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ABSTRACT

Burning histories derived from charcoal preserved in sediment archives offer scope to
reconstruct past climate and landscape dynamics. The fault-bounded Aksay Pond in
northwestern China preserves an 80-year sediment sequence spanning 1931 to 2012 that
reveals undetected punctuated fire events within the last ca. 1000 years. We used Bayesian
inferential modelling of 24 macrocharcoals that have been directly *C Accelerated Mass

Spectrometry dated to examine past phases of fire activity and compare these phases with



other fire-proxy records from the Altai Ranges. That these charcoals formed, were stored in
the landscape and subsequently mobilised into the pond suggests that fires occurred at these
different times. This method for examining fire histories differs from more traditional
techniques and has some inherent uncertainties that are discussed. Importantly, our charcoal
record does not attempt to infer severity, intensity or number of fires but identifies undetected
periods of burning. Charcoal was dated to three statistically distinct phases spanning 95%
highest posterior density ranges of 1170 to 1290 CE (Phase 3), 1410 to 1650 CE (Phase 2)
and 1720 to 1900 CE (Phase 1) with some post-1950 CE charcoal. Bayesian modelling also
demonstrates that Phase 3 does not coincide with burning histories from elsewhere in the
Altai Ranges suggesting localised fires during the early to middle stages of the Medieval
Climate Anomaly. Phase 2 charcoals overlap with a significant period of burning from the
western Altai Range during the early stages of the Little Ice Age (LIA) indicating a larger
regional environment primed for fire. Phase 3 charcoals from Aksay Pond occurs during the
transition from peak LIA to Recent Warming and likely reflects regional increases in
anthropogenic burning. Our Bayesian analysis of the burning periods from the Aksay Pond
with other fire records from the Altai Ranges demonstrates that burning in the region is
spatio-temporally heterogeneous and that further sites need investigating to capture the true
history of burning from the region.Our novel approach also demonstrates the utility of short-
lived sedimentary archives as alternative proxy sources for long-term fire histories in data-

scarce regions.

INTRODUCTION

Asia is the most populous continent on the planet, accounting for nearly half of humanity
participating in predominantly agrarian activities (Tilman et al., 2011). Hence, central Asian

countries are vulnerable to climate dynamics and fluctuations (IPCC, 2021). In particular,



uncertainty in the recent climate variability across central Asia (Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan, Uzbekistan and northwest China’s Xinjiang Province) has
generated significant interest, as the income and livelihoods of approximately 93 million

people living in 6 million km? are susceptible to a changing climate (e.g. Xu et al., 2015).

The recent spate of large regionally catastrophic forest fires has led to the need for knowledge
of past fire histories to understand how recent climate change has potentially increased
current and future fire hazards (e.g. Abram et al., 2021; Feng et al., 2021; Marlon et al., 2008;
Wang et al., 2020). An important proxy for determining past fire histories is the presence or
concentration of charcoal in sedimentary depositional environments (e.g. Harrison et al.,
2022; Rehn et al., 2024). Increased concentrations of charcoal are often inferred to be the
product of more frequent or intense fires in a region or increased anthropogenic activity
(Mooney et al., 2011; Whitlock and Larsen, 2001). A major challenge remains to distinguish

between anthropogenic and natural burning (e.g. Roos et al., 2019; Roos et al., 2018).

Across large tracts of central Asia, the East Asian and Indian monsoons dominate the annual
climate system extending as far north and inland as the Altai region (Fig. 1) that straddles the
China, Mongolia, Kazakhstan and Russian national borders. Much research has focused on
long-term climate variation (Aizen et al., 2016; Blyakharchuk et al., 2004; Hu et al., 2024;
Lehmkuhl et al., 2004; Liu et al., 2008; Rhodes et al., 1996; Rudaya et al., 2020; Rudaya et
al., 2009; Zhang et al., 2020; Zhang et al., 2016), short-duration climate records (e.g.
Bliedtner et al., 2021; Blntgen et al., 2016; Davi et al., 2010; Davi et al., 2009; Eichler et al.,
2011; Fan et al., 2021; Myglan et al., 2012; Nazarov et al., 2012; Olivier et al., 2006; Olivier

et al., 2003), and high impact climate extremes (e.g. Chen et al., 2014; Chen et al., 2016;



Davi et al., 2010; Davi et al., 2009; Fan et al., 2021; Rudaya et al., 2020). A growing body of
research has focused on determining the fire histories of the region (e.g. Camara-Brugger et
al., 2025; Eichler et al., 2011; Li and Wang, 2020; Olivier et al., 2006; Pupysheva and

Blyakharchuk, 2024; Rudaya et al., 2020).

Across the Altai region, lake sediment and annually-dated ice core records have been
examined to reconstruct past fires over a range of timeframes that do not show any coherence
in spatio-temporal burning pattern. The Tsambagarav Glacier ice core record, recovered from
ca. 150 km north of Aksay Pond, preserves charcoal with an interpreted peak burning period
identified at ca. 1600 BCE and a burning minimum between 1700 and 1960 CE (Brugger et
al., 2018). This contrasts with chemical proxies (e.g., K* and NO3") and charcoals preserved
in a Belukha ice core, recovered from ca. 200 km northwest of Aksay Pond (Fig. 1) that
shows that peak forest fire burning occurred from ca. 1600 to 1680 CE (Eichler et al., 2011).
Eichler et al. (2011) attribute this phase of burning as following an extreme dry period from
ca. 1540 to 1600 CE in which biomass accumulated. From ca. 1680 to 1940 CE, burning
rates decreased despite increased anthropogenic activity in the region (Eichler et al., 2011).
Possible exceptions may have occurred between ca. 1860 and 1870 CE, 1880 and 1900 CE,
and 1910 and 1940 CE where evidence of elevated biomass burning was identified from
examination of a high-resolution Belukha ice core spanning the last two centuries (Fig 1;
Olivier et al., 2006). Although the spatio-temporal heterogeneity of burning in the Altai
Range is both clear from the above literature and expected in light of research from other
regions (e.g. Roos and Scott, 2018; Roos et al., 2019), burning in the Altai Ranges has been
treated as regionally uniform in wider fire-climate relationship comparisons (Camara-

Brugger et al., 2025).



In this study, we examine a charcoal-derived *C record preserved in the sediments deposited
in a fault-bounded sag pond in the southern Altai Mountains (Gouramanis et al., 2025) to
explore the fire history of the region. That this pond preserves charcoals that predate the
formation of the pond, allows longer-term fire histories to be reconstructed from short-
duration sedimentological records. In addition, we introduce a method of applying Bayesian
age modelling to individual charcoal samples to potentially identify periods of past burning
from multiple disparate records. The Bayesian approach described here can be applied to

other spatio-temporal comparisons to explore periods of overlap or discrimination of events.

LOCATION
Aksay Pond (60m-long and 15m-wide) is a fault-bounded sag pond formed after the 11

August 1931, Mw 7.9 earthquake on the Fuyun Fault (Gouramanis et al., 2025). It is located
within the Aksay Valley between the Karachingar Mountain and the eastern Altai Range in
northwestern China (Fig. 1). Aksay Pond contains approximately 2.5 m of coarse gravel and
sand colluvial fan sediments in the north and fining upward packages of fine sand to mud that
were periodically deposited following precipitation events (Fig. 1; Gouramanis et al., 2025).
The earthquake rupture caused 1.5 m of vertical and 6 m of horizontal displacement and
formed a steep, 1 to 7 meter-high, 70° northeast-dipping fault scarp that forms a shutter ridge
damming the pond to the west (Gouramanis et al., 2025; Klinger et al., 2011; Liang et al.,

2021).

The modern and historical climate affecting Aksay Pond is considered comparable to the
weather and climate recorded from the weather station within the city of Fuyun located 40
km west of the pond in the southern Altai Range (Gouramanis et al., 2025). The climate

consists of summers that are of short duration, cool and wet (average temperature of 21.3°C



and rainfall of ~20 mm), and winters are long, cold and relatively dry (average temperature of
-20°C and rainfall of ~7 mm) with over 120 days of snow cover to a depth of 60 cm
(Gouramanis et al., 2025; Liang et al., 2008; Shi et al., 2007; Tang et al., 2013; Zhu et al.,

2015).

The local vegetation is sparse, dominated by herbaceous and small shrubby taxa, such as
Juniperus and Ephedra spp. (Huang et al., 2018). Historically, the southern Altai Range in
the vicinity of Aksay Pond and Karaxingar region has been largely utilised by nomadic
people over the last several millennia (Chlachula, 2018), with little direct evidence of

settlement or extensive usage.

METHODS

Two 20 m-long, 3 m-deep trenches were excavated across the northern (Trench A) and
southern (Trench B) tips of the Aksay Pond perpendicular to the fault-trace (Fig. 1). The
sedimentology, chronology and geomorphology of the sag pond and trenches are described in

Gouramanis et al. (2025).

Across the four faces of the two trenches, all observed charcoal/wood/plant fragments that
were greater than ca. 0.5 cm in diameter were excavated and stored in plastic zip lock bags
before shipment and analysis at the Scottish Universities Environmental Research Centre
(SUERC) for *C Accelerated Mass Spectrometry (AMS) radiocarbon dating. The samples
were collected and their stratigraphic positioning recorded. After 1*C, 21%Pb and *'Cs,
sedimentology and stratigraphic analysis, it was determined that the pond sediments all

accumulated after the 1931 earthquake (see Gouramanis et al., 2025 for more details). Of the



69 samples originally collected and analysed for '“C analysis, 32 yielded sufficient carbon for
robust measurement (Gouramanis et al., 2025). Of these, eight were not conclusively charcoal
(diagenetically altered wood and unaltered wood fragments). Only the 24 charcoal analyses
from burnt wood are used and reported in this study (Table 1). No further assessment of the
anthracological characteristics were performed prior to “C analysis. Successful C AMS
dates, were randomly distributed through the stratigraphic section, and no discernible spatial
or depth-related bias exists with respect to the unsuccessful 1*C samples. Despite the inherent
limitations of this site (Gouramanis et al., 2025) and that further charcoal collection is
unfeasible,we maintain that this dataset remains a representative characterization of the

pond’s depositional history.

The 1C AMS dates were calibrated using the ChronoModel v3 (Lanos and Dufresne, 2024).
Modern (post-1950) post-bomb fractionated carbon (F**C) results were calibrated using the
Northern Hemisphere Zone 1 (Bomb21NH1) (Hua et al., 2021; Reimer et al., 2020), to obtain
accurate dates on the post-1950 material. Pre-bomb 1%C dates were calibrated using IntCal20
northern hemisphere calibraton curve (Reimer et al., 2020). ChronoModel utilises Bayesian
statistical inference and generates three parallel Markov Chain Monte Carlo (MCMC)
simulations to infer the marginal posterior distributions of measured ages and associated
errors and calculate summary statistics assuming a fixed posterior probability (here 95%)
(Lanos and Philippe, 2017; Lanos and Philippe, 2018). For each chain within ChronoModel,
we used the default settings of 1,000 burn-in iterations, 200 Max batches, 100 iterations per
batch for 100,000 iterations, which were then thinned at an interval of 10 and a 0.99 mixing

level (Lanos and Dufresne, 2024).



An initial plot of the calibrated age ranges suggested that there were likely different phases of
burning recorded within the Aksay Pond sediments (Fig. 2). From this, we conducted several
bayesian modelling iterations to identify the most likely phases (collection of dates that may
correspond to a particular period of burning) of charcoal dates in ChronoModel. We then
modelled the data to test that these phases were statistically real using the ArchaeoPhases
(Philippe and Vibet, 2020) and coda (Plummer et al., 2006) packages in R. These packages
examine the raw subsampled MCMC output on the marginal posterior distributions from
ChronoModel and apply a suite of analytical tools to test the validity and structure of the
MCMC iterations to determine whether sufficient MCMC convergence had occurred in the
Bayesian modelling. From these iterations, we identified three phases, with Phase 3
containing the three F**C dates and 16 “C dates. Phase 2 and Phase 1 contained two and
three 14C dates, respectively (Fig. 2). Convergence was tested through the Gelman-Rubin
criterion (GRc), the Geweke criterion (Gc), analysis of traceplots, examination of
autocorrelation and the effective sample size (ESS) (Philippe and Vibet, 2020). For each
phase, we determined the 95% highest posterior density (HPD) interval, which is the interval
of time in which the true date is 95% likely to occur and most suitable for multi-modal
posterior densities (Philippe and Vibet, 2020). We also test for potential gaps between the
phases that may suggest hiatuses in the Aksay Pond charcoal record. These gaps are defined
as the longest time span between the end-date of the older phase and the start-date of the

younger phase (Philippe and Vibet, 2020).

We used identical Bayesian methods to test whether the phases of burning we identify at
Aksay Pond correspond to burning phases recorded elsewhere in the Altai Ranges. To do this
we re-ran our analyses but included five additional phases corresponding to three burning

peaks identified by (Peak 1 =1910-1940 CE, Peak 2 = 1880-1900 CE and Peak 3 = 1860 to



1870), and the 1600 to 1680 CE burning peak and 1700 to 2000 CE burning minima
identified by Eichler et al. (2011). The Olivier et al. (2006) burning phases were determined
from successive 10-year binned ice-core data, whereas the Eichler et al. (2011) geochemical
proxy burning peak phase and minima were determined from ice core layer counting. Due to
the lack of error associated with the start and end dates of these phases, the phases are
considered uniformly distributed with start and end dates as determined by Olivier et al.
(2006) and Eichler et al. (2011). We also explore whether gaps/hiatuses occurred between

these and the Aksay Pond burning phases.

RESULTS
Sediments and stratigraphy

Five sedimentary facies are identified within the Aksay Pond (Fig 1D,F; Gouramanis et al.,
2025). The base of the Aksay Pond consists of angular rock clasts in a silty clay matrix
formed as a weathering profile of the Late Devonian volcanics of the Altai Mountains (Facies
A). Overlying Facies A is a matrix-supported, brown/black muddy organic-rich layer
reflective of the soils of the mountain slope (Facies B). Sufficient accommodation space for
lacustrine sedimentation did not occur until after the 1931 earthquake. The lacustrine
sediments within the pond consist of 11 well-preserved fining-upward sequences comprising
gravelly to fine sandy layers in the north which become fine sandy to muddy layers in the
south where distal sheet-flooded sediments have been deposited subaqueously (Facies D).
The southern sedimentary sequence was dated using ?°Pb and *¥’Cs, and the sediments were
all deposited after 1963 (Gouramanis et al., 2025). Within the lacustrine sediments, three
cobble and boulder-sized wedges are interpreted as slumped material from the fault scarp that

may coincide with high precipitation events or small localised earthquakes (Facies C). In the



northern part of Aksay Pond is a sequence of upward-fining gravel to sand layers formed

from wet debris and apron flows from a nearby colluvial fan (Facies E).

14C Chronology

We obtained 32 **C AMS dates from Aksay Pond’s trench walls. Of these, 24 high-quality
dates were obtained from discrete charcoal fragments and eight dates from wood and plant
fragments samples (Supp. Info Table). As our purpose is to examine fire histories, the wood

and plant samples will not be discussed further.

Twelve charcoal samples were collected from within the buried palaeosol (Facies B) have
95% HDP ages ranging from 1050 to 1270 CE to 1690 to 1920 CE (Table 1, Fig. 1). Facies C
contained three dated charcoals, one from a basal slump (Facies C1) spanning from 1670 to
after 1950 CE, and two F'*C dates spanning 1959-1985 CE and 1970-1972 from two gravelly
slumps (Facies C2) contained within the upward fining lacustrine sediments (Facies D; Fig.
1; Table 1; Gouramanis et al., 2025). Facies D contained one F*C and eight 1*C charcoal
dates spanning 1230 to 1380 to 1959 to 1989 CE (Table 1, Fig. 1). That the large spread of
dates across the various stratigraphic facies, and that the dates have no correlation with
sediment depth (Table 1), indicates that most of the charcoal pre-dated the formation of the
pond and that most of the charcoal existed in the landscape prior to remobilisation and

deposition in the pond (Gouramanis et al., 2025).

Bayesian Modelling of Aksay Pond Charcoal Phases



We identify three phases of burning from Aksay Pond charcoal (Fig. 2) with phases 1 and 2
having three and two *C dates, respectively, and Phase 3 constituting the largest group with
19 1C dates. We determine that Phase 3 constitutes both F*4C and *4C charcoal dates as
calibrating the raw dates resulted in 12 “C dates being artificially stopped at 0 cal. yr. BP and
most likely extending into the post-1950 period and overlapping with the FC dates (Table 2;

Fig. 2).

We tried different parametrization in our Bayesian modelling of the *C charcoal dates to test
the robustness of the three separate phases. The initial Bayesian modelling resulted in poor
MCMC convergence due to strong autocorrelation (>0.9 over 30 iterations) between the three
F14C dates (Supp. Info. Fig. 1). We removed the F**C dates from further analysis, resulting in
the autocorrelation decreasing to 0 after the first iteration (Supp. Info. Fig. 2) and rapid
convergence in the MCMCs as determined by the excellent GRc (Potential scale reduction
factors = 1), excellent Gc (Chain 1 = 0.2656 , Chain 2 = -0.3595, Chain 3 = 0.3207; all of
which are Gc<<|2|), and excellent ESS values (Phase 1 = 19,235, Phase 2 = 17,322 and Phase
3 =4,062). The 95% HDI derived from the Bayesian modelling confirms the visual
inspection that phases 1, 2 and 3 are distinct groupings and that there are statistically
significant time periods between phases 1 and 2 (131 years) and phases 2 and 3 (78 years)

(Table 2 and Fig. 3).

Bayesian Modelling Comparison of Aksay Pond Charcoal Phases with Other Altai

Studies

Reanalysis of the Aksay Pond phases with peak burning periods identified by Olivier et al.
(2006) and Eichler et al. (2011) resulted in autocorrelation between phases decreasing to 0

within 10 iterations, and rapid convergence in the MCMCs as determined by the excellent



GRc (Potential scale reduction factors = 1), excellent Gec (Chain 1 =-0.1434 , Chain 2 = 1.63,
Chain 3 =-0.1739; all of which are Gec<<|2|), and excellent ESS values (Olivier Peak 1 =
28,446, Phase 3 = 3,854, Olivier Peak 2 = 31,241, Olivier Peak 3 = 32,379, Eichler Minimum
= 26,440, Eichler Peak = 29,458, Phase 2 = 18,022, and Phase 1 = 18,612). The reanalysis
confirms the findings of the Aksay Pond-only *C Bayesian modelling, albeit with subtly
different phase duration and gap analyses start, end and duration dates (c.f. Table 2 and Table
3). These differences are due to the separate modelling implemented for the ‘Aksay Pond-

only’ analyses and the ‘Aksay Pond and other studies’ analyses’.

The 95% HDI derived from the ‘Aksay Pond and other studies’ Bayesian modelling analyses
clearly shows that Phase 3 overlaps (i.e. no gap) between the three Olivier peaks and the
Eichler Minima and Eichler Peak, Phase 2 overlaps with the Eichler Minimum and Eichler
Peak (Table 2 and Table 3). Only Phase 1 has a significant gap between the Eichler Minimum

(256 years) and Eichler Peak (263 years) (Table 2 and Table 3).

DISCUSSION
Bias in charcoal records

Macrocharcoals and/or microcharcoals are commonly counted to reconstruct fire histories
from sedimentary archives (e.g. Conedera et al., 2009; Vachula et al., 2018). These studies
also require robust chronologies to establish the time of charcoal deposition, either through
directly dating the charcoal horizons or extrapolating ages from bracketing dates (e.g. Schmid
et al., 2018; Turner et al., 2008). The ages of the charcoal horizons are then inferred to reflect
the time of the fire. Assumptions exist whether charcoal fragments originated from a single

fire or multiple fires, or whether the charcoal have been remobilised after storage in the



landscape or to what effect the charcoal had undergone further mechanical or chemical
breakdown before deposition in a sedimentary environment (e.g. Mergelov et al., 2025;
Ohlson et al., 2013; Ryan et al., 2025; Ryan et al., 2024). At Aksay Pond, we directly dated
the individual charcoals within the sedimentary sequence and these define when each

individual charcoal was formed.

As our Aksay Pond record spans 1931 to 2012 CE with likely periods of rapid sediment
accumulation, quiescence and deflation (Gouramanis et al., 2025), the presence of older
charcoals (Table 1, Fig. 2) implies that the charcoals were stored in the landscape prior to
mobilisation and deposition. Nine charcoals are definitively older than the 1931 CE pond-
initiation date (at the upper limit of the 95% HPD — Table 1) and so are direct evidence of
fires before the pond formed. That these nine are found throughout the sedimentary sequence
and in the underlying soil indicates that the charcoal has been stored within the palaeosol,
subsequently mobilised and redeposited into the pond at different times after 1931 CE. In
addition, five other charcoals scattered throughout the palaeosol and sedimentary sequence
have their upper 95% HPD range indeterminable as these upper bounds post-date the 1950
pre-bomb 4C calibration (Table 1) (Reimer et al., 2020). The mean ages for these five
charcoals range from the mid to late-18" Century to very early 19" Century CE, suggesting
that they were likely formed prior to the initiation of the pond. Seven more charcoals have
their upper 95% HPD range between the 1931 CE pond initiation and the 1950 pre-bomb 4C
calibration cut off, but have mean calculated ages clustered between 1809 and 1819 CE,
suggesting that they were likely remobilised into the Aksay Pond sedimentary environment

well after the fire event.



Of note are the relatively large 95% HPD age ranges (300 to 400 years) of 16 charcoal dates
that span the prolonged radiocarbon plateau (e.g. Hua, 2009) from the mid-17"" Century to the
early 20" Centuy CE. Based on those ranges, we cannot ascribe these to a particular or
multiple fire events. However, given the range of 5'3C values of the charcoal (-20.7 to -
28.1%o), it is likely that different trees and possibly multiple species, growing under different
climatic conditions, were burnt to produce the charcoals in Phase 3 (Table 1). For example,
individuals of Pinus koraiensis, Quercus mongolica and Larix gmelinii from northeastern
China showed between 1 and 3% differences between the §*C composition of their leaves,
branches, trunks and roots (Li and Zhu, 2011). Even acknowledging this narrow intra-
specimen 5'3C range, we cannot discount that a single fire event resulted in the charcoal ages
as woody plant material may have accumulated in the landscape prior to burning. In future,
applying techniques, such as Attenuated Total Reflectance Fourier Transform Infrared
spectroscopy (Ryan et al., 2025; Ryan et al., 2024), Raman spectroscopy (Mergelov et al.,
2025) and charcoal reflectance (e.g. Belcher et al., 2021; Belcher et al., 2018; Roos and Scott,
2018), offers opportunities to test the severity and intensity of fires from individual charcoal
horizons. Similarly, more detailed anthracological or botanical data, such as wood curvature,
observable rings or other species-specific structural information on each charcoal fragment
may have shed light on the history of the wood and charcoal that was eventually sampled

(e.g. Kabukcu and Chabal, 2021; Théry-Parisot et al.; Walsh et al., 2024).

Importantly, only three charcoals from Aksay Pond are defnitively younger than the 1931 CE
pond-initiation date (Table 1). Two of the charcoals were recovered from 100 cm depth in
Trench B South Face (Fig. 1d, Table 1), and although their mean ages differ (FU12-C14-51 =

1988 CE and FU12-C14-94 = 1971 CE), their 95% HDP ranges overlap (FU12-C14-51 =



1959 to 1989 CE and FU12-C14-94 = 1970 to 1972 CE) it is not possible to determine

whether they originate from the same burning event or different burning events.

We acknolwedge that finer charcoals may be present in our area, but these were not collected
as they could not be individually dated. Similarly, given the short duration of primary
deposition (ca. 80 years) and that all of the pre-1930’s charcoal must be remobilised, it is not
possible to derive viable events or burning periods from finer charcoals. We recognise that
finer charcoals may have formed at different times to the macrocharcoals, but cannot validate
this contention. As our results show, charcoals from the same or similar horizons (Table 1)
can produce vastly different ages due to the differential redistribution of the charcoals during
pond sedimentation. As such, pooling of small charcoal samples is not appropriate for *4C
dating at our site. This limitation exists here as well as in other fire reconstruction records
where macrocharcoals are analysed or microcharcoals are pooled (Carcaillet, 2001; Graves et
al., 2019). Where other studies count macrocharcoals and/or microcharcoals to derive burning
histories, these charcoals are typically not *C dated, are undatable due to their size,
composition, morphotype and/or fragility, or only a small subset are **C dated (e.g. Eckmeier
et al., 2016; Enache and Cumming, 2007; Higuera et al., 2010 ). Of note, when charcoals are
14C dated, other undated charcoals from the same or adjacent horizons are considered coeval
despite the knowledge that charcoals can be stored and later remobilised (e.g. Blong et al.,
2023; Pompeani et al., 2020; Wood et al., 2023). The issues associated with dating charcoals
versus size and number of charcoals used/counted in fire reconstructions remains an
outstanding issue in the fire reconstruction literature (Harrison et al., 2022; Wood et al.,
2023). That macrocharcoals can be transported long distances is well established (e.g.
Benedict, 2002; Tinner et al., 2006) and macrocharcoal presence within a depositional record

are not necessarily a consequence of local fires. The analysis of macrocharcoals here, does



not disqualify our analysis that macrocharcoal formation has occurred at different times to
other studies in the region and strengthens our hypothesis for the spatial heterogeneity of fire

across the Altai Range (as discussed below).

Fire and climate history from Aksay Pond

Based on the 95% HDP age ranges of the 1*C AMS charcoal dates from Aksay Pond and the
Bayesian hiatus modelling there were three discrete periods where burned vegetation was
stored in the soil and sediment record near the pond (Fig. 2; Table 1). The earliest period of
burning (Phase 1) is recorded in three macrocharcoal dates with 95% HDP age range
spanning ca. 1170 to 1290 CE. An intermediate period of burning (Phase 2) is recorded in
two macrocharcoal dates spanning ca. 1410 and 1650 CE (95% HPD range). The latest
period (Phase 3) is captured by 16 dates (after removal of the three FC dates) that have a
95% HPD range spanning ca. 1720 to 1900 CE. From a climatic perspective, based on low
resolution palaeoclimate records, no consensus has emerged about climatic changes in the
region through the Late Holocene. Some studies have proposed that climatic conditions
remained stable with no significant change (e.g. Blyakharchuk et al., 2004), or that the region
became drier (e.g. Bliedtner et al., 2021; Brugger et al., 2018; Liu et al., 2008; Rhodes et al.,
1996; Rudaya et al., 2009; Zhang et al., 2016) or, conversely, became wetter (e.g. Hu et al.,
2024). In addition, several of these records suggest that human landscape modification
intensified in the Late Holocene (e.g. Brugger et al., 2018; Rudaya et al., 2009; Schlutz and
Lehmkuhl, 2006). Camara-Brugger et al. (2025) suggested that weakening monsoonal
activity resulted in drying and subsequent changes to vegetation that decreased fire activity in

the late Holocene.



Higher resolution climate records from tree rings, ice cores and lake sediment archives
resolve some of these climate discrepancies. Charcoal from Phase 1 from the Aksay Pond
coincides with the warm and dry Medieval Climate Anomaly (MCA, ca. 1090 to 1430 CE;
Fig. 2B) in the region (Aizen et al., 2016; Bilintgen et al., 2016; Li et al., 2017; Myglan et al.,
2012). Nazarov et al. (2012) note an upper tree line decline between ca.1206 to 1256 CE in
the central and eastern Altai ranges suggesting a significant decrease in temperature. Eichler
et al. (2011) did not measure chemical fire proxies (K* or NO3") or charcoal from their
Belukha Glacier record from this period, as their record only extended back to ca. 1250 CE
(Fig. 2C). Aizen et al. (2016)’s West Belukha Plateau ice record extends back to ca. 10,000
BCE and does not preserve an identifiable burning history. Brugger et al. (2018)’s
Tsambagarav Glacier charcoal record identified a peak period of burning at ca. 1600 BCE,
well before our record begins. Notably, our comparison of the Phase 1 burning from Aksay
Pond and other burning reconstructions does not show any significant overlap (Fig. 4; Table
3). The lack of coherency in the regional records suggests that the burning preserved in
Aksay Pond from this period may have originated from localised fires. Importantly, and like
other parts of the world, it is most likely that palaeo-fire records from the Altai region will be
spatially and temporally incoherent making a unified fire history challenging to decipher (e.g.

Roos et al., 2019; Roos et al., 2018).

The Phase 2 Aksay Pond charcoal occurs in the early to middle stages of the Little Ice Age
(spanning ca. 1400 to 1870 CE) although it does not coincide with significant low
temperatures (Aizen et al., 2016; Blintgen et al., 2016; Li et al., 2017). This contrasts with
Nazarov et al. (2012) who record significant decline in upper tree limit between ca. 1445 to
1501 CE. Fan et al. (2021) demonstrated from Yileimu Lake that from ca. 1586 to 1620 CE

was a period of extreme drought. Fires may have occurred during this dry phase but were not



explored in the Yileimu Lake record. However, Eichler et al. (2011) identified ca. 1600 to
1680 CE as a major period of burning following an expansive dry phase from ca. 1540 to
1600 CE from the southern Siberian Altai (Fig. 2C). That Phase 2 Aksay Pond charcoals
significantly overlap with the Eichler et al. (2011) burning peak (Fig. 4; Table 3) may suggest
a more widespread period of burning across the Altai Range The Aksay Pond macrocharcoal
dated to this period indicates that macrocharcoal was either transported to the southern Altai
Range or that fire conditions occurred locally. Given the local geomorphology and the size of
the macrocharcoal fragments extracted from the trench walls, there is a much higher

likelihood that the fires occurred locally, likely proximal to the sag pond.

The charcoal in Phase 3 from the Aksay Pond spans the transition from the peak of the L1A to
the period of Recent Warming (RW; after 1940 CE) (Aizen et al., 2016; Blintgen et al., 2016;
Eichler et al., 2011; Li et al., 2017). Nazarov et al. (2012) recognised significant tree
mortality between ca. 1642 and 1736 CE caused by temperature decline and glacial
advancement in the southern Russian Altai region. Of note, this timing of tree decline differs
from Eichler et al. (2011)’s finding that vegetation decline occurred between ca. 1540 and
1600 CE and that peak burning occurred between ca. 1600 and 1680 CE in the same region.
Davi et al. (2009) identified an extreme wet phase from western Mongolian tree rings from
ca. 1739 to 1746 CE, and extreme dry periods from ca. 1755 to 1761 CE and ca. 1882 to
1886 CE. Chen et al. (2014) identified numerous short-lived wet and dry phases in their
analyses of tree rings from northern China that are similar to those recorded in Davi et al.
(2009). In contrast, Fan et al. (2021) suggested the period from ca. 1620 to 1835 CE was
characterised by increased summer warming and winter snowfall, and from ca. 1835 to 1870
CE by extreme drought. Of note, the tree ring records from near the Aksay Pond (Chen et al.,

2014; Chen et al., 2016; Davi et al., 2009) and Fan et al. (2021)’s Lake Yileimu record are



separated by only 200 km and it is surprising that the lake record differs substantially from
the tree ring records. In addition, charcoal from the Tsambagarav Glacier, indicates a fire
minimum from ca. 1700 to 1960 CE. The Aksay Pond Phase 3 charcoal overlaps with all of
(Olivier et al., 2006)’s peaks (Table 3, Fig. 4). However, Xu et al. (2015) argue for localised
climate variability based on modern climatic records. Biintgen et al. (2016) identified the RW
period as the warmest in the 2000 year long tree ring record from the Altai region. Davi et al.
(2009) suggested that ca. 1993 to 2003 CE was the second wettest phase in their 439 year
record. Aizen et al. (2016) and Eichler et al. (2011) show that there is little biomass burning
identified from their respective ice cores in the Belukha region between 1700 and 2000 CE,
but note that major fires have occurred in 1915, 1974, 1991 and 2003. This contrasts with
Olivier et al. (2006)’s high resolution analysis of the last 200 years of the Bekhula ice core
record that indicated small fire peaks between 1860 to 1870 CE (Peak 3), 1880-1900 CE
(Peak 2) and 1910-1940 CE (Peak 1), and that overlap with Phase 3 charcoals from Aksay
Pond (Table 3; Fig. 4). This suggests the occurrence of localised fires, or fires that occurred
east of the Belukha sites that created macrocharcoal that were subsequently transported to
Aksay Pond. In addition, a slightly increased fire record is preserved in the Tsambagarav
Glacier between 1960 and 2000 CE may attest to localised anthropogenic activity (Brugger et
al., 2018). The large forest fires recorded from the Altai Range and Southwestern Siberia in
1921, 1974 and 1991 (e.g. Aizen et al., 2016; and references therein) and may also coincide

with our later **C and F**C charcoal results.

CONCLUSION

The small fault-bounded Aksay Pond in the southern Altai Range in northwestern China,

provides a burning history of the area. We utilised a dense analysis of macrocharcoal *4C



AMS dates recovered from sediments within Aksay Pond to provide evidence of when the
vegetation burned, and show that these charcoals persisted in the surrounding environment
prior to transport and preservation. Bayesian modelling identified three distinct phases of
burning from Aksay Pond charcoals spanning 1170 to 1290 CE (Phase 1), 1410 to 1650 CE
(Phase 2) and 1720 to 1900 CE (Phase 3), with suggestion that some vegetation was burnt
after 1950 CE. Using Bayesian methods, we also compared the Aksay Pond burning phases
with other Altai Range burning histories and show that Phase 1 may have been localised to
the Aksay Pond region as no evidence exists elsewhere from the Altai Ranges. Phase 1 also
coincides with the MCA in northwestern China, suggesting a climate link to the fires. Phase 2
coincides with the LIA in northwestern China and overlaps with a burning peak derived from
ice core records from the southern Siberian Altai Range, suggesting that the climate and
vegetation across the Altai Ranges was primed for burning. However, further investigation is
required to determine whether this fire period is both temporally and spatially contiguous.
From the western Altai Mountains, fire activity had increased after 1420 CE that Rudaya et
al. (2020) attribute to anthropogenic activities. We cannot attribute this increased burning
trend, but more post-1410 CE charcoal dates preserved within the Aksay Pond (Phases 2 and
3) adds credence to this increased fire activity. Unfortunately, as our record preserves
remobilised macrocharcoal, we cannot verify whether these charcoals came from a single or
multiple events. Uniquely, our study also demonstrates that long-term fire histories can be
reconstructed from short-duration lake records, and this can open up possibilities for fire
reconstruction where long sedimentological records are absent. Additionally, our usage of
Bayesian methods have wider applicability in the palaeoenvironmental and
palaeoclimatological communities to evaluate spatio-temporal patterns of events and
intervals. The high degree of climate and fire variability recorded between different proxy

records from the Altai Range supports the contention that fire across the region is highly



spatially and temporally variable. Further research into this region is required to develop a

coherent assessment of climate and fire histories.
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Figure 1. A) GoogleEarth image (Image: Landsat/Copernicus) showing Aksay Pond (red
star) and sites discussed in the text. Inset shows the region of interest in relation to national
borders in central Asia. B) Southward photo of Aksay Pond showing the displaced shutter
ridge, fault scarp and trench A and B locations. C) Photo composite of Trench A north face.
D) Stratigraphic interpretation of C) with **C AMS charcoal sites. E) Photo composite of
Trench B south face. F) Stratigraphic interpretation of E) with **C AMS charcoal sites from
both trench faces in their equivalent stratigraphic position.

Figure 2. Calibrated F**C and *C posterior distributions showing the age range of each
charcoal date recovered from Aksay Pond. The individual dates are grouped into three
phases, Phase 3 (pink dates but contains the three F*C dates that are removed from
subsequent analysis), Phase 2 (blue dates) and Phase 1 (orange dates). Vertical bars at the
earlier and later extremities of the calibrated 1*C posterior distributions are the start and end
dates of the three phases. Also shown are colour-coded horizontal bars that represent the 95%
HPD ranges of all of the dates within a phase.

Figure 3. Plot of the full posterior distributions of each of the three phases of 14C ages
(colours as per Fig. 2) showing the statistically significant periods of hiatus (vertical pale blue
bars).

Figure 4. Plot showing the full posterior distribution of each phase of burning recorded from
Aksay Pond (Phases 1 to 3) and other studies from the Altai Ranges, including burning peaks
identified by Olivier et al. (2003) and the burning peak and minimum identified by Eichler et
al. (2011).



Table 1: 95% HDP calibrated age range of each charcoal-derived *C AMS dates extracted

from the sedimentary faces at Aksay Pond.
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! Trench codification is A = Trench A, B = Trench B, N = North Face, S= South Face

Table 2. 95% HPD results of the Bayesian phase duration and gap analyses for the three

charcoal *C phases identified from Aksay Pond.

Phase Start Year (CE) | End Year (CE) | Duration (yrs)
Phase 3 1724 1900 177
Phase 2 1415 1646 231
Phase Duration Analysis | Phase 1 1176 1287 111
. Phase 3 & Phase 2 1637 1715 78

Gap Analysis
Phase 1 & Phase 2 1290 1421 131

Table 3. 95% HPD results of the Bayesian phase duration and gap analyses for the three

charcoal *C phases identified from Aksay Pond, the three burning phases identified by

Olivier et al. (2006) and the burning minimum and peak identified by Eichler et al. (2011).

Phase Start Year (CE) | End Year (CE) | Duration (yrs)
Olivier Peak 1 1888 1964 76
Olivier Peak 2 1864 1916 52
Olivier Peak 3 1852 1878 26
Phase Phase 3 1719 1894 176
Duration ) ..
. Eichler Minima 1574 2020 446
Analysis
Eichler Peak 1538 1748 209
Phase 2 1416 1646 230
Phase 1 1178 1290 111
Olivier Peak 1 & Olivier Peak 2 NA NA NA
. Olivier Peak 1 & Olivier Peak 3 1882 1892 10
Gap Analysis —
Phase 3 & Olivier Peak 1 NA NA NA
Phase 3 & Olivier Peak 2 NA NA NA




Phase 3 & Olivier Peak 3 NA NA NA
Phase 3 & Eichler Peak NA NA NA
Phase 3 & Eichler Minimum NA NA NA
Eichler Minimum & Eichler Peak | NA NA NA
Phase 2 & Phase 3 1636 1715 79
Phase 2 & Eichler Minimum NA NA NA
Phase 2 & Eichler Peak NA NA NA
Phase 1 & Phase 2 1292 1422 130
Phase 1 & Eichler Peak 1297 1560 263
Phase 1 & Eichler Minimum 1306 1562 256
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Highlights:

14C AMS charcoal dating defines the fire history of the southern Altai Range
- Three periods of burning occurred at ca. 1170-1290, 1410-1650 CE and 1720-1900 CE
- Bayesian statistics demonstrates complex spatial burning history across the Altai Range



