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Abstract

Using high-resolution charcoal and TOC records from a sediment core collected in a coastal
wetland along the middle reaches of the Ussuri River, the local fire history and carbon
accumulation patterns were reconstructed for the past 5000 years. Results indicate that
fire intensity remained relatively low and stable from 5000 to 1500 cal. yr BP, after which
it increased markedly. This trend intensified over the past 400 years, likely due to rapid
population growth and heightened anthropogenic disturbance. Regional fire frequency
averaged approximately 3.1 fires per 1500 years, with notable peaks during 5000-4600 cal.
yr BP, 3400-2400 cal. yr BP, and 1500 cal. yr BP to present. These high-fire intervals
correspond closely to regional warm and dry climatic conditions, underscoring the strong
influence of climate variability on fire activity. Carbon accumulation rates also showed a
significant increase, rising from 0.11 g-kg ~!-a~! around 5000 years ago to 1.60 g-kg~!-a~!
in recent centuries. Importantly, a significant positive correlation was observed between
fire regimes and carbon accumulation rates, suggesting that fires have potentially played
a key role in enhancing long-term carbon sequestration in wetlands of this region. These
findings highlight the complex interplay between fire, climate, and carbon dynamics in
wetland ecosystems.
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1. Introduction

Wildfires play a complex and critical role in regulating terrestrial ecosystem func-
tions by influencing soil nutrient cycling, vegetation succession, and the global carbon
balance [1,2]. During combustion, wildfires release substantial amounts of gases and
aerosols—such as carbon dioxide (CO5;), nitrogen oxides (NOy), methane (CH4) and black
carbon (BC)—into the atmosphere [3]. In recent decades, rising global temperatures and
increasing frequency of extreme drought events have intensified wildfire activity across
many regions worldwide. Beyond atmospheric emissions, wildfires also significantly dis-
rupt ecosystem carbon cycling [4-6], particularly in forests and grasslands, where they alter
the balance between carbon uptake and release.

Globally, wildfires contribute an estimated 2—4 Pg of carbon to the atmosphere annu-
ally [7]. The long-term effects of fire on ecosystem—atmosphere carbon exchange largely
depend on post-fire biogeochemical processes, including the accumulation and decomposi-
tion of carbon in vegetation and soils. Notably, carbon emissions from biomass combustion
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represent only a fraction of total fire-related carbon fluxes [8]. Soils, which store approxi-
mately 2344 Pg of carbon globally, are the largest terrestrial carbon reservoir [9]. Soil carbon
accumulation results from long-term imbalances between plant productivity and organic
matter decomposition. Wildfires can exert lasting impacts on soil organic carbon (SOC)
through oxidation, physical disturbance, and altered decomposition dynamics during and
after fire events [10].

However, most studies still compare SOC stocks only immediately before and after
individual fires, leaving centennial- to millennial-scale fire histories and their attendant
carbon dynamics largely undocumented. This short-term perspective obscures fire’s true
role in long-term soil-carbon sequestration. Compounding the issue, both fire regimes
and SOC accumulation are climate-sensitive and covary over long timescales [11], so high-
resolution, continuous records spanning centuries are indispensable for disentangling
their interactions.

Over the past two decades, numerous studies have explored the effects of fire regimes
on surface organic carbon. Some report significant negative impacts on carbon sequestra-
tion [12], while others find minimal or even positive effects over millennial timescales [13].
These divergent outcomes are often attributed to climate-driven changes in vegetation
cover and soil moisture. Consequently, selecting study sites in climate-sensitive regions is
crucial for understanding long-term fire—carbon interactions.

The Ussuri River, located at the northern margin of the East Asian summer monsoon
zone, is highly sensitive to climate variability [14]. Ecosystem processes and biogeochemical
cycles in this region are strongly influenced by changes in temperature and precipitation.
The widespread distribution of freshwater marshes along the Ussuri River provides ideal
conditions for SOC accumulation under anaerobic, low-decomposition environments [15].
As such, sedimentary records from these wetlands can serve as valuable archives for
reconstructing long-term fire history and carbon dynamics.

While the effects of fire on soil organic carbon (SOC) have been extensively studied in
forests, grasslands, and peatlands, research on fire regimes in wetlands and their long-term
impacts on SOC remains scarce. This study addresses that knowledge gap by conducting
a high-resolution analysis of charcoal and SOC content in wetland sediments along the
Ussuri River. Our objectives are to (1) reconstruct the Holocene fire history of wetlands
in the Ussuri River basin; (2) evaluate the long-term effects of fire regimes on carbon
accumulation patterns; and (3) assess the potential role of hydrologically similar wetlands
in the Sanjiang Plain in future regional carbon cycling.

2. Regional Setting

The Ussuri River, located in northeast Asia, originates from the confluence of the
Ural and Bikin rivers on the southwestern slopes of the Sikhote-Alin Mountains (Figure 1).
Stretching 905 km in total, the lower 492 km—from the Songacha River estuary to its
confluence with the Amur River—forms the Sino-Russian border, while the upper 413 km
lies within Russian territory. The river flows primarily across a low-relief plain, with broad
valleys in the upper and middle reaches and extensive depressions and swampy wetlands
in the lower reaches. These wetlands have accumulated thick, continuous Holocene
sediment sequences under anaerobic conditions, providing excellent archives for long-term
paleoenvironmental reconstruction.
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Figure 1. Digital map of the Sanjiang Plain geography; the sampling site (DFH, red dot) lies in the
centre of an undisturbed marsh on the west bank of the Ussuri River.

As part of the vast Sanjiang Plain, the Ussuri River basin is a low-lying, flat region
where freshwater marshes blanket more than 70% of its surface. Formed during the
Holocene, these marshes preserve thick, organic-rich swamp deposits that have accumu-
lated under near-natural conditions and remain largely undisturbed by human activity.
Consequently, they offer exceptionally well-preserved archives with multiple proxies for
reconstructing the regional environmental history far beyond the span of instrumental
records. The area experiences a temperate monsoon climate, with warm, humid summers
and long, cold winters. Mean annual temperature is below 3.9 °C, and sub-zero tem-
peratures can persist for up to six months [16]. Owing to the Southeast Asian summer
monsoon, ~70% of the annual precipitation falls between June and September. Average
annual precipitation is approximately 520 mm and exhibits a clear east-west gradient,
declining from the humid east to the drier west.

3. Materials and Methods
3.1. Field Sampling and Chronology Construction

Following a preliminary field survey, a pristine wetland in the Dongfanghong National
Natural Reserve on the left bank of the middle Ussuri River was selected for sediment
coring. The modern vegetation at the sampling site is dominated by naturally established
Deyeuxia angustifolia, with negligible anthropogenic disturbance. A 100-cm sediment core
(DFH; 46°25.180" N, 133°48.406' E) was retrieved from the wetland centre with a Russian
peat corer and sliced at 1-cm intervals (100 subsamples). This contiguous, centimetre-scale
sampling was chosen to provide temporal resolution of ~50 yr cm !, sufficient to resolve
multi-decadal fire events and associated SOC changes while yielding enough material
(>3 g dry wt per slice) for simultaneous charcoal, SOC, geochemical and AMS '*C anal-
yses without introducing smearing across depth boundaries. Radiocarbon chronology
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for core DFH was adopted from Cong et al. [17], and detailed dating procedures are
described therein.

3.2. Charcoal and Soil Organic Carbon Analyses

Charcoal preparation followed standard palaeofire protocols. Approximately 2 g
of dry sediment per subsample was treated with 10% NaOH at 80 °C for >30 min to
dissolve organic matter. Siliceous material was then removed by digestion in 40% HEF,
and the residue was wet-sieved through a 125-um mesh. The >125 pum fraction was
transferred to a Petri dish and dried at 40 °C. Charcoal particles were identified and
enumerated under an Olympus binocular microscope at 40x magnification. Morphometric
classification distinguished sub-elongated grains (length /width > 2.5) from sub-rounded
grains (ratio < 2.5) [18,19].

Soil organic carbon (SOC) content was determined by the external-heat potassium
dichromate oxidation method. Air-dried sediment (0.05-0.30 g, <0.5 mm) was placed in
a borosilicate test tube together with 10 mL of 0.8 mol L~! K,Cr,Oy—concentrated H,SOy
mixture (1:1 v/v). Tubes were heated in an oil bath at 180 °C for 5 min after onset of
boiling. Once cooled, the excess dichromate was titrated with 0.1 mol L~! FeSO4-7H,0
using ferroin indicator. SOC content (%o0) was calculated as

SOC = W(Vy — V) x ¢ x 0.003 x 1.08 x 1000

where Vj and V are FeSO,4 volumes (mL) consumed by the blank and sample, respectively;
¢ is the FeSOy4 concentration; 1.08 is the oxidation correction factor; and W is the air-dried
sample mass (g).

3.3. Fire-History Reconstruction

Charcoal data were analysed using the CharAnalysis 1.1 [20-22]. Age-depth modelling
provided irregular sampling intervals; therefore, charcoal accumulation rates (CHAR,
particles cm~2 yr~!) were interpolated to a constant median temporal resolution (C_int)
for the entire record. Background charcoal component (C_back) was estimated with a
500-yr LOWESS smoother; the residual (C_peak = C_int — C_back) represents potential
fire episodes. A locally defined threshold (t)—the 95th percentile of a Gaussian mixture
model fitted to C_peak values—was used to separate fire-related peaks (C_fire) from noise
(C_noise). Only peaks exceeding t within a 1000-yr moving window were retained as fire
events. Fire frequency (FF, events 1500 yr—!) was calculated with a 1500-yr Gaussian kernel.
Peak magnitude was defined as the charcoal sum of each identified peak. Finally, linear
regression was used to evaluate relationships between (i) FF and carbon accumulation rate
(CAR), and (ii) charcoal influx and CAR.

4. Results
4.1. Chronology

The Bacon age—depth model indicates that the DFH sediment record spans the last
~5000 cal yr BP (Figure 2a—c). Sediment-accumulation rates vary between 14.75 and
36.63 cm ka—!, with a mean of 19.54 cm ka—!.
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Figure 2. (a) Age-depth model, (b) chronological framework (The red line indicates the optimal fitted
age-deep model; the black shading represents the model uncertainty envelope; the blue points show
the calibrated radiometric dates used to constrain the model.), and variations of (c) accumulating
rate, (d) charcoal concentration profile, and (e) L/R ratio for core DFH.

4.2. Charcoal Concentration and Paleovegetation

Charcoal concentration ranges from 1.5 to 3372.7 particles g ! (mean = 93.3 particles g ')
and increases sharply in the upper 15 cm of the core (Figure 2d). Particles were classified
by length/width (L/W) ratio: sub-elongated (L/W > 2.5, indicative of herbaceous fuels) and
sub-rounded (L/W < 2.5, typical of woody fuels) [23,24]. The L/R ratio (sub-elongated/sub-
rounded) varies between 0 and 4.0 (mean = 0.82; Figure 2e), implying that the fire-prone
vegetation around the site was a mixed herbaceous-woody assemblage dominated by woody
plants for most of the last 5000 years.

4.3. Fire History and Carbon Accumulation Rate (CAR)

Background charcoal influx ranges from 0.107 to 0.317 particles cm 2 yr~! (mean = 0.173)
(Figure 3). CharAnalysis resolved eleven fire events (median signal-to-noise index = 4.4),
yielding an average fire frequency of 3.1 events per millennium over the last 5000 years. Fire
frequency accelerates after ~2000 cal yr BP and peaks around 700 cal yr BP; the largest fire event
occurs at ~150 cal yr BP (Figure 4a,b). Three prominent fire intervals are identified: 5000-4600,
34002400, and 1500 cal yr BP-2000 AD.
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Figure 4. (a) Holocene CHAR with Gy, (thick grey) and fire events (“+”); (b) fire frequency
(Cpeak per 1 kyr); (c¢) C accumulation rate; (d) charcoal L/R ratio with the raw data and five-point
moving average marked in thin black and green lines, respectively; (e) 513C of Hani peat cellulose
used as a proxy of East Asian summer monsoon variation, with its raw data and five-point moving
average marked in thin black and blue lines, respectively; (f) warm-tree pollen percentage; (g) East
China temperature history.
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4.4. Carbon Sequestration Versus Fire Regime

Holocene CAR spans 0.02-3.14 g kg~ ! yr~! (mean = 0.22 g kg~ ! yr~!). CAR remains
low and stable until ~1500 cal yr BP, thereafter increasing exponentially (Figure 4c). No
detectable long-term decay trend is observed for the interval 5200-1500 cal yr BP. Linear
regression shows significant positive relationships between (i) fire frequency and CAR
(p <0.01) and (ii) fire magnitude (peak charcoal) and CAR (p < 0.01) (Figure 5), indicating
that frequent and/or intense fires have enhanced carbon sequestration in this wetland over
the last five millennia.

3 1 1 1 ’

o C accumulation rates vs. CHAR
Y=1.21X+0.09,R*=0.69

o Caccumulation rates vs. mean fire frequency
Y=1.15X+0.09,R>=0.62

Linear Fitl

——— Linear Fi2

Char accumulation rate &Fire frequency Z-score
1

=1 0 1 2 3
C accumulation rate Z-score

Figure 5. Regression analyses of CAR against fire regimes: CAR vs. mean fire frequency (red)

and CAR vs. CHAR (grey). The dashed line indicate the absolutely strong relationship between

C accumulation rates and mean fire frequency. The dashed line highlights an exceptionally strong
correlation between carbon accumulation rates and mean fire frequency.

5. Discussion
5.1. Wetland Fire History

Macro-charcoal (>125 pm), formed through the incomplete combustion of vegetation,
reliably archives local fire events and concurrently tracks long-term vegetation composi-
tion [25-27]. In wetland stratigraphy, charcoal input is routinely quantified as the charcoal
accumulation rate (CHAR; pieces cm~2 yr~!) and is interpreted as an index of fire inten-
sity [28-30]. Relative to other sedimentary environments, wetland charcoal source areas are
comparatively simple: fragments either settle in situ or arrive via short-range atmospheric
deposition during the fire episode itself [31]. Travel distance is governed by injection
height, fire intensity, burn type, wind speed, and local topography, with larger particles
generally falling closer to the burn than smaller ones [32,33]. Peaks in macro-charcoal
(>125 um) thus register “local” fires occurring within 500-1000 m of the coring site. Once
emplaced in a water-logged wetland, charcoal is seldom remobilised and is preserved
essentially in place [34]. Consequently, the background influx of large-particle charcoal
chiefly reflects local burning, while pronounced peaks chart the evolving history of fire ac-
tivity [35]; we therefore regard macro-charcoal (>125 pm) enumeration as a robust approach
for reconstructing wetland fire regimes.

Applying charcoal data within the CharAnalysis 1.1 framework, we have reconstructed
a 5000-year fire history for the DFH wetland on the middle left bank of the Ussuri River
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and have extracted both local fire intensity and fire frequency. Over the past five millennia,
wetland fire frequency has remained broadly low, yet three high-fire stages are clearly
resolved from CHAR and fire-frequency curves (Figure 4). Earlier work demonstrates that
forest-fire frequency typically increases during periods of elevated summer temperature
and sunshine and declines under colder climate states [36,37]. However, marked disparities
exist between forest and wetland fire regimes, stemming not only from differences in
the sedimentary archives of lakes versus marshes but also from potentially divergent
sensitivities of fire drivers to climatic variables. In forested landscapes, climate principally
regulates fire onset through summer drought events triggered by shifts in temperature,
precipitation, and wind speed [37]. In wetlands, water-level fluctuations and vegetation
composition changes induced by climate variability exert an equally critical influence on
fire occurrence [13]. A full understanding of paleo-fire controls in the study area must
therefore integrate these wetland-specific factors.

The DFH wetland exhibits a long-term mean fire frequency of ~3.1 events per 1000 yr,
with a discernible upward trend from the base of the record to the present. To assess climatic
influences on charcoal deposition and fire regimes, we compared our data with regional
precipitation and temperature reconstructions derived from nearby speleothem proxies and
pollen records. As shown in Figure 4, the two prominent fire-rich intervals (~5000-4500
and ~3400-2400 cal yr BP) align closely with warm, dry climatic signatures preserved in
cave and lake sediments [38,39], corroborating the view that reduced precipitation coupled
with rising temperature fosters fire-conducive conditions. Conversely, two intervals of
suppressed fire activity (~3800 and ~2000 cal yr BP) coincide with cooler, wetter climate
phases, further supporting warmth-aridity as a key driver of fire occurrence. From ~1500 cal
yr BP to the present, CHAR and fire frequency climb steadily and reach values substantially
higher than any earlier period, yet pollen spectra of thermophilous arboreal taxa and
indices of East Asian summer monsoon strength show no equivalent upward trend [40].
As the anthropogenic population expanded after ~1200 cal yr BP across the Sanjiang
Plain, wetland ecosystems became progressively subject to human disturbance [17]. We
therefore hypothesize that increasing population density and intensified land-use activities
in northeast China since ~1000 cal yr BP have contributed to elevated fire frequency
and severity, particularly within the last 400 years. Superimposed upon human forcing,
temperature-driven water-level fluctuations may enlarge the exposure of dry fuels and
enhance fuel connectivity, further amplifying fire potential.

Beyond modulating water levels, long-term climate variability can steer marsh-fire oc-
currence by reshaping vegetation cover and hence fuel continuity. The two high-frequency
fire phases centred at ~2900 and ~500 cal yr BP correspond to elevated L/R ratios, implying
that fires proliferated when herbaceous vegetation dominated the wetland. Across the
low-lying marshes of the Sanjiang Plain, plant zonation typically progresses from Carex
appendiculata and C. meyeriana in the centre, through C. lasiocarpa, C. pseudo-curaica, to
Deyeuxia angustifolia at the margin. D. angustifolia, which colonies depressions and riparian
edges, is particularly flammable; under ignition-prone weather, such herbaceous swards
burn readily. Although persistent tree cover can facilitate fire spread, dense herbaceous
stands at intermediate water-table heights are more combustible than woody vegetation.
Vegetation type must therefore be regarded as a critical factor governing fire regimes in
swampy wetlands.

5.2. Fire Regimes and Wetland Soil Organic Carbon

Regression analysis reveals a significant positive relationship between both fire fre-
quency and charcoal accumulation rate (CHAR) with carbon accumulation rate (CAR)
(Figure 5), implying that fire exerts a sustained, millennial-scale control on soil C seques-
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tration in the DFH wetland. Although fire is commonly viewed as a C source via direct
combustion and post-burn emissions, its impact on wetlands is qualitatively different. A
stable water table impedes downward heat penetration, confining most burns to surface
litter and living biomass; the sub-aqueous root zone and peat beneath remain largely intact.
Consequently, the moderate fire regime documented at DFH—dominated by low-intensity
surface fires—creates a distinct pathway for long-term C gain.

In herbaceous wetlands, surface fires remove above-ground biomass yet leave root
systems in place. Subsequent root mortality, facilitated by soil fauna, transfers additional
organic matter into the saturated horizon where slow decomposition preserves C [17].
Moreover, periodic burning enhances species diversity and stimulates primary productivity,
increasing litterfall and root exudation that further augment soil C inputs [41]. Frequent,
but not catastrophic, fire therefore elevates both above-ground turnover and below-ground
C incorporation, driving the observed rise in CAR.

Beyond immediate biomass effects, fire-generated residues (charcoal, carbon black)
contribute disproportionately to long-term C storage. These pyrogenic materials exhibit
high aromaticity, low microbial degradability, and large surface areas that foster organo-
mineral associations [42]. Within wetland soils they constitute the most stable C fraction,
while moderate concentrations can enhance plant productivity by improving nutrient
retention and soil structure, thereby increasing litter-derived C inputs [43]. Elevated
aromatic C content, mirrored in our samples, signals greater biochemical stability and
prolonged residence times. We conclude that wetland fires not only boost total soil C
stocks but also strengthen their stability through the accumulation of fire-resistant residues,
reinforcing sequestration over multi-millennial timescales.

Over the past 1200 years, gradually rising population in Heilongjiang Province has
increased anthropogenic ignition pressure, a trend that accelerated markedly during the
last four centuries. Repeated, controlled burning to reclaim farmland has produced anoma-
lously high background CHAR in our record. Despite this anthropogenic overprint, the
positive fire-CAR relationship persists, underscoring that even human-mediated fires
continue to shape C accumulation patterns in these wetland systems.

5.3. The Future Role of Wetlands in the Carbon Cycle

This study deepens our understanding of how fire influences soil-carbon seques-
tration in wetlands. The documented fire regimes strongly modulate long-term car-
bon storage along the Ussuri River and should apply equally to other Sanjiang Plain
wetlands with similar hydrological characteristics. Yet ongoing climate change and es-
calating human pressures are jointly reducing wetland extent, potentially altering the
climate—fire—carbon feedback [37].

Northeast China—located at high latitudes in eastern Eurasia—ranks among the
most climate-sensitive regions on Earth. Over the past 60 years mean temperatures have
risen by 0.36 °C decade™!, almost double the national average, and climate projections
indicate further intensification of warming. Higher temperatures will increase both the
frequency and severity of fires while accelerating the conversion of wetlands to grasslands
as water tables continue to fall. Although warming may enhance biomass production, it
also heightens drought risk, forcing farmers to substitute groundwater for surface water
to maintain rice yields [43]. Declining groundwater levels and reservoir storage thus
indirectly drive wetland loss and degradation [44]; nevertheless, human activity remains
the dominant driver of wetland shrinkage on the Sanjiang Plain [45].

Before the 1950s the plain was dominated by pristine marshy wetlands interspersed
with forests and fluvial islands, and local communities relied primarily on fishing
and limited mountain agriculture. Thereafter, large-scale reclamation for food produc-
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tion has eliminated > 80% of the original wetland area. Wetland loss rates were 38%
(1976-1986), 16% (1986-1995), and 31% (1995-2005); although the rate has slowed, drainage
and conversion to paddy fields continue. Extensive canal networks lower water levels
and destroy perennially saturated, anaerobic horizons, accelerating decomposition of soil
organic carbon and releasing greenhouse gases to the atmosphere [46]. As marsh area
contracts and water levels drop, more frequent and severe fires will increasingly consume
centuries of accumulated soil carbon, shifting these ecosystems from net carbon sinks to
net carbon sources.

6. Conclusions

This study set out to reconstruct the 5000-year fire history of Ussuri River wetlands
and to quantify the long-term influence of fire regimes on soil-carbon sequestration. Inte-
grating high-resolution charcoal and soil organic-carbon records, we find that infrequent
surface fires enhance long-term soil carbon accumulation by preserving sub-aqueous peat,
stimulating root inputs and forming stable pyrogenic carbon. Fire frequency and carbon
accumulation are significantly positively correlated, confirming low-severity fire as a key
driver of the wetland carbon sink. However, drainage and rapid warming are lowering
water tables and increasing fuel connectivity, shifting combustion from surface to depth
and accelerating peat mineralization. If wetland loss continues, this region will switch
from a fire-promoted carbon sink to a net atmospheric source; maintaining water levels
and appropriate fire management are essential to preserve the wetland’s carbon function.
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