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a b s t r a c t

Black carbon (BC) content in a sediment core from Daihai Lake, Inner Mongolia, was analyzed to
reconstruct a high-resolution history of fires occurring in northern China during the Holocene and to
examine the impacts of natural changes and human activities on the fire regime. The black carbon mass
sedimentation rate (BCMSR) was disintegrated into two components: the background BCMSR and the
BCMSR peak, with the BCMSR peak representing the frequency of fire episodes. Both the background
BCMSR and the magnitude of the BCMSR peak display a close relation with the percentage of tree pollen
from the same sediment core, suggesting that regional vegetation type would be a factor controlling the
intensity of fires. The inferred fire-episode frequency for the Holocene exhibits two phases of obvious
increases, i.e., the first increase from <5 tow10 episodes/1000 yrs occurring at 8200 cal. yrs BP when the
vegetation of the lake basin shifted from grasses to forests and the climate changed from warm/dry to
warm/humid condition, and the further increase to a maximum frequency of 13 episodes/1000 yrs
occurring at 2800 cal. yrs BP when herbs and shrubs replaced the forests in the lake basin and the climate
became cool/dry. Both increases in the fire frequency contradict the previous interpretation that fires
occurred frequently in the monsoon region of northern China when steppe developed under the cold/dry
climate. We thus suggest that human activities would be responsible for the increased frequencies of
fires in the Daihai Lake region in terms that the appearance of early agriculture and the expansion of
human land use were considered to take place in northern China at ca 8000 and 3000 cal. yrs BP,
respectively.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Fire is one of the most important components of the Earth’s
ecological system that is tightly coupled with climate, vegetation
and human activities (Harrison et al., 2010). Fire plays a significant
role in maintaining the ecosystem and regulating climate change.
For example, fires can affect the vegetation succession (Bond et al.,
2003, 2005; Franklin et al., 2005) and surface albedo to a large
extent (Jin and Roy, 2005; Lyons et al., 2008; Bowman et al., 2009),
which could ultimately influence climate change. However, climate
changes may also modulate vegetation succession and fire
frequency and/or intensity (Clark, 1988a; Kitzberger et al., 1997).
Recently, fires of high intensity have occurred frequently in some
regions and have been linked to anthropogenic climate change
(Westerling et al., 2006). The natural fire regime is being increas-
ingly influenced by human activities (Harrison et al., 2010). In some

parts of the world, people who use fire extensively for land clear-
ance and the maintenance of pasture and agricultural lands are
estimated to cause over 80% of all fires (FAO, 2007). Human-caused
ignitions can increase fire frequency beyond the range of natural
variability, thereby altering the species composition and decreasing
the soil fertility (Tilman and Lehman, 2001; Syphard et al., 2009).

Although changing climate and human activities have both
contributed to the observed changes in fires in some regions, the
role of humans as a driving force of fires is still not well understood.
Thus, it deserves further study in a diversity of environments,
particularly in the Asian monsoonal region of China, where ancient
civilization has a long recorded history (at least 5000 yrs). This will
provide a more complete understanding of human impact on the
fire regimes among different regions over time (Syphard et al.,
2009). To date, several studies have linked a shift in fire regimes
at individual sites and generalized regions to human activities
(Syphard et al., 2007; Marlon et al., 2008; Vannière et al., 2008;
Pechony and Shindell, 2010). Nevertheless, the lack of empirical
data on the long-term linkage between climate changes, human
activities and fire history, particularly in northern China, limits our
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ability to obtain integrated information regarding climatee
humanefire relationships in the past and how this information
might be useful for projecting future fire activity.

Fire history can be reconstructed by compiling historical
records, such as fire atlases (Rollins et al., 2001), the analysis of
dendrochronological data, such as fire-scarred trees and stand-ages
(Grissino-Mayer and Swetnam, 2000), and the analysis of charcoal
particles in lake-sediment cores (Carcaillet et al., 2001; Whitlock
and Larsen, 2001). However, the first two methods are limited by
both source availability and a short time span (Brunelle and
Whitlock, 2003). Conversely, the charcoal and pollen records
from lake-sediment cores provide information on the long-term
variations in fire and vegetation composition and reveal the
changes in fire frequency that might be linked to past shifts in
climate and vegetation, as well as to human activities, if applicable.
Nevertheless, there are some methodological challenges that need
comprehensive study in multi-disciplinary fields to distinguish
natural from anthropogenic fires. Bowman et al. (2011) proposed
three important sets of information in distinguishing human
burning reliably in the palaeoecological record: (1) the temporal or
spatial changes in fire activity and vegetation apparent from
palaeoecological proxies, (2) a demonstration that these changes
are not predicted by climateefuelsefire relationships and palae-
oclimate reconstructions for the period of fire regime change, and
(3) a demonstration that the fire regime changes coincide in space
and time with changes in human history known from archaeology,
anthropology and historical sources. According to these criteria,
northern China may be an ideal region to study human biomass
burning.

Recent studies of the fire history in northern China have mostly
focused on the linkages between fires and climate changes on the
orbital to millennial timescales (Yang et al., 2001;Wang et al., 2005,
2012; Zhou et al., 2007). By contrast, there are very few Holocene
fire history reconstructions from this area, especially high-
resolution multidisciplinary studies (Huang et al., 2006; Jiang
et al., 2008; Li et al., 2009). Furthermore, little is known about
the relationship between human activities and fire regimes in the
region. For example, the potential influence of the establishment of
agriculture in northern China during the Holocene (Kong et al.,
2003), and how this may have influenced fire has not been
considered. Such a study would provide a better context for
examining the potential joint impacts of climate and human
activities on the long-term fire regime changes.

Here, we present a detailed record of the fire history for the last
11.76 ka from lake sediment cores in the Daihai Lake region in
north-central China. The sediment core in the Daihai Lake region
was chosen because of the following: the climate and vegetation
changes during the Holocene have been extensively studied in the
Daihai Lake region (Xiao et al., 2004, 2006; Peng et al., 2005), and
they can be used as a comparison for our reconstruction of biomass
burning and fire activity; and human activities in the Daihai Lake
region can be traced back to Neolithic times based on archaeolog-
ical sites (Tian, 2000; Lian and Fang, 2001), which allow us to
examine the impacts of human activities on the fire regimes
through time.

In this study, we measured the black carbon content of the lake
sediment to reconstruct the fire history using chemical oxidation
pretreatment (Lim and Cachier, 1996). The term black carbon (BC) is
used to describe a relatively inert and ubiquitous form of carbon,
comprising a range of materials from char and charcoal to
elemental or graphitic carbon produced by the incomplete
combustion of fossil fuels and biomass (Goldberg, 1985; Schmidt
and Noack, 2000). Due to its inertness, the BC signatures in
geological deposits can be used as evidence of natural fires
(Goldberg, 1985; Lim and Cachier, 1996; Schmidt and Noack, 2000).

Although there is some evidence that BC degrades rapidly in soils
(Bird et al., 1999; Hockaday et al., 2006), BC degradation in this lake
should be far slower than in superficial mineral soils due to the
anaerobic conditions at the bottom of this lake. The black carbon
sedimentation rate (BCMSR) was employed as an indicator of
paleofire occurrence for the following reasons: (1) to better
understanding the relationships among fire, vegetation and climate
on Holocene timescales; and (2) evaluating how the fire regime
changed in the context of long-term human activities.

2. Settings, sampling and chronology

2.1. Site description

Daihai Lake (40�290e40�370N,112�330e112�460E) lies 10 km east
of Liangcheng County in the Inner Mongolia Autonomous Region in
north-central China (Fig. 1). It has an area of 133.5 km2, a maximum
water depth of 16.1 m, a mean water depth of 7.4 m and an eleva-
tion of 1221 m a.s.l. (measurements in July 1986 by Wang et al.
(1990b)).

Daihai Lake is located at the transition from semi-humid to
semi-arid areas in the middle temperate zone of China (Fig. 1). The
mean annual temperature is 5.1 �C, with a July average of 20.5 �C
and a January average of �13.0 �C (Xiao et al., 2004). The mean
annual precipitation is 423mm, of which approximately 80% falls in
JuneeSeptember, with a peak mean rainfall of 122 mm in August.
The mean annual evaporation reaches 1162 mm, which is 2.8 times
the annual precipitation value. The lake is covered with approxi-
mately 60 cm of ice fromNovember toMarch. In the lake region, the
winter climate is controlled by the dry, cold northwesterly winter
monsoon that brings cold winds and generates dust storms from
late autumn to spring, whereas the summer climate is dominated
by the warm, moist southeasterly summer monsoon that is
responsible for most of the annual precipitation and rainstorms
(Gao, 1962; Chinese Academy of Sciences, 1984; Zhang and Lin,
1992). At the present time, natural fires in the region mainly
occur in the winter and spring seasons (from October to April) (Liu
et al., 1999). The dry weather during this time causes more
combustible fuel to buildup, and strong winds facilitate the desic-
cation of fuels and also aid the spread of fires over the landscape
(Liu et al., 1999; Seying, 2002).

2.2. Coring and sampling of Daihai Lake sediments

Sediment core DH99awas extracted in the central part of Daihai
Lake (Fig. 1) using a TOHO drilling system (Model D1-B) in the
summer of 1999. DH99awas recovered at awater depth of 13.1m to
a sediment depth of 11.96 m, with a sediment recovery that
approached 98.5%. The core sections were split, photographed and
described on site. DH99a core sediments are composed of homo-
geneous silt and silty clay and can be divided into two parts:
a greenish-gray to grayish-black upper part with burrows and
a light to dark gray, laminated lower part.

The upper 11 m of the DH99a core was used for the present
study. DH99awas sampled at 4-cm intervals to determine the black
carbon contents. Eight bulk samples were collected for AMS
radiocarbon dating from the organic-rich horizons of the DH99a
core sediments.

2.3. Chronology of the Daihai Lake sediment core

Radiocarbon samples fromDH99a corewere dated using a HVEE
Tandetron AMS-II system at the Center for Chronological Research,
Nagoya University, Japan. The detailed methods for sample prepa-
ration and measurement are described in Xiao et al. (2004).
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The 14C ages of eight bulk samples from DH99a core were
determined with a half-life of 5568 yrs (Fig. 2; Table 1). The
conventional ages were converted to calibrated ages using CALIB 4
of the INTCAL98 radiocarbon age calibration program (Stuiver et al.,
1998) (Fig. 2). The ages of the sampled horizons of the DH99a core
were derived using linear interpolation between the radiocarbon-
dated horizons.

AMS 14C dates indicate that the Daihai Lake sediments reach
a thickness of ca 11 m for the Holocene Epoch (Fig. 2; Table 1). As
shown in Fig. 2, the ageedepth curve of the upper 11 m of the
DH99a sediment core displays a prominent inflection at ca
7500 cal. yrs BP, yielding an average sedimentation rate of ca
132 cm/ka for the segment since ca 7500 cal. yrs BP and ca 26 cm/ka
for the period before that. The average sedimentation rates and
a sampling interval of 4 cm provide potential temporal resolutions
of ca 30 yrs for the last ca 7500 yrs and ca 154 yrs for the period
before ca 7500 cal. yrs BP.

3. Materials and methods

In this study, we used the dichromate oxidation method
developed by Lim and Cachier (1996) to extract the BC in the lake
sediment samples. In brief, the carbonates and part of the silicates
in the samples were removed by an acid treatment with HCl
(3 mol/L) and HF (10 mol/L)/HCl (1 mol/L) in sequence. The treated

samples were then oxidized using a solution of 0.1 mol/L K2Cr2O7/
2 mol/L H2SO4 at 55 �C for 60 h to remove the soluble organic
matter and kerogen (Wang et al., 2001). After the treatment, the
remaining refractory carbon in the residue was operationally
defined as BC, including charcoal and atmospheric BC particles (Lim
and Cachier, 1996). Recently, Knicker et al. (2007) argued that
chemical oxidation methods are not unequivocal and may leave
non-BC derived paraffinic structures and may also attack some
types of charcoal. However, the oxidation time they used (4e6 h) is
substantially shorter than ours, and the results are not comparable
with the common approach we adopted in this study. In contrast,
Song et al. (2002) have shown that paraffinic carbon only
accounts for a much smaller fraction in the BC samples using the
same dichromate oxidation process as ours. Conversely, our
method may also attack certain types of charcoal due to the rela-
tively long oxidation time. Therefore, the remaining refractory
carbon in the residue only represents the oxidation-resistant part
of BC, resulting in underestimations of BC contents in soils or
sediments. However, this underestimation should not affect the
usefulness of BC as a proxy for fires due to the high reproducibility
of the BC contents in our chemical treatment procedure.

The content of BC in the residues was determined using
a continuous-flow isotope ratio mass spectrometer (CF-IRMS).
The CF-IRMS system consists of an EA (Flash 1112 series) coupled
to a Finnigan MAT 253 mass spectrometer. The combustion

Fig. 1. The map of the study area, showing the monsoon/arid climate system of northern China, the location of Daihai Lake, the lake bathymetry and the sediment core site
(modified after Gao, 1962; Chinese Academy of Sciences, 1984; Zhang and Lin, 1992; Xiao et al., 2004; Sun et al., 2009).
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temperature was set at 960 �C, and the temperature of reduction
tube was set at 680 �C. Standard samples with known carbon
contents (glycine: Cwt% ¼ 32%) were used to calibrate the
measurement and to monitor the working conditions. The BC
content was expressed as mg/g dry sediment. Sextuplicate
determinations on one sample using the above chemical treat-
ment procedure showed that the relative error was within 5.44%
for the BC content.

4. Data and mathematical analysis

The original BC record was analyzed using the decomposition
technique of Long et al. (1998). The BCMSR was calculated by
multiplying the BC content (mg C/g dry sediment) by the dry bulk
density (g/cm3) and sedimentation rate (cm/yr). This BCMSR time
series was then interpolated to pseudo-annual accumulation rates
and binned in 30-yr time intervals. The 30-yr interval was selected
because it generally represents the shortest deposition time in the
Daihai Lake record at our sampling interval. This approach
preserves the total amount of BC accumulated over time and
allows for the presentation of the data at equally spaced time
intervals (Long et al., 1998; Mohr et al., 2000). The BCMSR time
series were logarithmically transformed for variance stabilization

(log(BCMSR þ 1)) before being decomposed into background and
peak components (Charster software, D.G. Gavin, unpublished
data, 2006). A locally weighted mean was used to estimate the
background component of the BCMSR data. The peak components
(or fire episode series) were derived as the positive deviations
from a local mean that exceeded a certain threshold value. The
background component is often ascribed to changes in regional
fire incidence (Clark and Royall, 1995) and fuel abundance (Long
et al., 1998; Whitlock et al., 2003), as well as to non-fire-related
processes, such as masswasting and redeposition (e.g., from
lake-level fluctuations; Lynch et al., 2004), sedimentation rates
and bioturbation (Millspaugh and Whitlock, 1995; Carcaillet et al.,
2002). By contrast, the peak components represent local fire
events or episodes (i.e., more than one fire occurring during
a given time interval). This interpretation is based on the
assumption that fire events produce a large number of charcoal
particles which exceed the delivery of charcoal from other
processes (Clark, 1988b; Whitlock and Millspaugh, 1996; Ohlson
and Tryterud, 2000). It is also assumed that the fires consumed
enough biomass to produce enough charcoal to register a peak in
the lake sediments. Small fires that produce only a little amount of
charcoal are hard to detect (Whitlock et al., 2004). Here, all of the
positive peaks were considered as signals reflecting discrete fire
episodes. The peak data were smoothed to produce a summary of
fire episodes over time (expressed as the number of episodes/
1000 yrs). The peak magnitudes represent the total accumulation
of BC for all samples of a peak exceeding the threshold value and
may be related to the fire size, fire intensity, and/or charcoal
delivery (Whitlock et al., 2006; Higuera et al., 2007).

To help decide the appropriate width of the temporal window
for calculating the locally weighted mean (and, hence, the
smoothness of the background component), different window
widths were examined by visually comparing the resulting back-
ground component with the BCMSR time series. Window widths
<300 yrs produced a background component which mimicked the
peak component, while window widths >900 yrs generalized the
background component and may have obscured some meaningful
indication of regional fire activities or fire intensity at narrow/
shorter timescales. Window widths between 300 and 900 yrs
showed similar variations in the resulting background component,
and an intermediate window width of 600 yrs was selected as
optimal (Fig. 3a). A range of threshold ratios from 1.00 to 1.20 was
evaluated concurrently to determine an appropriate value for
identifying peaks with a 600-yr background window (Fig. 3b). The
results show that the threshold ratios between 1.05 and 1.20 allow
us to recognize the peak components with a roughly similar
distribution over time (Fig. 3b). However, the threshold ratios of
1.10 and 1.20 identified fewer peak components and produced
a long fire-free interval between ca 2000 and 3500 yrs BP (see
arrow in Fig. 3b). It is difficult to determine the appropriate
threshold ratio for identifying peaks because there are no inde-
pendently known fire events in historical documents, nor is there

Table 1
AMS radiocarbon dates of samples from the upper 11 m of DH99a sediment core recovered in the central part of the Daihai Lake.

Laboratory number Depth in
core (cm)

Dating material d13C (%) AMS 14C age (yr BP) Calibrated 14C ago (2s)
(cal. yr BP)

NUTA2-2954 160 Organic matter �25.1 1434 � 28 1385e1290
NUTA2-2864 402 Organic matter �26.8 2688 � 27 2845e2750
NUTA2-2868 501 Organic matter �25.2 3531 � 28 3885e3700
NUTA2-2719 701 Organic matter �24.8 4729 � 32 5585e5325
NUTA2-2721 901 Organic matter �24.3 5809 � 33 6720e6500
NUTA2-2724 989 Organic matter �25.1 6593 � 34 7565e7430
NUTA2-2877 1063 Organic matter �25.5 9175 � 34 10,470e10,235
NUTA2-2725 1103 Organic matter �24.7 10,171 � 39 12,300e11,570

Fig. 2. The lithology, ageedepth curve and sedimentation-rate histogram of the upper
11 m of the DH99a sediment core recovered in the central part of Daihai Lake. Crosses
represent AMS radiocarbon datings, and solid circles represent calibrated radiocarbon
ages. Sedimentation rates (cm ka�1) were calculated between calibrated radiocarbon
ages.
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any information on occurrences of fire in the vegetation type at the
study location. By taking the relative analytical error of 5.44% for
the BC contents into consideration, we decided to select threshold
ratios higher than 1.06 to infer fire episodes to see if the multiple
lines of fire episode frequencies converged to produce a consistent
fire history. The fire episode frequency was determined using
a 2000-yr locally weighted mean on the fire episode binary series.
Because there is a sampling resolution of only w30e150 yrs, the
peaks in our BC recordmay reflect centuries of high fire activity, not
individual fire events, as inferred from the charcoal records of some
higher-resolution lake sediments. Therefore, the inferred fire
frequency should be called the apparent fire frequency, which is
a reconstruction of the general trend for the fire regime over time
for the Daihai Lake region.

5. Results

The changes in the black carbon content for sediment core
DH99a are shown in Fig. 4a. The BC contents ranged from 0.7 to
16.1 mg C/g of dry sediment. Themost striking feature is that the BC
contents vary frequently and have significantly high values during
the middle Holocene. By contrast, the BC contents during the early
and late Holocene are relatively low and less variable.

The background BCMSR levels were initially low, with a mean
value of 0.023 mg C cm�2 yr�1 (ranging from 0.017 to
0.033 mg C cm�2 yr�1), between 11,760 and 8200 cal. yrs BP. They
then increased from 0.023 to 0.30 mg C cm�2 yr�1 between 8200
and 6000 cal. yrs BP and remained high from 0.21 to
0.30 mg C cm�2 yr�1 until ca 4500 cal. yrs BP before gradually
declining to the present-day values of approximately
0.064 mg C cm�2 yr�1 (Fig. 4b). Generally, the background BCMSR
shows a clear correlation with the tree percentage (Fig. 4e) (data

from previous palynological work of Xiao et al., 2004). The low
background BCMSR corresponded to low tree percentages during
both the early and late Holocene, whereas the high background
BCMSR was associated with high tree percentages during the
middle Holocene and a short warm/humid spell (ca 1700e
1350 cal. yrs BP) in the late Holocene.

The inferred fire episode frequencies and peak magnitudes are
displayed in Fig. 4c and d. Three lines of fire episode frequencies,
inferred from threshold ratios of 1.06, 1.10 and 1.20, display
a generally consistent changing pattern, indicating two phases of
fire episode increases initiated at w8200 and at w2800 cal. yrs BP.
By comprehensive comparisons among the inferred apparent fire
episode frequencies, peak magnitudes and pollen data, we divided
them into three distinct zones: an early Holocene interval featuring
relatively low fire episode frequencies (4e5, 3e4 and 1e
3 episodes/1000 yrs for threshold ratios of 1.06, 1.10 and 1.20,
respectively) and peak magnitudes (0.00022e0.0062, 0.000055e
0.0051 and 0.00062e0.0030 mg C/cm2/yr peak�1 for threshold
ratios of 1.06, 1.10 and 1.20, respectively) (ca 11,760e8200 cal. yrs
BP; zone 3); a middle Holocene interval containing intermediate
fire episode frequencies (5e10, 4e9 and 3e8 episodes/1000 yrs
for threshold ratios of 1.06, 1.10 and 1.20, respectively) and inter-
mediate to high peak magnitudes (0.00015e0.33, 0.000033e0.32
and 0.00019e0.29 mg C/cm2/yr peak�1 for threshold ratios of
1.06, 1.10 and 1.20, respectively) (ca 8200e2800 cal. yrs BP; zone
2); and a late Holocene interval characterized by intermediate to
high fire episode frequencies (9e12, 8e13 and 2e9 episodes/
1000 yrs for threshold ratios of 1.06, 1.10 and 1.20, respectively)
and intermediate peak magnitudes (0.0015e0.11, 0.00035e0.11
and 0.0022e0.095 mg C/cm2/yr peak�1 for threshold ratios of
1.06, 1.10 and 1.20, respectively) (ca 2800 cal. yrs BPepresent;
zone 1) (Fig. 4).
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6. Discussion

6.1. Holocene climate and vegetation dynamics in the Daihai Lake
region

Changes in the Holocene climate have been systematically
studied in the Daihai Lake region over the last two decades.
Previous studies have suggested that the early Holocene (ca 10e
7 14C ka BP) was warm and humid or a ‘Climate Optimum’ (Wang
et al., 1990a; Liu and Li, 1992). However, many recent studies in
the Daihai region have recognized that the climate was warm and
dry during the early Holocene (before ca 8000 cal. yrs BP), warm
and humid during themiddle Holocene (ca 8000e3000 cal. yrs BP),
and cool and dry during the late Holocene (ca 3000e0 cal. yrs BP)
(Xu et al., 2003, 2004a; Xiao et al., 2004, 2006; Peng et al., 2005;
Sun et al., 2009, 2010). A similar variation in the Holocene climate
was also reported at other study sites in eastern Inner Mongolia
(Wang and Sun, 1997; Shi and Song, 2003; Xiao et al., 2008; Yang
et al., 2008, 2011; Zhai et al., 2011) and the northwestern Chinese
Loess Plateau (An et al., 2003; Sun et al., 2008) in North China
although uncertainties in chronology and in the interpretation of
palaeoclimatic proxies do need to be considered (Yang and Scuderi,
2010). The dry early Holocene could be attributed to the stagnant
northward retreat of the polar front in the North Pacific Ocean due
to remnant Northern Hemisphere ice sheets, which would hamper
the northward shift of the summer monsoonal front, thereby sup-
pressing monsoonal precipitation over eastern Asia (Xiao et al.,
2008).

During the early Holocene, arid herbs and shrubs dominated the
lake basin in concert with patches of mixed pine and broadleaved
forests (Xiao et al., 2004). For example, Artemisiawas detected at up
to 60e75% of the total pollen sum, whereas arboreal tree pollen,
mainly derived from Pinus,Quercus, Betula andUlmus, accounted for
13e28% of the pollen sum and displayed a trend of gradual increase
(Fig. 4e). During the middle Holocene, a large-scale cover of mixed
coniferous and broadleaved forests occupied the Daihai Lake region.
The tree pollen percentage was characterized by an obvious
increase, reaching a maximum of 70% of the pollen sum (Fig. 4e).
Pinus is the predominant contributor, accompanied by Quercus and
Ostryopsis. By contrast, herbs, especially Artemisia, decline remark-
ably during this period (Xiao et al., 2004). During the late Holocene,
the forests disappeared and the vegetation density decreased, with
a scrub-steppe covering theDaihai Lake area. Theherbaceousplants,
composed mainly of Artemisia and Gramineae, grew on the moun-
tain slopes, and herbs dominated by Chenopodiaceae grew in the
valleys and depressions (Xiao et al., 2004). Noticeably, a short
interval between ca 1700 and 1350 cal. yrs BP is characterized by an
increase in tree pollen to 9e30% of the total pollen (Fig. 4e),
reflecting a comparatively warm and humid episode intervening
between the cool and dry periods of the late Holocene.

6.2. Linkages of fire, vegetation and climate during the Holocene in
the Daihai Lake region

In recent studies, the background charcoal trends have been
interpreted as a record of regional fire activity (Clark and Royall,
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Fig. 4. A plot showing (a) the black carbon content, (b) log-transformed BCMSR and background BCMSR (red), (c) peak magnitudes and (d) inferred fire episode frequencies for the
DH99a core using a background window width of 600 yrs and threshold-ratio values of 1.06 (blue), 1.10 (green) and 1.20 (purple); (e) tree percentage of pollen sum and (f) median
grain size for lake sediments for the same sediment core (cited from Xiao et al., 2004 and Peng et al., 2005) are shown for comparison. Horizontal lines denote boundaries between
pollen zones. These data are compared with the archaeological record for the Daihai Lake region. ZKG IIIeIV are Zhukaigou III and IV periods (ca 4000e3600 cal. yrs BP); Mao-
qinggou culture belongs to Ordos Bronze period (ca 2600e2300 cal. yrs BP). The colored boxes indicate the approximate chronological occurrence and duration of these periods
(Tian, 2000). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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1995; Clark and Patterson, 1997; Whitlock and Bartlein, 2004;
Higuera et al., 2007). Meanwhile, background charcoal has also
been considered to represent the relative amount of biomass
burned (Marlon et al., 2006, 2009). If the background BCMSR in our
record reflected regional fire activity, the high background BCMSR
during the middle Holocene indicates that high regional fire
activity (i.e., high fire frequency) occurred under warm and humid
conditions whereas the low background BCMSR values during the
early and late Holocene represent low regional fire activity under
cold and dry conditions. This conclusion, although being in accor-
dance with global fire activity patterns, is inconsistent with the
recent findings that cold and dry climates favor high fire activity on
the orbital to millennial timescales in North China (Yang et al.,
2001; Wang et al., 2005, 2012).

Paleofire studies at global scales (Power et al., 2008; Daniau
et al., 2010) and those in some individual regions such as
Australia and Africa (Daniau et al., 2007; Mooney et al., 2011)
reveal that less fires occurred during cold stadial or glacial stages,
and an increase in fires occurred during warmer interstadials and
interglacials. These studies emphasized that fuel availability is an
overwhelming controlling factor (i.e., cold and dry conditions
have severe influences on plant productivity, thereby limiting
fuels for fire). Some modern studies of fire and climate at annual-
to-decadal scales illustrate that fuel availability and climate
conditions conducive to combustion jointly determine regional
and global fire patterns (Le Page et al., 2008; Archibald et al., 2009;
Krawchuk et al., 2009). In contrast, we consider that dry climate
(i.e., high rainfall seasonality) is the most important factor
determining fire occurrence (or fire frequency) in the monsoonal
region of China unless the fuel is too limited (or inadequately
continuous) to support fires, as is, the case in deserts. Since dry
conditions are usually coupled with a cold climate in the Asia
monsoon region (Liu and Ding, 1998; Yang and Ding, 2008; Wang
et al., 2012), cold/dry conditions during stadial or glacial stages are
conducive to frequent fires in the region. This is noted in paleofire
studies at glacial/interglacial cycles in a variety of regions in China
from south to north (e.g., Jia et al., 2000; Sun et al., 2000; Luo et al.,
2001; Yang et al., 2001; Huang, 2002;Wang et al., 2005, 2012). The
increased fire activity occurring during cold stadial or glacial
stages may be explained by the following three aspects. (1)
Relatively dry climates persisted during stadial or glacial periods
and favored the expansion of grassland and fostered a continuous
fuel buildup that promoted fire. (2) The dry climate could
lengthen the fire season by reducing the number of rainy days in
summer, thus increasing the probability of fire occurrences. (3) A
strengthened dry winter monsoonwind during these cold periods
facilitating an increase in fuel desiccation and promoting the
propagation of fires over the landscape once they were ignited.
The different fire regimes in China from other locations in the
world may reveal regional differences in climate conditions
determining vegetation type, amount of fuel and fire weather
(Wang et al., 2012).

Based on the above discussion, the background BCMSR could
not be interpreted as a record of regional fire activity in Daihai
Lake region. Conversely, the close correlation of background
BCMSR with the tree percentage (Fig. 4b and e) may indicate
a relationship between the vegetation dynamics and the intensity
of the fires. Herb-dominated vegetation generates low fuel loads
and highly flammable fuels, which tends to produce less BC than
woody vegetation when burned (Stocks and Kauffman, 1997).
Moreover, fires in xeric grasslands are fast-moving, low-energy
fires with poorly developed convection plumes, and thus, the BC
deposition is fairly local (Stocks and Kauffman, 1997). Conversely,
a high fuel load and a large fuel continuity in woodlands and
forests may have promoted high-intensity fires and more

convectional uplift that carried BC particles aloft and increased
their deposition into lakes (Clark, 1988b; Whitlock and Larsen,
2001). Thus, the herb-dominated vegetation in the Daihai Lake
region during the early and late Holocene would result in low BC
production, accounting for the low background BCMSR. In
comparison, more woody fuels (i.e., coniferous and broadleaved
forests) during the middle Holocene and the short interval
between ca 1700 and 1350 cal. yrs BP would increase the BC
production, explaining the high background BCMSR during these
periods. Additionally, the enhanced BC sedimentation rates
during the above-mentioned humid periods might also be
a product of increased overland flow and higher soil erosion rates
(Whitlock and Millspaugh, 1996). This process may not largely
increase the BC contents in lake sediments if no fires occurred
during the same periods. However, the high BC contents during
the middle Holocene and the short interval of ca 1700e
1350 cal. yrs BP (Fig. 4a) may rule out this possibility, suggesting
that the increased background BCMSR mostly originates from the
concurrent biomass burning. In summary, the changes in the
background BCMSR in the Daihai Lake region may reflect the
changing intensity of the fires associated with vegetation
dynamics.

The magnitude of a charcoal peak is related solely to the
amount of fuel consumed, i.e., a larger peak indicates either more
fuel per unit area was consumed or that a greater area was burned
(Gardner and Whitlock, 2001). Previous studies have interpreted
peakmagnitude as a proxy for fire size, fuel consumption (Higuera
et al., 2009) and fire proximity or intensity (Whitlock et al., 2006;
Hély et al., 2010; Higuera et al., 2011). Therefore, the peak
magnitude of BCMSR in this study may represent fire intensity or
fire size. The inferred apparent fire episode frequencies and peak
magnitudes suggest that fires were relatively infrequent (e.g., 1e
5 episodes/1000 yrs, depending on threshold ratios) and less
intensive or relatively small in size in the Daihai Lake region
during the early Holocene (ca 11,760e8200 cal. yrs BP) (Fig. 4c and
d). During this time the climate was warm and dry and arid herbs
and shrubs (e.g., Artemisia, Chenopodiaceae and Ephedra) domi-
nated the lake basin (Xiao et al., 2004, 2006; Peng et al., 2005).
During the middle Holocene (ca 8200e2800 cal. yrs BP), fires
became comparatively more frequent (e.g., 3e10 episodes/
1000 yrs, depending on threshold ratios) and very intense or
large in size when the climate was warm and humid and more
woody vegetation covered the Daihai Lake region. The apparent
fire episode frequencies during the late Holocene (ca 2800e
0 cal. yrs BP) displayed a further increase and reached the
current frequency, which is the highest level of the analyzed
record (e.g., 9e13 episodes/1000 yrs, depending on threshold
ratios), and the fire intensity or fire size dropped to an interme-
diate level (Fig. 4c and d). Meanwhile, the climate was cool and
dry during this period, with herb-dominated vegetation over the
lake basin. The two phases of gradual increases in fire episode
frequencies during the Holocene could not be readily explained by
the changes in vegetation and climate. In northern China, a cold/
dry climate and the development of steppes are conducive to
frequent fires during stadial and glacial stages (Yang et al., 2001;
Wang et al., 2005, 2012). Furthermore, the charcoal records from
several sites in the adjacent Chinese Loess Plateau revealed that
wildfires occurred frequently during the early and late Holocene
when the climate was dry and steppe vegetation expanded over
the region whereas natural wildfires were largely reduced during
the Holocene climatic optimum between 8500 and 3100 yrs BP
(Huang et al., 2006; Tan et al., 2011). A recent observation shows
that vegetation structure (tree versus grass cover) can also have
large impact on fire occurrence, i.e., when tree cover exceeds 40%,
fire activity declines rapidly in Africa’s savanna and grassland due
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to a tendency of canopy closure (Archibald et al., 2009). If this
observation is applicable to our study site, the tree percentagewas
higher than 40% during most of the middle Holocene and would
have largely reduced fire activity in Daihai Lake region. In this
case, if no other driving factors, such as human activity, occurred,
the expected fire regimes in the Daihai Lake region should be the
same as that on the Chinese Loess Plateau. However, the two
records are not similar. Therefore, the two phases of gradual
increases in fire episode frequencies during the Holocene might
have been related to human fire use. This hypothesis will be dis-
cussed in the next section.

It is also possible that the observed low fire episode frequencies
during the early Holocene may be associated with the low sedi-
mentation rate during this period, which can probably obscure
some fire peaks. The mean fire return interval was estimated to be
approximately 220 yrs with a time resolution of 154 yrs before ca
7500 cal. yrs BP (Fig. 2). Conversely, the mean fire return interval
was approximately 150 yrs when the time resolution was 30 yrs
during the late Holocene period. Thus, the reduction in time reso-
lution did not significantly increase the mean fire return interval
during the early Holocene period. Therefore, the inferred low fire
frequency during this period probably reflects the true character-
istics of fire activities. At the same time, the more frequent rainfall,
as indicated by the increase in median grain size during the middle
Holocene (Peng et al., 2005), would induce a highly variable surface
runoff, which could have carried secondary BC into the lake sedi-
ments and contributed to the peak components of the BCMSR
record, resulting in elevated BCMSR values during non-fire periods.
Such a process should have also affected other terrestrial clastic
materials as well, leading to an increase in the grain size of the
sediment. However, at our study site, the BCMSR peaks corre-
sponded well to the significant decreases in the median grain sizes
of clastic particles at the intervals of ca 7500e7300, 7000e6800,
6600e6300, 6100e5900, 5000e4800, 4400e4100, 4000e3800,
and 3600e3500 cal. yrs BP (see gray bars in Fig. 4f), indicating
that the surface runoff has a limited influence on the peak
components of our BCMSR record.

6.3. Human impacts on fire regimes since the middle Holocene in
the Daihai Lake region

Prehistoric human settlements in the Daihai Lake region can be
traced back to ca 7000 cal. yrs BP (Tian, 2000), coinciding with the
onset of the Holocene climate optimum. Since then, the early
Yangshao culture (archaeological site: Shihushan, starting from ca
6500 cal. yrs BP), middle Yangshao culture (archaeological site:
Lower Wangmushan, starting from ca 6000 cal. yrs BP), late
Yangshao culture (archaeological site: upper Wangmushan, ca
5800e5000 cal. yrs BP), and the Longshan Culture (archaeological
site: Laohushan, ca 4800e4300 cal. yrs BP) occurred in this area in
sequence (Fig. 4) (Tian, 1991a, 1991b; Fang and Sun, 1998). To date,
a total of 12 archaeological sites have been discovered, which are
distributed on the mountain slopes around the Daihai Lake (Fig. 5).
The cultural remains found in the Daihai Lake region indicate that
humans inhabiting the lake area were primarily engaged in agri-
cultural production (Inner Mongolia Culture and Archaeology
Institute, 1991). Primitive agricultural cultures were developed
and flourished in the Daihai region during the Holocene climate
optimum period (Lian and Fang, 2001). For example, the Laohushan
culture relics were widely distributed in the Daihai Lake region and
Ordos Plateau, ranging from Jining in the north to Ejin Horo Banner
in the south and from Datong in the east to Baotou in the west
(Fig. 1). At the archaeological sites in these regions, many different
types of polished stone implements such as machetes, axes, hoes,
lower millstones and grinding rods were unearthed, indicating
a highly developed agriculture (Tian, 2000).

Fire was often used by early people to accelerate the process of
establishing areas for agriculture. Since Neolithic times, slash-and-
burn techniques have been widely used for converting forests into
crop fields and pasture (Awe, 2006). Archaeological studies indicate
that people in Yangshao culture region along the central Yellow
River in China cultivated millet using slash-and-burn techniques
from around 5000 B.C. to 3000 B.C. (Chang, 1987). A recent study
has shown that the slash-and-burn cultivation can be at least dated
back to ca 7700 cal. yrs BP in north China (e.g., Li et al., 2009). In

Fig. 5. The map showing the distribution of the archaeological sites in the Daihai Lake region (modified from Lian and Fang, 2001), including Huzishan (1), Wangmushan (2),
Dongtan (3), Hongtaipo (4), Xibaiyu (5), Laohushan (6), Bancheng (7), Qianchougou (8), Yuzigou (9), Hetongyao (10), Damiaopo (11) and Shihushan (12). The archaeological sites of
(1), (2), (3), (4) and (12) belong to the Yangshao culture (ca 6500e5000 cal. yrs BP), whereas the archaeological sites of (5), (6), (7), (8), (9), (10) and (11) belong to the Longshan
culture (ca 5000e4000 cal. yrs BP).
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slash-and-burn agriculture, forest will typically be cut months
before a dry season. The ‘slash’ is permitted to dry, and then burned
in the following dry season. The resulting ash fertilizes the soil, and
the burned field is then planted at the beginning of the next rainy
season with crops. Most of this work is typically done by hand,
using machetes, axes, hoes, and other such basic tools (see http://
en.wikipedia.org/wiki/Slash-and-burn). The finding of stone
machetes, axes and hoes at the archaeological sites in Daihai Lake
region may suggest that local settlers had suitable tools and ability
to carry out slash-and-burn agricultural activity during the middle
Holocene. Therefore, human fire use in forest clearance and land
cultivation in the Daihai Lake regionmight have largely contributed
to the high fire episode frequencies during the middle Holocene
period (Fig. 4d).

The Laohushan Culture ended ca 4300 cal. yrs ago as a result of
climate deterioration in the lake area (Fang and Sun, 1998; Tian,
2000). Because the drainage basin became unsuitable for farming
as the climate became cold and dry, humans stop cultivating in the
lake basin and left, leading to a cultural hiatus from ca 4300 to
4000 cal. yrs BP in the Daihai Lake region (Tian, 2000). However,
a decrease in the inferred fire episode frequency was not observed
for this period. This observation may reflect that our BC record
possibly registered the human biomass burning outside the Daihai
Lake region. For example, during ca 4200e3500 cal. yrs BP, another
primitive agricultural culture (called the Zhukaigou culture, with
a typical archaeological site at Ejin Horo Banner (Fig. 1)) appeared
in the neighboring Ordos Plateau and was well developed (Tian,
1997; Lian and Fang, 2001), which presumably contributed to the
inferred high fire episode frequency during this time. After ca
4000 cal. yrs BP, Zhukaigou IIIeIV culture appeared in Daihai Lake
region (Fig. 4).

During the late Holocene (ca 2800e0 cal. yrs BP), the inferred
fire episode frequencies continued to increase and reached
a maximum level of 13 episodes/1000 yrs (Fig. 4d), which may be
attributed to an increase in human activity in the study area since
ca 2300 cal. yrs BP. Historical accounts indicate that there were
three main Han occupation phases in Ordos Plateau and the
neighboring regions, including in Daihai during the last 2300 yrs:
theWest Han Period (206 B.C.eA.D. 8), the Tang Dynasty (A.D. 618e
907), and the period from A.D. 1697 to 1949 (Wang, 1985; Sun,
2000). The earliest large-scale migration and cultivation occurred
during theWest Han Period. Historical accounts state that up to one
million people migrated from central China to the Ordos Plateau
between 127 and 111 B.C., where they cultivated lands for agricul-
ture (Wang, 1985). The second phase of cultivation occurred in the
Tang Dynasty, when more than 130 thousand people cultivated
land in the Ordos Plateau. The most extensive cultivation occurred
during the latest phase of cultivation (A.D. 1697e1949) (Wang,
1985). Additionally, other studies have also revealed intensified
human activities in the Daihai Lake region during the late Holocene.
For instance, the increase in the magnetic frequency-dependent
susceptibility and decrease of Artemisia and Chenopodiaceae
pollen percentages in the Daihai Lake sediments since ca
300 cal. yrs BP have been thought to reflect intensified land culti-
vation (Zhang and Wu, 2001). Meanwhile, a clear increase in
Humulus and Urticaceae pollen percentages of the Daihai Lake
sediments after ca 980 cal. yrs BP also indicates the intensification
in human activities (Xu et al., 2004b). A similar pattern of frequent
fire occurrence during late Holocene has been revealed by charcoal
and BC records on Chinese Loess Plateau, which was attributed to
widespread agriculture activity in the region (Huang et al., 2006;
Wang et al., 2012).

In summary, the two phases of gradual increases in the inferred
fire episode frequencies from the early to the late Holocene show
that human-induced fires became more important for fire regimes

than natural fires in the Daihai Lake region. A sedimentary charcoal
record in Guanzhong basin (i.e., southern Loess Plateau) has shown
that human fire use in agriculture was initiated at ca
7700 cal. yrs BP and gradually intensified during the late Holocene
(Li et al., 2009). These findings imply the ever increasing role of
mankind in affecting the fire regime in north China during the
Holocene period.

7. Conclusions

In this study, we have linked the Holocene fire regime to the
vegetation, climate changes and past human activity in north-
central China by comparing a high-resolution BC record in the
Daihai Lake region with the associated pollen data, median grain
size and archaeological studies. The BCMSR was employed as
a palaeofire record proxy and was decomposed into two compo-
nents: the background BCMSR and the BCMSR peaks representing
fire episode frequencies. The results show that the background
BCMSR and peak magnitude display a close correlation with the
tree percentage, indicating the relationship between vegetation
dynamics and fire intensity or fire size. The inferred apparent fire
episode frequency showed two phases of gradual increases starting
at ca 8200 and ca 2800 cal. yrs BP, which cannot be explained
simply by vegetation dynamics and climate change. Based on
archaeological studies in the region, we propose that the two
phases of gradual increases in the inferred fire episode frequencies
are attributed to an increase in human activity starting at the
middle Holocene. This reinforces the evidence for the ever
increasing role of mankind in affecting the fire regime in northern
China during the Holocene period.
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