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ABSTRACT

Aim To understand the scenarios of ‘anthropogenic biomes’ that integrate human
and ecological systems, we need to explore the impacts of climate and human
disturbance on vegetation in the past and present. Interactions among surface
pollen, modern vegetation and human activities along climate and land-use gradi-
ents are tested to evaluate the natural and anthropogenic forces shaping the modern
vegetation, and hence to aid the reconstruction of vegetation and climate in the
past. This in turn will help with future predictions.

Location The North-east China Transect (NECT) in north-eastern China.

Methods We analysed 33 surface pollen samples and 213 quadrats across four
vegetation zones along the moisture/land-use gradients of the NECT. Detrended
correspondence analysis (DCA) and redundancy analysis (RDA) of 52 pollen taxa
and three environmental variables were used to distinguish anthropogenic and
climatic factors that affect surface pollen assemblages along the NECT.

Results The 33 surface samples are divided into four pollen zones (forest, meadow
steppe, typical steppe and desert steppe) corresponding to major vegetation
types in the NECT. Variations in pollen ratios of fern/herb (F/H), Artemisia/
Chenopodiaceae (A/C) and arboreal pollen/non-arboreal pollen (AP/NAP) repre-
sent the vegetation and precipitation gradient along the NECT. DCA and RDA
analyses suggest that surface pollen assemblages are significantly influenced by the
precipitation gradient. Changes in the abundance of Chenopodiaceae pollen are
related to both human activities and precipitation.

Main conclusions Surface pollen assemblages, fossil pollen records, archaeologi-
cal evidence and historical documents in northern China show that a large increase
of Chenopodiaceae pollen indicates human-caused vegetation degradation in
sandy habitats. The A/C ratio is a good indicator of climatic aridity, but should be
used in conjunction with multiple proxies of human activities and climate change
in the pollen-based reconstruction of anthropogenic biomes.
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INTRODUCTION

More than 75% of Earth’s ice-free land surface has been altered

as a result of human residence and land use. Consequently,

global patterns of biodiversity and ecosystem processes have

been fundamentally modified by humans and the world’s

biomes have therefore become ‘anthropogenic biomes’ (Ellis &

Ramankutty, 2008). The study of anthropogenic biomes is now

an important research direction in Earth system science (Alessa

& Chapin III, 2008), especially with the increasing interest in

investigations of the terrestrial biosphere that integrate human

and ecological systems, so-called social–ecological systems (Ellis
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& Ramankutty, 2008). Human-induced climate change together

with changes in atmospheric composition and land use have

altered the world’s ecosystems. Such anthropogenic climate

change has happened not only in recent decades but also in the

Holocene (Dearing, 2006). Understanding climate–human–

environmental interactions at local and regional scales is the

foundation for fully understanding environmental changes at a

global scale, and resolving our past is an essential element in

predicting the future (Dearing, 2006).

The fossil pollen record is a good proxy for reconstructing

palaeovegetation and palaeoclimate. Modern pollen assem-

blages connect modern vegetation composition and pattern,

and this relationship can be used to infer past patterns and

changes. Our ability to understand the nature and extent of

current human impacts on vegetation rests on our ability to

interpret past vegetation changes. Interpreting past vegetation

changes from pollen analysis, in turn, depends on the quality

of our understanding about the relationship between modern

vegetation and surface pollen assemblages. Such studies

have increasingly become local, regional and global concerns

(Prentice & Jolly, 2000). Doing these studies along environmen-

tal gradients of climate and land use will be valuable.

The IGBP (International Geosphere–Biosphere Programme)

Terrestrial Transects, established in the 1990s, are a set of inte-

grated global change studies consisting of observations and

manipulative experiments coupled with modelling and synthe-

sis (Koch et al., 1995). The North-east China Transect (NECT),

a moisture and land-use driven mid-latitude semi-arid gradient,

is one of the IGBP Terrestrial Transects (Koch et al., 1995; Zhang

et al., 1997; Ni & Zhang, 2000; Ni, 2003). Since the 1980s, much

remarkable research on changes of climate, plant species distri-

bution and ecophysiological response, plant functional types

and traits, vegetation, land use and land cover, as well as trace gas

emission, biomass, net primary production and carbon dynam-

ics has been performed on the NECT (see the synthesis of Ni &

Wang, 2004, and more recent publications, e.g. Fang et al., 2006,

and Zhang & Zhou, 2008).

The main aim of studies of the NECT is to elucidate relation-

ships among modern environments, ecosystems and land use:

analyses focusing on the correlations between pollen, vegeta-

tion, climate change and human activities at present and in the

past have received much less attention. The only such work is a

comparison of modern plant communities with surface pollen

assemblages along the NECT (Li et al., 2000): a close relation-

ship and >50% similarity were found. However, more work

should be attempted to understand how relationships between

surface pollen assemblages and modern vegetation vary along

gradients of precipitation, land-use change and human activi-

ties. Such work can contribute to the reconstruction of past

vegetation and climate and further understanding of natural

and anthropogenic forces in shaping climate change and the

terrestrial biosphere of the Earth system.

However, remarkable spatio-temporal climate variations and

different intensities and regimes of land-use change at different

spatial scales make it difficult to separate human influences

from the effects of climate change, both of which are drivers of

vegetation changes. The NECT, located in several anthropogenic

biomes of dense settlements, villages, croplands, rangeland and

forests (Ellis & Ramankutty, 2008), is no exception. Substantial

inter- and intra-annual climate variability (Ni & Zhang, 2000)

and different land-use regimes (pasture, agriculture and for-

estry) as well as changeable topography (Zhang et al., 1997)

result in a very complicated vegetation pattern along the NECT.

During the mid-Holocene, the NECT area was settled by only a

few people and large populations of animals. With increasing

human settlement in the last few hundred years, large areas of

grassland and forest have been cultivated for agriculture and

forests have been cut down (Zhao et al., 1992; Ren, 2007). There

is an urgent need to restore and to protect the natural environ-

ment in this region (Ni & Zhang, 2000; Ni & Wang, 2004).

Distinguishing the effects of human activity from the effects of

climate change is a big challenge. But different pollen assem-

blages have proved to be associated with climate and human

factors (Liu et al., 2006; Bradshaw, 2008; Li et al., 2008; Liu et al.,

2008a), therefore the study of pollen has become a valuable tool

for reconstructing vegetation patterns in the past and to infer

the causes of vegetation degradation.

Here, using the NECT along precipitation and land-use

gradients as the target study area, we reveal the relationship

between modern vegetation and surface pollen assemblages and

interpret the complicated interaction between surface pollen

and modern vegetation, climate gradients and human activities.

Samples of surface pollen are collected and analysed in different

climatic and vegetation zones with different intensities of

human interference along the NECT. These data are then

subjected to statistical analyses in order to distinguish the

effects of anthropogenic and climatic factors on surface pollen

assemblages.

MATERIALS AND METHODS

Study area

The study area is located in the Inner Mongolian Plateau and

Jilin Province of China, with latitudes ranging from 42 to 46° N

and longitudes from 110 to 132° E (Fig. 1). The climate of this

region is generally continental, but local climate varies along the

gradient: it is temperate humid in the south-east, semi-humid

and semi-arid in the central section and arid at the north-

western edge (Zhang et al., 1997; Ni & Zhang, 2000). Modern

climatic data (1950s–2000) from 181 meteorological stations in

the study area were used to calculate the mean annual tempera-

ture (MAT) and precipitation (MAP). Their contour maps

(Fig. 2), drawn using the Origin software package version 7.0

(OriginLab, USA), showed that there is an obvious gradient of

MAP decreasing gradually from 500–700 mm in the east, to

300–500 mm in the middle, and to 100–300 mm in the west.

MAT ranges from 2–6 °C and does not show an obvious gradi-

ent, probably because the NECT is located in a narrow latitudi-

nal zone (Fig. 2).

Vegetation zones in the NECT vary along the steep moisture

gradient. Temperate evergreen conifer–deciduous broadleaf
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mixed forests, dominated by Larix olgensis, Pinus koraiensis,

Picea jezoensis and Fraxinus mandshurica, and deciduous broa-

dleaf forests, consisting mainly of Quercus mongolicus and

Juglans mandshurica, are distributed in the east. Meadow steppes

(mainly Leymus chinensis) and agricultural fields occupy in the

middle eastern part of the transect. In the mid-west there are

typical steppes with Stipa grandis and Stipa krylovii as the domi-

nants, and at the western end there are desert steppes of Stipa

glareosa, Stipa gobica, Salsola collina and Caragana stenophylla

(Zhang et al., 1997; Ni & Zhang, 2000). The current patterns of

land use vary in different regions of the NECT, including for-

estry, agricultural and pastoral areas from east to west (Ni &

Zhang, 2000).

Vegetation survey and collection of surface pollen
samples

A total of 33 sites were investigated in summer 2006 at intervals

of 10–50 km along the NECT (see Appendix S1 in Supporting

Information; Fig. 1). Species composition and vegetation struc-

ture were surveyed, and surface pollen samples were collected at

each site. In each of the eight eastern forest vegetation sites, we

surveyed one 10 ¥ 10 m2 quadrat for the tree layer, five shrub

quadrats (5 ¥ 5 m2 each) and five herb quadrats (2 ¥ 2 m2 each).

In the middle to western steppe vegetation, we investigated 25

sites with five quadrats each. Usually, the quadrat size for grasses

was 1 ¥ 1 m2 and for shrubs it was 4 ¥ 4 m2. In total, we obtained

213 quadrats at 33 sampling sites (Appendix S1).

In the forest sites we recorded all species observed in the

tree, shrub and herb layers, species abundance (the total

number of species per unit area), canopy range, height and

diameter in breast height of trees and shrubs, and height of

herbs. The habitat conditions, such as slope, slope aspect, soil

type and physical characteristics, grazing and other human dis-

turbances were also recorded. In the grassland sites the species

abundance and number of individuals, community coverage

(the estimated percentage of quadrat surface area covered by a

given species), height of herbs and shrubs, land-use type and

intensity of human disturbance were recorded. In each site,

moss polsters (forest only), litter and topsoil (forest and grass-

land) were taken randomly from each quadrat, and then mixed

and sealed into a plastic box as one site sample. In total, 33

surface pollen samples were collected during the vegetation

survey.
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Figure 1 The study area and locations of 33 surface pollen sampling sites along the North-east China Transect (NECT).
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Laboratory treatments

Surface pollen samples of 30 g each were sieved through

200-mm mesh screens to remove larger plant fragments, and

then processed in the laboratory with heavy liquid separation

and acetolysis. Treated pollen samples were then mounted in

glycerol, and counted using 800¥ magnification with an

Olympus microscope. For each sample, two or three slides were

examined, and roughly 300 pollen grains were recorded. We

excluded unknown and indeterminate pollen grains, such as

broken, concealed or corroded pollen. Pollen percentages on the

basis of the total pollen excluding spores were calculated

(Fig. 3), using the Tilia/TiliaGraph software package

(Grimm, 1991).

Numerical analysis

Ordination techniques have been widely used in analysing rela-

tionships between pollen taxa, vegetation data and environmen-

tal variables (Schofield et al., 2007; Ma et al., 2008). To

determine whether to use linear or unimodal-based numerical

methods, detrended correspondence analysis (DCA) is first per-

formed to evaluate the gradient length of the first axis, which is

measured in standard deviation (SD) units of species turnover

(Jongman et al., 1995). A linear model with redundancy analysis

(RDA) is most useful when the gradient length is < 3 SD, while

a unimodal model with canonical correspondence analysis

(CCA) is suitable when it is > 4 SD. For intermediate lengths,

both models may be useful. In this study, the DCA of surface

pollen samples along the NECT showed that the first axis had a

gradient length of < 3 SD (2.045), suggesting that species

responses might be moderately linear (Jongman et al., 1995)

and RDA would be preferred over CCA. Accordingly, patterns of

modern local pollen variation related to environmental vari-

ables were explored by RDA and tested by associated statistical

procedures. DCA and RDA were processed using the canoco

software package (ter Braak & Šmilauer, 2002).

MAT, MAP and a human disturbance index (HDI) were

selected as environmental variables. The calculation of HDI was

based on plant species composition in each plot (Liu et al., 2006,

2008a, b). Plant species were divided into three groups according

to their relationships with human activities (Li, 1997). The

high-disturbance plants (Group I), such as Setaria viridis,

Plantago depressa and Convolvulus arvensis, mainly appear in

heavily degraded steppes and forests, indicating strong human

disturbance. The moderate-disturbance species (Group II), for

example Artemisia frigida and Serratula centauroidus, mostly

grow in moderately degraded steppes and forests and indicate

medium disturbance. Group III refers to species with minimal

or no degradation and slight human disturbance, such as

Leymus chinensis, Lespedeza davarica, Stipa grandis and Stipa

krylovii. First, an importance value (IV) was calculated for each

species in each sample based on the sum of its relative abun-

dance, relative coverage and relative height. Second, all species

were divided into three groups, and weighted based on the dif-
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ferent degree of vegetation degradation and human disturbance

as 1/3 (Group I), 2/3 (group II) and 1 (Group III), respectively

(Liu et al., 2006, 2008a, b).

The HDI is finally expressed as follows:

HDI 1 IV1 1 3 IV2 2 3 IV3= × + × +( )

where IV1, IV2 and IV3 represent the IVs of species in the three

classes, respectively (Liu et al., 2006, 2008a, b).

RESULTS

Pollen assemblages of different vegetation zones

In total, 65 pollen and spore taxa were identified in the 33

surface pollen samples. Forests are dominated by arboreal

pollen, notably Pinus, Betula and Picea, whereas herbaceous

pollen dominated the steppes. Chenopodiaceae and Artemisia

are two common herbaceous types found in all samples of the

study area. Ephedra, Leguminosae, Compositae, Gramineae,

Polygonum, Umbelliferae, Liliaceae and Cyperaceae are often

recorded. In addition, aquatic pollen (Typha) and fern spores

(Polypodiaceae) were also counted.

Four pollen assemblage zones (Fig. 3) along the NECT are

distinguished based on the characteristics of the surface pollen

spectra in each of the four major vegetation types.

1. Forest zone (eight forest sites): tree pollen occupies the

largest proportion (average of 76%), dominated by Pinus

(48.8%) and Betula (8.6%). Artemisia pollen accounts for 13.9%

and Chenopodiaceae 2.3%. Other pollen types are relatively

rare. The pollen composition of the forest zone is summarized as

a Pinus–Artemisia–Betula combination.

2. Meadow steppe zone (four steppe sites): the pollen assem-

blages are dominated by shrub and herb pollen, which account

for more than 72% of the total pollen grains. Arboreal pollen

percentages (mean 28%) are much lower than in the forest

vegetation zone. Relatively high percentages of Pinus (27.1%)

and Chenopodiaceae (44.9%) are recorded. Pinus pollen

grains, which are bisaccate and have high pollen production

rates favourable to long-distance atmospheric transportation

from the forest zone, are particularly over-represented (not

representative of the real vegetation composition) in the

meadow steppe, typical steppe and desert steppe zones, where

few pine trees are present. Therefore it should be excluded

from these pollen zones for further analysis, thereby preventing

any distortion of the results. Artemisia accounts for 10.6% and

Compositae 9%. Therefore, the pollen composition of this

zone is regarded as a Chenopodiaceae–Artemisia–Compositae

assemblage.

3. Typical steppe zone (14 steppe sites): the pollen assemblage

is characterized by high percentages of Chenopodiaceae and

Artemisia. A maximum mean value of Artemisia (16.9%) is

recorded for the NECT, whereas the pollen percentage of

Pinus (7.0%) is relatively low and should again be excluded

due to its long-distance transport. Chenopodiaceae pollen

ranks in first place with an average of 56.9%. Consequently, a

Chenopodiaceae–Artemisia pollen combination is represented

in this zone.

4. Desert steppe zone (seven sites): higher percentages of shrub

and herb (82–98%) still prevail in the pollen assemblage. The

zone is marked by the largest portion of Chenopodiaceae of

88.5%, but Artemisia is only 1.5%. Exotic Pinus takes second

place with a mean proportion of 5.1%. Thus a Chenopodiaceae

pollen assemblage is obvious in the desert steppe zone.
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Pollen ratio

Variations in the pollen ratios of fern/herb (F/H), Artemisia/

Chenopodiaceae (A/C) and arboreal pollen/non-arboreal pollen

(AP/NAP) in the four vegetation zones (Fig. 4) demonstrate an

obvious trend of pollen ratios. From forest and meadow

steppe, through typical steppe, to desert steppe, the F/H, A/C

and AP/NAP ratios decrease greatly, which corresponds with

the gradient change of both vegetation and climate. In addition,

it relates to the spatial distribution of surface pollen of

Artemisia, Chenopodiaceae, arboreal pollen and fern spores. The

maximum value of Chenopodiaceae pollen occurs in the desert

steppe zone and arboreal pollen and fern spores are dominant in

the forest zone. Therefore, these three ratios all have maxima in

the forest zone and minima in the desert steppe zone, which is

consistent with the moisture gradient on the NECT.

Pollen assemblages and environmental factors

The RDA ordination for surface pollen percentage of 52 taxa

(excluding fern spores) with environmental factors (Fig. 5)

shows that the first axis (eigenvalue = 0.459) accounts for 97.5%

of the variation in environmental factors. Correlation between

the first axis and species–environmental variables is 0.827.

The second axis (eigenvalue = 0.008) explains only 1.7% of the

variation in data set. Correlation between the second axis and

species–environmental variables is 0.290.

MAP has the highest correlation coefficient (0.93) with the

first axis, whereas MAT has a high coefficient (0.91) with the

second axis (Fig. 5a). It is evident that the first two axes repre-

sent the gradients of MAP and MAT, respectively, as indicated by

the scores of pollen variables. MAP and MAT are therefore the

primary factors controlling variations of surface pollen data on

the NECT. Furthermore, the surface pollen assemblages are dif-

ferent in the four vegetation types (Fig. 5a). Consequently, from

forest to desert steppe, the change in MAP corresponds with the

gradient change of the surface pollen assemblage.

The HDI, however, shows smaller correlations with two axes

(–0.49 and 0.62), implying a less significant influence on surface

pollen distribution. Therefore, the effect of human disturbance

on surface pollen spectra is not significant (Fig. 5).

With respect to pollen taxa, on the first axis arboreal pollen

(Picea, Pinus and Quercus) with high MAP have high scores

whereas those from desert steppe (Chenopodiaceae) with rela-

tively low MAP have low scores. Pollen taxa from meadow and

steppe have medium scores (Fig. 5b). Arboreal pollen taxa have

a higher correlation with MAP than with other environmental

factors, indicating that arboreal pollen percentage is strongly

influenced by precipitation changes. In contrast, there is a

negative correlation between Chenopodiaceae pollen and MAP

(Fig. 5b). Chenopodiaceae percentages rise gradually in associa-

tion with increasing aridity from forest to meadow steppe, to

typical steppe, to desert steppe. However, human influences are

also reflected by the changes in Chenopodiaceae and Gramineae

pollen as evidenced by the good correlation between two pollen

taxa and HDI (Fig. 5b).

The RDA results of sampling sites according to different HDI

values are shown in Fig. 5(c). Highly disturbed sampling sites

are well distinguished from sampling sites with low and medium

HDI, indicating that strong human disturbance can be identi-

fied from the modern pollen assemblage in spite of different

vegetation types in the NECT. The strongest human disturbance

occurs in Sites 16 (HDI = 3.50) and 15 (HDI = 2.72), followed by

Sites 8, 10, 13, 14, 17, 19, 28 and 29.

DISCUSSION

Surface pollen assemblages and
precipitation gradient

Surface pollen assemblages along the NECT provide a good

indication of vegetation changes. The relationships of modern

pollen assemblages to environmental variables were well inves-

tigated by RDA. Strong positive correlations were found

between MAP and arboreal pollen such as Pinus, Quercus and

Picea, and markedly negative correlations occurred between

MAP and Chenopodiaceae. Consequently, precipitation mainly

affected surface pollen assemblages in the NECT through zonal

vegetation patterns. Furthermore, in the RDA space pollen taxa

along the NECT could ordinate into four bioclimatic groups

mainly based on moisture conditions in terms of values of the

first axis. Pollen taxa in Group 1 are characterized by moisture-

favouring trees, such as Pinus, Picea, Quercus and Fraxinus.

Pollen taxa in Group II are Compositae, Umbelliferae and Arte-

misia, requiring both moderate temperature and moisture.

Group III, including Chenopodiaceae, is the main component of
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the xeromorphic desert. Pollen taxa of Group IV contain meso-

xerophytes like Rosaceae, Humulus and Ephedra.

Surface pollen assemblages and HDI

RDA ordination reveals that the HDI was significantly corre-

lated with Chenopodiaceae pollen, which agrees with the find-

ings from Liu et al. (2006). Gramineae, which obviously have a

low representation, because their pollen percentages are gener-

ally lower than their plant coverages in quadrats (Liu et al.,

2008a), are also strongly correlated to HDI. Research has also

shown that the under-representation of Gramineae in the

surface pollen samples in steppe is actually the outcome of

human-induced disturbance such as overcultivation and over-

grazing (Ma et al., 2008). Furthermore, correlation analyses of

Chenopodiaceae and HDI in four vegetation zones indicate that
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Chenopodiaceae percentages in the desert steppe zone (R = 0.89,

P < 0.05) are more easily affected by human disturbance than in

other zones (typical steppe: R = 0.27, P = 0.39; meadow steppe:

R = 0.93, P = 0.07; forest: R = 0.10, P = 0.8).

Fossil proxies of human disturbances in northern
sand lands

The history of desertification and sandification derived from

pollen records in the Horqin and the Mu Us Sand Land of Inner

Mongolia, two of the most severely desertified areas in north-

eastern China, also showed the human disturbances related to

pollen records in sandy habitats, which could be compared with

surface pollen analysis.

The Mu Us Desert (36°49′–40°12′ N, 106°30′–111°56′ E),

with an area of about 40,000 km2, stretches from Inner Mongo-

lia in the north to Shaanxi and Ningxia in the south with a

temperate continental climate in a semi-arid area (Fig. 1). Pollen

and charcoal records from a 238 cm manually excavated palaeo-

sol profile at Yangjiawan village (39°28′08″ N and l10°09′92″ E)

reveal the rapid replacement of pollen from coniferous and

broadleaved mixed forest pollen with Chenopodiaceae at 2400

cal yr bp, suggesting a climate shift to drier conditions. The dark

loess that originally developed during the Middle Holocene, was

destroyed and seriously eroded as the sand dunes reactivated

again at 2400 cal yr bp. The A/C pollen ratio in the palaeosol

profile rapidly was reduced from 158.5 to 15.

Many ancient relics were discovered nearby, such as stone

axes, stout-legged tripods and tripodal urns, indicating the

impacts of human activities (Xu et al., 2002). As proposed by

Sun (2000), large-scale land cultivation during the West Han

Period (206 bc–ad 8) contributed to the great decrease in the

natural vegetation cover in the Mu Us Sand Land. Historical

records indicate that up to 1 million people migrated from

central China to the Ordos Plateau, including the Mu Us Desert

and the Hobq Desert, between 127 and 111 bc (Wang, 1985).

Accordingly, primitive farming began to develop in this region

(Fang et al., 1998) and may have contributed to landscape

change.

Charcoal, as a fossil indicator of fire, is produced by the

incomplete burning of plant material. The concentration of

microscopic charcoal (with size fractions < 100 mm) can be

taken as an indication of regional fire occurrence caused natu-

rally or intentionally by humans (MacDonald et al., 1991). A

dramatic increase in microcharcoal concentrations (> 5000

grains g-1) during the period 2700–2400 cal yr bp in the

Yangjiawan profile, associated with the above archaeological

(Xu et al., 2002) and historical record (Wang, 1985), provides

strong evidence for human-related burning activities. Therefore,

extremely high percentages of Chenopodiaceae most likely

imply that changes in pollen taxa assemblages in the Mu Us Sand

Land were affected by human disturbance to local vegetation.

The Horqin Sand Land (42°41′–45°15′ N, 118°35′–123°30′ E)

is located in Inner Mongolia, Liaoning and Jilin provinces with

a temperate continental semi-arid monsoon climate. Pollen-

based records of two exposed profiles from Zhamu (43°24′ N,

125°26′ E) (Yang, 1995) and Maili (42°52′ N, 122°53′ E) wet-

lands (Ren, 1999) situated in the Horqin Left North Banner

revealed a detailed history of soil desertification and vegetation

degradation in the Horqin Sand Land. The Zhamu profile

showed a decline in woody and aquatic plants from 2400–2100

cal yr bp, whereas Artemisia, Chenopodiaceae, Gramineae, Con-

volvulus, Leguminosae and other pollen types indicative of

human activity (like weeds and cereal-type pollen) such as

Humulus and Molvaceae (Li et al., 2008) rose to 90% of total

pollen (Yang, 1995). Pollen analyses from the Maili profile indi-

cated that since 3100 cal yr bp arboreal pollen dominated by

Quercus mongolica declined rapidly, whereas herbaceous taxa,

especially Artemisia and Chenopodiaceae, increased gradually.

Furthermore, the rise of Chenopodiaceae lagged behind that of

Artemisia. During the period, the fixed sand dunes were partially

turned into semi-fixed sand dunes due to the removal of veg-

etation. Subsequently, they were converted into semi-moving

dunes, and even moving sand dunes.

Archaeological relics and documentary records indicate that

only a few groups of nomads and hunter visited in the Horqin

Left North Banner at 5000 cal yr bp when agriculture was widely

practiced by early settlers on the Liaodong Peninsula and in

Hebei Province (Tan, 1982; Ren & Zhang, 1998). Agriculture had

shifted north to the south-eastern Horqin Sand Land and the

neighbouring regions since 3000 cal yr bp, where the earliest

native cultivation relics were found (the ‘Gaotaishan culture’,

3350–2965 cal yr bp) (Tian, 1988; Xin, 1988; Tong, 1989; Zhang,

1991). Many ancient relics were discovered nearby, including

stone knives, stone axes, stone sickles, a millstone plate, mill-

stone stick and tripodal urns, all suggesting that agriculture

played an important role in the state’s economy during this

period (Tian, 1988; Xin, 1988). Archaeological investigations

have identified a dramatic increase in archaeological sites

occurred since 3000 cal yr bp, indicating a significant rise in

human population and agricultural activities in the Horqin Left

North Banner (Ren, 1999). Therefore, the increase in population

and large-scale land cultivation contributed to soil desertifica-

tion and the degeneration of vegetation in the study area (Ren,

1999).

This conclusion was further confirmed by increasing charcoal

concentrations in the Maili profile after 2800 cal yr bp (Ren,

1999). Generally, microcharcoal is not only an indicator of distal

burning but also reflects local fire activity. Furthermore, macro-

charcoal (particles > 100 mm) is a distinct marker of local fire

production (Hounslow & Chepstow-Lusty, 2002). Therefore,

variations in macrocharcoal concentration can be used to recon-

struct fire frequency and have been used to explore the role of

human-related changes in fire regimes (Whitlock & Larsen,

2001). A remarkable increase in both macrocharcoal and micro-

charcoal concentrations at the Maili site since 2800 cal yr bp,

with a large peak at 1090 cal yr bp, in association with increased

human populations (Tian, 1988; Xin, 1988; Tong, 1989; Zhang,

1991) and combined with a large number of archaeological

remains (grinding stones, ceramics, and wooden artefacts)

(Tian, 1988; Xin, 1988) in these deposits, provide supporting

evidence for the anthropogenic use of fire. Accordingly, this also
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corroborates the large increase in Chenopodiaceae pollen

indicative of human-caused vegetation degradation in the

Horqin Sand Land. In addition, there is evidence from North

America that chenopods played an important role in prehistoric

agriculture (Leach et al., 1996). An abundance of Chenopodi-

aceae pollen since 3000 cal yr bp in a lake-sediment core from

Laguna Zoncho in southernmost Costa Rica is also a signal of

high human disturbance, possibly also related to prehistoric

cultivation (Clement & Horn, 2001).

A/C pollen ratio for environmental reconstructions

On the NECT, the ratios of F/H, A/C and AP/NAP represent the

vegetation gradient from forest to meadow steppe, steppe and

desert steppe, as well as the precipitation gradient from the

humid east to the arid west. The A/C ratio, first used by

El-Moslimany (1990), has been regarded as an indicator of cli-

matic aridity (Wünnemann et al., 2006; Herzschuh, 2007). As

proposed by Sun et al. (1994), it could also be used as an index

to distinguish steppe and desert vegetation in semi-arid and arid

areas. In the study of the NECT, the A/C ratio is > 5 in the forest

zone, > 1 in meadow steppe and typical steppe areas, and < 1 in

the desert steppe zone, which partially agrees with Sun et al.

(1994) and Chen et al. (2006).

However, at a local scale, an increase in the percentage of

Chenopodiaceae caused by human disturbance leads to a

decrease in the A/C ratio. Pollen and phytolith records of a

175-cm peat profile (44°25.06′ N, 86°01.26′ E) at Caotan Lake,

northern Xinjiang, north-eastern China showed that the climate

was characterized by alternate periods of wet and dry conditions

since 2500 cal yr bp, but the A/C pollen ratios continued to

decrease. The continued decrease of A/C was not linked to cli-

matic drying but probably reflected human disturbance at

Caotan Lake (Zhang et al., 2009). It is obvious that the A/C

pollen ratio is a good indicator of climate change and an index

for distinguishing forest, steppe and desert vegetation in the

NECT. However, when human disturbance is involved in the

interpretation of pollen data for the reconstruction of palaeo-

climatic and anthropogenic biomes based on fossil pollen data,

the ratio should be used carefully.

Ecotones in the NECT and human disturbance

The current land-use pattern in the NECT is forest, forest–

agriculture ecotone, agriculture, agriculture–pasture ecotone

and pastoral areas, from east to west (Zhang et al., 1997). Almost

all the sampling sites have been affected by various degrees of

human disturbance, but RDA results showed that most sam-

pling sites with higher HDI values occurred in three ecotones

along the NECT, which are regarded as regions sensitive to

climate and vegetation changes (Di Castri et al., 1988). Sampling

Sites 8 and 10 are located in the forest–agriculture ecotone, Sites

13–17 and 19 in the ecotone between agriculture and pasture,

and Sites 28 and 29 in the ecotone between typical steppe and

desert steppe.

Sampling Site 16 with the highest HDI values is located in the

Horqin Sand Land, which is a typical ecotone of farming and

grazing in the transition zone of the north-east plain and the

Inner Mongolian Plateau. The landscape is characterized largely

by low, open shrubs dominated by Caragana microphyll on shift-

ing and semi-shifting dunes and fixed dunes. The history of

desertification and sandification derived from above fossil

pollen and charcoal records, historical documents and archaeo-

logical evidence in the Horqin Sand Land have suggested that

human disturbance has contributed strongly to soil desertifica-

tion and vegetation degeneration since 3000 cal yr bp. Therefore,

our findings show that intensive human activities could result in

human-caused vegetation degradation in this ecotone, which is

considered to be a sensitive and unstable region. Protection and

management practices should give more attention to this

ecotone to prevent processes of desertification and in land-use

planning.

CONCLUSIONS

The precipitation gradient is the primary factor contributing to

changes in surface pollen assemblages along the NECT. Surface

and fossil pollen and archaeological and historical records in

northern China suggest that a large expansion of Chenopodi-

aceae pollen implies the degradation of vegetation under the

impact of human activities, especially in sandy habitats. The A/C

ratio is a good indicator of climate change and an index for

distinguishing forest, steppe and desert vegetation along the

NECT. However, it should be used carefully when human dis-

turbance is involved in reconstructing palaeoclimate and

anthropogenic biomes based on fossil pollen records. Our study

of surface pollen assemblages along a precipitation and land-use

gradient in the NECT therefore provides potentially valuable

analogues for human-induced vegetation change in order to

understand the associated changes in the world’s anthropogenic

biomes, and hence their conservation and management in the

anthropogenic epoch.
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