during MAM, contrasting with Sacred Lake's nearly equal rainy
seasons and relatively high contribution of OND rainfall (Fig. 1).
The Sacred Lake δDwax record is marked by centennial-scale variability. Three major D-enrichments occurred during the early Common Era:
at 200C.E., from 620–750C.E, and from 1050–1150C.E. These three
D-enrichments, each on the order of approximately 10‰, are consistent

in timing with other East African lake records indicating severe and
widespread drought across much of tropical East Africa from 0–200C.E.
and 1000–1200C.E., and a pronounced but more spatially limited
drought from 540–890C.E. (Fig. 3) (Verschuren, 2001; Alin and Cohen,
2003; Russell and Johnson, 2005). Because Sacred Lake's precipitation
is purely derived from Indian Ocean sources, D-enrichments during
these intervals indicate that these regional-scale droughts were driven
at least in part by a weakening of the Indian Ocean monsoon. Weakening
of the Atlantic monsoon also played its own role in these droughts, however, particularly from 1000–1200C.E., when sites that are sensitive to
both the Indian and Atlantic monsoons experienced severely dry conditions (Fig. 3). This dry interval recorded at Lakes Naivasha (Kenya),
Edward (Uganda/Congo), and Tanganyika (Tanzania/DRC) corresponds
to a shorter (~ 100 year) D-enrichment in waxes at Sacred Lake
(Verschuren, 2001; Alin and Cohen, 2003; Russell and Johnson, 2005).
This, together with the evidence for dry conditions at this time from
West Africa, suggests that severe drought in Uganda/Congo and central
Kenya from 1000–1200C.E. was mainly driven by reduced penetration
of the Atlantic monsoon into equatorial East Africa (Shanahan
et al., 2009), rather than a failure of the Indian Ocean monsoon. A
shorter-lived or less pronounced weakening of the Indian Ocean monsoon may have exacerbated drought conditions in the region from
1050–1150C.E.
Following the 1050–1150C.E. drought, Sacred Lake δDwax becomes
more D-depleted, with low variability, until approximately 1400C.E, indicating relatively wet and stable hydrological conditions. Lakes Edward
and Naivasha also show wetter overall conditions during this time, but
punctuated by several decadal-scale droughts (Fig. 3). This spatial pattern may indicate a general strengthening of both monsoon systems,
with decadal-scale variability in the Atlantic monsoon that caused rainfall variations in Uganda and western Kenya. The Mt. Kilimanjaro ice
core δ18O record indicates wet and/or cool conditions during this time,
although Lake Challa δDwax indicates weaker monsoon circulation
(Thompson et al., 2002; Tierney et al., 2011), suggesting that Indian
Ocean-derived moisture may have been more variable in the southern
equatorial latitudes. Wet conditions at Sacred Lake, Lake Edward, and
Lake Naviasha from 850–1000C.E. and 1200–1450C.E. may have been
enhanced by a more northern position of the ITCZ (Haug et al., 2001).
A northward-displaced ITCZ would have led the tropical rain belt in
East Africa to spend more time in the northern tropics, tempering the effects of intensiﬁed monsoon circulation on Lake Challa, which experienced more moderate conditions (Fig. 3).
The strong similarities in equatorial East African climate variations
from 200–1400C.E. stand in contrast to the spatiotemporal heterogeneity that characterizes the region's hydrology after 1400C.E. The Northern Hemisphere “Little Ice Age” (LIA; 1450–1850C.E.) was particularly
temporally and spatially complex within East Africa (Fig. 3). Hydrological anomalies are evident at many locations, but the sign of these anomalies as well as their temporal evolution vary dramatically from site to
site, both in the early LIA (1450–1700C.E.) and the late LIA (1700–
1850C.E.) (Verschuren et al., 2000; Russell and Johnson, 2007; Tierney
et al., 2011, 2013).
At the start of the early LIA (~1450C.E.), Sacred Lake, Lake Edward,
and Lake Naivasha all experienced rapid drying, with pronounced aridity between ~ 1520–1560C.E. (Fig. 3). Sacred Lake and Lake Edward
remained dry until the late LIA, ~1700C.E., with decadal-scale droughts
at Sacred Lake centered at 1610 and 1680C.E. that are possibly aligned
with decadal-scale features at Lake Edward. Concurrently, Lakes
Naivasha and Challa experienced increasingly wet conditions beginning
~1600C.E. during the early LIA. This regional heterogeneity is difﬁcult to
reconcile from variations in the Atlantic and/or the Indian monsoons.
The onset of dry conditions at the start of the early LIA and highly variable Sacred Lake δDwax thereafter should indicate that the Indian Ocean
monsoon caused strong ﬂuctuations in East African moisture balance;
however, these ﬂuctuations are not evident at Lake Challa, which also
receives primarily Indian Ocean derived precipitation. Instead, Sacred
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Fig. 3. Sacred Lake δDwax and paleoclimate reconstructions from Lake Naivasha, Kenya (Verschuren et al., 2000); the ﬁrst Empirical Orthogonal Function (MCEOF1) from a 700-year synthesis of multiple hydroclimate records across East Africa (Anchukaitis and Tierney, 2012; Tierney et al., 2013); moisture balance of Lake Edward, Uganda/Congo, derived from the Mg/Ca
ratio in authigenic calcite (Russell and Johnson, 2007; 2005); δDwax from Lake Challa, Tanzania (Tierney et al., 2011); and δ18O of ice, an integrated atmospheric tracer, preserved at the
summit of Mt. Kilimanjaro, Tanzania (Thompson et al., 2002). Orange (blue) shading represents centennial-scale D-enriched (D-depleted) intervals in δDwax discussed in the text. (For
interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)

Lake δDwax shares more similarities with hydroclimatic reconstructions
from Lake Edward, in western Uganda, while Lake Naivasha (between
Lake Edward and Sacred Lake) and Lake Challa (south of Sacred Lake)
exhibit very different behavior. A southward shift of the ITCZ during
the Little Ice Age (Haug et al., 2001) may have mitigated the effects of
the weaker Indian Ocean monsoon on Lake Challa during the early
LIA, while causing more severe dry conditions at equatorial sites
(Fig. 3). Alternatively, early LIA monsoon variations could have been
highly seasonal in character, with reduced precipitation during the
OND season associated with the Indian Winter Monsoon. Sacred Lake

and Lake Edward receive disproportionately more of their precipitation
during OND than MAM, while Challa and Naivasha, receive more MAM
precipitation (Fig. 1c). A weaker northeasterly Indian Winter Monsoon
could have enhanced these effects at high elevations, as both Sacred
Lake and the summit of Mt. Kilimanjaro record isotopically enriched
precipitation during the early LIA, concurrent with dry conditions in
western East Africa (Fig. 3).
In the late LIA (1700–1850C.E.), precipitation anomalies in tropical
East African proxy records are more coherent in timing and magnitude
(Fig. 3). Sacred Lake δDwax transitions abruptly into pluvial conditions
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at 1700C.E., with a ~10‰ D-depletion relative to the preceding dry conditions. The late-LIA pluvial at Sacred Lake is contemporary to a primary
mode of variability during the past 700 years found in a recent multi-site
analysis of tropical East African proxy records, where a pluvial ca.
1700C.E. (Tierney et al., 2013) was found to be robust even when age
model uncertainties were taken into account (Anchukaitis and Tierney,
2012). The onset of pluvial conditions is markedly similar, though more
abrupt, to the onset of pluvial conditions observed at Lake Naivasha,
which overﬂowed from 1670–1770C.E. (Verschuren et al., 2000), and
to severe drought conditions observed contemporaneously at Lake Edward (Fig. 3) and Lake Tanganyika, supporting previous ﬁndings that
easternmost East Africa generally experienced pluvial conditions during
the late LIA while western and southern East Africa experienced drought
(Russell and Johnson, 2007; Tierney et al., 2013).
Previous studies of LIA climate in East Africa suggested that the east/
west spatial gradient in rainfall in the equatorial tropics may have been
caused by either more El Niño-like conditions combined with a
southward-displaced ITCZ (Russell and Johnson, 2007) or by lowfrequency variations in the Indian Ocean Walker circulation (Tierney
et al., 2013). Either of these mechanisms could be supported by reconstructed SST in the Indo-Paciﬁc Warm Pool, which reached peak cool
conditions during the late LIA, corresponding to pluvial conditions in
East Africa (Oppo et al., 2009; Tierney et al., 2013). On modern, interannual timescales, El Niño events and IOD positive events lead to wetter
conditions in equatorial Africa and drier conditions in southern Africa,
partly due to the intensiﬁcation of the OND rainy season in easternmost
equatorial East Africa, and partly due to the modiﬁcation of westerly
moisture transport across the Congo Basin and into western East
Africa (Nicholson and Kim, 1997; Saji et al., 1999; Ummenhofer et al.,
2009). However, drying of western equatorial East Africa during
the OND season is not a characteristic feature of these events in either
observations or in model simulations (Nicholson and Kim, 1997;
Ummenhofer et al., 2009), even in cases when surface moisture ﬂux divergence anomalies occur (Goddard and Graham, 1999; Ummenhofer
et al., 2009). In fact, both western Uganda and Lake Tanganyika generally experience wetter conditions during IOD + and El Niño events
(Bergonzini et al., 2004; Ummenhofer et al., 2009), just as eastern East
Africa does. Hence, while an El Niño-like mode or enhanced Indian
Walker circulation could have contributed to pluvial conditions along
the East African coast during the late LIA, these mechanisms are not sufﬁcient to explain the East–west gradient in LIA climate over East Africa.
Both the early-LIA heterogeneity across East Africa and the late-LIA
drought conditions in western equatorial East Africa suggest complex
interactions between the Indian and Atlantic monsoons, the ITCZ, and
the transport of westerly moisture across the continent. Although failure of the West African monsoon was restricted mostly to the early
LIA (Shanahan et al., 2009), the ITCZ was in a southerly position during
most of the LIA, with its southernmost position from ~ 1700–1800
(Haug et al., 2001). This resulted in a southward displaced rain belt in
East Africa (Brown and Johnson, 2005) that may have dried the continental interior (Russell and Johnson, 2007). A southward-displaced
ITCZ could also explain some of the early-LIA similarities between
Lake Edward and Sacred Lake (Fig. 3). Since both of these sites are highly
inﬂuenced by OND rainfall, it is also possible that early LIA droughts
were particular to the OND season, with more limited ramiﬁcations
for sites that receive more MAM rainfall. From these ﬁndings, it is
clear that the “LIA” in East Africa was in fact composed of a series of climatic events, with the most pronounced variability occurring after
1700C.E. when peak wet/dry conditions characterized the eastern/
western sites, respectively.
In addition to pronounced centennial-scale variability, δDwax at
Sacred Lake exhibits a gradual trend over the past 1800 years. δDwax is
over 15‰ more D-depleted from ~ 1000C.E.–1400C.E. and ~ 1700–
1850C.E. than at the start of our record (200C.E.) and after 1850C.E.
Although few equatorial East African records contain data prior to
600C.E. for comparison, no long-term trend over the Common Era is

evident in other paleo-hydrological reconstructions (Fig. 3). The progressive δDwax depletion and subsequent enrichment may reﬂect
increased and decreased fractionation taking place upstream of
Mt. Kenya, for example via the strength of convection and rainout
over the Indian Ocean. However, decreased rainout over the Indian
Ocean would also result in isotopically heavier precipitation in the
Indian and Asian Monsoon region, but D-enrichment at Sacred Lake
between ~ 200–1000C.E. and after 1850C.E. corresponds generally to
strengthened, not weakened, Asian Monsoon (Zhang et al., 2008).
The long-term trend in δDwax could represent a gradual weakening
and strengthening of equatorial westerlies in the Indian Ocean, bringing
more followed by less precipitation to East Africa, as is the case on centennial timescales (Hastenrath, 2001). However, the magnitude of this
long-term trend compared with relatively small (if any) long-term
trends in other records suggests that H-isotopic fractionation may be locally enhanced at Sacred Lake. This could arise due to the site's strong
sensitivity to OND rainfall or to feedbacks over wet montane forests enhancing cloudiness and convection (Hastenrath, 1984; Hemp, 2006). Alternatively, this enhancement could be an indirect, local response to
changes in air temperature in East Africa during the Common Era. Air
temperatures at Sacred Lake were generally ~ 1 °C cooler from 800–
1500C.E. (Loomis et al., 2012), when waxes are most D-depleted, and
lake surface temperatures in the East African lowlands suggest that
the late LIA was 1–2 °C cooler than during the 20th century (Tierney
et al., 2010; Powers et al., 2011; Berke et al., 2012b). Temperature
variations in this equatorial location are too small to signiﬁcantly affect
δDprecip via direct kinetic effects on the D/H fractionation factor at the
time of condensation (Dansgaard, 1964; Majoube, 1971) or via evaporation of soil water (Craig and Gordon, 1965; Dagg and Blackie, 1970;
Riley et al., 2002), but air temperature is important for the elevation of
the zone of maximum rainfall (ZMR) on Mt. Kenya. The ZMR currently
sits 150 m higher than Sacred Lake, at a mid-slope elevation of 2500–
3000 m asl (Hastenrath, 1984), focused on the southeastern ﬂank
where exposure to the southeastern monsoon is most direct (Fig. 1,
Thompson, 1966). Assuming no major change in prevailing wind direction, absolute humidity, or temperature lapse rate (Eggermont et al.,
2010), a cooling should lead to condensation at lower elevations, bringing the ZMR closer to Sacred Lake. Even small downslope migrations of
the ZMR could enhance D-depletion of δDprecip at Sacred Lake via the
combined effects of increased rainfall amount, increased humidity,
and lower evaporative losses (and hence reduced D-enrichment) from
increased cloud cover (Bruijnzeel et al., 2011). Additional highelevation temperature/δDprecip reconstructions from Mt. Kenya and
other tropical mountains are needed to test this hypothesis, but this
mechanism is plausible considering the high sensitivity of tropical
mountains to regional and global temperature changes (Bradley et al.,
2009) and the importance of low-elevation temperatures to lapse
rates and moisture gradients on nearby Mt. Kilimanjaro (Duane et al.,
2008).
3.2. Aridiﬁcation and ecological change on Mt. Kenya since 1870C.E.
In recent years, Sacred Lake levels have dropped to the point at which
it is at times desiccated (H. Eggermont, pers. comm.). Our δDwax record
reveals an abrupt, nearly 30‰ D-enrichment after 1870C.E., suggesting
aridiﬁcation on Mt. Kenya. This D-enrichment progresses in two stages:
a 20‰ D-enrichment between 1870 and 1895C.E., a return to relatively
D-depleted waxes between 1925 and 1950C.E., followed by a 15‰
D-enrichment into the present. The amplitude of this D-enrichment
may have been enhanced by a suite of processes shown to drive rainfall
in arid regions to become isotopically heavier, such as re-evaporation,
recycling, and vertical mixing of moisture from the lowlands (Worden
et al., 2007; Levin et al., 2009; Kebede and Travi, 2012; Cockerton et al.,
2013). These processes were likely reduced during the wetter climate
of the late LIA. Changes in C3/C4 vegetation (see below) could also inﬂuence the amplitude of this D-enrichment, but the ~30‰ amplitude of the
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prospers, or under greater wet season storm intensity, which favors
grasses over woody biomass (Good and Caylor, 2011). CAM plants
in the water-stressed northern scrublands could also prosper under
slightly wetter conditions. However, pre-industrial variations in
δ13Cwax are minor, and thus do not suggest major changes in vegetation
until the 18th century (Fig. 4).
In the middle of the 18th century, δ13Cwax begins to substantially decline, with a two-step, ~4‰ 13C-depletion occurring between the 1760s
and the 1970s (Fig. 4). This suggests that C4 vegetation was substantially
reduced after the mid-18th century relative to the previous 1550 years,
when its contribution was already small. δDwax indicates drying during
recent centuries, and one might expect C4 grasses to ﬂourish relative to
C3 trees under a drying climate. However, temperature and CO2 are
much bigger drivers of large changes in the distribution of C4 grasses
than aridity on Mt. Kenya, including around Sacred Lake, as well as
nearby Mt. Elgon (Street-Perrott et al., 1997). C4 plants are more competitive than C3 plants at low-CO2 conditions because they contain a
CO2-concentrating mechanism, but they lose this competitive advantage under high CO2 conditions (Ehleringer et al., 1997). C3 plants beneﬁt both directly and indirectly under high atmospheric CO2 conditions,
particularly in water-limited, seasonally dry biomes of tropical East
African mountains (Jolly and Haxeltine, 1997). Increased CO2 reduces
stomatal conductance and transpiration, and directly modulates the
activity of the primary enzyme used in C3 photosynthesis, thereby increasing photosynthetic efﬁciency (Sage, 2002; Sage et al., 2008). The
photosynthetic efﬁciency of C4 plants, however, is not signiﬁcantly affected by atmospheric CO2 (Collatz et al., 1998), giving C3 plants a relative advantage (Ehleringer et al., 1997).
Modern mean annual air temperature in the East African lowlands
averages approximately ~22 °C (Loomis et al., 2012), within the range
of temperatures where both the C3 and the C4 photosynthetic pathways
are favored under both 20th century and pre-industrial atmospheric
CO2 concentrations (280 ppm, Etheridge et al., 1996). Sacred Lake, on
the other hand, has a mean annual air temperature of 14.9 °C (Loomis
et al., 2012). At pre-industrial CO2 levels this temperature places Sacred
Lake at the boundary between C3- and C4-favorable CO2 and temperature conditions (Ehleringer et al., 1997; Collatz et al., 1998). The postindustrial rise in atmospheric CO2 (Etheridge et al., 1996) would have
distinctly favored C3 plants (Ehleringer et al., 1997), even at lower altitudes on Mt. Kenya where temperatures were slightly warmer.
Indeed, this rapid decrease in δ13Cwax closely coincides with increasing atmospheric CO2 following the Industrial Revolution (Etheridge
et al., 1996). Increased CO2 relative to O2 and rising temperatures
could have increased the rate of C3 photosynthesis around the elevation

post-LIA D-enrichment is affected by less than 4‰ when considering
vegetation changes (Fig. S1), indicating that the signal is robust.
Historical lake levels from much of East Africa, including nearby Lake
Naivasha, also suggest wetter conditions in the late 19th/early 20th centuries, followed by drying during the early 20th century (Nicholson,
2001; Verschuren, 2001, 2004). Our chronology prohibits an exact comparison of the timing between these shifts, but the large enrichment
in δDwax after 1870 suggests that this drying trend began prior to the
20th century. The strength of low-level equatorial westerlies in the
Indian Ocean has been linked to East African lake levels as well as
Mt. Kenya's glaciers, with stronger (weaker) winds inhibiting (enhancing) precipitation in East Africa (Hastenrath, 2001). Overall, these westerlies have increased in strength since the 1880's. This important Indian
Ocean forcing may explain Sacred Lake's particular sensitivity to these
changes, and recent drying may have also been locally enhanced by a recent rise in temperature (via an upward shift in the ZMR and/or increased evaporation of soil water).
To understand the inﬂuence of recent climate changes on Mt. Kenya's
forest composition, we turn to stable isotopes of carbon preserved in our
leaf wax samples. Over the past 1800 years, δ13Cwax ranges from
−30.3‰ to −26.5‰ (Fig. 4). These relatively 13C-depleted values fall
within the range of δ13CC28 values reported by Huang et al. (1999) for
the Holocene (Fig. 4), and indicate that during the past two millennia,
the Sacred Lake catchment contained a C3-dominated mix of vegetation.
δ13Cwax is moderately, positively correlated with ACL (r2 = 0.3,
p b 0.05), suggesting that 13C-enrichments are from increased inputs
from C4 grasses, which tend to have more long-chain waxes than C3
forest plants (Vogts et al., 2009).
Prior to 1870C.E., variations in δ13Cwax are generally small (b 1‰–
2.5‰), with no obvious trend (Fig. 4). Although the resolution of our
δ13Cwax dataset is too low to assess variations in C3/C4 vegetation during
individual centennial-scale hydroclimatic events in our δDwax record, it
appears that these droughts and pluvials did not substantially affect the
distribution of C3/C4 vegetation prior to 1870C.E. C4 grasses are only
minor components in the understory of humid tropical or dry montane
rainforest on Mt. Kenya (Wooller et al., 2001), but are abundant in the
semi-tropical humid forest zone located at lower elevations on northeastern Mt. Kenya, and CAM plants such as Euphorbia and other succulents are present further west on the drier northern ﬂank of Mt. Kenya
(Coetzee, 1967; Wooller et al., 2001; Street-Perrott et al., 2004).
δ13Cwax and δDwax are strongly, inversely correlated (r2 = 0.82), suggesting that wetter conditions accompany more C4/CAM inputs. C4
grasses could ﬂourish when the lowlands are wetter during the growing
season (Collatz et al., 1998) and the semi-tropical humid forest
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of Sacred Lake, leading to higher carbon isotopic fractionation in C3
plants; however, this effect was likely minor (Terashima et al., 1995).
We therefore interpret decreasing post-industrial δ13Cwax at Sacred
Lake to reﬂect increasing dominance of C3 vegetation under increasing
atmospheric CO2 concentrations. Increased CO2 could also have directly
increased the density and biomass of woody C3 plants in the savannas
around Mt. Kenya via direct growth stimulation, as has been found
in ﬁeld experiments on South African savannas (Buitenwerf et al.,
2011). Impacts of increased aridity on lowland semi-tropical forests
may have exacerbated these effects. Rising temperatures may also
have played a role; however, increased temperature favors C4 plants,
and so temperature effects would likely act in opposition to the CO2
effect unless temperature's role were more indirect (Ehleringer et al.,
1997). Similarly, falling lake levels at Sacred Lake should also have
favored an increase, not a decrease, in C4 grasses and sedges in the
immediate catchment. Rather, we argue that the relatively cool
temperatures at Sacred Lake and elsewhere on Mt. Kenya made these
ecosystems particularly sensitive to the post-industrial rise in atmospheric CO2.
4. Conclusions
Our analysis of leaf waxes at Sacred Lake reveals that Mt. Kenya's climate was highly variable over the past 1800 years. These variations
were primarily driven by changes in the amount of Indian Ocean moisture penetrating into East Africa. Early Common Era D-enrichments in
δDwax centered around 200C.E. and 690C.E. provide evidence that a
weakened Indian Ocean monsoon inﬂuenced droughts on a regional
scale, while a D-enrichment centered on 1100C.E. was more limited in
duration than in other records, suggesting that a weakened Atlantic
monsoon played a larger role during this interval, as has been suggested
from West African records. Mt. Kenya experienced pronounced hydrologic variability during the Little Ice Age (LIA), with a dry interval from
1450–1700C.E. followed by pluvial conditions until 1850C.E., when a
modern drying trend was initiated. Some of these precipitation anomalies may have been highly seasonal in character, with additional effects
related to a southward migration of the ITCZ. These mechanisms may
help to explain both the spatiotemporal heterogeneity across East
African paleoclimate records during this time period, as well as the similarities between our site on Mt. Kenya and Lake Edward in western
Uganda/Congo. The vegetation around Sacred Lake responded strongly
to post-LIA climate change, with an expansion of C3 relative to C4 vegetation that may be tied to a combination of increasing CO2 and aridity.
Sacred Lake's level is dramatically low today. Our analysis suggests
that this pattern of aridiﬁcation may have begun prior to the 20th century, and could be related to rising temperatures, potentially via lake
evaporation and/or reduced cloudiness due to dry conditions.
These ﬁndings indicate that the mid-slope region of Mt. Kenya
around Sacred Lake is highly sensitive to regional climate variations as
well as local feedbacks that are speciﬁc to montane regions. Further
work is needed to characterize these effects of temperature and greenhouse gases on other tropical montane ecosystems, and to assess potential impacts under 21st century climate change scenarios.
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