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Northern Africa’s past climate is characterized by a prolonged humid period known as the African Humid Period (AHP), giving origin to the “Green Sahara” and supporting human settlements into areas that are now desert. The spatial and temporal extent of climate change associated with the AHP is, however, subject to ongoing debate. Uncertainties arise from the complex nature of African climate, which is controlled by the strength and interactions of different monsoonal systems, resulting in meridional shifts in rainfall belts and zonal movements of the Congo Air Boundary. Here, we examine a ∼12,500-years record of hydroclimate variability from Lake Dendi located in the Ethiopian highlands based on a combination of plant-wax-specific hydrogen (δD) and carbon (δ13C) isotopes. In addition, pollen data from the same sediment core are used to investigate the response of the regional vegetation to changing climate. Our δD record indicates high precipitation during peak AHP (ca. 10 to 8 ka BP) followed by a gradual transition toward a drier late Holocene climate. Likewise, vegetation cover changed from predominant grassland toward an arid montane forest dominated by Juniperus and Podocarpus accompanied by a general reduction of understory grasses. This trend is corroborated by δ13C values pointing to an increased contribution of C3 plants during the mid-to late Holocene. Peak aridity occurred around 2 ka BP, followed by a return to a generally wetter climate possibly linked to enhanced Indian Ocean Monsoon strength. During the last millennium, increased anthropogenic activity, i.e., deforestation and agriculture is indicated by the pollen data, in agreement with intensified human impact recorded for the region. The magnitude of δD change (40‰) between peak wet conditions and late Holocene aridity is in line with other regional δD records of East Africa influenced by the CAB. The timing and pace of aridification parallels those of African and Indian monsoon records indicating a gradual response to local insolation change. Our new record combining plant-wax δD and δ13C values with pollen highlights the sensitive responses of the regional vegetation to precipitation changes in the Ethiopian highlands.
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1. INTRODUCTION
North Africa experienced extreme climatic variations during the Holocene with a prolonged humid period known as the African Humid Period (AHP), which had major consequences for terrestrial ecosystems and ancient civilizations (see recent review by Pausata et al., 2020). During this humid period, increased Northern Hemisphere (NH) summer insolation induced the northward extension and intensification of the tropical rainbelt (Gasse, 2000; Lézine et al., 2011a). Remains of large palaeo-lakes and -estuaries across northern Africa record the substantially altered hydroclimate during the AHP, which transformed the Saharan desert into an open grass savannah and allowed for widespread human occupation of nowadays mostly barren landscapes (Lézine et al., 1990; Kuper and Kröpelin, 2006; Kröpelin et al., 2008; Sereno et al., 2008; Tierney et al., 2017; Höpker et al., 2019). The subsequent return to arid climate is assumed to explain major societal shifts, including the demise of the Egyptian Old Kingdom, attributed to dramatic failure of annual Nile River floods driven by declining rainfall in the Ethiopian highlands (Stanley et al., 2003; Kuper and Kröpelin, 2006).
The timing and extent of the transition between the “Green Sahara” and today’s hyperarid desert at the end of the AHP is, however, still highly debated. While many records suggest a gradual or time-transgressive transition (Kröpelin et al., 2008; Lézine et al., 2011b; Berke et al., 2012b; Foerster et al., 2012; Shanahan et al., 2015; Castañeda et al., 2016; Tierney et al., 2017) toward peak aridity at about 2–4 ka BP as a linear response to radiative forcing, others indicate an abrupt end of the AHP triggered by nonlinear biogeophysical feedback processes (DeMenocal et al., 2000; Claussen et al., 2013; Tierney and deMenocal, 2013; Collins et al., 2017). Uncertainties in the reconstructions arise from complex patterns of convergence and precipitation associated with both Atlantic and Indian Ocean climate dynamics as well as extratropical teleconnections shaping North African hydroclimate (Camberlin et al., 2001; Nicholson, 2017). Therefore, changes in the locations of the Intertropical Convergence Zone (ITCZ) and associated monsoonal rainfall belts as well as the Congo Air Boundary (CAB) may affect sedimentary archives differently, in particular in the easternmost sector of tropical Africa (Tierney et al., 2010; Tierney et al., 2011; Foerster et al., 2012; Costa et al., 2014; Junginger et al., 2014; Wagner et al., 2018). Further complications arise from the different sensitivity of individual hydroclimate proxies (Castañeda et al., 2016).
Because of their specificity as a plant biomarker, long-chain n-alkanes are well suited for reconstructing climate and ecosystem changes recorded in lacustrine sediments (e.g., Eglinton and Eglinton, 2008; Castañeda and Schouten, 2011). Sedimentary leaf-wax n-alkane δD values (δDwax) have been frequently used to reconstruct past changes in the hydrological cycle (Schefuß et al., 2005; Tierney et al., 2010; Berke et al., 2012b; Kuechler et al., 2013; Costa et al., 2014; Castañeda et al., 2016; Collins et al., 2017). In tropical regions with only minor temperature variations, the most prominent factor influencing δDwax is the amount effect (Bowen, 2008; Sachse et al., 2012). Apart from precipitation amounts, shifting wind regimes and associated variations in moisture sources have a strong control on δDwax in East Africa (Levin et al., 2009; Costa et al., 2014; Castañeda et al., 2016). In addition, changes in vegetation type, carbon fixation pathways and relative humidity can exert secondary effects on δDwax (Smith and Freeman, 2006; Sachse et al., 2012; Kahmen et al., 2013). Sedimentary δ13C values (δ13Cwax) have also been shown to be sensitive to environmental conditions (i.e., temperature, rainfall) and are used as proxies for continental vegetation (C3 vs. C4 plant types) and climate change (Schefuß et al., 2003; Schefuß et al., 2005; Castañeda et al., 2009; Berke et al., 2012b; Kuechler et al., 2013; Dupont and Schefuß, 2018).
Previous studies from East African lakes using the same molecular approach (δDwax, δ13Cwax) also exhibited significant differences in hydroclimate changes particularly in the timing of the AHP termination, i.e. abrupt vs. gradual (Tierney et al., 2010; Tierney et al., 2011; Berke et al., 2012b; Costa et al., 2014). This non-uniform hydroclimate response on a regional scale may relate to locally different precipitation regimes (bimodal vs. unimodal), humidity sources (Atlantic Ocean vs. Indian Ocean) modulated by the zonal movement of the CAB (Tierney et al., 2011; Costa et al., 2014; Junginger et al., 2014), and topography. Moreover, local vegetation structure may respond differently to regionally changing moisture balance (Lézine et al., 2011b; Berke et al., 2012b; Sachse et al., 2012; Kuechler et al., 2013). Information about vegetation composition is, however, missing in most of the previous investigations. In this study, we provide new insights into the termination of the AHP based on a sediment core from Lake Dendi located in the central Ethiopian highlands (2,836 m asl), where recent archaeological investigations indicated a long history of human occupation (Vogelsang et al., 2018). We use δDwax to assess the regional precipitation history, and δ13Cwax to examine the distribution of C3 and C4 vegetation in the catchment. In addition, we assess variations in pollen abundances to investigate the response of regional vegetation structure to changes in hydroclimate. A preceding study by Wagner et al. (2018) focused on sedimentological data to reconstruct erosion and rainfall dynamics in the lake catchment. According to this study, most arid conditions were reached at 3.9 ka BP but relatively stable climate conditions with low erosion and few rainfall events were indicated throughout the mid Holocene. The combination of molecular records with pollen data applied in this study allows a more differentiated perspective of environmental change at this high-altitude location over the past 12,500 years.
2. MATERIALS AND METHODS
2.1. Study Area and Climate Background
Lake Dendi is located on the central Ethiopian Plateau (8°50’N, 38°02’E; 2,836 m elevation) about 80 km to the west of Addis Ababa (Figure 1A). The lake is situated inside an ∼8-km wide caldera of the dormant volcano Mount Dendi (Figure 1B). It comprises two basins connected via a shallow sill and has a maximum water depth of ∼56 m in the eastern basin (Wagner et al., 2018). The temperature of the upper 40 m of the oligotrophic lake ranges between 15° and 16°C (Degefu et al., 2014). Lake Dendi lacks permanent surface inlets but is fed by numerous small rivers and streams during the rainy season. The seasonally active outlet in the southwestern corner of the lake (Figure 1B) contributes to the drainage system of the Blue Nile (Degefu et al., 2014; Wagner et al., 2018). The lake catchment is part of the Lower Dega region, which is characterized by a sub-humid climate with moderate seasonal temperatures ranging from 14°C in winter to 17°C in summer (Mitchell and Jones, 2005).
[image: Figure 1]FIGURE 1 | (A) Map of Northeast Africa with the positions of terrestrial (black dots) and marine archives (blue dots) mentioned in the text. The black box denotes the Lake Dendi region. The approximate locations of the Intertropical convergence zone (ITCZ) and Congo Air Boundary (CAB) during northern hemisphere summer are indicated by blue dotted lines. Red arrows illustrate pathways of moisture advected from the Atlantic Ocean/Congo Basin and Indian Ocean during summer monsoon (WAM: West African Monsoon; ISM: Indian Summer Monsoon) (B) Close-up of the study area on the central Ethiopian Plateau showing the Dendi crater and coring location in the eastern lake (yellow dot). Lake Dendi seasonally contributes to the drainage system of the Blue Nile (indicated by blue arrow). Mount Wenchi is located about 12 km to the southwest. (C) The photograph shows the view from the northeastern crater rim on the two basins of Lake Dendi and the local vegetation, which is at present influenced by anthropogenic activity.
The hydroclimate in the study area is controlled by the African rainbelt, which is closely associated with the ITCZ (Figure 1A). Both migrate seasonally between ca. 20°N (July) and ca. 20°S (January), following the movement of the insolation maximum (Nicholson, 2000). Another zone of convergence, the CAB, separates air masses containing moisture derived from the Atlantic and Indian Ocean (Mitchell and Jones, 2005; Degefu et al., 2014; Nicholson, 2017). Generation of rainfall and the seasonal shift of the African rainbelt are also closely linked to seasonally varying monsoon winds, which bring humid (dry) air on land during the summer (winter) months (Nicholson, 2000; Trenberth et al., 2000). A main rainy season from June to September is caused by movement of the rainbelt to its northernmost position. Highest rainfall (>250 mm/month) is observed during July and August, when the CAB allows moisture from westerly sources (i.e., Congo Basin) to reach the area (Mitchell and Jones, 2005; Levin et al., 2009). This Congo Basin sourced precipitation is assumed to be more D-depleted compared to that from the Indian Ocean and may thus impact the isotopic composition of rainfall in Ethiopia (Levin et al., 2009; Costa et al., 2014). A relatively dry season (<50 mm/month) between October and February is characterized by predominant northeasterly winds. Rainfall during the short rain season in October-November is related to sea surface temperature (SST) anomalies, with intensified rains during periods of anomalous high SST in the western Indian Ocean (Nicholson, 2000; Ummenhofer et al., 2009). During February/March to May, prevailing easterly and southeasterly winds from the Indian Ocean cause the spring rainy season in the central Ethiopian highlands (Levin et al., 2009). Annual precipitation in the Dendi region averages ∼1,200 mm (Mitchell and Jones, 2005; Degefu et al., 2014).
The natural vegetation in the catchment of Lake Dendi can be assigned to the “dry evergreen Afromontane forest” (Bekele, 1993; Friis et al., 2011), representing a mixture of open forest with dominant conifers, Juniper trees, and African redwood, interspersed with high-mountain grassland, mosses and lichens (Friis 1992; Bonnefille and Mohammed, 1994; Darbyshire et al., 2003). Today’s landscape, however, is characterized by anthropogenic influence through deforestation and intensive agricultural activity that largely replaced the natural vegetation (Figure 1C) (Darbyshire et al., 2003; Hailu et al., 2015; Wagner et al., 2018). Archaeological investigations indicated human activity in the area of the Dendi caldera already more than 200 ka ago, and the crater lakes may have been important water reservoirs during more arid periods in the past, while the obsidian resource might have been important for the preparation of stone tools (Vogelsang et al., 2018).
Two sediment cores (DEN1: 08°50.178’N, 38°00.974’E and DEN2: 08°50.153’N, 38°01.075’E; Supplementary Figure S1) were obtained from the eastern twin-lake from a water depth of 50 and 54 m, respectively, in spring 2012. The cores were correlated based on optical and XRF analyses. Bayesian age-depth modeling used 24 radiocarbon (14C) ages and provided a basal age of 12.19 cal ka BP for the correlated core (Wagner et al., 2018) (Figure 2). A reservoir correction of 329 years was applied to the entire set, consisting exclusively of bulk organic carbon samples. Sampling for molecular analyses was done with a resolution of ∼200 years, and excluding the tephra. Detailed information on the age model can be found in Wagner et al. (2018).
[image: Figure 2]FIGURE 2 | Age model for Lake Dendi core composite. Bayesian age-depth modeling was based on 24 radiocarbon dates applying a reservoir correction of 329 years (Wagner et al., 2018). Radiocarbon ages in red were discarded from the calculation of the age depth curve. Gray bars indicate tephra horizons.
2.2. Lipid Biomarker Extraction and Fractionation
Freeze dried sediment samples (ca. 2–7 g) were ultrasonically extracted with dichloromethane (DCM)/methanol (9:1, v/v) for 5 min repeated 3 times. The extracts were combined and the bulk of the solvent subsequently removed by rotary evaporation under vacuum. The resulting total lipid extracts (TLE) were saponified using 0.5 M aqueous potassium hydroxide (KOH) solution at 80°C for 2 h. Non-saponifiable lipids (neutral lipids) were extracted out of the basic solution using n-hexane. The neutral fractions were chromatographically separated using activated silica gel and n-hexane and DCM/methanol (1:1, v/v) to elute apolar and polar compounds, respectively. The apolar fractions were further separated into saturated and unsaturated compounds using AgNO3-coated silica gel and n-hexane and DCM, respectively.
2.3. Sediment n-Alkane Analysis
n-Alkanes were analyzed using a gas chromatograph equipped with an on-column injector and a flame ionization detector (GC-FID; HP 5890). A fused silica capillary column (DB-5MS; 50 m × 0.2 mm, film thickness: 0.33 μm) was used with He as carrier gas. Samples were injected at 70°C and the GC oven temperature was subsequently raised to 150°C at a rate of 20°C/min, and then at 6°C/min to 320°C (held 40 min). Identification of n-alkanes was based on retention time in comparison with those of a standard solution (n-C21–n-C40). Analytical precision of the n-alkane quantifications based on replicate standard analyses was <5%.
To distinguish between contributions of higher plant wax and petrogenic sources, the carbon preference index (CPI; Bray and Evans, 1961) was calculated using the abundances of odd- and even-numbered n-alkane chain lengths from C27 to C33:
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2.4. Compound-specific δD and δ13C Analysis
δD analysis of the most abundant n-alkane homologues (n-C29 and n-C31) was performed on a Thermo Trace GC coupled via a pyrolysis reactor to a Thermofisher MAT 253 mass spectrometer (GC/IR-MS) according to Jaeschke et al. (2018). The GC was equipped with a 30 m × 0.25 mm column (Restek Rxi-5ms, film thickness: 1.0 µm) and He was used as the carrier gas. The samples were injected via a PTV injector at 40°C and then transferred to the GC column. The GC temperature was programmed to increase from 120°C (2 min hold) to 200°C at 30°C/min and then at 4°C/min to 320°C (held 12.3 min). δD values were measured against calibrated reference gas using H2 and are reported in ‰ relative to Vienna Standard Mean Ocean Water (VSMOW). The H3-factor had a mean of 6.00 ± 0.02. An external standard mixture with known δD values was analyzed repeatedly in between samples and yielded a long-term precision of <3‰ and a mean deviation of <1‰ from reference values. All samples were analyzed in duplicate with an average standard deviation of 2‰.
δ13C analysis of long chain n-alkanes was performed using a Trace GC instrument equipped with a 30 m × 0.25 mm column (Restek Rxi-5ms, film thickness: 0.25 µm) coupled via a combustion interface to a Thermofisher MAT 252 MS. He was used as carrier gas. The samples were injected via a PTV injector at 40°C and then transferred to the GC column. The GC oven was programmed from 60°C (3 min hold) to 150°C at 20°C/min, and then at 4°C/min to 320°C (held 10 min). Quantitative conversion of eluting compounds to CO2 was conducted in a ceramic tube filled with Ni wires at 1,000°C using a trickle flow of O2. CO2 gas of known isotope composition was used as reference gas and δ13C values are reported in ‰ relative to Vienna Peedee Belemnite (VPDB). Repeated analysis of an external n-alkane standard yielded long-term accuracy and precision of <0.1 and 0.3‰, respectively. All samples were analyzed in duplicate with an average standard deviation of 0.2‰.
2.5. Pollen Analysis
21 horizons, deriving from 64 cm equidistance core samples, were selected for pollen analysis. From each horizon, 2 cm3 sediment material was used for laboratory preparation according to standard procedures including acetolysis (Faegri et al., 1989). Firstly, 10% HCl was added to remove CaCO3. After washing with water and before sieving the remaining sample through a 112 µm wide mesh, 10% KOH was used to diminish organic material. Then 40% HF destroyed the sand grains before acetolysis (9 ml acetic anhydride and 1 ml concentrated sulfuric acid) decomposed cellulose. Finally, clay particles were washed out carefully in an ultrasonic bath. One drop of the remaining material was mounted on a microscope slide. The counting of the pollen grains was done under a Zeiss Primo Star light microscope using 400 to 1,000 times magnification until 300 individual grains were determined. To identify the taxonomic affiliation of each grain, photos, description and pollen atlases were used (Bonnefille 1971a; Bonnefille 1971b; Bonnefille and Riollet, 1980; Hamilton, 1982). The non-palynomorphes were identified with the help of Gelorini et al. (2011) and Van Geel et al. (2011). The concentration of spores was calculated using known numbers of Lycopodium markers in a tablet added to the samples before processing. The pollen diagram was constructed using the TILIA software, version 2.0.41 (Grimm, 2015). Cyperaceae were excluded from the pollen sum as they are generally limited to lake margins and thus not representative for the broader regional vegetation. For the zonation of the diagram, CONISS (“Constrained cluster analysis by sum-of-squares”) analysis, was used including terrestrial pollen grains appearing at least once with more than 5%.
3. RESULTS
3.1. n-Alkane Distributions
The n-alkane distribution in all sediment samples shows a strong odd over even predominance with highest abundances of the n-C29 and n-C31 homologues. The C29n-alkane is in general more dominantly produced by trees and shrubs (C3 photosynthesis), while the C31n-alkane is more evenly produced by trees (C3 plants) and grasses (C4 plants in the study area). The sum of the long-chain n-alkanes (C27-C33) varies between 45 μg/g TOC and 260 μg/g TOC, showing the highest fluctuations in the early Holocene after 5.2 ka BP (Supplementary Table S1). CPI values are generally high and range between 7.6 and 4.8 (Supplementary Table S1), indicating no major contribution from fossil sources that might bias compound-specific δD and δ13C values.
3.2. n-Alkane δD Values
δD values of the most abundant n-C29 and n-C31 plant wax homologues vary between –130 and –179‰ and thus exhibit a wide range of almost 50‰ (Figure 3B, Supplementary Table S1), which is comparable to the record of Lake Tana (∼60‰; Costa et al., 2014). The similar δD evolution of the two homologues (r2 = 0.95) suggests only a minor effect of vegetation changes (C3 vs. C4) on the climatic signal. We thus calculated δDwax as the weighted average of both signals (Supplementary Table S1). The Younger Dryas (YD) is characterized by relatively positive δDwax values (between –131 and –142‰). A rapid decrease of about 30‰ at 11.7 ka BP marks the abrupt termination of the YD. A second decrease of about 20‰ at 10 ka BP is followed by a ca. 2 kyr period with relatively stable δD values around –175‰. From ∼8 ka BP, δDwax values exhibit a long-term gradual increase to ca. 130‰ at about 2 ka BP. δDwax values then decrease about 10‰ to the present, with some distinct fluctuations (Figure 3B). Late Holocene δDwax values of Lake Dendi are comparable with modern δDwax values reported for the Ethiopian highlands at a similar elevation (Jaeschke et al., 2018). In monsoon regions, variations in rainfall δD values are mainly controlled by the amount effect, with more negative δD values indicating more humid conditions. Different moisture sources potentially also influence precipitation δD values in the Ethiopian highlands (Rozanski et al., 1993; Levin et al., 2009). According to Costa et al. (2014), a contribution of 30% (modern) Congo-sourced moisture corresponds to a –4‰ change in δD, while in the most extreme case of 100% moisture derived from the Congo Basin could result in a δD change of –14‰. However, changes in the relative contribution of the different sources were proposed to be unrelated to the net annual precipitation amount (Costa et al., 2014). Here, we assume that δDwax values primarily reflect the isotopic composition of local rainfall during the growing season (e.g., Schefuß et al., 2005) but also integrate the history of moisture transported to the Lake Dendi area, i.e., continental and Indian Ocean moisture.
[image: Figure 3]FIGURE 3 | Timing of the stages of the African Humid Period (AHP) based on paleohydrological records in northern Africa (10–25°N; Lézine et al., 2011a). Archaeological evidence for prehistoric human occupation of the Sahara (paleolake Gobero, Niger; Sereno et al., 2008) and the Nile valley (Kuper and Kröpelin, 2006; Weldeab et al., 2014). (A) Colored bars indicate phases of occupation (o) and abandonment (a), blue colours indicate humid phases. (B) δD values of the n-C29 (light blue) and n-C31 (dark blue)homologues from Lake Dendi sediment core. (C) δ13C values of the n-C29 (light green) and n-C31 (dark green) homologues from Lake Dendi sediment core. Error bars represent analytical precision.
3.3. δ13C Values and Vegetation Types
n-Alkane δ13C values range between –26.8 and –21.6‰ (n-C31) and between –28.5 and 25.6‰ (n-C29) (Figure 3C, Supplementary Table S1). The more 13C-enriched values of the C31n-alkane may be explained by the higher relative contribution of this homologue from C4 grasses. δ13C values of n-C29 generally show little variation but slightly 13C-enriched values are observed during the early Holocene until about 8 ka BP and during the late Holocene starting at about 2 ka BP. δ13C values of n-C31 are generally more 13C enriched, especially from 9 to 8 ka BP and from 6.5 to 5 ka BP, resulting in a maximum isotopic spread of about 4‰ between n-C29 and n-C31 (Figure 3C). To estimate the relative contributions of C4 and C3 plants, which are dominantly controlled by aridity (Schefuß et al., 2003; Castañeda et al., 2009), a simplified two end-member mixing model is applied assuming end-member values for C3 and C4 vegetation of -34.7 and –21.4‰ for n-C29 and –35.2 and –21.7‰ for n-C31, respectively (Castañeda et al., 2009; Berke et al., 2012b). Based on this assumption, the Lake Dendi region has a C4-dominated (ca. 60–80%) vegetation (Supplementary Table S1). Uncertainties in the C3/C4 estimates of about 20%, however, have to be considered (Castañeda et al., 2009).
3.4. Pollen Stratigraphy
A total of 56 pollen and spore types was distinguished and percentages for the most abundant pollen taxa are summarized in Figure 4. Most important pollen groups indicating a C4 plant origin are those of the grass (Poaceae) and sedge (Cyperaceae) families, while those from woody plants (Podocarpus, Juniperus) indicate a C3 metabolism.
[image: Figure 4]FIGURE 4 | Pollen diagram from Lake Dendi, showing percentage abundances of the principal taxa on a calibrated radiocarbon timescale. Percentages are calculated from the sum of all pollen grains (Cyperaceae excluded). The concentration of the palynomorphes was calculated based on the sediment dry weight.
Poaceae pollen percentages are high throughout the record accounting for on average 62% during the YD, 53% throughout the AHP, and 32% during the late Holocene, (Figure 4). Cyperaceae pollen percentages range between 4 and 34%. Other herbaceous taxa include Asteraceae (av. 0.8–13.6%) and Amaranthaceae/Chenopodiaceae (av. 0.4–21.4%), Rosaceae (0.2–4.3%), Caryophyllaceae (0.2–5.3%), Solanaceae (0.2–2.5%), Apiaceae (0.2–2.6%), Fabaceae (0.2–2.5%) (Figure 4). High pollen percentages of Plantaginaceae (15–19%) are recorded only during the last 1,000 years (Figure 4) and may reflect the increasing anthropogenic influence in the Ethiopian highlands (Hamilton, 1982; Darbyshire et al., 2003; Umer et al., 2007; Hailu et al., 2015). Low pollen percentages of the dry Afromontane forest taxa Podocarpus are observed during both the YD and peak AHP (3–7%), while constantly increasing from ca. 7 ka BP to maximum values of 29% at 2.4 ka BP (Figure 4). Likewise, Juniperus pollen percentages increase over the course of the mid Holocene and reach a maximum of 19% at ca 3 ka BP, slightly leading those of Podocarpus. Other woody plant taxa are minor, i.e., Oleaceae (0.2–7%), Myricaceae (0.1–4%), Capparaceae (0.3–3%) (Figure 4).
The most distinct change in pollen distribution is observed above a ca. 2 m thick tephra layer, deposited at approximately 10.2 ka BP (Figure 2), and points to an extreme shift in plant community (Figure 4). This can be interpreted as the pioneer stage established after the volcanic eruption of Mount Wenchi located in close vicinity to Mount Dendi (Figure 1B) (Brown and Fuller, 2008; Wagner et al., 2018). Moreover, low pollen counts indicate sparse vegetation cover dominated by herbaceous plants. This extreme event may also have impacted the δ13C and δD composition of the specific pioneer vegetation. Different photosynthetic pathways (C3 vs. C4 type) and diverse growth forms (e.g., trees, shrubs vs. herbaceous plants) vary in terms of stable carbon isotopic composition (Vogts et al., 2009; Jaeschke et al., 2018) and discriminate differently against deuterium during lipid synthesis (Sachse et al., 2012). This may either amplify or reduce the signal. Both, δ13C and δD values show abrupt shifts (Figures 3B,C) that coincide with the deposition of tephra at 10.2 ka BP and may thus not necessarily reflect a climatic signal.
4. DISCUSSION
4.1. Hydroclimate Changes at Lake Dendi and East Africa
The δDwax record from Lake Dendi indicates that the Ethiopian highlands experienced major changes in hydroclimate during the past 12,500 years (Figures 3B, 5D). Arid conditions during the YD documented at many Northeast and East African sites (Tierney et al., 2011; Foerster et al., 2012; Junginger et al., 2014; Castañeda et al., 2016) are confirmed at Lake Dendi by our δDwax record (Figure 5D) and other sedimentological data (Wagner et al., 2018). Across tropical Africa, the termination of the YD was marked by an abrupt change in hydroclimate which involved major reorganization of monsoonal circulation across the continent and adjacent oceans (Talbot et al., 2007). Intense NH heating and an associated increase in thermal contrast between land and ocean resulted in a strengthening of the West African Monsoon (WAM) and the Indian Summer Monsoon (ISM) allowing the northward expansion of the tropical rainbelt (Nicholson, 2017; Pausata et al., 2020). The abruptness of change is thought to be related to the rapid resumption of the Atlantic Meridional Overturning Circulation (AMOC) (McManus et al., 2004; Weldeab et al., 2014). At Lake Dendi, the onset of the AHP and increasing rainfall at 11.7 ka BP are characterized by a large and abrupt shift in δDwax of ∼30‰ (Figure 5D). This abrupt decrease in δDwax that points to increasing rainfall is in line with the abrupt strengthening of the WAM as indicated by the Ba/Ca time series from a marine sediment core of the Gulf of Guinea (Weldeab et al., 2007) (Figure 5E). A more gradual intensification of the monsoon circulation was indicated by Ba/Ca from a sediment core of the Levantine Sea and was proposed to reflect the influence of moisture from the Western Indian Ocean (Weldeab et al., 2014). Maximum monsoon rainfall at 9.9 ka BP and thus highest Nile river runoff based on Ba/Ca (Figure 5C) is in line with highest precipitation over the Blue Nile river basin as recorded in Lake Dendi δDwax (Figure 5D). The timing of maximum rainfall at Lake Dendi is also in line with the abrupt intensification of the ISM based on the Qunf Cave δ18O record from Oman (Fleitmann et al., 2003) (Figure 5B). The increased precipitation in the ISM domain corresponds to an enhanced atmospheric pressure gradient between East Africa and India (Camberlin, 1997; Junginger et al., 2014) that also leads to advection of D-depleted moisture from westerly sources, i.e. by an eastward shift of the CAB (Levin et al., 2009; Kebede and Travi, 2012; Costa et al., 2014). The incursion of humid air masses from the Congo Basin thus likely increased precipitation amount and decreased precipitation δD values in the Dendi area. Peak AHP conditions at Lake Dendi documented by strongly depleted δDwax values of around –175‰ between 10 and 8 ka BP align with maximum NH insolation (Berger and Loutre, 1991) (Figure 5A) and highest monsoon intensity based on different archives (Fleitmann et al., 2003; Weldeab et al., 2007; Weldeab et al., 2014). This humid interval at the end of the early Holocene is also well-documented in other Northeast and East African hydroclimate records (Gasse, 2000; Tierney et al., 2011; Berke et al., 2012b; Foerster et al., 2012; Tierney and deMenocal, 2013; Costa et al., 2014; Castañeda et al., 2016), however, with locally different timing of onset and termination of the AHP (Figure 6). Intensified precipitation over the Blue Nile catchment area (Figures 6D,E) is also indicated by enhanced river discharge based on sedimentary records from the Nile deep-sea fan and eastern Mediterranean Sea (Blanchet et al., 2014; Castañeda et al., 2016). At the height of Nile River runoff, archaeological records indicate the abandonment of prehistoric human settlements in the Nile valley (Kuper and Kröpelin, 2006) while hydroclimate conditions were favourable for human occupation in the southern Sahara (Sereno et al., 2008) (Figure 3A).
[image: Figure 5]FIGURE 5 | Comparison with monsoon precipitation records. (A) Mean JJA insolation at 10°N (Berger and Loutre, 1991). (B) Stalagmite δ18O record from Oman indicating changes in Indian Summer Monsoon (Fleitmann et al., 2003). (C) Ba/Ca record from the Levantine Basin indicating changes in Nile River discharge related to East African Monsoon rainfall (Weldeab et al., 2014). (D) Lake Dendi δDwax record indicating changes in rainfall in the Ethiopian highlands (this study). (E) Ba/Ca record from the Gulf of Guinea indicating changes in river runoff draining the West African Monsoon area (Weldeab et al., 2007). Vertical gray bars mark abrupt changes in the monsoon systems based on the different proxies.
[image: Figure 6]FIGURE 6 | Comparison with other East African δDwax records. (A) Mean JJA insolation at 10°N (Berger and Loutre, 1991). (B) Nile River Basin (Castañeda et al., 2016). (C) Gulf of Aden (Tierney and deMenocal, 2013). (D) Lake Tana (Costa et al., 2014). (E) Lake Dendi (this study). (F) Lake Victoria (Berke et al., 2012b). (G) Lake Challa (Tierney et al., 2011). (H) Lake Tanganyika (Tierney et al., 2010). Vertical gray bar marks the optimum of the African Humid Period (AHP) at Lake Dendi. Black arrows indicate extent of the AHP in Africa.
After approximately 8 ka BP, the Lake Dendi δDwax record shows a gradual aridification until ∼2 ka BP, which is expressed in a progressive D-enrichment of ca. 45‰ (Figure 5D). The gradual decline in precipitation is in accordance with the long-term weakening of the African and Indian monsoon systems in response to decreasing NH summer insolation (Fleitmann et al., 2003; Weldeab et al., 2007; Weldeab et al., 2014) (Figure 5). This is supported by a general reduction in rainfall runoff based on sedimentological data at Lake Dendi (Wagner et al., 2018) and Lake Chew Bahir in southern Ethiopia (Foerster et al., 2012). A similar gradual trend in δDwax is also observed in Lake Victoria, Kenya (Berke et al., 2012b) (Figure 6F) and in a sediment core from the eastern Mediterranean Sea (Castañeda et al., 2016) (Figure 6B), which received material from both, Blue and White Nile. Other δDwax records from East Africa indicate continuous wet conditions during the AHP which ended abruptly at ∼5 ka (Tierney et al., 2010; Tierney et al., 2011) (Figures 6G,H). Lakes Challa and Tanganyika located south of the equator experience a bimodal rainfall regime and may have benefited from enhanced short rains during autumn (Oct-Nov) related to SST anomalies in the Western Indian Ocean (Ummenhofer et al., 2009; Kuhnert et al., 2014). In contrast, the δDwax record from Lake Tana, Ethiopia’s largest lake, suggests an abrupt and early termination of the AHP at ∼8.5 ka (Costa et al., 2014) (Figure 6D). The authors attributed this abrupt shift in δDwax of about 60‰ to the westward retreat of the CAB and thus reduced moisture with a D-depleted signature derived from westerly sources (Congo Basin). Lake Dendi is located ∼300 km to the south of Lake Tana, therefore, an abrupt shift of the CAB should have influenced δDwax in a similar manner. We suspect locally different responses to changing hydroclimate associated with the 8.2 ka cold event in the North Atlantic (Alley and Ágústsdóttir, 2005). A distinct dry period between 8.5 and 7.8 ka has been documented by various archives throughout East Africa. Low lake levels were indicated in Lakes Ziway-Shala and Abhé (Gasse, 2000), Lakes Turkana and Suguta (Garcin et al., 2012; Junginger et al., 2014), Lake Tana (Marshall et al., 2011) and Chew Bahir (Foerster et al., 2012). Blanchet et al. (2014) suggested that this dry event marked a permanent modification of erosion dynamics and vegetation cover. Likewise, a decrease in Nile River runoff at 8.6–8.2 ka was reported based on Ba/Ca and Fe/Ca (Weldeab et al., 2014; Revel et al., 2010) and Sr isotopes (Blanchet et al., 2014) (Figure 7A). During this period, the southward migration of the rainbelt together with weakened monsoon precipitation in response to the 8.2 ka cold event may still have reached Lake Dendi, while Lake Tana dried out. In addition, a generally lower lake level of Lake Tana and lower elevation (i.e., implementing higher air temperature) would favor desiccation (drought stress) compared to Lake Dendi. Although not clearly visible from δDwax, 13C-enriched values of the n-alkanes may indicate the sensitive plant response to small changes in the local moisture balance at Lake Dendi during this interval (Figure 3C).
[image: Figure 7]FIGURE 7 | Changes in precipitation and vegetation at Lake Dendi and river runoff in the Nile watershed during the Holocene. (A) Sediment sources from the Blue Nile (BN), White Nile (WN) and Sahara as estimated from the radiogenic Sr isotope signature in a marine sediment core from the Nile deep-sea fan (Blanchet et al., 2014). (B) Changes in catchment erosion at Lake Dendi based on Ti XRF-counts (Wagner et al., 2018). (C) Lake Dendi δDwax record indicating changes in rainfall in the Ethiopian highlands (this study). Mean JJA insolation at 10°N (Berger and Loutre, 1991) is indicated as gray dashed line. (D) Lake Dendi δ13C values of n-C29 indicate increasing contribution of C3 vegetation (trees) from the late to the mid Holocene (this study). (E), (F) Lake Dendi pollen percentages of predominant trees and grasses, respectively (this study). Vertical gray bars mark periods of enhanced Nile river runoff during high rainfall in the BN catchment.
Late Holocene climate in East Africa is characterized by arid conditions in response to minimum NH summer insolation and a decrease in monsoon rainfall (Figure 5). According to the Lake Dendi δDwax record, maximum aridity in the Ethiopian highlands is reached at ∼2 ka BP (Figures 3, 6E). This is in good agreement with the δDwax record of Lake Tana (Figure 6D), the source of the Blue Nile (Costa et al., 2014). During the last 1,500 years, a trend toward slightly increasing humidity is indicated by a –15‰ shift in δDwax (Figure 5D). This overall climatic rebound might be connected to a higher influence of precipitation from the Atlantic/Congo Basin as followed by a re-strengthening of the ISM (Fleitmann et al., 2003) (Figure 5B). The re-establishment of seasonal rainfall in the Blue Nile source region is also indicated by enhanced Nile river discharge based on radiogenic Sr isotopes (Figure 7A), however with less vigorous floods compared to the early Holocene (Blanchet et al., 2014). The high fluctuations in rainfall runoff reported for Lake Dendi (Figure 7B) (Wagner et al., 2018) are also visible in the plant wax records (Figure 3B). These might be related to natural short-term environmental changes during the last millennium including the Medieval Warm Period (MWP) and the Little Ice Age. Thus, slightly enriched δDwax values indicating a decrease in rainfall coincides with the MWP, which is frequently associated with a more arid climate in East Africa (Bonnefille and Mohammed, 1994; Verschuren et al., 2000; De Cort et al., 2013).
In conclusion, the timing and pace of hydroclimate evolution at Lake Dendi during the Holocene occurred in synchrony with the strength of the African and Indian monsoon systems and thus precipitation amount, pointing to orbitally induced gradual changes in NH summer insolation as the dominant forcing (Fleitmann et al., 2003; Renssen et al., 2006; Liu et al., 2007; Weldeab et al., 2007; Weldeab et al., 2014; Claussen et al., 2013). In East Africa, the variability in the amplitude of changes in δDwax during the AHP compared to the late Holocene may be linked to a zonal gradient of hydroclimate anomaly patterns associated with the migration of the CAB (Tierney et al., 2011; Costa et al., 2014; Junginger et al., 2014). At Lake Dendi, this change of about 40‰ likely integrates the effects of both precipitation amount and water vapor transport, which is also seen in other East African δDwax records (Tierney et al., 2010; Berke et al., 2012b; Castañeda et al., 2016).
4.2. Vegetation Response to Hydroclimate Changes at Lake Dendi
The pollen records of Lake Dendi provide evidence of distinct vegetation changes that accompanied the climate history in the region (Figures 4, 7E,F). A sparse vegetation cover dominated by drought-tolerant C4 grasses in combination with low total pollen counts suggests dry conditions at the end of the YD associated with low temperatures in the highlands and low CO2 levels (Ehleringer et al., 1997). This is in line with other East African pollen records (Barker and Gasse, 2003), including Lake Tana (Lamb et al., 2007), Lake Victoria (Johnson et al., 1996), and Lake Garba Guracha in the Bale Mountains (Umer et al., 2007). The onset of more humid conditions during the AHP, as indicated by our δDwax record, is accompanied by an increase in pollen counts but generally minor changes in vegetation composition, suggested by the predominance of Poaceae pollen between ca. 11.5 and 6 ka BP (Figures 4, 7F). This is also reflected in 13C-enriched values indicative of C4 plants (Figure 3C) and in line with our δ13C-based estimation of vegetation types in the Dendi catchment (Supplementary Table S1). At ∼10 ka BP, however, ca. 200 years after the volcanic eruption of Mount Wenchi (Brown and Fuller, 2008; Wagner et al., 2018), a distinct change in vegetation composition in combination with generally low pollen counts points to a pioneer stage developed after deposition of tephra in the catchment (Figure 4).
While the δDwax record indicates gradual aridification between ca. 8 and 2 ka BP in response to weakening insolation forcing of the monsoon strength and thus precipitation amount (Figures 5, 7C), increasing tree pollen percentages until ca. 2.4 ka BP indicate the expansion of a dry montane forest in the Dendi catchment (Figures 4, 7E). A similar trend is also reported for the Bale Mountains, but culminates as early as about 4.5 ka BP (Umer et al., 2007). The climatic change to late Holocene aridity is well known throughout northern and eastern Africa (Kuper and Kröpelin, 2006; Lézine et al., 2011a). The resulting increase in the dry montane forest taxa (i.e., Podocarpus, Juniperus, Oleaceae; Figure 4) is also widely expressed in the central East African highlands, where a distinct dry season exists at present (Hamilton, 1982; Umer et al., 2007). Specifically, Juniperus is known to be more drought-resilient compared to Podocarpus and can tolerate extremely low precipitation amounts of ∼200 mm/year (Hall, 1984; Friis, 1992). Their increase, therefore, is believed to mark the establishment of the modern pattern of monsoonal rainfall seasonality (Umer et al., 2007).
Although the decline in insolation from its maximum during the early Holocene was gradual, many paleoclimatic records indicate an abrupt change to late Holocene aridity, explained as a triggering of vegetation albedo feedback mechanisms that provoke a nonlinear response to orbital forcing (DeMenocal et al., 2000; Renssen et al., 2006; Claussen et al., 2013). Vegetation is highly sensitive to the length of the dry season as well as the persistence of dry events (Lézine et al., 2011b). Specifically, length and intensity of the rainy season, dry spell occurrence and wind strength are of primary importance for plant distribution and pollen transport. However, the Lake Dendi pollen records show a gradual increase in both Podocarpus and Juniperus from ∼6.5 ka BP onward (Figures 4, 7E), which is in line with findings from the Bale Mountains (Umer et al., 2007). The gradual response may thus reflect the natural development of a dry Afromontane forest during the mid to late Holocene (Bonnefille and Hamilton, 1986; Darbyshire et al., 2003), related to the reduced precipitation in the region (Figures 5, 7C). In combination with the pollen data we suggest that constantly decreasing δ13C values of the n-C29 alkane (Figure 7D) may reflect the increasing contribution of C3 woody plants. At the same time, the abundance of Poaceae pollen gradually decreased from 54% during the early to mid Holocene to 35% during the late Holocene (Figure 7F), pointing to a general reduction in understory grasses.
The maximum extent of trees and shrubs at Lake Dendi aligns with a minimum in precipitation amount in the source regions of the Blue Nile based on our δDwax record (Figures 6E, 7C) and that of Lake Tana (Costa et al., 2014) (Figure 6D). Most arid climate conditions in the Ethiopian highlands are corroborated by reduced catchment erosion at Lake Dendi (Wagner et al., 2018) (Figure 7B) and a strong reduction in Nile River discharge (Blanchet et al., 2014) (Figure 7A) as well as highest amounts of eolian dust detected in sediments of the Nile deep-sea fan (Blanchet et al., 2013). Increased dust transport during peak aridity may have facilitated eolian transport of Podocarpus pollen from additional extralocal sources (Hamilton, 1982) to the Dendi region (Figure 7E). On the other hand, highest pollen abundance of the more drought-tolerant Juniperus (Figure 7E), which are less susceptible to eolian transport, occurs earlier and aligns with the onset of full desert conditions at Lake Yoa at ∼2.7 ka BP (Kröpelin et al., 2008). In East Africa, the late Holocene is characterized by increasing influence of human activity and a substantial land-cover change, which is also visible in the Ethiopian highlands (Hamilton, 1982; Friis, 1992; Darbyshire et al., 2003; Umer et al., 2007). At Lake Dendi, decreasing Podocarpus pollen percentages from about 1 ka BP point to tree clearance in favor of intensified agricultural use, which is indicated by high abundances of Plantaginaceae and Solanaceae pollen (Figure 4).
At high elevations, temperature is the main controlling factor allowing the growth of woody plants and for the establishment of open forest vegetation. Therefore, tropical warming during the Holocene may have extended the upper limit of trees toward higher altitudes in the Ethiopian highlands (Bonnefille and Mohammed, 1994; Wu et al., 2007). At Lake Dendi, the increase in pollen from drought-resilient taxa such as Juniperus and Podocarpus (Figure 7E) indicate the onset of forest development during the warm “Holocene Climate Optimum” (Wanner et al., 2011 and references therein). This pervasive mid Holocene warming is documented in lake sediment records from lower elevations in tropical East Africa (Powers et al., 2005; Tierney et al., 2010; Berke et al., 2012a). Distinct from most lowland savanna type vegetation that suffered degradation during the mid to late Holocene, the highlands received still sufficient moisture to support tree growth. A dense vegetation cover with more leaf litter and higher soil humus content may have restricted erosion of clastic minerals in the Dendi catchment (Figure 7B) (Wagner et al., 2018). In addition, high atmospheric CO2 levels may have stabilized tropical forests by promoting tree growth, despite increased aridity (Shanahan et al., 2016). Our observations thus confirm model simulations by Claussen et al. (2013), that point to a substantial impact of plant diversity on the stability of the climate–vegetation system during the AHP transition. Our combined molecular and pollen records also indicate that vegetation evolution at Lake Dendi toward a dry montane forest is in line with the general trend in African hydroclimate evolution during the Holocene.
5. CONCLUSIONS
The Lake Dendi molecular and pollen records showed that Ethiopian highland vegetation was sensitive to moderate changes in moisture availability during the past 12,500 years. The gradual nature of hydroclimate change was related to weakening insolation forcing of the African and Indian Ocean monsoon intensities and thus precipitation amount. Based on our sedimentary δDwax record, the onset of the AHP that followed YD aridity at Lake Dendi occurred in concert with the strengthening of the WAM at 11.7 ka BP. Peak AHP conditions were established at 10 ka BP, caused by the eastward shift of the CAB onto the central Ethiopian Plateau most likely due to an increase in ISM strength. After ca. 8 ka BP, the westward migration of the CAB resulted in a moderate decrease in precipitation amount, leading to a gradual transition out of the AHP. Peak aridity occurred around 2 ka BP, followed by a return to a generally wetter climate possibly linked to a re-strengthening of the ISM. The amplitude of change in δDwax during the AHP compared to the late Holocene of about 40‰ is comparable to those of other East African δDwax records influenced by the CAB. Parallel to the hydroclimate evolution, the vegetation structure at Lake Dendi changed gradually from a C4-grass dominated vegetation toward the establishment of a dry montane forest characterized by Juniperus, Podocarpus and Oleaceae, which implies that moisture availability was not a limiting factor. At high elevations, rising temperatures and increasing atmospheric CO2 levels during the Holocene may have initiated the growth of woody plants that once established, stabilized the vegetation cover, reduced soil erosion and sustained microclimate at Lake Dendi. During the last millennium, increasing anthropogenic activity is indicated by the pollen record pointing to deforestation and agriculture. Our results highlight that the nature of the transition out of the AHP seems to be controlled by complex interactions and shifts of wind regimes together with local insolation changes at different geographical positions. Finally, our multi-proxy approach showed that information on vegetation structure is important when interpreting plant wax-derived δD and δ13C signatures.
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