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a b s t r a c t

Fire is a key ecosystem process in tropical and subtropical savannas, with a varying role that depends on
hydroclimate but also on feedbacks between fire and vegetation. In savannas, fire response to changes in
rainfall depends on mean annual rainfall: in arid and semi-arid systems, burned area increases as rainfall
increases fuel amount, whereas in mesic systems with high fuel moisture, burned area decreases as
rainfall increases. The non-linear relationship between burned area and rainfall may be due in part to
changes in the constraints on fire activity that shift the limiting factor for burning in savannas from fuel
amount to fuel moisture with increasing rainfall and decreasing seasonality. Vegetation-fire feedbacks
can also promote a shift from fire-prone savanna vegetation to forest taxa that suppress fire as rainfall
increases. However, modern observations are, by definition, constrained to short-term dynamics, and the
longer-term effects of precipitation changes on fire activity have not been evaluated. These longer-term
impacts are especially relevant for evaluating biome transitions changing in response to variable
hydroclimate and fire activity. The Late Pleistocene and early Holocene African Humid Period (AHP; ~14.5
e5.5 ka), when rainfall increased substantially across northern and equatorial Africa, provides an op-
portunity to examine long-term fire responses to increased precipitation at sites with different mean
annual rainfall amounts. Here, we combine new polycyclic aromatic hydrocarbons (PAHs) records of
paleofire activity at two East African lake basins (Lakes Victoria and Turkana) with previously published
fire records (i.e., charcoal, levoglucosan) at five sites (GeoB7920-2, GeoB9508-5, Lakes Chala, Tanganyika
and Bosumtwe) to examine responses of fire activity along a rainfall gradient (from <200 mm to
1500 mm). Our synthesis reveals fire dynamics that are consistent with modern ecosystem dynamics and
shows that fire activity at each site followed predicted patterns across the AHP depending on initial mean
rainfall, with increased fire activity at arid to semi-arid sites and decreased fire activity at mesic-to-
humid sites. Results illustrate that fire responses to hydroclimate are nonlinear, such that the same di-
rection of change in precipitation can elicit different fire responses depending on the total precipitation
at a site. Accounting for heterogeneity in hydroclimate, even within biomes, may improve predictions of
how fire activity will respond to future changes in rainfall regimes.

© 2023 Elsevier Ltd. All rights reserved.
olycyclic aromatic hydrocar-

d Evolutionary Biology, Yale
1. Introduction

Tropical and subtropical grasslands and savannas cover ~25% of
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the earth's terrestrial surface, but they are responsible for >80% of
global annual burned area, with the largest contribution from Af-
rica (Giglio et al., 2006; Str€omberg and Staver, 2022; Van Der Werf
et al., 2017). To better constrain the role of fire in global carbon
budgets, wemust understand how African savanna fire activity will
respond to projected climate changes, and especially precipitation
changes, on multiple time scales. In the coming decades, rainfall
patterns across Africa are predicted to shift substantially (Dunning
et al., 2018; Haile et al., 2020; Rowell et al., 2015), and in grassy
systems, fire spread depends on fuel-load (the amount of fuel) and
fuel-moisture (if the fuel is dry enough to ignite), both of which
depend on rainfall (He and Lamont, 2017). Yet, global fire history
analyses included limited data from grasslands (Leys et al., 2018;
Marlon et al., 2016) and primarily focus on the effects of temper-
ature on fire activity rather than rainfall (Marlon et al., 2008;
Daniau et al., 2012).

Today, African savannas are distributed across an extensive
rainfall gradient (200e2000 mm yr�1) (Aleman et al., 2020; Staver
et al., 2011a), and fire response to changes in rainfall depend on the
initial hydroclimate conditions (i.e., mean annual precipitation;
MAP). In general, burned area increases as rainfall increases in arid
regions and burned area decreases as rainfall increases in mesic
regions (Alvarado et al., 2020). Potential rainfall thresholds be-
tween fuel-load limited (fire increases with increasing rainfall) and
fuel-moisture limited (fire decreases with increasing rainfall) sa-
vannas, and between fire-maintained savanna and forest ecosys-
tems, have been identified spatially using remote sensing products
(Alvarado et al., 2020; Staver et al., 2011b). However, evidence that
sites transition across these fire thresholds in response to long-
term changes in rainfall remains elusive, potentially because the
temporal extent of present-day observations is very limited.

Examining paleofire activity on millennial timescales remedies
this limitation by allowing us to test how savanna fire dynamics
respond to large rainfall changes during periods of Quaternary
climate change. The most recent prolonged interval of wet condi-
tions, the so-called “African Humid Period” (AHP; ~14.5e5.5 ka)
was characterized by an average 280 ± 138 mm yr�1 increase in
rainfall across many sites in sub-tropical and tropical Africa
(Holmes and Hoelzmann, 2017) in response to shifts in insolation
(deMenocal et al., 2000; Tierney et al., 2011b). This interval pro-
vides an exceptional opportunity to examine how savanna fire ac-
tivity responded to similar changes in precipitation at different sites
along the rainfall gradient. Several studies have examined Holocene
Fig. 1. Hypotheses of fire response to increasing then decreasing rainfall over the AHP. a)
pectations for sites that transition from fuel-load limited to fuel-moisture limited, then ba
limited. d) Expectations for sites that are fuel-moisture limited savannas that transition to

2

pollen and phytolith records to identify transitions between
savanna and forest (e.g., Aleman et al., 2020; Phelps et al., 2020),
and other studies have examined late Holocene charcoal records to
identify fuel-load limited and fuel-moisture limited fire regimes
(Colombaroli et al., 2014). However, very few studies have explicitly
compared changes in savanna fire activity at separate sites during
an interval of pronounced rainfall change (but see Moore et al.,
2022; Urban et al., 2015).

If both fuel amount and fuel moisture limit paleofire activity,
savanna fire responses should be dependent on initial hydroclimate
conditions. We can make predictions about fire during the AHP
informed by modern work. Today, in arid to semi-arid savannas
(0e700 mm yr�1), fire activity is limited by the amount of grass-
fuel available to burn (fuel-load limited). Grass biomass increases
in response to increasing rainfall (Sala et al., 2012), so interannual
fire activity in these arid savannas has a strong positive correlation
with total rainfall amount (Alvarado et al., 2020; Archibald et al.,
2009). In addition to changes in MAP, the seasonality of rainfall
can also impact fuel-load dynamics. In fuel-load limited systems,
increased growing season length (i.e., decreased rainfall season-
ality) also adds to grassy fuel loads and promotes overall fire spread
(Kahiu and Hanan, 2018; Mondal and Sukumar, 2016). If these
modern processes operate on long time-scales, we predict that fire
activity at arid to semi-arid sites will increase with increasing
rainfall (or decreased seasonality) during the AHP, then decrease
with decreasing rainfall in the late Holocene (Fig. 1a) (Archibald
et al., 2009; Staver et al., 2017).

In contrast, in semi-mesic savannas (700e1000 mm yr�1), fuel
needs to dry out enough to allow fire to ignite and spread, so fire
activity may instead be limited by fuel moisture content (fuel-
moisture limited) (Krawchuk and Moritz, 2011). In fuel-moisture
limited systems, interannual fire activity is negatively correlated
with rainfall, with higher fire following drought years (Alvarado
et al., 2020; Arag~ao et al., 2008) and in longer dry seasons
(Mondal and Sukumar, 2016). These dynamics mean that at mesic
sites, there are two potential hypotheses for how fire might
respond to increased rainfall during the AHP. Either (1) fire activity
will display the same patterns predicted at semi-arid sites (Fig. 1a),
indicating fuel-load-limited responses to rainfall (Archibald et al.,
2009), or (2) fire activity will initially increase with rainfall and
then start to decrease with continued increases in rainfall (Fig. 1b),
indicating a transition from fuel-load to fuel-moisture limitation
(Alvarado et al., 2020).
Expectations for sites that are fuel-load limited and remain fuel-load limited. b) Ex-
ck. c) Expectations for sites that are fuel-moisture limited and remain fuel-moisture
fire-excluded forests.
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In mesic savannas (1000e2000 mm yr�1), the relationship be-
tween fire, fuels, and rainfall is further complicated because re-
ductions in grassy fire activity can transition a savanna to a forest
(Staver et al., 2011a). In fuel-moisture limited systems, reductions
in dry season length have a strong impact of drying of fuels and fire
spread (Kahiu and Hanan, 2018; Mondal and Sukumar, 2016).
Seasonality decreases in fuel-moisture limited systems not only
limit fire activity, but can exclude it completely (Archibald et al.,
2009). Thus, reduced seasonality is more likely to favor forests at
the expense of savannas than increases inMAP alone (Aleman et al.,
2020; Staver et al., 2011b). Once the system is forested, fire activity
might be less responsive to rainfall decreases at the end of the AHP,
because of a stabilizing feedback between moist-closed canopy
taxa that inhibits fire (Hoffmann et al., 2012; Pausas and Bond,
2020). Therefore, at mesic sites, there are also two potential
Fig. 2. Distribution of sites across the modern savanna rainfall gradient. a) Modern savanna
modern Africa floral survey sites replotted from Aleman et al. (2020). Threshold from fuel-loa
Numbers correspond to sites in (b). Blue points and numbers are sites on the mesic side of
rainfall gradient. b) Map of sites discussed in this study. Sites marked with circles have prev
generated in this study. 1) GeoB7920 2) Lake Turkana 3) GeoB9508 4) Lake Chala 5) Lake Tan
error bars are standard deviation across the hydrologic basins.
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hypotheses for fire responses to changes in rainfall during the AHP.
Either (1) fire activity will decrease with increasing rainfall, then
increase with decreasing rainfall (Fig. 1c), indicating the site is fuel-
moisture-limited (Alvarado et al., 2020) or (2) fire will not just
decrease, but will be fully suppressed as rainfall increases (Fig. 1d),
leading to forest transitions if crossing a savanna-forest threshold.
This last scenario would specifically result from decreasing sea-
sonality (or more rainfall in the dry season), which is necessary to
exclude fire (Archibald et al., 2009) to enable savanna-forest
transitions.

To test these predictions, we will examine fire, hydroclimate,
and vegetation records (newand from the literature) from sites that
span the AHP (Berke et al., 2012; Dupont and Schefub, 2018; Ivory
and Russell, 2016; Moore et al., 2022; Morrissey and Scholz, 2014;
Nelson et al., 2012; Niedermeyer et al., 2010; Shanahan et al., 2016;
and forest distribution along the mean annual rainfall gradient defined using data from
d limited to fuel moisture limited (yellow blue line) defined from Alvarado et al. (2020).
the rainfall gradient, and yellow points and numbers are sites on the arid side of the
iously published records of fire activity, sites marked with squares are new fire records
ganyika 6) Lake Victoria 7) Lake Bosumtwe. MAR data is from Fick and Hijmans (2017),
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Tierney et al., 2008, 2011b) (Fig. 2). In order to characterize AHP fire
activity patterns, we contribute two new fire records using poly-
cyclic aromatic hydrocarbons (PAHs) from lakes with previous
organic geochemistry reconstructions of hydrologic change during
the AHP (Berke et al., 2012; Morrissey, 2014): Lake Turkana and
Lake Victoria. This results in a total of seven sites along the African
savanna rainfall gradient (<100e1500 mm yr�1).
2. Hydroclimate context and site selection

2.1. The African Humid Period (AHP)

The Late Pleistocene and early Holocene African Humid Period
(AHP; ~14.5e5.5 Ka) corresponds with increased rainfall across
much of northern and tropical Africa (deMenocal et al., 2000). This
increase in rainfall was driven by increased Northern Hemisphere
summer insolation associated with minimum precession. The
resulting shifts in the North African monsoon, the tropical rain belt,
and other oceanic and atmospheric circulation patterns increased
precipitation across a broad swath of northern and equatorial Africa
(deMenocal et al., 2000; Kutzbach and Street-Perrott, 1985;
Shanahan et al., 2015). Complementary lines of empirical evidence
support increased water availability during the AHP at sites across
Northern, Eastern, and Southern Africa, including dust flux records,
d2H of leaf waxes, pollen, and lake level reconstructions (summa-
rized in Shanahan et al., 2015). However, while ~100 distinct sites
record signals of the AHP, the timing and magnitude of the event
varied depending on site and region (Shanahan et al., 2015; Tierney
et al., 2011a). The termination of the AHP was both temporally and
spatially transgressive, occurring progressively later at lower lati-
tudes as the extent of the tropical rain belt collapsed towards the
equator (Shanahan et al., 2015). Additionally, in many cases, the
increasingly wet conditions of the AHP were interrupted by a brief
hiatus associated with the Younger Dryas stadial (12.7e11.3 ka),
which is apparent in proxy records as abrupt reversals or plateaus
inwetting trends (Berke et al., 2014; Holmes and Hoelzmann, 2017;
Shanahan et al., 2016; Tierney et al., 2011b, 2017). Due to this
heterogeneity, the timing of hydroclimate change at individual sites
must be empirically constrained in order to examine the effect this
event had on local ecology. We selected sites with existing records
of leaf wax d2H and use these records to define the beginning and
end of the AHP at each site (Table 1). This facilitates analysis of the
timing of changes in fire relative to changes in precipitation re-
gimes during the AHP.
Table 1
Rainfall constraints for all AHP fire sites. Modern rainfall estimates extracted from Fick an
rainfall estimates.

Site AHP Timing (Defined by leaf
wax d2H)

Modern Rainfall in
hydrologic basin

Max AHP

Core GeoB7920-2 11.3e5.0 ka <100 mm yr�1 300e700 m
Median ¼
e1700 mm

Lake Turkana 13.8e5.5 ka 468 ± 273 mm yr�1 560e660 m

Core GeoB9508-5 15.0e4.8 ka 492 ± 352 mm yr�1 700e1000
Lake Chala 11.3e4.8 ka 747 ± 42 mm yr�1 ?
Lake Tanganyika 15.0e4.5 ka 1054 ± 172 mm yr�1 1400 mm

Lake Victoria 11.3e4.8 ka 1185 ± 321 mm yr�1 1500e200
Edwards)
1375e156
Naivasha)

Lake Bosumtwe 15.1e3.2 ka 1390 ± 29 mm yr�1 1480e190

4

2.2. Site summary

Here we assess fire dynamics at seven sites across a modern
rainfall gradient (Fig. 2). Half of the sites are currently arid to semi-
arid (~100e600 mm yr�1; GeoB7920, Turkana, GeoB9508, Chala)
and the other half are mesic (~1000e1500 mm yr�1; Tanganyika,
Victoria, Bosumtwe) (Fig. 2) (Fick and Hijmans, 2017). Sites are
numbered in Fig. 2 in order of increasing rainfall, with all modern
rainfall extracted from an annual sum of the WorldClim monthly
precipitation product for the hydrologic basins for 5 lakes and the
Senegal River basin for GeoB9508-5 (Fick and Hijmans, 2017); note
that rainfall has been estimated for the entire hydrologic basin of
each study site, not for the lake or site itself.

Previously published sites were selected if they 1) covered the
correct time interval (late Pleistocene through the Holocene), 2)
had a leaf wax hydrogen isotope record indicating that rainfall
increased during this interval, and thus, could be used to define the
timing of the AHP at the specific site, and 3) had a paleofire record
from the same core (charcoal or organic fire markers). Five sites fit
this criteria dGeoB7920-2, GeoB9508-5, Chala, Tanganyika,
Bosumtwe) (Dupont and Schefub, 2018; Ivory and Russell, 2016;
Moore et al., 2022; Nelson et al., 2012; Niedermeyer et al., 2010;
Shanahan et al., 2016; Tierney et al., 2008). All proxies are described
inmore detail below. Core GeoB7920-2 (#1 in Fig. 2) is a marine site
off the coast of Mauritania that captures the greening of the Sahara
during the AHP and is our most arid site. Core GeoB9508-5 (#3 in
Fig. 2) is a marine site of the coast of Senegal which captures a
signal from the Sahel, a region that today experiences
492 ± 352 mm yr�1 rainfall (Moore et al., 2022; Niedermeyer et al.,
2010). Lake Chala (#4 in Fig. 2) is a crater lake in Kenya, and the
surrounding area currently receives an average of 747± 42mmyr�1

of rainfall (Nelson et al., 2012; Tierney et al., 2011a). Lake Tanga-
nyika (#5 in Fig. 2) is a rift basin lake in East Africa and receives an
average of 1054 ± 172 mm yr�1 of rainfall (Ivory and Russell, 2016;
Tierney et al., 2008). Lake Bosumtwe (#7 in Fig. 2) is a crater lake in
Ghana, which currently experiences 1390 ± 29 mm yr�1 of rainfall
(Shanahan et al., 2015, 2016).

The remaining two sites (Lakes Turkana and Victoria) have re-
cords of hydroclimate (leaf wax d2H), but no directly associated
records of fire activity. We generated new fire activity records from
these sites from polycyclic aromatic hydrocarbons (PAHs) in
archived organic extracts. Lake Turkana (#2 in Fig. 2) is the largest
rift basin lake in the eastern branch of the East Africa Rift System
and has an average of 468 ± 273 mm yr�1 of rainfall in the basin,
d Hijmans (2017). Method and citations correspond to reconstructed maximum AHP

Rainfall Method Citation

m yr�1 Pollen Peyron et al. (2006)
800 mm yr-1 (300
yr-1)

d2H Modeling Tierney et al. (2017)

m yr�1 Lake Balance
Modeling

(Fischer et al., 2020; Junginger and
Trauth, 2013)

mm yr�1 Vegetation modeling Larrasoa~na et al. (2013)
e e

yr�1 d2H Modeling scaled
to pollen

Tierney et al. (2010)

0 mm yr�1 (Lake Pollen Beuning and Russell (2004)

4 mm yr�1 (Lake Lake Balance
Modeling

Bergner et al. (2003)

0 mm yr�1 Pollen
Lake Balance
Modeling

(Peyron et al., 2006;
Shanahan et al. (2008)
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and Lake Victoria (#6 in Fig. 2) is the largest lake in East Africa and
receives an average of 1185 ± 321 mm yr�1 of rainfall (Berke et al.,
2012; Morrissey and Scholz, 2014).
2.3. Leaf wax d2H as a hydroclimate proxy

Shifts in hydroclimate are often constrained using leaf wax d2H
records. In the tropics, relative shifts in leaf wax d2H are usually
interpreted as changes in rainfall because at low latitudes the
amount of incoming precipitation is generally the main control on
environmental d2H (Dansgaard, 1964; Rozanski et al., 1993). This
can be complicated by other factors that can impose second-order
controls on leaf wax d2H, including the effects of changes in
moisture source that influence the d2H of rainfall (Konecky et al.,
2019; Moore et al., 2014), changes in plant growth season, etc.
(Collins et al., 2013; Sachse et al., 2012; Tipple et al., 2013). These
effects complicate quantitative reconstructions of rainfall change
from leaf wax d2H. However, qualitative interpretations about the
magnitude and direction of rainfall change across these sites are
possible by making some reasonable assumptions. Firstly, d2H
values before the AHP were generally slightly enriched or similar to
the modern values at all the of sites (Berke et al., 2012; Dupont and
Schefub, 2018;Morrissey, 2014; Niedermeyer et al., 2010; Shanahan
et al., 2015; Tierney et al., 2008, 2011b). We infer that pre-AHP
rainfall was either similar or slightly more arid than what is
recorded at sites today. Secondly, all sites feature negative shifts in
d2H values during the AHP relative to pre- and post-AHP (Berke
et al., 2012; Dupont and Schefub, 2018; Morrissey, 2014;
Niedermeyer et al., 2010; Shanahan et al., 2015; Tierney et al., 2008,
2011b). While the influence of source water and seasonality on d2H
may differ slightly at some sites (e.g., Lake Chala; Tierney et al.,
2011b), we assume these 2H depletions indicate increased rainfall
amount relative to modern conditions during the AHP at each site.
This is additionally supported by independent estimates for rainfall
increases at many of the selected sites (Table 1). We use these es-
timates to anchor our predictions of fire response based on pro-
jected magnitude of rainfall increases.

We address how the size of these shifts may have differed be-
tween sites and how other complicating hydroclimate factors may
impact d2H records in more detail in Section 5. However, based on
available data it is reasonable to conclude that all sites examined
here experienced wetter conditions than the present during the
AHP, and thus can be used to test fire response to a similar long-
term rainfall shift across sites with different initial hydroclimate
contexts.
3. Materials and methods

3.1. Core descriptions and age models for newly generated PAH
records

3.1.1. Lake Victoria
Core V95e1 P was collected with a Kullenberg piston corer in

1995 from the north-central portion of the lake in water depth of
68 m as part of the International Decade of East African Lakes
(IDEAL) program (Fig. 2). V95e1 P was subsampled for organic
geochemical analyses at an average sampling resolution of ~250
years (Berke et al., 2012). The age model is based on radiocarbon
dates of the 20e70 mm fraction of pollen-lignin-charcoal from
Johnson et al. (2000) and of bulk organic carbon and wood frag-
ments from Berke et al. (2012).We updated the previous agemodel,
which was based on linear interpolation, using the flexible,
Bayesian age-depth program ‘‘rbacon’’ and the IntCal20 calibration
(Blaauw and Christeny, 2011) (Fig. S1).
5

3.1.2. Lake Turkana
Three cores (Turk10e4 P, Turk10e14 P, and Turk10e46 P) were

collected using a Kullenberg piston corer in 2010 from the South
Basin of Lake Turkana in water depths of 52, 56, and 58 m,
respectively (Fig. 2). The three cores were stratigraphically corre-
lated using magnetic susceptibility, gamma ray density, total
organic carbon content, and high-resolution seismic-stratigraphic
data, and together provide a continuous composite sediment re-
cord (Morrissey and Scholz, 2014). The cores were subsampled at
an interval of ~240 years. The age model was previously published
in Morrissey and Scholz (2014) and is based on 24 radiocarbon
dates from bulk organic matter of mixed lacustrine and terrestrial
origin, bulk carbonate mud, discrete macrophyte specimens, or
ostracod and gastropod shells. The age model for the composite
core record was generated using a flexible, Bayesian age-depth
program, ‘‘Bacon’’ (Blaauw and Christeny, 2011).

3.2. Sediment extraction and preparation

For Turkana and Victoria cores, PAHs were measured from
archived lipid extracts that had previously been analyzed for other
classes of compounds (plant waxes, GDGTs; Berke et al., 2012;
Morrissey et al., 2018). For Lake Victoria samples, freeze-dried,
homogenized sediment was extracted using soxhlet extraction
with 2:1 dichloromethane:methanol (DCM:MeOH) for 24 h to
produce a total lipid extract (TLE) (Berke et al., 2012). For Lake
Turkana Samples, freeze-dried and homogenized sediment sam-
ples were extracted using DIONEX™ accelerated solvent extraction
with dichloromethane (DCM:Methanol (9:1) (Morrissey et al.,
2018). The polar and apolar fractions of lipid extracts were then
separated using activated alumina columns, with Hexane:DCM
(9:1) DCM:Methanol (1:1) as eluents. A 1,10-binaphthyl recovery
standard was added to the total lipid extract (TLE) splits from Lake
Victoria samples and apolar fractions from Lake Turkana samples,
which were then dried gently under pure N2 gas, then separated
into aploar, aromatic, and polar classes by silica-gel column chro-
matography (Polissar et al., 2019; Wakeham and Pease, 2004).

3.3. PAH quantification

PAHs were characterized and quantified using an Agilent GC-
MSD. Samples were dissolved in toluene and injected in splitless
mode into an inlet with a single-taper glass liner with a deactivated
glass wool plug connected to a 30 m � 0.25 mm inner diameter
column with a 0.25 mm thick HP-5ms stationary phase. The oven
was set to 90 �C (1.5 min hold) then ramped to 150 �C at 15 �C/min,
then to 320 �C at 4 �C/min. Samples were run in a hybrid SIM/Scan
mode, where the MSD rapidly alternates between selective ion
monitoring (SIM) and full scan collections over the course of a
single run (Karp et al., 2021c). The 50-ms dwell time in SIM mode
on target PAH ions enables us to make high sensitivity and accurate
measurements of PAHs. The PAHs are first characterized and
identified from full scan data by matching fragmentation patterns
and retention times to a 17 PAH authentic standard suite (Restek SV
Calibration Mix #5 combined with retene and 1,10-binaphthyl),
then quantified with the SIM data. A 5-point calibration curve of for
each PAH in the standard suite was established every 10 to 15
samples to ensure ion currents represented a linear response to
PAHs. Concentrations for all PAH were calculated relative to the
peak area of an internal standard (1,10-binaphthyl) and response
factors from analyses of standards.

Previous studies have normalized PAHs to a plant biomarker to
account for changes in overall plant biomass and preservation
(Denis et al., 2017; Karp et al., 2018, 2021c). However, given that we
are explicitly examining potential transitions between fuel-load
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driven fire regimes to fuel-moisture driven fire regimes, this
normalization has the potential to mask trends driven by rainfall-
dependent increases in fuel loads. Instead, we examine sedimen-
tary fluxes of PAHs, calculated from the sedimentation rates from
the age model. This allows us to place these sites into context of
those that use sedimentary charcoal fluxes as a fire proxy. To ac-
count for potential shifts in organic preservation that may impact
these fluxes we also normalize PAHs to total organic carbon (TOC)
concentrations. TOC values were extracted from previous publica-
tions (Cockerton et al., 2015; Morrissey and Scholz, 2014) using
WebPlotDigitizer.

3.4. Statistics

3.4.1. PAH source corrections and ratios
PAHs can be sourced from fire and from other processes that are

not pyrogenic, which can confound paleofire interpretations
(Stogiannidis and Laane, 2015;Wakeham et al., 1980). However, the
relative distributions of alkylated homologs of phenanthrene
(P ¼ phenanthrene, MP ¼ methylated phenanthrene,
DMP ¼ demethylated phenanthrene, TMP ¼ trimethylated phen-
anthrene) can be used to identify PAHs from pyrogenic versus non-
pyrogenic inputs (Fig. 3A) (Stogiannidis and Laane, 2015). Because
alkylated forms are not favored in fast, high temperature reactions
(Blumer and Youngblood,1975; Stogiannidis and Laane, 2015), burn
products are dominated by parent forms (P > MP > DMP > TMP)
(Karp et al., 2020; Stogiannidis and Laane, 2015). However, alky-
lated PAHs are favored by slow heating, such as the sedimentary
maturation of organic matter (Blumer and Youngblood, 1975;
Stogiannidis and Laane, 2015), so methyl and dimethyl forms
dominate (P<MPzDMP>TMP) (Karp et al., 2021c).

Herewe use non-negativematrix factorization (NMF) to identify
and quantify relative contributions of PAH sources in each sample
after Karp et al. (2021a, 2021c). NMF deconstructs or ‘unmixes’ a
multidimensional dataset to identify endmember distributions (Lee
and Seung, 2001). NMF was conducted in R with the package ‘NMF’
and the Euclidian distance method from Lee and Seung (2001)
(Core, 2019; Gaujoux and Seoighe, 2010). Before using PAHs to
make paleofire interpretations, PAH concentrations were corrected
by multiplying by the “pyrogenic factor abundance” reconstructed
using NMF for each sample (Fig. 3) (Karp et al., 2021a, 2021c).
Samples with <10% of pyrogenic inputs were excluded from in-
terpretations of paleofire (2 samples from Victoria, 5 samples from
Turkana).

PAH size is related to physiochemical properties that control
compound partitioning in the environment (Jenkins et al., 1996;
Lima et al., 2005). Examining PAH ratios of the smaller compounds
(LMW ¼ sum of phenanthrene, anthracene, fluoranthene and pyr-
ene) over the sum of all the parent PAHs measured may reflect
differences in contributions from smoke/aeolian derived PAHs
(higher LMW/Total ratios) and residue/fluvially transported PAHs
(lower LMW/Total ratios) (Karp et al., 2020).

3.4.2. Correlations and significance test
All statistical analyses were conducted in R (Core, 2019).

Kruskal-Wallis tests were used to evaluate if PAH size and retene
distributions differed significantly between the lakes, as well as
during the AHP relative to before and after (Hollander and Wolfe,
1973). To access relationships between NMF endmembers, PAHs,
and plant biomarkers, we evaluated the Pearson Coefficient cor-
relations (Pearson, 1948). This was calculated using the surrogate-
Cor function from the Astrochron package in R (Meyers, 2014). To
account for temporal autocorrelation this function uses the Ebisu-
zaki method for serially correlated data and a Bayesian Monte Carlo
approach to calculate a significance level (Ebisuzaki, 1997).
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4. Results

4.1. New PAH records from Victoria and Turkana

NMF models at both lakes explained greater than 99% of vari-
ance in PAHs. NMF of methylated phenanthrenes reveals that both
lakes have substantial non-pyrogenic contributions (Fig. 3). At
Turkana, the best fit NMF with meaningful endmembers identified
three sources: petrogenic, pyrogenic, and weathered/gymnosperm
(Fig. 3a). There are no directional trends in source patterns through
time, but uncorrected PAH concentrations are most strongly
correlated with the pyrogenic endmember (r ¼ 0.52, p ¼ 0.01;
Fig. 4a). At Victoria, the best fit NMF with meaningful endmembers
identified two sources: petrogenic and pyrogenic (Fig. 3b). Pyro-
genic inputs generally decrease through time (Fig. 3b), which par-
allels an overall increase in uncorrected PAH concentrations
(r ¼ 0.44, p ¼ 0.08; Fig. 4b ). The NMF correction method using the
pyrogenic endmember allows us to make interpretations of fire
dynamics that are not confounded by shifts in petrogenic carbon
dynamics through time (Karp et al., 2021a, 2021c).

PAH size distributions varied between sites (Vic LMW/Total
m ¼ 0.44, Turk LMW/Total m ¼ 0.68; NTurk ¼ 54, NVic ¼ 30,
c2 ¼ 36.751, p≪<0.001) (Fig. 5), and there is a slight but significant
decrease (~0.08) in the LMW/total values during the AHP at both
lakes (Turk: NAHP¼ 27, Npre&post AHP¼ 27, c2 ¼ 3.4957, p¼ 0.06; Vic:
NAHP ¼ 12, Npre&post AHP ¼ 19, c2 ¼ 3.7895, p ¼ 0.05). PAH flux and
leaf wax d2H records from Turkana and Victoria are moderately but
not significantly correlated over the last 20 ka (Turk r ¼ �0.40,
p ¼ 0.022 and Vic r ¼ �0.60, p ¼ 0.138). While this indicates that
wetter samples may be weakly tied to higher fire at both lakes, the
trends across the overall wetter AHP diverge between the lakes.
Although PAH records at both lakes have high variability, distinctive
larger patterns emerge. At Turkana (semi-arid), PAHs initially in-
crease then decrease over the AHP (Fig. 6c), while at Victoria
(mesic), PAHs decrease progressively over the AHP (Fig. 6g).

PAH fluxes and TOC normalized concentrations both increase at
Turkana and decrease at Victoria (Fig. 6), which indicates that PAH
fluxes are not greatly impacted by preservation issues in the sedi-
ments. However, there are some slight differences in the timing and
relative magnitude of trends of these two PAH metrics at Victoria
(Fig. 6e; Fig. 6g). The decrease in PAHs over the AHP is more abrupt
in the PAH/TOC record than in the PAH flux record. Additionally,
PAH/TOC values increase slightly in the late Holocene after the AHP,
while flux values stay low. Here we use PAH flux records from
Turkana and Victoria for comparison to fire activity records from
other AHP sites around Africa because all previously published fire
proxies are expressed in terms of flux (cm�2 yr�1).

We examine co-occurring fire marker concentrations and plant
biomarker concentrations to distinguish between sites that are
fuel-load versus fuel-moisture controlled. The plant biomarker, b-
amyrin derivative (1,2,3,4-tetrahydro-2,2,9-tri-methylpicene), is an
angiosperm biomarker (Simoneit, 1986) with an aromatic chemical
structure and has been used when normalizing PAHs to a plant
biomarker (Denis et al., 2017; Karp et al., 2021c). While this
normalization was not used here (see Methods), PAH concentra-
tions are highly correlated to b-amyrin derivative (r ¼ 0.74,
p < 0.01) at Lake Turkana, but show no correlation at Lake Victoria
(r ¼ �0.13, p ¼ 0.476) (Fig. 4).

To assess softwood burning and identify conifer contributions to
sedimentary records (Miller et al., 2017; Simoneit, 1977), we use
retene, which is a functionalized PAH derived from conifer resins.
Because retene is a byproduct of both conifer resin degradation and
softwood burning (Simoneit, 2002;Wakeham et al., 1980), a ratio of
Ret/3-ring ¼ retene/(retene þ phenanthrene þ anthracene) is
preferred to identify PAH fire records with substantial conifer



Fig. 3. NMF of alkylated Phenanthrenes to constrain PAH source inputs. Reconstructed end-members (bar plots) and relative factor abundance for each sample (plots through time)
are shown for each of the lakes. a) NMF results for Lake Turkana b) NMF results for Lake Victoria. Asterisks mark samples that have <10% pyrogenic and were excluded from paleofire
interpretations.

Fig. 4. PAH and b-amyrin derivative concentrations at Lake Turkana (a) and Lake Victoria (b). PAH concentrations are in red and b-amyrin derivative concentrations are in gold.

Fig. 5. LMW/Total PAH ratios from Lake Turkana (white) and Lake Victoria (grey). A) LMW/Total ratios through time B) Box and whisker plots of LMW/Total values between both
lakes. Asterisks represent significance (<0.001) from a Kruskal-Wilcox test for difference between sets of samples (p ¼ 1.3 � 10�9).
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sources (Karp et al., 2020). Ret/3-ring ratios at Lake Turkana are
generally fairly low, but highly variable (m ¼ 0.22 ± 0.19) (Fig. 7a).
Ret/3-ring values at Victoria are significantly less than those at Lake
Turkana (NTurk ¼ 54, NVic ¼ 30, c2 ¼ 34.677, p≪<0.001), and
consistently low (m ¼ 0.06 ± 0.03) (Fig. 7a).
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4.2. Previously published fire records

We briefly report trends from previously published fire records
that we use in section 5 to make interpretations about fire activity
over the greater savanna rainfall gradient. Because we define the
timing of the AHP at each site based on the individual d2H records,



Fig. 6. Fire and hydroclimate during the AHP at Lake Turkana and Lake Victoria. All PAH records have been corrected using NMF pyrogenic abundance. a) Total Parent PAHs
normalized to TOC at Lake Turkana b) % TOC at Lake Turkana (Morrissey and Scholz, 2014). c) Total Parent PAHs flux at Lake Turkana. d) Leaf wax Hydrogen isotopes at Lake Turkana
(Morrissey, 2014). e) Total Parent PAHs normalized to TOC at Lake Victoria f) % TOC at Lake Victoria (Cockerton et al., 2015). g) Total Parent PAHs flux at Lake Victoria. h) Leaf wax
Hydrogen isotopes at Lake Victoria (Berke et al., 2012).
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the dates used for the start and end of the AHP in the following
discussion are different for each site (Table 1). We describe site
results in order from most arid to most humid. At GeoB7920-2
(Fig. 2, Site #1) we first converted char accumulation (particles/
cm3) to charcoal flux (particles/cm2/yr) using the sedimentation
rates from the agemodel (Dupont and Schefub, 2018). Charcoal flux
first increased then decreased during the AHP (11.3e5.0 ka)
(Fig. 8b) (Dupont and Schefub, 2018). At GeoB9508-5 (Fig. 2, Site
#3), charcoal flux initially increased at the start of the AHP
(15e12.7ka), decreased by an order of magnitude after the Younger
Dryas (Fig. 8e) (Moore et al., 2022), and then remained stable
through the rest of the AHP (11.3e4.8 ka) (Fig. 8e) (Moore et al.,
2022). At Lake Chala (Fig. 2, Site #4), charcoal flux was high in
the late Pleistocene (>14 ka) then decreased during the Pleistocene
to Holocene transition (14e11.3 ka) (Fig. 8h) (Nelson et al., 2012).
During the AHP (11.3e4.8 ka) charcoal fluxes at Lake Chala
increased slightly, then decreased after 4.8 ka (Fig. 8h) (Nelson
et al., 2012). At Lake Tanganyika (Fig. 2, Site #5), charcoal flux
increased at the onset of the AHP (15.0 ka) then little to no charcoal
was deposited at the site after the Younger Dryas (<11.5 ka) (Fig. 9b)
(Ivory and Russell, 2016). Finally, at Lake Bosumtwe (Fig. 2, Site #7),
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levoglucosan (another class of fire marker) flux decreased precip-
itously at the AHP onset (15.1 ka) before dropping to zero during
the middle of the AHP (11.5e6 ka) (Fig. 9h) (Shanahan et al., 2016).
5. Discussion

In section 5.1, we discuss how PAH transport and sourcing
processes inform interpretations of paleofire shifts at Lakes Tur-
kana and Victoria. We then interpret fire response to increased AHP
rainfall at each of the seven sites, moving along the rainfall gradient
from arid (Section 5.2) to humid (Section 5.3). In section 5.4, we
synthesize how fire regimes responded to the AHP through both
time and space. We find that sites displayed distinct fire responses
during the AHP consistent with predictions based on modern
empirical and theoretical work (Fig. 1). We find strong evidence
that fire dynamics depend on initial hydroclimate conditions at a
site, and that several sites exhibit distinct fire dynamics when
switching between biomes. Finally, we consider how other vari-
ables changing during the AHP besides mean annual precipitation
may complicate savanna fire response (Section 5.5), and we inte-
grate their effects into this interpretive framework.



Fig. 7. Retene/3-ring PAH ratios. a) Box and whisker plots of Ret/3-ring values between both lakes: Lake Turkana (white) and Lake Victoria (grey). Asterisks represent significance
(<0.001) from a Kruskal-Wilcox test for difference between sets of samples (p ¼ 1.3 � 10�9). b) Ret/3-ring ratios and the conifer/weathered factor (Fig. 3a, grey factor 3) abundance
through time. Both datasets are from Lake Turkana. The strong correlation between Ret/3-ring and NMF factor 3 (r ¼ 0.71, p < 0.01) supports the interpretation that factor 3 is
coming from a gymnosperm source.

Fig. 8. Fire and hydroclimate during the AHP at previously published semi-arid sites: GeoB7920-2, GeoB9508-3, and Lake Chala. a) Percent grass pollen at GeoB7920-2 (Dupont and
Schefub, 2018) b) Charcoal flux at GeoB7920 (Dupont and Schefub, 2018). c) Leaf wax d2H (C31 n-alkane) at GeoB7920 (Dupont and Schefub, 2018). d) Leaf wax d13C (C31 n-alkane) at
Geob9508 (Niedermeyer et al., 2010) e) Charcoal flux at GeoB9508 (Moore et al., 2022) f) Leaf wax d2H (C31 n-alkane) at GeoB9508-5 (Niedermeyer et al., 2010) g) Percent grass
pollen (van Geel et al., 2011) at Lake Chala. h) Charcoal flux at Lake Chala (Nelson et al., 2012). To highlight general trends in a high variability dataset, we smoothed charcoal flux
with ‘loess’ using a 0.3 span. The shaded region is the 97.5% confidence interval. i) Hydroclimate proxies at Lake Chala. Teal points are leaf wax d2H (C28 fatty acid) (Tierney et al.,
2011a), solid dark blue line is BIT index (Verschuren et al., 2009), and solid teal line is d18Odiatom (Barker et al., 2011).
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5.1. PAH transport and sourcing

The distinct PAH size distributions between the lakes (higher
LMW/Total at Turkana and lower LMW/Total at Victoria) match
what we would expect based on differences in sedimentary
transport processes (Fig. 5). Lake Victoria has 25 inflowing tribu-
taries that deliver water and sediment to the basin (Sene and
Plinston, 1994), so we expect PAHs were transported via both
aeolian and fluvial transport. However, Turkana's main inflowing
rivers are the Omo, which contributes to the northern basin, and
the Turkwel and Kerio Rivers which flow into the central part of the
lake. Aeolian sediment transport is more pronounced in the
southern basin where the cores were acquired, compared to the
central and northern part of the lake (Morrissey and Scholz, 2014;
Yuretich, 1986).

Despite these basin-scale differences, both settings do show a
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similar though small decrease (~0.08) in LMW/Total ratios during
the AHP (Fig. 5b). During this time, precipitation and presumably
runoff increased at both lakes (Garcin et al., 2012; Morrissey and
Scholz, 2014; Talbot and Lærdal, 2000), which would have likely
increased the contribution of fluvially transported PAHs to the
sediment. Despite this commonality, the lakes show divergent PAH
patterns through the AHP (Fig. 6b and f). Therefore, shifts in
transport mechanism are unlikely to obscure our interpretations of
fire history or account for differences in fire history between the
lakes.

While both lakes had petrogenic PAH inputs (Fig. 3), the NMF
correction method allowed for the identification and exclusion of
these confounding PAH sources to support our paleofire in-
terpretations. Curiously, in addition to a petrogenic and pyrogenic
sources, Lake Turkana also had a third meaningful source end-
member whose features that resemble either a weathered PAH



Fig. 9. Vegetation, fire and hydroclimate during the AHP at mesic sites: Lake Tanganyika, Lake Victoria, and Lake Bosumtwe. a) Pollen type percentages at Lake Tanganyika (Ivory
and Russell, 2016). Tropical Forest ¼ Moraceae, Macaranga-type, Celtis, and Trema orientalis-type, Miombo ¼ Brachystegia, Isoberlinia, and Uapaca, Savanna ¼ Acacia, Commiphora
africana-type, and Combretaceae undifferentiated b) Charcoal flux at Lake Tanganyika (Ivory and Russell, 2016). c) Leaf wax d2H (C28 n-alkanoic acid) at Lake Tanganyika (Tierney
et al., 2008). d) Pollen type percentages at Lake Victoria (Kendall, 1969). Tropical Forest ¼Moraceae, Urticaceae, Trema,Macaranga, and Celtis. e) PAH flux at Lake Victoria. f) Leaf wax
d2H (C28 n-alkanoic acid) at Lake Victoria (Berke et al., 2012). g) Leaf wax d13C (C31 n-alkane) at Lake Bosumtwe (Shanahan et al., 2015, 2016). h) Levoglucosan flux at Lake Bosumtwe
(Shanahan et al., 2016). i) Estimated precipitation calculated from leaf wax d2H (C31 n-alkane) at Lake Bosumtwe (Shanahan et al., 2015, 2016).
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source or PAH contributions specifically from gymnosperm/co-
nifers. PAHs that have been degraded by microbes in soils and
sediments display a distinctive increasing staircase distribution of
methylated phenanthrenes (P < MP < DMP < TMP) (Mallick et al.,
2011; Stogiannidis and Laane, 2015). Although the third endmem-
ber generally displays this weathering pattern (Fig. 3a), it is inter-
rupted by maximum of DMPs (P<MP<DMP>TMP), and this most
closely resembles the alkylated phenanthrene distribution burn
products of some, but not all, gymnosperm taxa (Karp et al., 2020;
Simoneit, 2002; Yunker et al., 2002).

Retene patterns at Lake Turkana support the interpretation that
this endmembermay reflect distinct conifer/gymnosperm inputs to
the PAH record. While Ret/3-ring ratios at Lake Turkana were
generally low (m ¼ 0.22) (Fig. 7a); they were highly correlated with
the abundance of the third NMF endmember (r ¼ 0.71, p < 0.01)
(Fig. 7b) and inversely correlated with the pyrogenic component
(r ¼ �0.65, p < 0.01). Importantly, Ret/3-ring was not significantly
correlated to the petrogenic endmember (r¼ 0.03, p¼ 0.80), which
indicated that the relationship between Ret/3-ring and the other
two endmembers was not simply a relic of the abundances of the
factors summing to one, but rather represented a meaningful
indication of a tradeoff between gymnosperm and angiosperm
pyrogenic PAH inputs. It is possible these are inputs from the
Ethiopian highlands to the North of Lake Turkana, which include
Afrocarpus, an endemic conifer (Adie and Lawes, 2011).

This pattern of a distinct gymnosperm source is consistent with
a basin that is severely fuel limited. If savanna fire activity was low,
fire inputs from very distal gymnosperm taxa likely contributed
more to the record than they would in another context where fires
were not fuel-load limited. These taxa likely burned very infre-
quently (or not at all), but if grass-derived fire activity was also low,
distal conifer inputs may have been a significant source of PAHs,
and therefore, contributed to PAH inputs. However, we note that
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since we correct PAH concentrations to the pyrogenic NMF factor,
we can be confident that interpretations of PAH records reflect
savanna fire response to the AHP rather than shifts in distal conifer
burning.

Because Lake Victoria is relatively mesic, we hypothesize that
retene patterns at Victoria would be distinct from Turkana because
PAH fluxes indicate fire activity was 1) likely higher and 2) likely
fuel-moisture, rather than fuel-load, limited (i.e., there is usually
enough fuel to burn) (Figs. 4 and 6C, G), such that pyrogenic PAHs
and non-petrogenic PAHs overall were likely dominated by savanna
burning inputs. And indeed, at Victoria, Ret/3-ring values were
significantly less than those at Lake Turkana (NTurk ¼ 54, NVic ¼ 30,
c2 ¼ 34.677, p≪<0.001) and were consistently below the threshold
of conifer inputs (Fig. 7a) (m ¼ 0.06, all<0.2) (Karp et al., 2020).
Together this indicates that fire-derived PAHs at Victoria were
dominated by angiosperms. Additionally, the best-fit NMF at Vic-
toria does not include an endmember dominated by DMPs, which
defines the conifer (gymno)/weathered factor. Together PAH, DMP,
and retene patterns at both lakes indicate the pyrogenic NMF
component of the PAHs (and therefore the corrected fluxes) reflects
burning of savannas, rather than distal gymnosperm forests, which
is consistent with the strong connections between frequent grass-
fueled fires and savannas in modern day subtropical systems
(Murphy et al., 2019; Staver et al., 2011b).
5.2. Fire regimes at arid to semi-arid savanna sites

We hypothesized that fire activity at the arid and semi-arid sites
along the savanna rainfall gradient would be fuel-load limited, and
thus that fire activity would increase as rainfall increased during
the AHP (see Fig. 1).

Core GeoB7920-2 (Fig. 2, Site #1) is a marine site off the coast of
Mauritania that records the greening of the Sahara during the AHP
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(Fig. 2; Dupont and Schefub, 2018; Nelson et al., 2012; Tierney et al.,
2011b). Rainfall at this latitude (~20�N) would have increased
substantially from <100mmyr�1 to between 300 and 800mmyr�1

during the AHP (Table 1) (Peyron et al., 2006; Tierney et al., 2017),
moving from a fireless desert system into a fuel-load limited semi-
arid savanna (Dupont and Schefub, 2018). Therefore, we expect fire
activity to track increases in rainfall during the AHP (Fig. 1a).
Charcoal patterns at GeoB7920 indicate fire activity was high dur-
ing the AHP, but dropped precipitously as rainfall decreased at the
termination of the event (Dupont and Schefub, 2018) (Fig. 8b),
fitting our expectations for a fuel-load limited system. Pollen re-
cords from the site indicate high contributions of grasses and
savanna woody vegetation during the AHP, which declined as
desertification occurred at the termination of the AHP (Dupont and
Schefub, 2018) (Fig. 8a). These dynamics are consistent with ex-
pectations for fire responses to increased rainfall in an arid region,
where fuel-loads are limiting (Fig. 1a).

The Omo-Turkana Basin (Fig. 2, Site #2) sits on the semi-arid
side of the savanna rainfall gradient (468 ± 273 mm yr�1). Precip-
itation is estimated to have increased to ~560e660 mmyr�1 during
the peak of the AHP (Table 1) (Fischer et al., 2020; Junginger and
Trauth, 2013). In Africa today, the rainfall threshold from fuel-
load limited to moisture-load limited fire regimes is ~800 mm
yr�1 (Alvarado et al., 2020), so we can conservatively predict that
the system should remain fuel-load limited and that fire activity
should increase during the wetter AHP (Fig. 1a). And indeed, PAH
patterns at Lake Turkana indicate that AHP fire activity was
elevated (Fig. 6c), likely as a result of increased grass production
accompanying increased rainfall (Sala et al., 2012). This interpre-
tation of the site as fuel-load limited is further supported by strong
correlations between b-amyrin derivative and PAHs fluxes at the
site (r ¼ 0.74, p < 0.01) (Fig. 4a), indicating that PAH concentrations
are tightly coupled to fuel loads. Again, these dynamics are
consistent with expectations for fire responses to increased rainfall
in a semi-arid region, where fuel-loads are limiting (Fig. 1a).

Core GeoB9508-5 (Fig. 2, Site #3) captures a signal from the
Sahel. Today, this region experiences on average 492 mm yr�1

rainfall, and, based on vegetation modeling, rainfall likely increased
to 700e1000 mm yr�1 during the AHP (Larrasoa~na et al., 2013;
Niedermeyer et al., 2010) (Table 1). Because this projected AHP
rainfall range brackets the modern rainfall threshold between fuel-
load limited and moisture-load limited fire regimes (~800 mm
yr�1; Alvarado et al., 2020), this increase may have shifted the fuel
dynamics at the site from fuel-load limited to moisture-load
limited. If this was the case, we predict fire activity would have
initially increased with rainfall, then started to decrease while AHP
rainfall remained high (Fig. 1b). Charcoal patterns and the d2H re-
cord at GeoB9508 confirm these expectations. Initially, the charcoal
flux mirrors the d2H record, pre-AHP fire activity decreased as
rainfall decreased, and then, at the start of the AHP, fire activity
increased as rainfall increased (Fig. 8e and f) (Moore et al., 2022;
Niedermeyer et al., 2010). Subsequently, during the middle of the
AHP, charcoal flux decreased though d2H indicates rainfall was still
high (Fig. 8e and f). Despite the relative decrease in fire activity
from the start of the AHP, substantial charcoal inputs (>5 � 107

particles cm�1yr�1), combined with higher leaf wax carbon isotope
values (>-26‰), indicate the site remained a fire-prone, C4-domi-
nated savanna throughout the AHP (Fig. 8d and e) (Moore et al.,
2022). Together, this evidence is consistent with the modern
observation that fire activity is highest in moisture-limited mesic
savannas (800e1200 mm yr�1) (Archibald and Hempson, 2016;
Moore et al., 2022; Van Der Werf et al., 2008). Overall, GeoB9508
displays dynamics of savanna that transitioned from fuel-load to
fuel-moisture limitation of fire activity (Fig. 1b).

Lake Chala (Fig. 2, Site #4) is a crater lake in Kenya which
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currently experiences 747 ± 42 mm yr�1 of rainfall (Fig. 2). Chala
approaches the modern fuel-load/fuel-moisture limited threshold
(800 mm yr�1) (Alvarado et al., 2020), so could conceivable display
fuel-load limited behavior, fuel-moisture limited behavior, or a
transition between the two. Chala is a complicated site to interpret
for several reasons. Firstly, though the Lake Chala fatty acid d2H are
more negative during the AHP, the magnitude of this shift is very
small (only about �5‰; Fig. 8i) compared to other sites (�15
to �40‰; Fig. 6d; Fig. 6h; Fig. 8c; Fig. 8f; Fig. 9c; Fig. 9i). This could
indicate that influences besides the amount effect, such as shifts in
seasonal source water (Tierney et al., 2011b) or mixing of fatty acid
derived from terrestrial and aquatic sources to the lake sediment
(van Bree et al., 2018), obscured rainfall shifts. Alternatively, the d2H
record could indicate there was not a substantial shift in rainfall
during the AHP. Additionally, another organic hydroclimate proxy
record at Chala, the Branched/Isoprenoidal Tetraethers (BIT) Index,
tracks the d2H record from 20e10 ka, but diverges after 9 ka (Fig. 9i)
(Tierney et al., 2011b). The BIT was initially interpreted as a proxy
for runoff based on the assumption that branched GDGTs are pro-
duced in soils (Hopmans et al., 2004), but in Lake Chala, branched
GDGTs are also produced in situ (Buckles et al., 2014; Sinninghe
Damst�e et al., 2012), meaning shifts in BIT values do not neces-
sarily record shifts in rainfall and runoff. Finally, d18Odiatom, inter-
preted to record P-E balance of the lake, indicate either more
rainfall or reduced evaporation during the AHP (11.3e4.8 ka)
(Barker et al., 2011). Ultimately, it is likely that rainfall did increase
during the AHP at the site, but that this was a relativity small shift.

Fire patterns across the AHP are muted at Chala (Fig. 9h).
Charcoal flux was variable in the late Pleistocene (20e15 ka), low
during the Younger Dryas (12.7e11.3 ka), then was moderate dur-
ing the AHP (11.3e4.8 ka) (Nelson et al., 2012). Despite the com-
plexities in interpreting these proxies at the site, fire trends seem to
better track AHP leaf wax d2H and d18Odiatom than BIT values, with
higher fire during negative d2H and d18Odiatom periods, and de-
creases in fire activity coinciding with d2H and d18Odiatom increases
(Fig. 8h; Fig. 8i) (Barker et al., 2011; Nelson et al., 2012). The
decrease in fire at the YD (which all proxies indicate was dry)
combined with the slight increase in fire during the AHP is
consistent with a fuel-load limited site that remains close to the
threshold but does not transition to fuel-moisture limitation
(Fig. 8h; Fig. 8i). At a fuel-load limited site, we expect charcoal flux
to track the amount of grass (i.e., fuel) on the landscape. Pollen
records indicate grasses dominated the vegetation surrounding
Chala (>60% grass) throughout the entire record (Fig. 8g) (van Geel
et al., 2011), and d13C of charcoal indicate burning was generally
dominated by C4 grass inputs (Blaauw et al., 2011). We note that
there are not substantial increases in grass pollen during the AHP at
Chala (Fig. 8g; Fig. 8h). Unlike pollen concentration data, pollen
percentage records capture relative vegetation shifts, rather than
the amount of biomass on a landscape. Because this site remains
grass dominated, a lack of relationship between d2H and grass
pollen does not rule out an increase in fuel loads in response to
rainfall. However, the very slight increase in charcoal does suggest
if the site was fuel limited, then this limitation was not very strong.
In savannas today, the strength of the dominant correlation be-
tween fire and rainfall (either positive or negative) weakens at sites
close to the rainfall boundary between fuel-load or fuel-moisture
limited systems (Alvarado et al., 2020). Thus, the very slight in-
crease in AHP fire at Chala could be 1) because the site is at the very
high end of the fuel-load limited range, thus not strongly depen-
dent on fuel loads, 2) due to a very slight change in rainfall at the
site, or 3) a combination of both. Because we are unsure by how
much rainfall increased during the AHP, we cautiously interpret fire
dynamics as fuel-load limited at Chala. We note that because of the
uncertainties at this site, we do not include the site in our synthesis
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(Fig. 11), which summarizes the sites in relation to our hypotheses
(Fig. 1).

5.3. Fire regimes at semi-mesic to mesic savanna sites

We hypothesized that fire activity at the semi-mesic to mesic
sites along the savanna rainfall gradient would be generally fuel-
moisture limited, and thus that fire activity would decrease as
rainfall increased during the AHP. In the extreme, this decrease
could cause fire to mostly disappear from a system, which we
expect might additionally complicate dynamics at the highest
rainfall sites. The suppression of fire can trigger a transition from
savanna to humid forest, which might not be reversed at the end of
the AHP, if savanna and forest are indeed maintained by fire as
alternative stable states (Staver et al., 2011a).

Lake Tanganyika (Fig. 2, Site #5) has an average of
1054 ± 172mmyr�1 of rainfall in the basin (Ivory and Russell, 2016;
Tierney et al., 2008). Rainfall estimates based on scaling the d2H
shifts to LGM-modern changes in precipitation estimated from
pollen, indicate an increase to ~1400 mm yr�1 during the AHP
(Tierney et al., 2010). Given current rainfall is above the modern
fuel-load/fuel-moisture limited threshold (800 mmyr�1) (Alvarado
et al., 2020), we predicted that fire decreased and then increased
across the AHP as rainfall increased and then decreased (Fig. 1c).
The reality is more complicated than this: Tanganyika charcoal
fluxes indicate high and variable fire activity coincided with
increasingly wet conditions at the beginning of the AHP (15.0 ka),
then fire activity abruptly decreased following the Younger Dryas
(12.7e11.5 ka) as rainfall increased further during the middle of the
AHP (Fig. 9b and c) (Ivory and Russell, 2016). This pattern suggests
that fire activity at the site was initially fuel-load limited, tran-
sitioning to a fuel-moisture limited fire regime during the AHP
(Fig. 1b). That this site was initially fuel load limited is somewhat
surprising given modern rainfall at Tanganyika, which substantially
exceeds the modern fuel-load/fuel-moisture threshold (Alvarado
et al., 2020). There are three possible explanations: either 1)
deglacial rainfall at the site was less than 800 mm yr�1, 2) the
rainfall threshold between fuel-load and fuel-moisture limited sa-
vannas was higher during the terminal Pleistocene than today due
to differences in precipitation minus evaporation (P-E), or 3)
changes in rainfall seasonality during the AHP influenced fire ac-
tivity. There is support for either the first or third possibility. Pollen-
based precipitation estimates support the first, lower rainfall pos-
sibility: estimates place LGM rainfall between 720 and 896 mm
yr�1, which straddles the 800 mm yr�1

fire threshold (Bonnefille
and Chalie, 2000; Tierney et al., 2010; Vincens et al., 1993).
Modeling work across the AHP at Tanganyika generally supports
the third, seasonality possibility: an increase in moisture from the
Atlantic during the dry season and/or “short rains” may have
resulted in reduced seasonality during the AHP thereby decreasing
fire after the Younger Dryas (Tierney et al., 2010, 2011a). The
decrease in AHP fire activity is accompanied by a decrease in grass
pollen, and an increase in miombo woodland taxa (Fig. 9a). These
changes in both fire activity and vegetation structure persist even
after the termination of the AHP, suggesting that a shift among
multiple stable states occurred (probably savanna to woodland or
dry forest). Overall, Tanganyika displays dynamics of a site tran-
sitioning not just from fuel-load to fuel-moisture limitation
(Fig. 1b), but also to a dry-forest stable state (Fig. 1d). Observations
remain conceptually consistent with predictions based on modern
savanna fuel and fire dynamics, but also emphasize the strong role
of seasonality.

The Lake Victoria basin (Fig. 2, Site #6) is mesic (1185 ± 321 mm
yr�1). While there are currently no estimates for the exact magni-
tude of the AHP rainfall increase at Victoria, rainfall at Lakes Edward
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and Naivasha, which bracket the basin to the East and West, is
estimated to have increased to 1300e2000 mm yr�1 during the
AHP (Table 1) (Bergner et al., 2003; Berke et al., 2012; Beuning and
Russell, 2004). The site is currently above the modern fuel-load/
fuel-moisture limited threshold (800 mm yr�1) (Alvarado et al.,
2020), and we therefore expect that fire activity decreased with
increased rainfall during the AHP (Fig. 1c). The ecological dynamics
at this site also make it a good candidate for complications from
changing biome composition, since it currently sits within the
savanna-forest bistable zone (700e1900 mm yr�1) (Fig. 2a)
(Aleman et al., 2020) and might have experienced a potentially
irreversible shift from savanna to forest with decreased fire activity
(Fig. 1d). PAH fluxes at Lake Victoria suggest that fire activity
decreased during the AHP (Fig. 9e), with no correlation between b-
amyrin derivative and PAHs concentrations (r ¼ �0.13, p ¼ 0.476)
(Fig. 4b). Both of these lines of evidence support the interpretation
that the site experienced increasing fuel-moisture limitation of fire
activity during the AHP (11.3e4.8 ka) (Fig. 1c and d). Recently,
Temoltzin-Loranca et al. (2023) published charcoal records from
three new cores taken from Lake Victoria. In all three records
charcoal fluxes also decreased during the AHP (Temoltzin-Loranca
et al., 2023), providing additional confidence that fire activity
around Lake Victoria decreased in response to increasing fuel-
moisture limitation.

The PAH and charcoal records from Lake Victoria differ at the
end of the AHP (6e4 ka). The PAH record indicates fire activity
remained low (Fig. 9e), but the charcoal records indicate a peak
between 5e4 ka (Temoltzin-Loranca et al., 2023). Among the po-
tential taphonomic explanations for this discrepancy (e.g., different
transport pathways or source areas (Vachula et al., 2022; Vachula
and Richter, 2017)), one plausible candidate is that large macro-
scopic charcoal, such as that analyzed at Lake Victoria (>200 mm)
(Temoltzin-Loranca et al., 2023), may be biased towards woody
burning (Leys et al., 2017). Indeed, Temoltzin-Loranca et al. (2023)
link this charcoal increase to the expansion of Podocarpus-Juniperus
forests. Though Ret/3-ring ratios indicate PAHs are not sourced
predominately from gymnosperm burning at Lake Victoria (low
values of <0.2, with most <0.1), the highest value in the record
(0.18) does occur at ~4.1 ka. It is plausible that the charcoal records
aremore sensitive to distal conifer burning that is not capturedwell
in the overall PAHs fluxes. It would follow that the post-AHP
charcoal peak represents increased conifer burning, while PAHs
indicate savanna/tropical forest burning may have remained low
even as rainfall decreased during the termination of the AHP. Pollen
data from the site shows that tropical forest vegetation (i.e., Mor-
aceae, Urticaceae) increased during the AHP at the expense of
grasses (Fig. 9d) (Kendall, 1969; Temoltzin-Loranca et al., 2023), as
large parts of the Victoria basin likely transitioned from a high-fire
savanna state to a low-fire forest state. This vegetation shift
potentially explains why PAHs indicate fire activity did not increase
again at the end of the AHP: the basin had experienced a transition
from one stable state (savanna) to another (forest), displaying
hysteresis despite the reversal of the increased rainfall event.

Finally, Lake Bosumtwe (Fig. 2, Site #7) currently receives
1390 ± 29 mm yr�1 of rainfall, and based on pollen-estimates,
rainfall increased to ~1600e1900 mm yr�1 during the AHP
(Peyron et al., 2006; Shanahan et al., 2015, 2016). Of all the sites
examined here, we predict that Bosumtwe should be most likely to
show decreased fire activity due to increasing fuel moisture across
the AHP and to experience a shift in vegetation states from savanna
to predominately humid forest (Fig. 1d). And indeed, both charcoal
and levoglucosan records at Lake Bosumtwe indicate fire activity
abruptly decreased at the initiation of the AHP (Fig. 9h) (Shanahan
et al., 2016). The exclusion of fire was not reversed at the end of the
AHP, suggesting a transition in alternative stable state occurred
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(Fig. 1d). Within ~300 years of the decrease in fire and increase in
rainfall, leaf wax carbon isotope records indicate vegetation shifted
abruptly from C4 to C3 dominated plant communities, which was
interpreted as a transition from savanna to forest ecosystems
(Fig. 9gei) (Shanahan et al., 2016). Thus, fire and vegetation dy-
namics at Bosumtwe also conform to expectations.

5.4. Fire response to the African Humid Period across the savanna
rainfall gradient

In sum, responses of fire activity at seven paleoecological sites
strongly demonstrate that hydroclimatic controls on savanna fire
activity vary along a rainfall gradient across African savannas, and
that fire responses to climate perturbation depend on initial
vegetation and rainfall at a site (Fig. 10). The empirical observations
(Fig. 10) closely matched predictions based on our modern under-
standing fire responses to rainfall (Fig. 1). Arid sites (Site #1:
GeoB7920-2, and Site #2: Turkana) showed evidence that prior to
the onset of increased AHP precipitation, fuel-loads limited fire
activity. Fire activity increased as AHP rainfall increased (Fig. 10). At
semi-arid GeoB9508-5 (Site #3), fire controls transitioned from
fuel-load limited to fuel-moisture limited, evidenced by first an
increase followed by a decrease in fire activity in response to
increased AHP rainfall (Fig. 10). Fuel dynamics differed slightly at
semi-arid Chala (Site #4, where rainfall increases are likely smaller
than other sites). Chala fire activity only marginally increased
during the AHP, likely in response to slight increases in rainfall.

Meanwhile, semi-mesic/mesic sites (Site #5: Tanganyika, Site
#6: Victoria, Site #7: Bosumtwe) showed evidence of fuel-moisture
limited fire regimes, fire activity decreased in as rainfall increased
during the AHP (Fig. 9; Fig 10). Tanganyika may have started out as
fuel-load limited, transitioning to fuel-moisture limitation after the
Younger Dryas, but Victoria and Bosumtwe showed decreased fire
activity with the onset of the AHP, suggesting theywere already in a
primarily fuel-moisture limited regime.

Dynamics across all of these sites may in part reflect decreases in
seasonality across the AHP, not just increases in overall MAP. Both
isotopic modeling work and d18O of herbivore tooth enamel suggest
increases in dry season P-E may be especially responsible for the
hydroclimate signal observed during the AHP in East Africa (Reid
et al., 2019; Tierney et al., 2011a). In fuel-moisture limited sys-
tems (all three mesic sites), shorter dry seasons reduce fuel curing
and thus reduce fire spread (from modern systems Archibald et al.,
2009; Mondal and Sukumar, 2016), compounding increases in MAP
to favor forests at the expense of savannas (Aleman et al., 2020;
Staver et al., 2011b). Overall, fire records at sites examined here
support the interpretation that the AHP partially resulted from
increased precipitation during the dry season and/or “short rains”
in East Africa.

Together, differential AHP fire behavior across a rainfall gradient
reveals that fire-rainfall relationships are non-linear, even on
millennial time scales. Recent analysis of Quaternary paleofire ac-
tivity across a latitudinal gradient in northern Africa supported the
intermediate fire hypothesis (Moore et al., 2022): that savanna fire
activity is highest at intermediate rainfall (Archibald and Hempson,
2016; Krawchuk and Moritz, 2011). Our analysis, which included
some of these same North African sites, corroborates these con-
clusions across both eastern andwestern Africa (Fig.10), and clearly
indicates that it is not just the amount of fire activity which shifts as
rainfall increases along this gradient, but the direction of the rela-
tionship between rainfall and fire (Fig. 10) (Alvarado et al., 2020).
Additionally, we found evidence that fire activity responses to
rainfall can be reversible (e.g., Site #2: Turkana) or irreversible (e.g.,
Site #7: Bosumtwe) depending on whether vegetation shifted
alongside fire activity.
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All three semi-mesic/mesic sites experienced complete declines
in fire activity which were not reversed at the end of the AHP and
were accompanied by transitions from grass-dominated savannas
to miombo dry or humid forests (Fig. 9) (Fig. 1c). This suggests that
these mesic sites experienced a rainfall-driven state change, which
was maintained via hysteresis even after rainfall decreased again to
its pre-AHP levels. At the two wettest sites, savanna transitioned to
tropical forest via dynamics widely hypothesized from modern
savanna-forest bistability. Once a site is forested, moist-closed
canopy taxa can inhibit fireda stabilizing forest feedback at a
rainfall range (700e1900 mm yr�1) where regular burning could
otherwise maintain savanna (Pausas and Bond, 2020; Staver et al.,
2011a).

However, these transitions are not truly irreversible. If ignitions
increase enough, we predict the system could shift across the
threshold in the opposite direction. At ~2 ka, well after then end of
the AHP, forests collapsed at many sites across East Africa, including
Lake Victoria (Fig. 11a) (Kendall, 1969), Lake Edward (Ivory and
Russell, 2018) and Lake Albert (Beuning et al., 1997). To examine
if fire played a role in late Holocene forest-savanna transitions at
Lake Victoria, we combine our new PAH recordwith that of Battistel
et al. (2017), who measured PAH concentrations in the same core
from late Holocene samples (2.1e1.2 ka). Though Battistel et al.
(2017) did not correct for pyrogenic inputs and measured a
slightly different suite of compounds, the concentrations of an
uncorrected subset of PAHs (3,4, and 5-ring compounds) are com-
parable between studies (Fig. 11a). The combined record indicates
there was no substantial shift in fire or forest-savanna state as
rainfall decreased during termination of the AHP, but that at 2.5 ka,
fire and grasses increased substantially as woody components
decreased (Fig. 11a). Previous work attributed regional forest
collapse to a marked increases in fire, driven by a combination of a
severe transient drought and increased human ignitions (Battistel
et al., 2017; Ivory and Russell, 2018) (Fig. 11b). This is consistent
with observations at Victoria, and together indicates while there is
hysteresis in these systems, a large enough increase in fire activity
can trigger a vegetation state change from forest back to savanna.

Interestingly, Lake Tanganyika also appeared to undergo a state
change from savanna to forest in the late Pleistocene that was not
reversed during the termination of the AHP or after. Curiously, in
addition to an increase in forest taxa during the AHP (Fig. 9a), there
is also a shift in composition from tropical forest to a dry forest,
largely composed ofmiombo taxa (Fig. 9a). The shift was associated
with a strong but not complete reduction in fire activity (Fig. 9a).
Today, the miombo is a highly flammable ecosystem that functions
over large parts of its range as a savanna (Frost, 1996; Ryan and
Williams, 2011). However, at least some parts of the miombo are
considered to be a fire-sensitive forest (Cauldwell and Zieger, 2000;
Ryan and Williams, 2011), which appears more consistent with the
strong decrease in fire activity that accompanied miombo coloni-
zation during the AHP. Pollen assemblages indicate that the
miombo component during the AHP was composed of mostly hu-
mid miombo taxa, such as Uapaca (Ivory and Russell, 2016), a fire-
sensitive broad-leaf tree that can reduce understory fuels and fire
frequency (Hollingsworth et al., 2015). It is also noteworthy that, in
this case, this dry forest system appears to be alternatively stable to
more flammable savannas (since it did not revert to its original fire-
prone state even after the AHP terminated), a dynamic not usually
proposed by those that consider miombo a dry forest (Ribeiro et al.,
2020).

5.5. Additional factors that may influence savanna fire activity

Other potential influences of fire activity exist besides rainfall
and rainfall seasonality. Feedbacks between fire, fuels, savanna, and
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Fig. 11. Post-AHP dynamics at Lake Victoria. The dark grey bar indicates the termi-
nation of the AHP, and the light grey bar indicates the transition (~2.5 ka) back from
forest to Savanna. a) Left axis is PAH concentrations for the sum of 3,4,5-ring PAHs
(Phen, Ant, Fla, Pyr, Chry, BaA). Red circles are from this study. White squares are from
Battistel et al. (2017). Right axis is pollen type percentages at Lake Victoria (Kendall,
1969). Tropical Forest ¼ Moraceae, Urticaceae, Trema, Macaranga, and Celtis. b) Leaf
wax d2H (C28 n-alkanoic acid) at Lake Victoria (Berke et al., 2012).
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forest states are also moderated by abiotic (e.g., pCO2) and biotic
(e.g., herbivory) factors, in addition to hydroclimate, that can
confound fire-vegetation-hydroclimate relationships.

Firstly, pCO2 potentially affects plant physiological function,
with differential effects across different plant types that govern the
fire and vegetation dynamics discussed here. Savanna grasses
generally use the C4 pathway, which confers an advantage both
under low pCO2 and under water stress (Ehleringer et al., 1997),
whereas savanna and forest trees use the C3 pathway, which is
favored under high pCO2 and/or under humid conditions. Though,
pCO2 shifts have a more direct effect on the balance between C3
versus C4 grasses (rather than C4 grasses versus C3 trees), pCO2 may
interact with other factors (e.g., moisture balance, fire) to differ-
entiate between trees and grasses (Bond, 2008). Today, increased
pCO2 levels have been linked to increases in the savanna woody
fraction (Bond, 2008; Hoffmann et al., 2000). In the past, global
pCO2 levels increased by about 60 ppm from 17e12 ka during the
last deglaciation (Monnin et al., 2001), and as moisture increased
and fire decreased at fuel-moisture limited sites during the AHP,
this increased pCO2 may have additionally stabilized C3 trees. This
mechanism has been specifically invoked for the state transitions
observed at Lake Bosumtwe (Shanahan et al., 2016), as well as to
explain shifts in late Holocene savanna and forest climate enve-
lopes across Africa (Phelps et al., 2020). It may also help explain
why Tanganyika not only transitioned from fuel-load to fuel-
moisture limited, but also to woodier Miombo from more open
savanna. This higher pCO2 may also be implicated in stabilizing
forests even at lower precipitation after the termination of AHP
(Brovkin et al., 1998).

Second, herbivory may also impact savanna fire activity (Karp
et al., 2021b). Grazers reduce grassy fuel loads in savanna systems
(Staver et al., 2021; Staver and Bond, 2014), which can reduce fire
frequency and burned area (Waldram et al., 2008). As such, herbi-
vore effects on vegetation could have mediated fire responses to
rainfall changes over the AHP. However, the size and direction of
these effects is not necessarily straightforward. In savannas, her-
bivore diversity and densities vary along the savanna rainfall
gradient (Hempson et al., 2015; Olff et al., 2002), with highest
herbivore densities falling between 600 and 800 mmyr�1. It is very
likely that Holocene herbivore densities would have also responded
to shifting rainfall during the AHP, but like fire, this response may
have varied along the rainfall gradient. Of the sites examined here
only two, Chala and Tanganyika, capture herbivore patterns via the
Sporormiella proxy, a fungus that grows on herbivore dung (Ivory
and Russell, 2016; Perrotti and van Asperen, 2019; van Geel et al.,
2011). At Chala, Sporormiella patterns do not change substantially
over the Holocene (van Geel et al., 2011), but at Tanganyika, Spor-
ormiella values are highest during the AHP, which suggests
increased herbivore densities may have stabilized miombo and
savanna landscapes, as well as helped to exclude fire (Ivory and
Russell, 2016). Given the disparate fire dynamics across sites,
morework is needed to explicitly tease apart the relative size of the
effects of herbivory versus the effects of rainfall on fuel loads during
the AHP.

A final factor that may impact savanna fire activity is human
activities. In savannas, humans alter fire activity by shifting the
timing of fires or by decreasing fuel loads through land use change
Fig. 10. Fire response to the AHP across the modern savanna rainfall gradient a-c) Plots of
activity is smoothed with ‘loess’ using a 0.5 span. The shaded region is the 97.5% confidence
2018) 2) Lake Turkana (Morrissey, 2014) b) Corresponds to Hypothesis B in Figs. 1 and 3) Geo
because P-E does not increase at this site during the AHP, but #4 in (b) is where Chala sits rel
c) Corresponds to Hypothesis D in Fig. 1 6) Lake Victoria (Berke et al., 2012) 7) Lake Bosum
defined using data from modern Africa floral survey sites replotted from Aleman et al. (2020
rainfall gradient, and yellow numbers are sites on the arid side of the rainfall gradient.
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(Archibald et al., 2012; Mcwethy et al., 2013).While it is challenging
to unambiguously test if humans influenced paleofire activity, we
propose some reasonable expectations for how human activities
may have altered fire across the rainfall gradient examined here
(Mcwethy et al., 2013). At the arid end of the rainfall gradient, in
fuel-load limited savannas, human activity could have reduced fire
activity by reducing fuel connectivity through either increased
grazing or planting (Krawchuk and Moritz, 2011; Mcwethy et al.,
2013). At the mesic end of the rainfall gradient, in fuel-moisture
limited savannas, human activity could have increased fire activ-
ity by increasing dry-season ignitions (Krawchuk and Moritz, 2011;
Mcwethy et al., 2013). In both cases, these effects are opposite to
howwe hypothesized firewould respond to rainfall changes during
the AHP. Since our data supports predictions based on rainfall
controls (Fig. 10), human drivers were likely not the dominant
factor influencing the large-scale fire patterns observed during the
AHP. A minimal role for humans in shaping fire regimes during the
AHP is also consistent in timing for human technological
leaf wax d2H records in teal and fire activity Z-scores in maroon from AHP sites. Fire
interval. a) Corresponds to Hypothesis A in Fig. 1 and ) GeoB7920 (Dupont and Schefub,
B9508 (Niedermeyer et al., 2010; Moore et al., 2022) 4) Lake Chala not shown in panel
ative to the other sites 5) Lake Tanganyika (Ivory and Russell, 2016; Tierney et al., 2008)
twe (Shanahan et al., 2015, 2016). b) Modern savanna and forest distribution gradient
). Numbers correspond to sites in (aec). Blue numbers are sites on the mesic side of the
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development in this region. Agropastoralism, which had a marked
impact on fire activity (Davies et al., 2022), did not expand in West
and East Africa until <4 ka, after the termination of the AHP
(Archibald et al., 2012; Smith, 1992). And as discussed above, at 2
ka, human activity certainly had a substantial impact on fire activity
and shifting forest-savanna states at some of the sites examined
here (Ivory and Russell, 2018). These past human-fire dynamics,
along with the observation that humans are suppressing fire ac-
tivity across Africa today (Andela et al., 2017), indicate anthropo-
genic effects should be taken into account alongside climate
variables when making predictions about fire responses to future
shifts in rainfall.

6. Conclusions

We set out to test if savanna fire response to the AHP was pre-
dictable based on fuel-load and fuel-moisture controls on fire. In
modern savannas, spatial patterns indicate fuel controls on fire vary
across a rainfall gradient, and that sites may cross fire-fuel
thresholds as rainfall increases (Alvarado et al., 2020). During the
AHP, we hypothesized savanna fire activity would respond differ-
ently to widespread rainfall increases depending on the initial
rainfall conditions at a site: that fire activity would increase at fuel-
load limited semi-arid sites but decrease at fuel-moisture limited
mesic sites. We found that fire response to the AHP varied and was
predictable based on our hypothesis. At the most arid sites, fire
activity increased during the AHP (GeoB7920 and Lake Turkana)
(Fig. 10a; b). At two intermediate sites, fire activity first increased
then decreased, indicating transitions from fuel-load limited sys-
tems and fuel-moisture limited systems (GeoB9508 and Lake Tan-
ganyika) (Fig. 10c; d). And at the most mesic sites, fire activity
decreased during the AHP (Lakes Victoria, and Bosumtwe) (Fig.10e;
f). In modern savannas, spatial patterns also indicate fire stabilizes
the vegetation at intermediate rainfall (1000e2000 mm yr�1) and
savannas can transition to forest when fire is limited (Aleman and
Staver, 2018; Staver et al., 2011a, 2011b). During the AHP, we also
hypothesized that if fire was suppressed as rainfall increases at
mesic sites, that the sites would transition from savanna to forest.
We found evidence for fire-mediated forest transitions during the
AHP at all three of our most mesic sites (Lakes Tanganyika, Victoria,
and Bosumtwe).

Fire and vegetation responses to decreasing rainfall at the end of
the AHP also varied predictably across sites. At the fuel-load limited
sites, fire activity decreased as rainfall decreased (GeoB7920 and
Lake Turkana). However, at mesic sites that transitioned to forest
(Lakes Tanganyika, Victoria, and Bosumtwe), fire did not increase
again, even though rainfall decreased to match pre-AHP levels, and
forest remained dominant at all three sites. This pattern indicates
hysteresis and provides evidence for forest-savanna bistability:
once a site is forested, the forest microenvironment inhibits fire,
which prevents a transition back to savanna in response to
decreasing rainfall. However, it is likely that if fire activity increases
enough, sites can shift back across the savanna-forest threshold; for
instance, at 2 ka, well after the AHP, human activities combined
with drought increased fire activity at some mesic forest sites (e.g.,
Lake Victoria, Lake Edward), transitioning them back to savanna.

Taken together, variation in fire response across sites indicates
that rainfall is a primary control on biomass burning in African
savannas and understanding the initial hydroclimate conditions at
a particular site is critical for predicting fire response to long-term
shifts in rainfall though time. This synthesis of fire across the AHP
supports the need for new broad-scale analyses of paleofire activity
alongside past hydroclimatic change, which will be a useful tool for
benchmarking global fire models (Braconnot et al., 2012; VanMarle
et al., 2017).
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