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Landscapes are formed by long-term interactions between the underlying geology
and climatic, edaphic and biotic factors, including human activity. The Kasitu Valley
in the Mzimba District of northern Malawi includes the Kasitu River and its adjacent
floodplains and uplands, and it has been a location of sustained human occupation
since at least 16 thousand years ago (ka) based on archaeological excavations
from rockshelters. We trace the changing ecology and geomorphology of the
region through soil stable isotopes (513C, 8 1°N), microcharcoal and fossil pollen
analysed from alluvial terraces dated by Optically Stimulated Luminescence, and
wetland auger cores and archaeological sites dated by radiocarbon. Our results
suggest that the region was primarily covered in mosaic forest at ca. 22.5 ka. Middle
and Late Holocene samples (6.0-0.5 ka) show an increasingly open, herbaceous
landscape over time with an inflection toward more abundant C4 vegetation after
2 ka. Significant upland erosion and terrace formation is also evidenced since 2
ka alongside high concentrations of microcharcoal, suggesting more intensive
use of fire. Faecal biomarkers simultaneously indicate higher numbers of humans
living adjacent to the archaeological site of Hora 1, which may be indicative of an
overall population increase associated with the arrival of Iron Age agropastoralists.
More recently, the introduction of exogenous commercial taxa such as Pinus sp.
are correlated with regional afforestation in our proxy record. These results show
increasing stepwise human impacts on the local environment, with deforestation
and maintenance of open landscapes correlated with the regional introduction
and intensification of agriculture during the Late Holocene.

KEYWORDS

African Iron Age, erosion, stable isotopes of carbon and nitrogen, organic biomarkers,
pollen analysis, archaeoecology, Optically Stimulated Luminescence, human landscape
interactions
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1 Introduction

There is no question that humans have radically changed
the complexion of all spheres of Earth’s environment. Many
scientists have proposed that the significant, irreversible effects
of anthropogenesis (human-induced landscape formation) began
with the introduction and adoption of formal agricultural
techniques in the Holocene (Ellis, 2011; Ruddiman, 2013;
Ruddiman et al, 2015). However, there is growing awareness
that hunter-gatherers exert significant impacts on ecological
systems, and therefore anthropogenesis may extend deeper into
the Pleistocene (Boivin, 2016; Roberts et al., 2017; Boivin and
Crowther, 2021; Snitker, 2022). In particular, the use of fire (Bird,
2008; Pinter et al, 2011) and extirpation of megafauna (Braje
and FErlandson, 2013; van Der Kaars et al, 2017) altered the
natural environment in favor of one that was produced by and
for human subsistence pursuits. Land use in northern Malawi, as
in other rural landscapes in Africa, is predominately agricultural
and the ecology of the region has been adapted for that purpose.
However, there are many intermediary steps between an ecological
system fully adapted to hunting and gathering to one that is fully
adapted to farming. Here, we adopt a landscape archaeological
approach to study the ecological impacts of climate and human
activity on vegetation structure and geomorphology from the
Late Pleistocene to Late Holocene of a perennial river valley
system in northern Malawi, southern-central Africa. We examine
the evolving relationships between human land use and climatic
conditions at different points in time and evidence for ecological
impacts such as erosion and vegetation change.

The East African Rift System (EARS) and adjacent areas
have long been known to be “hotspots” of human occupation
because of the topographic variability resulting in precipitation
and temperature gradients that are ideal for species adapted for
environmental variability such as our own (Potts, 1998). After the
emergence of Homo sapiens, genetic and linguistic evidence show
that as the continent with the longest record of human occupation,
it is also the most genetically and linguistically diverse (Beltrame
et al,, 2016; Vicente and Schlebusch, 2020; Fan, 2023). These long
legacies of human innovation, migration, and information sharing
have resulted in a variety of landscape management systems that
can be examined in a range of environmental settings. Today,
this is evidenced by the myriad subsistence practices that are
documented across the continent (Garrity et al., 2012), but the
roots of these systems extend deep into prehistory and have
significantly impacted the formation of present-day ecological
systems (Stephens, 2019; Ellis, 2021; Wright, 2022).

Significant questions remain about when and at what scale
anthropogenic effects manifested as permanent components of
ecosystem functionality in many parts of the world. In northern
Malawi, archaeological, geomorphic, and lake core data show that
within the last ~85 ka, vegetation changes that followed climate-
driven variation were modified by the effects of anthropogenic
burning (Thompson et al, 2021). By the terminal Pleistocene,
human-influenced landscapes and environments were therefore
already well-established through the behaviour of hunter-gatherers,
who were then displaced by food producers that migrated into the
region by at least 1.7 ka (Juwayeyi, 2011). Along with agriculture
and pastoralism, extractive technologies such as pottery production
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and ironworking would have represented very different modes of
land use, and potentially different scales and forms of impacts
on environments. Additional migrations into Malawi, documented
through archaeology, oral history, and written history, continued
throughout the last ca. 0.5 thousand years (kyr) and resulted in new
patterns of land use and ecological succession (Thompson, 1981;
Juwayeyi, 2020). Increasingly from the mid-1700s, the influence of
external economic interests affected patterns of human movement,
trade, and resource extraction, particularly ivory and enslaved
people (Morris, 2006; Dussubieux et al., 2023). Today, the country
is one of the most populous in Africa, and ~56% of the total
land is used for agriculture (Li et al., 2017). However, there is
little information about the point at which farming technologies
transformed the environment through erosion, ecological turnover,
and/or establishment of burning ecologies.

Here, we present the results of a combined archaeological-
palaeoecological research program from north-central Malawi in
which there are human burials dating to at least 16 thousand
years ago (ka) (Lipson et al., 2022), although direct evidence for
human habitation outside the rockshelters is nearly absent. We
seek to identify evidence for ecological “tipping points” (Lenton,
2013; Tylianakis and Coux, 2014; Brovkin et al, 2021) in the
past through the study of micro-scale palaeoecological indicators
from the landscapes surrounding these archaeological sites. The
application of palaeoecological techniques from upland swamps
(called dambos locally) has opened new possibilities to understand
landscape formation processes dating to the same periods of
human occupation. By coring, recovering, dating and analysing
faecal biomarkers, pollen and light stable isotopes from soil, and
studying geomorphic processes on the riverbanks from locations
surrounding the rockshelters, we provide insights about the degree
of anthropic influence on the formation of the landscape over time.

2 Background to the research area

The study region (Figure 1) is located in the humid sub-
tropical climate (Cwa) of south-central Africa (Kottek et al,
2006). The Mzimba District lies on the southern end of the
Intertropical Convergence Zone, a pressure meridian extending
across the tropics that migrates on an annual basis following the
zone of maximum insolation. This creates a strongly bimodal
precipitation gradient in this region with high precipitation
during the austral summer (December-March) and almost no
precipitation during the austral winter (June-September). The
annual average precipitation from 1961 to 1990 was 903 mm/yr
with an austral winter precipitation averaging <1 mm/month and
an austral summer precipitation ranging between 164 and 230
mm/month (NOAA, 2022).

The Lake Malawi region has been subject to climate fluctuations
in concert with orbital changes throughout the Quaternary,
however, as most of the palaeoenvironmental information comes
from drill cores in Lake Malawi, the catchment scale landscape
response is not well known. Precipitation reconstructions are
regional and suggest climate patterns were driven by a combination
of Northern Hemisphere high latitude forcing and local insolation
forcing from the late Pleistocene to Holocene (Konecky et al., 2011;
Chevalier and Chase, 2015). Landscape formation was, however,
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FIGURE 1

Location of the study area in northern Malawi. Land cover categories derived from the Global Land Cover Characterization (GLCC) version 1 (USGS,
2018a). Hillshade background produced from GTOPO30 global 1-km digital raster data (USGS, 2018b).
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patchy in nature across southern-central Africa. For example, an
end study of clays from the Zambezi River, which lies over 500 km
south of the Mzimba region, shows relatively high discharge during
MIS?2 relative to MIS3; however, the lowest discharge in the record
occurs between 15 and 7 ka (van der Lubbe et al., 2016). On
the other hand, studies of lignin phenols, n-alkanes, and pollen
from a lake core in the northern Lake Malawi basin indicate tree
cover from 17 to 13.6 ka and 7.7 to 2 ka, suggesting overall wetter
conditions than in the intervening time periods (Castaneda et al.,
2009; Ivory et al,, 2012). These data correspond to stable isotope
values analysed from herbivores from the archaeological site of
Makwe, eastern Zambia, which show C3 (woodland) conditions
throughout the Holocene followed by C4 (grassy) conditions after
2 ka (Robinson and Rowan, 2017). Similarly, 83D n-Cs; alkanes
from the Zambezi catchment (Schefuf! et al, 2011) indicate a
regional climatic condition of drier, more open landscapes in the
Late Holocene compared to the Middle Holocene. Overall, growing
impacts of deforestation and increased warming are reflected in
the organic geochemistry of Lake Malawi over the last 700 years
(Castaneda et al., 2011), which accords with regional studies such
as in the Zambezi catchment, demonstrating the persistence of
more open grassland settings, likely as a result of human land use
and fire patterns (Burrough and Willis, 2015). Overall, the patterns
observed in the proxy record are spatially heterogeneous but show
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increasing influences of humans over time that overprint orbitally
driven climate cycles.

The research area is situated in the Irumide terrane to the west
of the EARS in uplands comprised of Precambrian to Palaeozoic
biotite and hornblende rich schists and gneisses to the east, grading
to unconsolidated Tertiary and younger sediments to the west
and into Zambia (Hopkins, 1973). Residual alluvial and colluvial
deposits are found at distal margins of talus slopes that form in
response to normal faulting and uplift in the valleys or inselberg
outcrops. Sand-rich fluvial terraces draining uplands primarily to
the east are found along the margins of the Kasitu River and
subordinate drainages and incise older, residual landforms.

Soils in the study area are primarily geogenic and are classified
in the Food and Agriculture Organization’s World Reference Base
for Soil Resources as Rhodic Lixisols and Lixic Ferralsols with
the river valley alluvial classified as Ferralic Endogleyic Cambisols
(IUSS Working Group WRB, 2015). Lixisols [sometimes called
“latosols” and equivalent to Ustalfs in the United States Department
of Agriculture (USDA) soil taxonomy; Soil Survey Staff, 1999]
generally formed under wetter conditions than present and have
been subject to clay elluviation via translocation of fine mineral
fraction from the upper to lower aspect of the solum (Ebelhar
et al., 2008). Ferralsols (sometimes called “laterites” or “latosols”
and equivalent to Oxisols in the USDA soil taxonomy) have high
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amounts of kaolinite and iron, aluminum and titanium oxides (Paz
et al., 2008). Cambisols (Inceptisols in the USDA soil taxonomy)
are poorly developed soils, which, in this setting, have indistinct
reddish subsoils forming in alluvium (Chesworth et al., 2008).
Overall, the project area is located in a region with patchy suitability
for agricultural production, with river valleys hosting the units of
land requiring the least intensive dry season efforts at maintaining
crops (Lietal, 2017).

The vegetation of the study area is marked by woodlands,
grasslands and seasonally flooded grassland swales called dambos
characteristic of the Sudano-Zambezian region (Werger and
Coetzee, 1978). Dambos are typically vegetated with Loudetia
simplex, which flourishes on the clayey soils that build up with
annual inundation (Kindt et al, 2014). Surrounding dambos,
the natural vegetation of the Mzimba District is comprised of
Brachystegia and Julbernardia miombo woodland with grassier
occurrences on the Mbelwa Plains to the west (Jackson, 1968).
Miombo woodlands are distributed extensively across southern
Africa where long dry seasons predominate and include mixed
closed and open canopy settings with shallow soils (Frost, 1996).
Pollen traps set in the early 1980s on the Nyika Plateau, located
~100km north of the study region, collected high abundances
of herbaceous pollen taxa including Poaceae, Cyperaceae and
Apiaceae along with arboreal pollen taxa such as Olea, Juniperus,
and Podocarpus, indicating the modern configuration of high-
elevation grasslands above ~2000 m above mean sea level (AMSL)
with pockets of forest retained between hillslopes (Meadows,
1984b). Pollen from peat cores in dambos in the Nyika at the bases
of these slopes show that these characteristics were a feature of the
region for at least the last 5 kyr, and potentially throughout the
Holocene (Meadows, 1984a).

The study area of the Kasitu Valley and adjacent Viphya
Uplands ranges from ~1350 to 1750m AMSL, and as is
characteristic of this physiographic region, there is a strong mix
of trees (most of which follow a C3 photosynthetic pathway)
and grasses (C4 photosynthetic pathway). The degree of openness
is influenced by overall rainfall, its seasonal distribution, soil
characteristics, and slope aspect (north-facing slopes in the
southern hemisphere receive more sunlight, promoting vegetation
that can tolerate warmer and/or more xeric conditions). Once more
open woodlands are established, they may be maintained through
soil compaction that reduces water infiltration and promotes
erosion, creating vegetation-landscape feedback loops (Campbell
etal., 1995).

Fire also plays an important role in these landscapes
of maintaining open vegetation structure. A local study of
Butyrospermum  paradoxum suggests that the evolutionary
pathways to fire-dependent germination in the region extend deep
into the past and may indicate a long-term relationship between
anthropogenic burning and vegetation patterning (Jackson,
1974). Currently, the oldest evidence for human intervention
in vegetation character comes from charcoal and pollen records
from two deep cores in Lake Malawi, MAL05-2A (near Karonga)
and MAL05-1B/1C (near Nkhata Bay), corresponding to changes
observed in adjacent archaeological sites entrained within alluvial
fans that formed within the last ~100 kyr (Thompson et al,
2021). By ca. 85 ka, overall wetter conditions in the basin were
no longer associated with extensive Afromontane forests, and
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fire-tolerant taxa had become more common. However, there is
less information about local-scale connections between climate,
environment, and human behaviour. The terminal Pleistocene
and Holocene are not well-studied in the MALO05-1B/1C core that
produced records of pollen and charcoal extending beyond 600 ka
(Ivory, 2018), but the M96 core from Lake Masoko in southern
Tanzania, —300km northwest of our study area (Garcin et al,
2007), and the MALO5-2A core from Lake Malawi, ~150 km to the
northeast (Ivory et al., 2012), offer basin-scale information about
changes in vegetation in northern Malawi during this time. Both
cores show an increased seasonal dry forest in the Holocene, with a
transition between ca. 14.5 and 11.8 ka toward higher proportions
of grassy ground cover at the expense of Afro-montane tree
taxa. This is supported by an increase in herbaceous pollen at a
comparable depth in the M86-18P core from near Nkhata Bay,
~70 km east of our study area (DeBusk and George, 1998).

Charcoal records from Lake Malawi are not sampled at a fine
enough resolution to examine changes in burning regime within
the last ca. 18 kyr, the period covering the transition out of the
Last Glacial Maximum (LGM), through the terminal Pleistocene,
and across the Holocene. Charcoal from Lake Masoko, in southern
Tanzania, shows increases in regional fire emissions starting around
ca. 1.8 ka, with more input from local fires by ca. 1.5 ka (Thevenon
et al,, 2003). Between 1.1 - 0.6 ka, a reduction in evidence for fire
activity corresponds to a reduction in available fuel load, resulting
in vegetation that has potentially been shaped through a series of
interactions between climate and human activity (Vincens et al.,
2003).

Here, we provide local-scale datasets derived from the late
Quaternary terraces of the Kasitu River and a series of dambos
that provide environmental context for archaeological sites that
span over 16 kyr. In the Kasitu Valley today, vegetation is
strongly influenced by economic activities such as agriculture
and charcoal production. By providing finely resolved local
records of environmental and geomorphic change, we demonstrate
the antiquity, scale, and consequences of climate and human
impacts across four key transitions: (1) LGM to terminal
Pleistocene; (2) terminal Pleistocene to Holocene; (3) foraging
to food production and (4) globalisation of commerce with the
African interior.

3 Project description and data
collection

3.1 Malawi Ancient Lifeways and Peoples
Project

The Malawi Ancient Lifeways and Peoples Project (MALAPP)
began in 2016 with survey and new excavations at Hora 1
rockshelter (HOR-1, 1470m AMSL), where two adult human
burials were recovered in 1950 (Clark, 1956), and directly dated
to ca. 8-9 ka (Skoglund et al, 2017; Lipson et al, 2022).
MALAPP excavations in 2019 recovered two infant burials, dated
stratigraphically to ca. 14-16 ka (Lipson et al, 2022). All four
individuals produced ancient DNA that contributed to discovery
of ancient population structure that emerged at the end of the
terminal Pleistocene (Skoglund et al., 2017; Lipson et al., 2022).
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The total sample of ancient individuals from northern Malawi (n
= 8) further show that the spread of farmers with western African
ancestry into the region during the Late Holocene resulted in
genetic replacement of local hunter-gatherer populations (Lipson
et al, 2022). The broad context of human occupation in the
terminal Pleistocene and Holocene are primarily found at the
sites of HOR-1 (ca. >16-8 ka), and three other sites excavated
by MALAPP: Hora 5 (HOR-5, 1503m AMSL, ca. 5-2.6 ka),
Kadawonda 1 (KAD-1, 1709 m AMSL, ca. 3.8-1 ka) and Mazinga
1 (MAZ-1, 1401 m AMSL, ca. >9.5-0 ka) (Figure 2). All sites have a
small amount of historical and Iron Age material in the uppermost
~10 cm (e.g., Miller et al., 2021; Dussubieux et al., 2023).

MALAPP has prioritised the recovery of ecological datasets
to better connect human-environmental processes, but on-site
records represent discontinuous blocks of time. To that end,
reconnaissance for more continuous and fine-grained sequences of
environmental change has been conducted in parallel to the on-
site archaeological work since 2017. This work involved collection
of soils and sediments from specific geomorphic contexts for the
purpose of recovering and identifying stable isotopes of carbon and
nitrogen, coprostanol (an organic molecule associated primarily
with human faeces) and fossil pollen. We used two primary
methods: (1) scraping, drawing profiles and collecting sediments
in 100 mL Whirlpaks from excavated or exposed test units on
Kasitu River terraces; and (2) utilising a percussion auger to
collect polythene cores in 30-cm increments from floodplain and
dambo (upland wetland) environments. Following the collection
of percussion augers, the cores were opened, documented and
sampled at the field laboratory of the M"Mbelwa Farm Institute near
Lunjika Mission, Malawi. Sediments were then air dried prior to
sealing and exporting to the United States, Norway and Germany
for analysis.

Locations for auger testing were selected based on the
identification of upland swales that were feasible to test and
provided spatial context to understand ecological conditions
at different distances to known archaeological rockshelter
sites. We documented four sedimentologic profiles (sampling
three redundantly in 2017 and 2018) and extracted seven
percussion augers. Of the percussion auger samples, four were
sampled for environmental proxies (fossil pollen, soil stable
isotopes, biomarkers). An eighth percussion auger (AU8) was
attempted, but the bucket attachment broke, after which a
sediment pit (Pit 8) was excavated to retrieve samples for
environmental reconstruction.

Locations of ecological proxy collection points were situated in
two primary contexts: (1) the Kasitu River valley from sand-rich
alluvial terraces dating from 34.6 to 0.5 ka. (2) Three dambo upland
swale locations with clay-dominant sediments at different distances
to the archaeological site of HOR-1. AU7 is situated on the eastern
slope of Mount Hora (700 m from the site under excavation).
AU8 (Pit 8) is located 4km west of Mount Hora in an adjacent
drainage catchment to HOR-1. This unit is capped by ~50 cm of
coarse sands, under which clay-rich dambo sediments predominate
with the basal 20 cm comprised of sandy loam alluvium. AU3 is
located 11.5 km northwest of Mount Hora in a catchment that is not
directly connected or adjacent to HOR-1. The purpose of the latter
set of samples will be to evaluate land cover changes associated with
different scales of human settlement.
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3.2 Analytical methods

3.2.1 Geomorphology, pedology, and
sedimentology

Depositional context was first assessed from satellite images,
followed by site visits and documentation of exposed or extracted
profiles. In the case of terraces along the Kasitu and tributaries,
sediment grain sizes and sedimentary structures were noted
to infer past fluvial depositional patterns. Soil formation was
documented to infer periods of landform stability and weathering
features (e.g., redox processes, laterisation) that reflect ground
cover and hydrologic conditions. Complete descriptions of the
sediment and soil characteristics of the terrace profiles and
auger cores sensu Schoeneberger et al. (2012) are found in the
Supplementary material.

For auger tests, sediments and soils were documented in
the field lab after splitting the 30-cm PVC extraction sleeves
lengthwise into two halves, undertaking careful documentation
of the sediment grain sizes and soil formation features using a
hand lens and dental picks, and removing 50-100 g samples from
geologically representative locations within the cores believed to
be able to reflect changing environmental conditions over the
depositional period. Once the cores were split on the laboratory
table, samples for stable isotope and organic biomarker analyses
were arbitrarily (but systematically) extracted in 2-3-cm thick
units from the left side of the core. Between samples, utensils
were scrubbed vigorously with sand after which they were washed
with clean water and left to air dry in a closed room to
avoid contamination. In Oslo, the samples were homogenised
together prior to undertaking their respective analytical protocols
in Uppsala, Oslo and Mainz (see below). Samples for pollen
extraction were removed from the right side of the core, packed
into Whirlpaks, and sent to the Ivory Paleoecology Laboratory at
the Pennsylvania State University. Utensils were washed with soap
and water and air dried in a closed room after every sample.

3.2.2 Dating

Determination of ages of sediments and soils from the
study locations was undertaken using both radiocarbon ages of
organic material or charcoal from the core samples and Optically
Stimulated Luminescence (OSL) dating of quartz grains from the
terraces. Samples for accelerator mass spectrometry radiocarbon
dating were carefully selected using clean dental picks and wrapped
in aluminum foil either in the field lab or at the Archaeochemistry
Lab of the University of Oslo. Samples from the augers were
submitted to the Radiocarbon Laboratory at Uppsala University
and have been corrected for isotopic fractionation using the 2020
Southern Hemisphere calibration curve (Hogg et al., 2020). Age-
depth models were developed using the “rbacon” package (Blaauw
and Christen, 2011) in the R statistical computing environment
(v.4.20, R Core Team, 2023), with maximum modelled depths
corresponding to the depth of the lowest sample in each sequence
(AU3 = 67 cm; AU7 = 77 cm; AU8 = 146 cm).

We collected OSL samples in light-free, 30-cm carbonized steel
tubes from the cleaned sidewalls of terrace exposures. The tubes
were wrapped in duct tape and transported to the Luminescence
Laboratory of the Korea Basic Science Institute in Ochang,
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FIGURE 2
The Mzimba project area showing archaeological sites and sampling locations. Image created in QGIS 3.22 with ASTER Global Digital Elevation Model
(v3) background downloaded from: https://earthexplorer.usgs.gov/. Overlay ESRI panchromatic image obtained from the HCMGIS QGIS plugin.

South Korea, where the sediments were removed and prepared
for analysis under low-wavelength light. Grain sizes of 50-180 jum
were isolated by density separation, etched with hydrofluoric acid
and subjected to Single Aliquot Regeneration of small aliquots
(several hundred grains) mounted to 3 mm disks (Botter-Jensen
et al, 2000; Murray and Wintle, 2003). The calculation of an
equivalent dose (De) involved first measuring discharged radiation
(Gy) in a photomultiplier tube after shooting a beam of blue-
LED light at irradiated aliquots in a Rise reader (Model TL/OSL-
DA-20) fitted with a °Sr/°Y beta radiation source. Samples
were then bleached, irradiated, heated and stimulated again
with infrared-LED (to remove potential contaminating effects
of feldspar inclusions) after which blue-LED stimulation was
performed for 40s at 150°C. Dose rates (Dr) were determined
after calculating secular equilibrium of the sediments using low-
level, high-resolution gamma spectroscopy (Liritzis et al., 2013), a
cosmic ray dose contribution (Prescott and Hutton, 1994) and the
degree of radiation attenuation based on the average water content
of the samples over the burial lifetime. For further information,
the methods for sample analysis accord with those studied from
the nearby Karonga region and published in the Supplementary
material of Thompson et al. (2021).

3.2.3 Soil stable isotopes

Soil stable isotopes were used to broadly examine the evidence
for anthropogenic inputs into sediments (8!°N) and relative ratios
of forest and grass cover (3'°C) at the sampled locations. Soil
nitrogen isotope ratios in non-disturbed ecosystems are generally
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inversely correlated with rainfall and temperature, and can thus
be used as a general index of aridity (Ambrose, 1991). Plant and
soil 3'°N values are also consistently higher in anthropogenic
sediments (Commisso and Nelson, 2006), particularly during the
decomposition of soil organic matter (Natelhoffer and Fry, 1988;
Hogberg, 1997).

Carbon isotopes in soil are used to identify plant biomass at
sampled locations. Carbon isotopes (§!*C) can be isolated directly
from bulk soil matter, reflecting changes in plant spectra based
on photosynthetic pathways (C3, C4, CAM) and CO; production
(Cerling et al, 1989; Ruiz Pessenda et al., 2009). Such datasets
demonstrate relative concentrations of tree (C3) vs. grass (C4)
cover (e.g., Srivastava, 2001; West et al., 2006; Ruiz Pessenda
et al,, 2009) and ability of the soils to store CO, (Bowling et al,
2008; Breecker et al., 2010). In the tropics, C3 plants are generally
comprised of trees and leafy dicots and C4 plants tend to be
grasses (including sorghum, millets, Digitaria sp., African rice and
savannah grasses).

Preparation of samples followed protocols outlined in Wright
et al. (2019) in which sediments for 8C analysis were pretreated
with 1M HCI for 24 h, dried, and then 25.0 £ 0.1 mg were sealed
in tin capsules and loaded into a DeltaV Advantage Stable Isotope
Mass Spectrometer configured with a Flash Elemental Analyzer
(ThermoFisher) for combustion into purified CO, and N; at
the CLimate Interpretation of Plant Tissue lab in Department of
Biosciences at the University of Oslo. Laboratory precisions were
measured between 0.03 and 0.04 per mile (%o) for 8'3C using
the NBS19 (1.95%o0) and LSVEC (—46.6%o) standards as calibrated
against a 313Cyppp internal standard. Preparation of samples for
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815N followed the same protocols but were not acidified prior
to extraction. 8'°Narg internal references and quality assurance
standards were calibrated against USGS40 and USGS41, which have
consensus values of —4.52 and 47.57%o, respectively. Precisions
were determined to be 0.1%o for the sample runs of 8!°N. Statistical
treatment of the data include standard ellipses calculated to the 2-
0 (95%) level and a loess fit using the “lowess” function and were
performed in ggplot2 in RStudio 2022.07.1 (Build 554). All data and
code are available at: https://doi.org/10.6084/m9.figshare.23092127.

3.2.4 Organic biomarkers

Faecal stanols are organic molecules produced in the guts of
mammals, most especially humans who produce high amounts
of coprostanol; they can be used to detect relative population
sizes on a landscape level (Bethell et al., 1994; Bull et al., 20025
Evershed, 2008; Zocatelli et al., 2017). High levels of coprostanol
are also found in the faeces of non-human primates and pigs
(family Suidae), but most data show that coprostanol does not
dominate the biomarker spectrum here as much as in human faeces
(Subbiah et al., 1972; Ausman, 1993; Shah, 2007; Sistiaga, 2015;
Prost, 2017; Zocatelli et al., 2017). Faeces of herbivores contain less
coprostanol than humans but higher amounts of 5p-stigmastanol,
providing opportunities to reconstruct the demography of both
humans and ruminant animal communities (Prost, 2017). Bile
acids are an important companion biomarker to stanols because
they allow a differentiation between primate faeces, the faeces of
pigs and distinct herbivores (Prost, 2017; Zocatelli et al., 2017). n-
Alkanes are found in the epicuticular layer of leaves and can be used
to distinguish litter input from grasses and herbs from broadleaf
trees (Eglinton and Hamilton, 1967; Zech et al., 2010; Bush and
McInerney, 2013).

Faecal biomarkers and n-alkanes were extracted in tandem with
stable isotopes following sample homogenisation. Biomarkers were
extracted by a total lipid extract in a microwave oven after which the
method of Birk (2012) was used for purification and derivatisation
with small modifications. The extract was saponified and the
biomarkers were recovered from the saponification solution by a
sequential lipid-lipid extraction. During this step the bile acids were
separated from the other biomarkers. The bile acids were purified
by solid phase extraction after methylation. Stanols, A®-sterols and
n-alkanes were separated and purified by a solid phase extraction,
which yielded n-alkanes and steroids in different fractions.

Steroids were measured by gas chromatography mass
spectrometry after silylation (GC/MS; 7000D MS connected to a
7890B GC equipped with a DB-5ms Ultra Inert column, Agilent,
Santa Clara, CA, USA) and n-alkanes by gas chromatography
flame ionization (GC-FID; 7890B GC equipped with a HP5
column, Agilent, Santa Clara, CA, USA). Detailed descriptions of
the analytical procedures and data outputs are provided in the
Supplementary material.

3.2.5 Pollen analysis

Fossil pollen and microscopic charcoal analyses of dambos and
terraces were conducted to reconstruct vegetation and regional-
scale fire in the past. All samples were processed using standard
pollen extraction methods, including digestion of silicates by
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hydrofluoric acid and removal of organics by acetolysis (Faegri
et al, 1989). Following completion of the 2017 field season,
terrace samples were sent to LacCore Facility at the University
of Minnesota for processing. During the extraction phase, a
contaminated batch of microspheres was added to a single batch
of samples (8). For these samples, it was not possible to calculate
charcoal concentrations, and thus microcharcoal is not presented
for these samples only. For the 2019 season, the auger samples were
processed at Penn State University. These were sieved at 10 microns
to remove clays, and Lycopodium spores were added to calculate
concentrations of pollen and charcoal.

Where possible, over 300 pollen grains were counted per
sample; however, preservation of pollen was particularly poor in
samples from AU8 and AU3-3. For these samples, pollen counts
were significantly lower, ranging from completely sterile to 57
grains. Samples from these augers are interpreted qualitatively.
The record comprised 49 pollen and plant spore taxa and 5
morphotypes of fungal spores (including Sporormiella). Atlases
of pollen morphology were used for identifications (Maley, 1970;
Bonnefille and Riollet, 1980) as well as the African Pollen Database
(https://africanpollendatabase.ipsl.fr). For the terrace samples only,
bisaccate grains of Podocarpus and Pinus were not differentiated,
thus this group is presented as Pinopsida undifferentiated.
This only influences the youngest terrace samples, as Pinus
was introduced to the region in the twentieth century. Pollen
abundances are calculated based on a sum of all pollen and plant
spores excluding broken grains and aquatics (Cyperaceae, Typha).
Pollen diagrams were produced using the “rioja” package (v.1.0-5,
Juggins, 2022) in R (v.4.20, R Core Team, 2023). Terrestrial pollen
taxa are presented as a percentage of all terrestrial plants; aquatic
pollen taxa are presented as percentage of combined terrestrial and
aquatic plants. Cases where values are consistently lower than 5%
include a 5x exaggeration (lighter shading).

Microcharcoal was differentiated into two categories based
on aspect ratios (length/width). Following methods presented in
Miao et al. (2019) and Feakins et al. (2020), particles with higher
aspect ratios (length/width > 2.5) have been associated with the
burning of grass or sedge, while those with lower aspect ratios
are associated with burned woody material. All data and code are
available at: https://doi.org/10.6084/m9.figshare.23092127.

4 Results

4.1 Sedimentation

Radiocarbon (Table 1) and OSL (Table 2) ages from the dambo
and terrace sequences, respectively, situate the environmental and
archaeological sequences of the present study to beginning in the
Late Pleistocene and continuing through into the late twenteeth
century CE. Sediment cores extracted from wetland environments
and pits excavated into terraces of the Kasitu River exposed in
secondary drainageways demonstrate relatively slow sedimentation
from the Pleistocene to the Middle Holocene (Figures 3, 4). Three
profiles with coverage from this time period with absolute ages
show accumulation rates from 19.0 to 8.6 ka (AUS8) of 0.07
mm/yr, 0.09 mm/yr (Kasitu 4, 135cm between 34.6 and 18.8
ka), and 0.25 mm/yr (Kasitu 2, 90 cm between 7.1 and 3.5 ka).
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TABLE 1 Radiocarbon ages from environmental sampling of the Mzimba District, Malawi.

Lab # MALAPP Corresponding Material 2-o cal yr BP
code proxy (
Ua-69522 15029 POL31 Fine sandy loam —16.2 15742 £ 59 18850-19111
Ua-69523 ISO31 POL33 Clay None 7759 £ 124 8223-8984
Ua-69524 1SO33 POL35 Coarse sandy loam —23.7 1794 £ 32 766-921
Ua-69525 1SO42 POL36 Clay loam —16.2 101.8 £ 0.3* AD 1958-2000
Ua-69526 ISO45 POL39 Fine sandy clay loam —16.9 792 27 657-728
Ua-69527 15047 POL41 Silt loam —17.1 1233 +28 989-1179
Ua-69528 1SO48 POL42 Silt loam —18.1 927 £28 727-904
Ua-69529 ISO50 POL44 Fine sandy loam —10.5 2388 £ 37 2153-2680
Ua-69824 ISO8 POL8 Silt loam —15.3 964 £ 29 766-921
Ua-69825 ISO9 POL9 Clay loam —14.8 267 £29 146-433
Ua-69826 ISO10 POL10 Clay loam —14.6 49 £29 Suess effect
Ua-69827 ISO11 POL11 Clay loam —16.8 104.0 £ 0.4* AD 1958-1999
Ua-69828 ISO30 POL32 Clay —16.2 9690 £ 51 10744-11200
Ua-69829 1SO43 POL37 Clay loam —159 149 £ 29 Suess effect
* pMC

Radiocarbon ages calendar corrected for atmospheric production of radiocarbon (Hogg et al.
correction curve (http://calib.org/CALIBomb/) and reported in years AD.

However, accumulation rates for sections with absolute ages after
the Middle Holocene are much greater. The Luwelezi profile
(247 cm of deposition between 1.2 and 0.2 ka = 2.47 mm/yr)
has multiple inferred periods of landscape stabilisation based on
palaeosol formation, and Kasitu 5 (130 cm of deposition but two
indistinguishable ages within the 1-o statistical error of 0.4 % 0.02
ka, has two inferred periods of landscape stabilisation. Sediment
cores with radiocarbon ages (AU3, AU7) also show accumulation
rates >1 mm/yr after 1 ka. The historical deposition and erosion
rate is also supported through conversations with local farmers
and lifelong residents; for example, one informant described a time
about ca. 2010-2015 when he could see large cobbles at the base
of the Luwelezi stream. Today, this tributary to the Kasitu is a flat-
bottomed and silty perennial waterway. Examples of recent erosion
are clearly observable in road and water cuts, including some with
pottery sherds buried under more than 1 m of sediment.

4.2 Stable isotopes

Light stable isotopes (§'°C, 8 1°N) extracted from sediments
and soils show an inverse correlation between !*C and
15N (Supplementary Table 15 Figure 5). Uneven coverage of
radiometric ages and variable preservation of nitrogen in the
sediments obfuscates time-transgressive correlations of carbon
and nitrogen isotopes. However, plotting of 13C values using
stratigraphic inference with ages shows increasingly heavier
isotopic composition over time with a relatively unchanging
value of ~-22%o spanning from ca. 8-2.5 ka and rapid isotopic
enrichment thereafter relative to the preceding ca. 20 kyr
(Figure 6).
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, 2020) in OxCal 4.4. Samples Ua-69525 and Ua-69827 were calibrated using the Calib post-bomb

4.3 Biomarkers

AU7 was analysed quantitatively for n-alkanes, faecal bile acids
and faecal stanols as well as related steroids (Tables 3, 4; Figure 7).
Long-chain n-alkanes (C26-C33) had concentrations of <40
ng/groc (Table 3), the faecal 5B-stanols had concentrations <4
ng/groc, the precursor substances of these biomarkers, A% -sterols,
had concentrations <141 pg/groc and 5a-stanols, the reduction
products of AS-sterols, which are formed in the environment
outside of the gut of mammals, had concentrations <38 pg/groc
(Table 4 and Supplementary Table 4). Bile acids had concentrations
<14 pg/groc (Supplementary Table 5).

The ratio of the concentrations of long-chain n-alkanes with
odd numbers of carbon vs. long-chain #n-alkanes with even numbers
of carbon [odd-over-even predominance; OEP; (C27 + C29 +
C31 + C33]/[C26 + C28 + C30 + C32)] can be used to identify
higher plant biomass inputs into sediments as well as determining
the degree of degradation of n-alkanes (Eglinton and Hamilton,
1967; Hoefs et al., 2002; Zech and Glaser, 2008; Buggle et al,
2010; Bush and Meclnerney, 2013). Ratios > 4 are characteristic
for n-alkane inputs from higher biomass plants (Hoefs et al,
20025 Zech and Glaser, 2008). Only the lowermost sample and the
uppermost sample from AU7 (ISO50 at —80.5 cm dating to ca. 2.3
ka and ISO42 at —2.5cm dating to AD1958-2000) had an OEP
value <4 (Table 3) indicating dominance of aquatic or degraded n-
alkanes. These samples were therefore excluded from the following
consideration of the terrestrial inputs of plant biomass. All other
samples had OEP values >6 (Table 3). Chain lengths C27 and
C29 are the dominant chain lengths in broadleaf trees, and chain
lengths C31 and C33 have a high abundance in grasses and other
herbaceous plants (Buggle et al., 2010; Zech et al., 2010; Bush
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TABLE 2 Optically Stimulated Luminescence ages from environmental context sampling of the Mzimba District, Malawi (Figure 4).

Sample; Depth Water 238y 226R4 2327 40K Dry Dry Cosmic  Totaldose D (Gy)
Sample loc. (cm)§  content* (Bg-kg™!) (Bq-kg™!) (Ba-kg~!) (Bgkg~!) beta? ., 9amma? rayP rate

(Gy-ka™") (Gy-ka!) (Gy-ka™)
MALL7-1; Kasitu 75 4+1 329483 | 263406 | 915431 | 83114 | 2914011 | 1974004 | 0224002 | 488 +0.12 114405 16 23401
1A
MALI17-2; Kasitu 25 341 159482 | 245406 | 919431 | 962416 | 3174012 | 2064004 | 0254002 | 530%0.12 72404 16 14401
1A
MALI7-3; Kasitu 2 155 341 266472 | 304406 | 1169436 | 1068+£16 | 365013 | 2504004 | 0194002 | 6144014 435420 16 71404
MAL17-4; Kasitu 2 65 341 320495 | 328407 | 1417444 | 1168+£19 | 408£0.05 | 2904005 | 0234002 | 6.94+0.16 242+13 14 35402
MALI7-6; Kasitu 4 235 241 $B3+77 | 279406 | 776427 | 479410 | 2024008 | 1544003 | 0174002 | 3634009 1257459 15 346418
MALI17-7; Kasitu 4 100 842 531460 | 417406 | 1141435 | 545410 | 2514009 | 2044005 | 0214002 | 4454011 838426 1 188408
MAL17-8; Luwelezi 315 1443 235478 | 116406 | 781428 | 621412 | 2204009 | 1544003 | 015001 3344011 40401 15 12401
MALI7-9; Luwelezi 130 541 594606 | 7.6+06 436+2. 767414 | 2244009 | 1204002 | 0204002 | 3.46 % 0.09 23403 14 07+0.1
MAL17-10; 68 341 24424 40405 | 202415 | 715416 | 1914007 | 084+002 | 0234002 | 2.89+0.08 0.6+0.1 12 0.2 00(1)
Luwelezi
MAL17-11; Kasitu 5 190 4+1 14+53 141+ 0.6 41.6 £2.1 1054 4+ 22 2.92+0.11 1.44 £ 0.03 0.18 +0.02 4.35+0.12 1.6 £ 0.1 15 0.4+ 0.0(2)
MALI17-12; Kasitu 5 60 31 402465 | 319407 | 1228446 | 560415 | 2494010 | 2194005 | 0234002 | 476+0.11 19401 12 0.4+00(2)

§Depths of the samples are the vertical distance from the modern ground surface. *Present water contents (4 20 % of uncertainty). “Data from high-resolution low level gamma spectrometer were converted to infinite matrix dose rates using conversion factors given
in Liritzis et al. (2013). ?Cosmic ray dose rates were calculated using the equations given by Prescott and Hutton (1994). “Central age + 1o standard error. The targeted mineral was quartz with diameters of 90-250,:m. Measurement mode: SAR protocol, preheat at
240 °C (samples KT2992, 2995, 2996. 2997, 2998, 2999) or 260°C (samples KT2988, 2989, 2990, 2991, 2993, 2994) for 10 s, multiple grain single aliquots (three 8 mm aliquots for each sample).
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samples were taken from the cores. AU3 and AU7 were extracted in sequences using a percussion auger to access deeper aspects of the landform
until refusal occurred. Sediment and soil classification schemes follow the USDA standards as outlined in Schoeneberger et al. (2012).

and Mclnerney, 2013). The ratios of the n-alkanes C27 and C29
to the n-alkane C33 are therefore high with an input of litter
originating from deciduous trees and low with an input of biomass
originating from grasses. n-Alkane ratios (C27/C33 = 0.2 and
C29/C33 = 0.9, Figure 6) indicate a strong decrease in forest
cover from I1SO47 at —53 cm (ca. 1 ka) relative to the underlying
(earlier) samples (C27/C33 > 0.3 and C29/C33 > 1.1; Figure 7;
Supplementary Table 3).
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ISO47 further shows high concentrations of the faecal
biomarkers coprostanol (58-cholestan-38-ol; 1.4 pg/groc) and
epi-coprostanol (58-cholestan-3c-ol; 1.3 pg/groc), indicative of

the presence of omnivores such as humans, non-human primates or

pigs (Table 4). However, other stanols had also high concentrations
at this depth (Table 4) and background values of faecal biomarkers
were found in soils and sediments where no enhanced deposition

of faeces

10

was assumed (Bethell et al.,

1994; Evershed et al., 1997;
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FIGURE 4

Schematic profiles of alluvial terraces from the Mzimba region, Malawi showing sedimentation, soil development and the locations where samples
were taken from the profiles. Sediment and soil classification schemes follow the USDA standards as outlined in Schoeneberger et al. (2012).

Bull et al.,
amounts of coprostanol and its epimer were related to the amounts
of cholestanol (5a-cholestan-3f-ol), which is the reduction product
of cholesterol (A’-sterol) that is mainly formed outside of the
gut of mammals ([coprostanol + epi-coprostanol]/cholestanol,
Bull et al, 2002). This ratio showed high values in ISO47 (0.3)
in relation to the other samples indicative for faeces inputs

2001). To correct for these background values, the

Frontiers in Environmental Archaeology 1

(Figure 7). Although coprostanol and its epimer can also be
found in the faeces of herbivores, the more specific biomarkers
for faeces of herbivores are 5p-stigmastanol (58-stigmastan-34-
ol) and epi-5p8-stigmastanol (58-stigmastan-3«-ol), which are the
reduction products of phytosterols, due to the high concentrations
of the phytosterols in their diet (Leeming et al, 1996; Tyagi
et al,, 2008; Gill et al., 20105 Prost, 2017). The ratio (coprostanol

1 frontiersin.org
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+ epi-coprostanol)/(58-stigmastanol + epi-54-stigmastanol) was
calculated to differentiate between faeces of omnivores and
herbivores (high values indicate higher inputs of omnivorous
faeces and lower by inputs of herbivorous faeces). This ratio
also had a high value in ISO47 (0.5, Table 4). The bile acid
patterns of AU7 showed a dominance of deoxycholic acid, the
presence of lithocholic acid and the absence of hyodeoxycholic
acid (Supplementary Table 5). Therefore, the omnivorous faeces
were likely derived from primate sources rather than pigs (1yagi
et al., 2008; Prost, 2017). The more pronounced domination of
coprostanol in the biomarker patterns of human faeces in relation
to non-human primate faeces (Subbiah et al., 1972; Ausman, 1993;
Shah, 2007; Sistiaga, 2015; Prost, 2017; Zocatelli et al., 2017), and
the close proximity of the test site to the Hora 1 archaeological site,
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which is densely packed with anthropogenic refuse, suggests that
the faeces derived from omnivores was most likely from humans.
Between —44cm (ISO46) and —34cm (ISO45 dating to
0.7 ka), there is an increase in forest cover indicated by
an increase in C27/C33 ratios to 0.4 and C29/C33 to 1.0
(Figure 7). However, alkane ratios in ISO45 were still lower
than in the period before the forest decrease shown in the
lower samples (ISO49). This period of afforestation is succeeded
by an indication of a decrease in forest cover at —26cm
(ISO44) based on C27/C33 ratios of 0.2 and C29/C33 to 04,
coupled with high values of the ratios that are indicative for
omnivorous faeces [(coprostanol + epi-coprostanol)/cholestanol of
0.2 and (coprostanol + epi-coprostanol)/(58-stigmastanol + epi-

58-stigmastanol) of 0.3; Figure 7 and Table 4]. The sample above
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TABLE 3 Quantities of long chain n-alkanes (ng/groc) and odd-over-even predominance [OEP (C27 + C29 + C31 + C33)/(C26 + C28 + C30 + C32)]
from AU7, Mzimba region, Malawi.

Sample Mean C26 c27 Cc28 C29 C30 C31 C32 C33
number depths

(em) (ng/groc) (L9/gtoc) (h9/gtoc) (La9/91oc) (k9/910c) (K9/9T0C) (K9/9TOC) (M9/9TOC)

1SO42 2.5 31 26 25 23 14 30 11 37 1
1SO43 15 2 7 2 16 2 20 2 38 9
1SO44 26.25 4 6 3 14 2 15 2 33 6
1SO45 33.75 3 10 3 23 2 19 3 24 7
1SO46 44 4 8 5 31 4 24 2 36 7
15047 53 4 8 4 34 3 22 5 39 7
1SO48 58 2 9 3 36 4 26 3 32 9
1SO48 58 2 9 5 37 2 30 <LOQ 29 11
15049 69.75 0 7 4 16 4 16 <LOQ 10 6
1SO50 80.5 6 5 5 14 0 13 <LOQ <LOQ 3

LOQ, limit of quantification.

(ISO43) dates to within the last 300 years and shows stability in  agriculture. These samples cover ca. 2.6 kyr of the late Holocene
grass vs. trees present on the landscape. The penultimate sample  and were recovered from a dambo wetland that is subject to
(ISO42) showed high quantities of several steroids but the stanol ~ slow, seasonal sedimentation. These samples were dominated
ratios did not show especially enhanced input of omnivorous throughout by aquatic pollen taxa such as Cyperaceae (mean =
faeces [(coprostanol + epi-coprostanol)/cholestanol of 0.1 and  212% relative to the terrestrial pollen sum), in particular Ascolepis
(coprostanol + epi-coprostanol)/(58-stigmastanol + epi-58-  (mean = 36%; Cyperaceae family). Of the terrestrial pollen taxa,
stigmastanol) of 0.2; Figure 7, Table 4, and Supplementary Table 4].  Poaceae reached maximum values in a sample dated to 0.8 ka,
A full data presentation of the results of biomarker analyses are  then decreased minimally until present. Tree pollen was present
found in the Supplementary material. in the pre-modern samples in lower abundances (8%) until an
increase in Podocarpus and Pinus in the most recent two samples

(24%, 5%). Microcharcoal increased from the pre-modern (mean

4.4 Pollen reconstruction = 11,617 particles/cm?®) to the modern samples (mean = 106,499
particles/cm?), with charcoal with high aspect ratios indicating a

Fossil pollen concentrations were generally high in the auger  grassy source dominating.

samples (6,327 grains/cm?®), apart from augers AU3-3 and AUS AU3 was a core from ~1320 m ASML in a seasonally flooded
(average = 447 grains/cm®). AU3-3 was sterile except for a few  grassland about 12km west of the Kasitu River and 11.5km
poorly preserved pollen grains and will not be discussed in the  northwest of the HOR-1 site. It is not presently under agriculture
results. Within samples where 300 grains counts were achieved,  and is surrounded by dense woodland. These samples cover ca. 1
broken, and/or crumbled grains were generally low (<3.5%;  kyr of the Late Holocene and were dominated by aquatic pollen
Figure 8). taxa like Cyperaceae (mean = 133% relative to the terrestrial
AU8 was a core from ~1360m AMSL in an open swale pollen sum), especially Ascolepis (17%). Of the terrestrial pollen,
surrounded by woodland about 8 km west of the Kasitu River and ~ Poaceae was generally high but decreased values in the most
3.75km west of the HOR-1 site. It is not presently under cultivation. ~ recent sample (range = 27-46%). Additionally, other herbaceous
The oldest samples in this unit are late Pleistocene (ca. 19 ka) and  pollen taxa were present, including Asteraceae, which also
extend to the late Holocene (1.6 ka). Pollen concentrations were  increased in the most recent sample (range = 0-3%). Tree pollen
low in these samples (average = 656 grains/cm?); however, pollen  taxa followed a similar patter to AU7 with lower abundances
was observed in all samples and as these include some of the oldest ~ characterized in the pre-modern samples by Brachystegia (mean
dated samples in our record, we report here the qualitative presence = 6%) until the most recent sample, where Podocarpus and Pinus
of key pollen taxa. Overall, these samples were dominated by = dominated (52%, 10%). Microcharcoal increased over an order of
Poaceae pollen, while other herbs like Asteraceae were consistently ~ magnitude from the pre-modern (mean = 4,947 particles/cm?®)

present. Cyperaceae pollen was generally near the lowest values of ~ to the modern samples (mean = 38,917 particles/cm?),
all pollen samples in this interval (mean = 22.5%) and tree pollen ~ with charcoal with high aspect ratios indicating a grassy
presence was sporadic. source dominating.

AU7 was a core from ~1425m ASML in a sparsely wooded The terrace samples presented in Figure 8D are a synthesis of

grassy swale about 3.75km west of the Kasitu River and 0.6km  pollen samples taken from profiles Kasitu 2, Kasitu 5, and Luwelezi
southeast of the HOR-1 site. This site is not presently under  terraces and range in age from 8ka to modern. The general patterns
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in the pollen assemblages shows a dominance of trees, particularly
o Pinopsida undifferentiated (20-40%) until the last 2 kyr. Given
%Er'o,_'g.:-o‘ that Podocarpus pollen is the only native genus in this class, it is
o= + < likely this phase was dominated by Podocarpus. At 2 ka, there was
S== 8 y p Y 1%
c o 817" a notable increase in herbaceous pollen taxa, especially Poaceae
© C © a eI TR T AT S A T B T B S Y P P Y
] = y
‘8’ ..g 0 g S| e|e|e|e|e|e|e|e|° (60%). Finally, in the samples from the last 100 years, there is an
©.2 . . . . . .
s9¢c% increase in pollen of Pinosopida undifferentiated (55-60%) and
o Qo . . 1 -
08t %H other trees. As the Pinus was introduced within this window and
auger samples observe an increase in this genus, it is likely that
- this last increase represents an increase in both gymnosperms in
E 8 ] = the last century.
K} © g = @)
- :c° S BEBRBEREEBEEREEE
: B 5 Di :
2 2 ISCUSSsIion
[ = —
‘E
E Our integrated archaeo-ecological investigation of the Mzimba
s L3 region of northern Malawi indicates that there are critical ecological
'<3: @ X > inflection points associated with different human settlement and
£ © 2 © - subsistence regimes in the past. The stable isotopic composition of
o N o wn (SN =3 <+ wn H A
= -g ] g ® | o @ ¥ & 6 D A the sites demonstrates a clear inverse correlation between °N and
= 7]
g % % = 13C values. From soils and sediments, more positive 15N values and
" 55 more negative 1>C values are indicative of higher concentrations
8 of leaf litter and/or canopy, which biases the evapotranspiration
w
g i of lighter isotopes (1N, 2C) in the forms of NO, and CO,
'% 8 © = (Natelhoffer and Fry, 1988). Overall, the time-transgressive trend
{ 0 __ . .
& Seo= O observed from the carbon isotopes studied (8!*C) demonstrate
a e O S RIE IR R R A
io- g_g 2 > N R e a stronger tendency toward grassier landscape conditions from
=
% 27 = the start of the Holocene (Figure 6) with the caveat that the
. o o .
< 2 1 sample size is small before the Middle Holocene. However, these
E data are supported by the n-alkane data from AU7 (Figure7)
2 I and pollen (Figure 8), which also show grass/herbaceous-dominant
%_ § 2 = conditions, particularly within the last ~2 kyr.
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o IS € § o : : . . .
= U,_Q‘% = AL I EEal e Bl B Al Al Al e animals have been reconstructed across Africa correlating to the
- —
8 ﬁla‘f; = times when animal production is first documented in specific
§ ) regions (Phelps et al., 2020). Farming and animal production
5 are known to leave long legacies within soils on landscapes that
7]
+ Qi can be measured from nutrient pools for millennia following
B < < .
% & = site abandonment (Marshall, 2018; Cao et al, 2021; Storozum
‘g §%:'§ g o] 2wl ol ol el «|l<|nle et al, 2021). The data from the Mzimba District have similarly
g 8‘6 3 5 R left geochemical traces, supported by pollen data, indicating
o LL) & = that human activities related to the introduction of agriculture
® %El also impacted land cover conditions, despite a lack of direct
£ macro-archaeological evidence for the introduction of farming
"% D = technologies at the sites we were testing. The oldest date for Iron
c c o . L .
8‘ g, 8= é Age agro-pastoralists in the Kasitu region is ca. 1.6 ka, which
5 §§8‘§ L o S|z 2|81 x1212|2|2 is taken from Munga Hill (Sinclair, 1991), ~1km north of the
2 8— % A ‘2 Luwelezi profile (Robinson, 1982) and is similar to the oldest dates
o — . .
> for food producers in Malawi from the southern part of the country
c
= (Juwayeyi, 2011).
% 2 Microarchaeological data indicates changing land cover
:_i o é n e v, conditions in relation to different land use strategies in the later
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8 =0 4RI8 8 3R R R B R Iron Age. Faecal biomarkers in the auger test adjacent to the HOR-
= 1 site show increased input from omnivores during the period we
g 05 interpret as representing initial food production at our test location,
< Folte] dating to around 1 ka. This was sustained until ca. 0.6 ka, when
w PSS g2 ¥ 2 2 5 2 g2 2 8 o
z IKE 21212121212/ 2/2/2|82 the n-alkane and pollen results show recovery of forest conditions
= and low presence of omnivores (in this case, humans). Omnivore
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FIGURE 7

Ratios of the n-alkanes C27/C33 and C29/C33 on the left, with high values showing a higher input of biomass of broadleaf trees and low values a
higher input of grasses and other herbaceous plants. Ratio of (coprostanol + epi-coprostanol)/cholestanol with high values characteristic for inputs
of omnivorous faeces (likely from humans) from AU7, Mzimba region, Malawi.

populations then apparently rebounded and then increased further
within the historical period. These patterns may indicate episodic
settlement and land-use strategies in the second half of the Iron
Age, or they may reflect a larger pattern of population decrease.
Charcoal data from this sample in the core shows a slight increase
in particle concentrations and some of the highest proportions of
sedges, suggesting that waterlogged soils may have discouraged
local cultivation and human occupation, while these activities
continued outside the drainage catchment of the swale from which
the core was collected.

The pollen and microcharcoal data are in general agreement
with the other proxies studied, but they also indicate additional
landscape formation processes that are important to the human
ecology of the region. First, Cyperaceae pollen, reflecting wetland
sedges, persisted throughout all periods of study and are evidence
of continuation of seasonal wetland conditions in the studied
locations from the Late Pleistocene to present (or nearly present)
day. Second, increases in Podocarpus and Pinus (tree) taxa in the
last 200 years occurred in the auger samples despite evidence for
increased concentrations of microcharcoal, which is in general
contrast to expected results based on simulated (Keane et al,
2004; D’Odorico et al.,, 20065 Phelps et al., 2020) and observed
(Bakker et al., 2013; Marchant et al, 2018; Leunda et al.,
2020) occurrences in ecological research. However, spatially and
taxonomically complex ecological simulations challenge simplistic
fire-driven forest-to-savannah formation models, demonstrating
that fires consume saplings and seedlings that contribute negligibly
to biomass (Hanan, 2008). Therefore, the presence of increased
woody vegetation in combination with increased fire occurrence
in the later phases of landscape formation in the Kasitu Valley
are interpreted as reflecting spatially heterogenous landscape
management processes in which some patches of mature forest
persisted at various points even as portions of the uplands adjacent
to Luwelezi and Kasitu 5 rapidly eroded, presumably as an effect
of forest cover loss. Of the 111 known species of Pinus, none are
endemic to Africa south of the equator and only one species is
recorded in tropical Asia (Price et al., 1998). Therefore, the presence
of pines in Malawi, recorded in the pollen abundances from the
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auger samples, is commonly understood to be an introduction
associated with disturbance ecologies within the last 200-300 years
(Richardson, 1998). It is also important to consider that pollen
and microcharcoal are more often wind-borne then other proxies
such as n-alkanes, faecal biomarkers and bulk stable isotopes, which
likely reflect more localised vegetation conditions. Introduced
Pinus stands are currently maintained on the Viphya Plateau
immediately to the east of the Kasitu Valley.

Based on the total available evidence, the most significant
ecological inflection point occurs in the Late Holocene at the time
in which Iron Age agro-pastoralists are archaeologically identified
in the region (Juwayeyi, 1981, 1991, 2008, 2011; Robinson,
19825 Davison, 1991). Although preservation of organic matter
was variable and affects the robustness of the interpretations,
the general indicators of plant and faunal ecologies corroborate
sedimentation values, suggesting that after the introduction of
farming techniques to this region of southern-central Africa, the
landscape became generally more open and discharge from the
uplands, where sediments are more prone to erosion, accelerated.
More recent settlement (dating to within the last 75 years)
shows accelerated modes of spatial heterogeneity with increasing
abundances of Podocarpus pollen, while n-alkane and carbon
isotope values show grassier ecological conditions predominate
relative to samples analysed from the Middle Holocene and earlier.

Archaeological and ethnographic proxy data suggest that
impacts in more recent times have influenced landscape formation
in an accelerating manner. The presence of iron-working sites
outside the rockshelters are not well dated and did not occur
within the lifetimes of most residents of the Mzimba region,
but residents over the age of 60 remember their elders talking
about iron smelting. The bloomeries also appear to not have
been abandoned for long periods of time, with some furnaces
transitioning from nearly complete and standing in 2016 (at the
onset of MALAPP) to a current state of collapse, corroborating
ethnographic accounts. A radiocarbon age analysed from the
inside of a tuyere at the HOR-1 site was determined to be 40
=+ 25 yr BP (cal AD 1816-1956; UGAMS-30619) indicating that
smelting was ongoing into recent times. However, today the most
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obvious local footprints of human environmental influence are
firewood collecting and charcoal production which are supported
by the '3C data, but the faecal biomarker data suggests that
the number of people living (and/or defaecating) in the area is
within or less than the general historical level. Thus, we interpret
the current mosaic grassland/forest interspersed with seasonally
flooded dambos in the Mt. Hora region to be a long-term legacy
landscape with multiple stages of transition overprinted on prior
anthropic states rather than an unprecedented historical ecological
condition. Simultaneously, sedimentation rates even within the
last ca. 0.4 kyr from the Kasitu terraces demonstrate that there
has been another inflection point in erosion, sedimentation, and
vegetation change over the historical period and accelerating into
the present day.

6 Conclusion

Multiproxy biogenic data from the Mzimba region indicate that
the region consisted of mixed woodland/grassland taxa during the
terminal Pleistocene with an increase in woodland in the Early
Holocene. Land cover transitioned to more open conditions by
the Middle Holocene, which accords with increased evidence for
fire, particularly after 3 ka, which is when the genetic replacement
of hunter-gatherer-foragers with Bantu-speaking people ancestrally
connected to modern populations occurs in the archaeological
record (Skoglund et al.,, 2017; Lipson et al., 2022) and technologies
associated with farming in this region are first documented
(Robinson, 1982). Geomorphic and sedimentologic data from
alluvial terraces support microarchaeological results indicating that
fires and land clearance accelerated by ca. 1.2 ka and induced
significant amounts of erosion of the uplands. Biomarkers prior to
and during this period indicate an increase in human settlement
next to the HOR-1 rockshelter and all proxies studied point to a
transition to a more open, grassier landscape in the Late Holocene.
Finally, afforestation associated with commercial timber farming
of introduced pine species over the last several decades attest to
ongoing anthropogenic impacts.

There is an apparent link between the novel introduction
of farming and associated technologies and ecological changes
exceeding the pace of natural climate variability alone. Our
long human-ecological record supports the hypothesis that
the formation of anthropogenic landscapes is temporally and
conceptually divorced from the Industrial Revolution or other
supposed stratigraphic markers of the Anthropocene, calling into
question the epistemological value of this epoch outside the field
of geochronology (Ruddiman et al, 2015; 2020; 2018). The data
we present here demonstrate a notable processual connection
between agro-pastoralism, erosion and vegetation change, which
has left a clear footprint on the modern landscape. Although
lacking in the global synchronicity of expression that comes from
an extra-terrestrial meteor impact, the spread and intensification
of farming technologies globally after 3 ka (Stephens, 2019;
Morrison, 2021) is akin to other stratigraphic boundary events.
For example, the Late Ordovician to Silurian transition or Early
to Middle Pleistocene in the palaeontologic records are far more
coarsely resolved, but also lack precise synchronicity and unfold
correlatively and diachronically - just as global human impacts
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on landscape formation due to intensive hunting and gathering,
land domestication and globalisation processes can be ascertained
today (Edgeworth et al., 2015; Williams et al., 2022). The results
presented in this study underscore the complexity, heterogeneity,
and overprinting of human impacts across landscapes with deep
settlement histories.
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