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Abstract. Results of a transient numerical experiment per-1 Introduction
formed in a coupled atmosphere-ocean-vegetation model
with orbital forcing alone are compared to pollen-based veg-The Tibetan Plateau covers a region of approx. 2.5 million
etation reconstructions covering the last 6000yr from fourkm?. With an average height of more than 4000 m above sea
representative sites on the Tibetan Plateau. Causes of tHevel (a.s.l.), it penetrates deep into the troposphere reach-
vegetation change and consequences of the biomass storatj atmospheric levels of less than 500 hPa. Due to its large
are analysed. horizontal and vertical extent, the Tibetan Plateau affects the
In general, simulated and reconstructed vegetation trend&egional as well as the global climate, including the circu-
at each site are in good agreement. Both methods revea#tion, energy, and water cycle (Wu et al., 2007). Besides
a general retreat of the biomass-rich vegetation that is parthe mechanical blocking of zonal as well as meridional at-
ticularly manifested in a strong decrease of forests. How-mospheric flow (e.g. Wu et al., 2005; Y. Liu et al., 2007),
ever, model and reconstructions often differ with regard tothermal processes on the Tibetan Plateau strongly influence
the climatic factors causing the vegetation change at eackhe regional circulation.
site. The reconstructions primarily identify decreasing sum- Regarding the influence of the land cover of the Tibetan
mer monsoon precipitation and changes in the temperaturflateau on climate, the following aspects are particularly im-
of the warm season as the responsible mechanisms for theortant:
vegetation shift. In the model, the land cover change mainly
originates from differences in warm/cold seasonal tempera-

tures and only to a lesser extent from precipitation changes. plays an important role for the onset and maintenance of

. Accoriingptlo the mﬁd_elkre;ultsl, the avera?:_e((jj ffo rest fr%c- the Asian summer monsoon (e.g. Wu and Zhang, 1998;
tion on the Plateau shrinks by almost one-third from mid- Ye and Wu, 1998; Wu, 2004; Y. Liu et al., 2007).

Holocene (41.4 %) to present-day (28.3%). Shrubs, whose

fraction is quadrupled at present-day (12.3 %), replace most — Huge air-pump: the large amount of air pumped up in
of this forest. Grass fraction increases from 38.1% dur- the atmosphere above the Tibetan Plateau due to high
ing the mid-Holocene to 42.3% at present-day. This land convective activity diverges near the tropopause and
cover change results in a decrease of living biomass by  subsides in North Africa, Central Asia, and the Mid-

— Elevated heat source: acting as a heat source for the
atmosphere in spring and summer, the Tibetan Plateau

0.62kgCnT2. Total biomass on the Tibetan Plateau de- dle East. Thereby, the large-scale subsidence forces
creases by 1.9kgCmi, i.e. approx. 6.64 PgC are released and forms dry climates and deserts such as the Sahara,
due to the natural land cover change. Taklamakan Desert, and Dzungar Desert (Rodwell and

Hoskins, 1996; Ye and Wu, 1998; Duan and Wu, 2005).

— Variations in the surface temperature: recent studies

Correspondence toA. Dallmeyer propose a strong relationship between the heating on the
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(e.g. Hsu and Liu, 2003; Yanai and Wu, 2006; Zhang eteven more, related changes in the terrestrial carbon storage
al., 2006; Wang et al., 2008). Investigations based oncan be quantified.

observations as well as climate model sensitivity exper- Since computing power is limited, long transient experi-
iments suggest an enhancement of the moisture trangments in comprehensive Earth system models can only be
port towards East Asia and increasing precipitation in performed with coarse numerical resolutions. Such an exper-
the subtropical front (Mei-Yu, Baiu, and Changma) in iment has been conducted by Fischer and Jungclaus (2011)
years with higher surface temperature on the Tibetarwith the model ECHAM5/JSBACH-MPIOM, covering the
Plateau (Wang et al., 2008). last 6000 yr.

The primary aim of this study is to critically assess the per-
o . . X formance of that model with respect to the land cover on the
Ialtlon IS anothe_r |fr|nportant facr:]tor bY Wh'?h the let()atan Tibetan Plateau. For this purpose, we compare pollen-based
Eo?trﬁzrsi)c(;\a/vrtcs:ol\?efﬁ nv?/ientoer; \t/v:aﬁ;asntr?e”r;tg-'seAa ?gri'_vggetatiop reconstructioqs for diffe.rent siteg on the Plateau
perature gradient and attenuates the East Asian mo Wlth the simulated potenyal vegetation trend in the surroun.d—
soon in the subsequent summer (Y. Liu et al., 2007) ning areas. Anthropogenic land use changes are pot tgken into

' " " account by the model. Secondly, we want to identify the
All these processes depend to a large part on the land covespecific climatic parameters that caused the past vegetation
of the Tibetan Plateau as it modulates the energy balance arnthanges. Thirdly, we quantify the total changes of simulated
energy transfer between the atmosphere and the land surfasegetation carbon storage for the entire Tibetan Plateau.
(Yasunari, 2007). The albedo of the surface determines the
absorbed incoming solar radiation and therewith the strength
of diabatic heat fluxes. Changes in the Tibetan Plateau’s land Study area
cover may thus exert stror_ng mflt_Jenge on the regional an_dzl1 The Tibetan Plateau
even on the Northern Hemispheric climate and atmospheric

circulation. . _ The Tibetan Plateau covers almost one-sixth of the area in
Beside the biogeophysical effects of changing albedo, surching | ocated in a tectonically active region (ca. 80105

face roughness, and evapotranspiration, land cover changeg,q 27_37 N), the Plateau exhibits a highly complex orog-

affect the climate via biogeochemical feedbacks, for eXaM-anhy with steep and huge mountain ranges as well as large

ple by the emission of carbon into the atmosphere (Clausseg)eyated plains. The Tibetan Plateau penetrates deep into the
et al., 2001). Therefore, it is necessary to get more infor-y,hosohere. Thus, it shows unique climate conditions with
mation about land cover changes on the Tibetan Plateau tg,qo |owest surface temperature and pressure as well as high-

understand past climate change in Asia. _ est 10-m wind speed compared to areas in the same latitudi-
So far, reconstructions suggest an increased mid-Holoceng, pelt (Asnani, 1993).

forest fraction on the eastern and southern margin of the 4 iowing the general decrease in altitude, near-surface
Plateau compared to the present conditions (Shen et alyjr temperature and precipitation increase from the north-
2005, 2006). Enlarged monsoon rainfall and higher summe{yesier to the south-eastern part of the Plateau. In sum-
temperatures due to orbitally-induced insolation changes fher, the Plateau is characterised by near-surface air temper-
seen as the most important forcing mechanisms for the veges; res up to 19C in the south-east and ca@ in the north-
tation change (Herzschuh et al., 2010a), but human impacjeqt (Sun, 1999). Winter temperatures are around 510

is discussed as an influencing facto.r as well (BehBnd 1o south-east and25°C in the north-west (Cui and Graf,
Lehmkuhl, 2009). For the central Tibetan Plateau, recon-,00g). Due to the strong insolation during daytime, near-

structions reveal only slight changes in vegetation CompoSiy,itace ajr temperatures experience strong diurnal variations.
tion during the Holocene (Tang et al.,

_ ) 2009). Fewer recordsg,itace soil temperature varies up to°&(during spring)
are available for the western Tibetan Plateau. They indicat§steen day and night (Cui and Graf, 2009).

wetter climate conditions (Gasse et al., 1991) and more veg- annual precipitation ranges from approximately 700 mm

etation for the mid-Holocene. , in the south-eastern part to less than 100 mm in the north-
As pollen reconstructions can only illustrate the local veg-\astern part (Sun, 1999), and precipitation also strongly
etation distribution and can only be taken as proxies for, 4ries in time and space (Ueno et al., 2001). Besides the

climate change, it is important to perform model simula- 5 oqranhy, precipitation distribution on the Tibetan Plateau

tions to identify the mechanism behind the changes. Furg grongly determined by the large-scale atmospheric circu-

thermore, Earth System Models (ESM) have the advantadgytion. The southern and eastern parts are affected by the
of calculating area-wide vegetation and climate changesagjan summer monsoon (Fig. 1a) that provides more than
taking feedback mechanisms into account (Kleinen et al.gq o4 of the annual total (Cui and Graf, 2009). The northern

2011). Thereby, it is possible to extract the driving param-pars are affected by the westerly wind circulation bearing
eters regarding the Holocene climate and vegetation changgg precipitation.

on the Tibetan Plateau and surrounding monsoonal areas;

— Accumulation of snow: high-elevation snow accumu-
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area, replaced by alpine and high-alpine meadows at higher
elevations. The dry north-eastern and central Tibetan Plateau
is characterised by temperate and alpine steppe vegetation.
Alpine deserts form the landscape at the dry north-central
and western Plateau.

2.2 Study sites for pollen-based vegetation
reconstructions

In this study, pollen records from four different lakes are con-
sidered, representing different climate and vegetation zones
on the Tibetan Plateau (see Fig. 1). These are Lake Qinghai
and Lake Naleng on the north-eastern and south-eastern Ti-
betan Plateau, respectively, as well as Lake Zigetang on the
central and Lake Bangong on the western Tibetan Plateau.

Lake Qinghai (36.55N, 100.TF E, 3200 m a.s.l.) has a sur-
face area of about 4400 Knand is the largest saline lake
in China. Located at the north-eastern Tibetan Plateau and
therewith in the fringe area of the Asian monsoon, the cli-
mate around the lake is influenced by three planetary-scale
circulation systems: the region is not only characterised
by the East Asian and Indian monsoon, but also affected
80°E 90°E 100°E by the westerly atmospheric flow (Xu et al., 2007). Thus,
changes in climate, in particular the monsoon intensity, prob-
Fig. 1. (a) Sketch of the main atmospheric circulation systems ably have a strong impact on the regional vegetation compo-
(in 850 hPa) affecting the Tibetan Plateau (grey-shaded) during th&ition. Nowadays, the lake lies in the semi-arid and mod-
summer monsoon season, based on observations: westerly wind Cigrate cold climate zone with mean annual precipitation and
culation (ora_nge), Indian summer monsoon circulation (ISM, b!ue) temperature reaching approx. 250 mml),and_ojoC' re-
and East Asian summer monsoon_cwculatlon (EASM, blue). L'ghtspectively (Shen et al., 2005). The nearby climate station
blue shaded region marks the Asian monsoon dom@nshows (Yeniugou, 99.58E, 38.42 E, 3320 m a.s.l.) records a mean

the area marked as black rectangldéahand displays the distribu- o
tion of the main vegetation types on the Tibetan Plateau (modifieoannual temperature 6£2.5°C, a mean July temperature of
10°C and a mean January temperature-6.3°C.

from Hou, 2001) and locations of the different study sites.
The vegetation immediately around the lake is charac-
terised by temperate steppes dominatedAbiemisia and
The diverse climate conditions lead to a unique land coverPoaceae. The reconstructions used in this study are based on
on the Plateau. Strong temperature and precipitation gradia 795 cm long core (QH-2000) from the south-eastern part of
ents along the steep mountains offer a very heterogeneou$e lake. For further description of the study site, material
environment for vegetation, but make the located vegetatiorand dating see Shen et al. (2005).
also highly susceptible to climate change. Lake Naleng (313N, 99.7%E, 4200ma.s.l) is a
The spatial distribution of major vegetation types is de- medium-sized freshwater lake on the south-eastern Tibetan
scribed in the Vegetation Atlas of China (Hou, 2001) and Plateau (area: 1.8k The pronounced relief and steep
summarised in Fig. 1b. Present-day vegetation along the wetlevations in its environment lead to strong climatic and veg-
and warm south-eastern and eastern margins of the Tibetagtational gradients. The climate around the lake is influenced
Plateau is dominated by montane conifer and broad-leavetly the Asian monsoon, yielding 90 % of the annual precipita-
forests. However, loss of natural forest since at least duringion (ca. 630 mmyr?! at a nearby climate station). The mean
the past 2000 yr and even more intense since the 1950s is alluly temperature at the lake is ca. 7G1 Mean annual tem-
tributed to anthropogenic forest clearance as a consequengeerature is approximately 1°€ (Kramer et al., 2010). Lake
of the high timber, grazing, and agricultural ground demandNaleng is situated at the upper tree line composedicég
of a constantly growing population (Studley, 1999; Zhang etthe (sub-)alpine vegetation is composed of shrubs such as
al., 2000; Dearing et al., 2008; Wischnewski et al., 2011).Potentila, Spiraea, Rhododendramtermixed withKobresia
Only during the last three decades have reforestation prodominated meadows. Due to its location, climate change —
grams and a logging ban stopped the further forest loss irespecially variability in temperature — is expected to cause
these areas (Zhang et al., 2000; Fang et al., 2001). Abovstrong shifts in regional vegetation. The vegetation trend at
the treeline (ca. 3000—-4000 m), sub-alpine shrubs cover théhis site is analysed based on the upper part of a 17.8 m-long

Bangong L. e
‘r—?. _E_i_ - teg’P‘
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sediment core. Details of the study site, materials, and meth- The transient experiment started at mid-Holocene climate
ods are described in Kramer et al. (2010). conditions: orbital parameters in the coupled models had
Lake Zigetang (32N, 90.9 E, ca. 4500 ma.s.l.) is a large been adjusted to the configuration 6000yr before present
saline lake (surface area ca. 190%non the high-altitude (henceforth referred to as 6 k). Atmospheric composition had
inner Tibetan Plateau. The regional climate is cold andbeen fixed at pre-industrial values with @@oncentration
semi-arid, but still affected by the Indian monsoon circu- Set to 280 ppm. Under these boundary conditions, the model
lation. Mean annual precipitation and temperature rangegvas brought to quasi-equilibrium climate state. Afterwards,
from about 300-500 mm y# and from—2.6°C to —0.3°C, the orbital configuration was continuously being changed un-
respectively. According to Naqu climate station (90.82 til present-day (0k) conditions were reached. During the en-
31.48 N, 4500 ma.s.l.), mean July temperature is’@%nd  tire transient run, atmospheric composition stayed constant.
mean January temperature-42°C. The vicinity of Lake The calculated climate change, thus, can be attributed to or-
Zigetang is covered by alpine steppe (dominated by Poacedeital forcing alone. Biogeochemical processes have no influ-
andArtemisig, but vegetation turns to alpirkobresiamead- ~ ence on the climate change.
ows to the east of the lake. Further details are described in Due to the coarse model resolution, it was not possible to
Herzschuh et al. (2006). take the geographically nearest grid-boxes around the lakes
With a surface area of 604 KinLake Bangong (33.4N, for the comparison of model results and reconstructions.
79 E, 4200ma.s.l.) is the largest lake on the western Ti-Simulated present-day climate differs strongly from obser-
betan Plateau. Located in the rain shadow of the Kunlun and@tions, since the orography in the model is underestimated.
Karakorum mountain ranges, climate around the lake is coldnstéad we use an average over two to three grid-boxes in the
and very dry. Temperatures range frem5.8°C in January vicinity of each lake showing an analogue vegetation trend
to 11.9°C in July and are ca-1.5°C in the annual mean. (Fig. 2). The grid-boxes have been selected by applying the
Precipitation originates mainly from the Indian monsoon, but following criteria: (a) the averaged climate in the grid-boxes
does not exceed 70 mmyr (van Campo et al., 1996). Ac- represents the local climate at the study site more appropri-
cordingly, montane desert/steppe-desert dominates the arédely (€-9. Lake Qinghai, Lake Zigetang); (b) the grid-boxes
characterised by a sparse vegetation cover. Pollen asserAl® located upstream of the study sites with respect to the
blages used in this study are based on a 12.4m core frordtmospheric circulation system effecting the site (e.g. Lake
the eastern part of the lake. For further information on theBangong, Lake Naleng, Lake Zigetang).

material and site see van Campo et al. (1996) and Fontes et , .
al. (1996). 3.2 Dynamic vegetation module

The dynamic vegetation module used in this study (Brovkin
et al.,, 2009) distinguishes eight plant-functional types

3 Methods (PFTs), i.e. plants are grouped with regard to their physi-
ology, including their leaf phenology type. Trees can be ei-
3.1 General model setup and experimental design ther tropical or extratropical and are further differentiated be-

tween evergreen and deciduous trees. The module considers
To estimate the mid- to late-Holocene vegetation changgwo shrubby vegetation types, namely raingreen shrubs and
on the Tibetan Plateau, a transient numerical experimeneold shrubs. The first is limited by moisture; the second rep-
was analysed. The simulation was performed by Fischeresents shrubs limited by temperature. Grass is classified as
and Jungclaus (2011) with the comprehensive Earth systergither C3 or C4 grass.
model ECHAM5/JSBACH-MPIOM developed at the Max-  For each PFT, environmental constraints are defined in the
Planck-Institute for Meteorology. The model consists of the form of temperature thresholds representing their respective
atmospheric general circulation model ECHAMS5 (Roecknerbioclimatic tolerance. These thresholds define the area where
et al., 2003) coupled to the land-surface scheme JSBACHestablishment of a PFT is possible. They describe cold resis-
(Raddatz et al., 2007) and the ocean model MPIOM (Mars-tance by the lowest mean temperature of the coldest month
land et al., 2003; Jungclaus et al., 2006). JSBACH includedTcmin), chilling requirements by the maximum mean tem-
the dynamic vegetation module of Brovkin et al. (2009). perature of the coldest month (g0 and heat requirement
ECHAMS ran with 19 vertical levels and a spectral resolu- for the growth phase. The latter is considered via the summa-
tion of T31, which corresponds to a latitudinal distance of tion of temperatures over days with temperatures higher than
ca. 3.78, i.e. a grid-box width of about 354 km at 3R. 5°C, called growing degree days (GDD5). Cold shrubs are
The ocean-grid had a horizontal resolution of approximatelyalso excluded in regions with warm climate (fux). The
3° and 40 vertical levels. The models had been tested against@alues of the limits are listed in Table 1 and similar to the
observation and reanalysis data, proving that they capture thiémits used in the biosphere model LPJ (Sitch et al., 2003).
major structure of global and regional climate (e.g. Cuietal., For each grid-box of the atmosphere, the land surface is
2006). tiled in mosaics so that several PFTs can be represented in
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Table 1. Bioclimatic limits for the 8 plant functional types (PFTs) used in the coupled model experiment. Listed are phenology type; PFT-
specific minimum of coldest monthly mean temperaturg{ix; PFT-specific maximum of coldest monthly mean temperaturg§%¢ PFT-

specific maximum warmest monthly mean temperature-{Z, and growing degree days, i.e. temperature sum of days with temperatures
exceeding 3C (GDD5). All temperature values are giveni@.

No. landcover classification phenology type f¢[°C] Tcmax[°C] Twmax[°C] GDDS5 [°C]
1 tropical evergreen trees raingreen 155 - - 0
2 tropical deciduous trees raingreen 155 - - 0
3 extratrop. evergreen trees  evergreen —-325 185 - 350
4 extratrop. deciduous trees  summergreen - 185 - 350
5 raingreen shrubs raingreen 0 - - 900
6 cold shrubs summergreen - -2 18 300
7 C3 grass grasses - 15 - 0
8 C4 grass grasses 10 - - 0
ECHAMS5 Orography [m] the plants. Furthermore, the establishment is weighted by
60N the inverse of the PFT specific lifetime, i.e. plants that live
sl long establish slowly. The establishment of woody .PFTS is
j favoured over grass, so that grass can only establish in the
SoN area that is left after trees and shrubs have established. In the
absence of disturbances, woody PFTs thus have an advan-
asn ] (0 Mo Ml I I tage over grasses, and the woody PFT with the highest NPP
becomes the dominant vegetation-type in the grid-box. Gen-
40N ¥ erally, trees have the highest NPP since they have the largest
cope leaf-area. However, in regions with frequent disturbances
BN 265‘55:_53"5650 1 ::‘7 e “"”"“‘ B or in unfavourable climate conditions, i.e. bioclimatic con-
O Dl M A 72 e e @ ditions near the thresholds, shrubs or even grass might win
1148 1917 | 2508 | 2684 | 2540 | 2808 | 2306 | 1524 the competition as they can recover more quickly than trees.
25"'\’“’\ // For each grid cell, a non-vegetated area is considered as
/ \/i — T~ well, which represents the fraction of seasonally bare soil
2N a and permanently bare ground. Their fraction is calculated
. L via the relation of maximum carbon storage in the pool rep-
\ ) \ J resenting living tissues to the carbon actually stored in this
-] ! 2 pool. This approach is based on the fact that plants need a

N T T T ¥ T v T T T T T T
60E 65E 70E 75E 8OE 85E 90E 95E 100E 105E 110E 115E 120E . . . .
certain amount of carbon to build their leafs, fine roots, etc.,

so that they can function properly. If the model calculates a

Fig. 2. ECHAMS orography (elevation higher than 1000 m), model . . . . .
grid (T31) and grid boxes used for determining the averaged Veg_posmve NPP for a vegetation type, carbon is filled into this

etation trend in four different regions on the Tibetan Plateau (redeOI' while carbon is lost from it proportional to the loss of

boxes). These are the north-eastern Tibetan Plateau (NETP), tH§@ves, which mostly happens in dry or cold seasons/periods.

south-eastern Tibetan Plateau (SETP), the central Tibetan Platedfi the filling of the pool is not sufficient for all PFTs, plants

(CTP), and the central-western Tibetan Plateau (CWTP). The locacannot grow and the grid-cell is mainly non-vegetated.

tions of lakes sampled for vegetation recqnstructions are also shown gjmulated changes in vegetation cover can thus be at-

(blge dots). Shaded area marks the regions on the Tibetan PlateatHbuted to bioclimatic shifts (i.e. temperature changes),

which are elevated above 2500 m in the model. changes in plant productivity (related to precipitation), or
changes in the frequency of disturbances. More details about

a single grid cell. The fractional cover of each PFT is de- e dynamic vegetation module are described in Brovkin et

termined by the balance of their establishment and mortality.al- (2009).

The latter is the sum of the mortality by the aging of plants In this study, PFTs are further aggregated to the three ma-
plus the disturbance-related mortality (fire and windbreak).jor vegetation types “forest” (containing all trees), “shrub”,
The establishment is calculated from the relative differencesand “grass”. The fourth land cover type “desert” includes
in annual net primary productivity (NPP) between the PFTs,the non-vegetated area. To test the significance of the sim-
and hence includes the different moisture requirements ofilated land cover trend, a simple statistical test is used. We
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assume a significant trend if the absolute differences in meaareas. The biome desert, for instance, contains vegetation
land cover between the first 500yr and the last 500yr issuch agEphedraand Chenopodiaceae that can survive in ex-

greater than two times the standard deviation of the entirdremely dry climatic conditions and are therefore representa-
time-series. Detailed results of this test can be seen in Aptive for a desert environment and reach up to 100 % here.
pendix A (Table Al). According to this test, most land cover In the model, no such vegetation type exists and the land
trends are significant. If a trend is not significant, this fact is cover type “desert” is only represented by the non-vegetated

mentioned in the text. area (bare ground). Thus, to compare the pollen-based desert
biome to the model bare ground (which also includes only
3.3 Vegetation reconstruction seasonally bare ground) is most reasonable as the same bio-

climate is assumed for these vegetations. In forest biomes,

The qualitative interpretation of pollen assemblages in termsgollen-PFT-biome assignment also accounts for vegetation
of past vegetation (Birks and Birks, 1980) can be validatedgrowing in the understorey such as herbs of Rubiaceae. Thus,
using a quantitative method for pollen-based biome reconvegetation cover can exceed 100 % (due to more layers). In
struction (biomisation, Prentice et al., 1996). Based onthe model, vegetation competes for 100 % of the grid-box
knowledge of the contemporary biogeography and ecologyand has to be arranged side by side, herbs (Grass PFT) only
of modern plants, pollen taxa are assigned to plant functionabut-compete trees due to bioclimatic limitations.
types (PFTs) and the PFTs are assigned to main vegetation
types (biomes). An affinity score for each biome is then cal-
culated according to Prentice et al. (1996). The biome with4 Results
the highest score dominates in the pollen-source area of the
lake, while a relatively lower score indicates less occurrenceThe reconstructed biome trends (forest, shrubland,
of a biome in the area. Scores cannot be compared betweesteppe/meadow, desert) for all sites are illustrated in Fig. 3.
different records. The pollen taxa-biome matrix (Table C1) Figure 4 shows the corresponding simulated vegetation
applied in this study is based on the standard biomisatiorirend as averages over 20yr which is the highest temporal
procedure presented by Yu et al. (1998) and their later im+esolution occurring in the reconstructions. Thereby, the
proved version (Yu et al., 2000). A test of this method with a simulated land cover is divided into forest, shrub and grass
modern pollen data set of 112 lake sediment-derived pollerfraction as well as non-vegetated area, which is further
spectra from the Tibetan Plateau yielded a correct assignmemeferred to as desert. Simulated climate and vegetation
of 100 % of temperate desert sites, 75 % of temperate steppghanges are attributed to orbital forcing alone.
sites, 84 % of alpine steppe sites, and 79 % of alpine meadow The pollen record of Lake Qinghai (north-eastern Tibetan
sites (Herzschuh et al., 2010a). Patchy forest sites intermixe@lateau) reveals a continuous decrease of forest cover since
with alpine shrublands were mostly assigned to temperatehe mid-Holocene (6 k) and an expansion of steppe/meadow
or alpine steppes as no shrub biome was considered in thigegetation. Whereas forests and steppe/meadow dominated
study. Here, we summarized the different biomes so thathe land-cover at 6 k, steppe/meadow is the prevalent biome
they fit best to the modelled vegetation types, namely forestat present-day (0 k). Shrub vegetation, as well as desert veg-
shrub, steppe/meadow and desert. The biome-taxa matrix istation, covers only small areas and does not show obvious
based on information on the distribution of the single pollentrends through time. In line with the reconstructions of Qing-
taxa with respect to vegetation types and biomes presented inai Lake, the simulated vegetation trend on the north-eastern
Herzschuh and Birks (2010b and 2010c). The pollen-basedibetan Plateau (NETP) shows a continuous forest decline
reconstructions describe the vegetation trend qualitativelyand an expansion of grassland during the last 6000 yr. Forest
The dominant vegetation type and the general trend can bas the dominating land cover type during the mid-Holocene
inferred, but no conclusions on vegetation fraction and ratiogapprox. 38 % of the area) is halved until present-day. Grass
can be made. and shrub fractions increase by 67 % and 64 %, covering

We are aware of differences in the handling of vegetation39 % and 19 % of the area at Ok, respectively. Thus, grass
in the model and in the reconstructions. These differencess the prevalent vegetation simulated and reconstructed for
have historical and technical reasons. Whereas the recorihe north-eastern Tibetan Plateau at present-day. The desert
structed vegetation is usually assigned to plant functionalffraction slightly decreases from 27 % at 6 k to 23 % at O k.
types (PFT) and then to biomes, simulated vegetation is The pollen-based vegetation reconstruction from Lake
grouped in plant functional types. These or the specific com-Naleng (south-eastern Tibetan Plateau) suggests a qualita-
binations of them then serve as major vegetation types. Nevtively similar vegetation trend. During the mid-Holocene,
ertheless, we think it is most reasonable to compare pollensteppe/meadow and forest were the dominant biomes.
based biomes with model-derived PFT coverages than to diAround 4.3k, forests started to retreat and were replaced by
rectly compare pollen-based PFTs with model-derived PFTssteppes and meadows. Thus, pollen abundances clearly re-
The advantage of this method is particularly obvious in theveal that steppe and meadow vegetation dominate in the area
case of model-proxy comparisons of deserts or of forestedf Lake Naleng for present-day. Desert and shrub vegetation
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Fig. 3. Reconstructed vegetation trend from mid-Holocene (6000 yr before present) to present-day, based on four different lake sediment
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cores on the Tibetan Plateau (in arbitrary units).
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Fig. 4. Simulated vegetation trend (20 yr-mean) from mid-Holocene (6000 yr before present) to present-day, averaged for 4 different regions
on the Tibetan Plateau: the north-eastern Tibetan Plateau (NETP), the south-eastern Tibetan Plateau (SETP), the central Tibetan Platea
(CTP), and the central-western Tibetan Plateau (CWTP), see Fig. 2. Values are given in fraction per grid box.
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have stayed low constantly since 6 k. The simulated mid-5 Discussion

Holocene land-cover on the south-eastern Tibetan Plateau

(SETP) mainly consists of forest (91 %) and to a lesser ex-5.1 Potential reasons for disagreements in the simulated

tent of grass and shrubs (8% and 1%, respectively). This
vegetation distribution is constant for nearly 1200yr until

and reconstructed vegetation cover

shrubs successively replace forest. This decrease of foredthe pollen-based vegetation reconstructions in this study

fraction agrees with the reconstruction from Lake Naleng;

butin the reconstructions, steppe/meadow and not shrub frac- 4

tion increase. A strong fluctuation in the modelled vegetation
trend indicates an occasionally recovering tree fraction. At
0k, shrub is the dominant land cover type according to the
model (61 % of the area), while forests form only 31 % of
the landscape. Desert (0%) as well as grass fraction stays
constant for the whole 6000 yr.

Lake Zigetang is situated on the high-altitude central Ti-
betan Plateau. At 6k as well as 0k, the area is primarily
covered by steppe/meadow vegetation. The reconstructed
Holocene vegetation change is small, but exhibits a slight
increase of steppe/meadow vegetation. The occurrence of
desert is highly variable. Shrub and tree pollen taxa occur
with low but steady abundances. In contrast to the pollen
record, the model simulates no forests and no shrubs on the
central Tibetan Plateau (CTP) for the last 6000 yr. Like in the
reconstructions, grass covers most of the area at 6 k (86 %)
as well as at Ok (85%). The simulated vegetation change

is small and not significant. However, grassland slightly re- 2.

treats during the first 3000 yr (to 80 % at 3k) and increases
again afterwards.

The pollen record of Lake Bangong from the western Ti-
betan Plateau depicts a regional reduction of vegetation dur-
ing the last 6000yr. Forest as well as steppe/meadow veg-
etation have decreased; desert indicating plants have spread
since the mid-Holocene. Whereas steppe was the dominant

biome at 6 k, pollen concentrations suggest land coverage of 3.

desert and steppe in equal parts for present-day. In agreement
to the reconstructions from Lake Bangong, the model cal-
culates an overall decrease of vegetated area on the central-
western Tibet Plateau (CWTP). Whereas grass (41 %) and
forest (31%) characterise the landscape during the mid-
Holocene, desert (42 %) dominates the region at present-day.
Simulated forest fraction is nearly halved; desert fraction is
more than doubled during the last 6000 yr. Shrub and grass
only decrease by ca. 15 %, respectively, but the trend in shrub
cover is not significant according to the simple statistical test
used in this study.

Overall, the reconstructed and simulated vegetation trends
are in agreement, albeit some systematic differences appear.
The potential reasons for these differences are discussed in
the following section.

may be influenced by the following factors:

. Especially pollen spectra from large lakes such as Qing-

hai Lake contain a large extra-regional pollen compo-
nent that increases with lake size (Jacobsen and Brad-
shaw, 1981) and strongly depends on regional atmo-
spheric conditions (Gehrig and Peeters, 2000). Local
pollen production and vegetation composition influence
the concentration of long-distance transported pollen
grains as well. Therefore, extra-regional pollen load
may vary with time. Since the Tibetan Plateau exhibits
a highly heterogeneous, often treeless environment with
steep elevations and pronounced vegetation gradients,
the problem of extra-regional pollen advection to the
lakes is particularly large. The topography of the Ti-
betan Plateau can form strong anabatic winds transport-
ing pollen from lower vegetation (forest) belts to steppe
and desert zones (Markgraf, 1980; Cour et al., 1999;
Kramer et al., 2010).

Pollen-productivity and hence its representation in the

pollen record depends on the plant species. Most sub-
alpine shrubs, for instance, are poor pollen-producers
and thus have a low representation in pollen spectra
(van Campo et al., 1996; Herzschuh and Birks, 2010).

Hence, shrub coverage is most probably underestimated
in our biome reconstructions.

Most pollen can only be identified to genus or family
level. The assignment of pollen taxa to biomes within
the biomisation techniques is therefore a strong sim-
plification of the natural conditions. The most com-
mon biomes on the Tibetan Plateau, desert and steppe,
share many pollen taxa even though the pollen produc-
ing plants belong to different species. Biomisation of
fossil pollen assemblages from such non-forested areas
often faces the problem of neighbouring samples being
assigned to different biomes despite no obvious shifts in
the pollen signal. This reflects ecological noise rather
than a true biome shift because the assignment of the
dominant biome is very sensitive to small variations of
affinity scores between pairs of closely matched biomes
such as desert, steppe, or meadow. We face this problem
by presenting the affinity score differences between the
most important biomes at each site.

The simulated vegetation trend is limited by the following
factors:

1.

Clim. Past, 7, 881901, 2011

Due to the coarse numerical resolution (T31L19), the
orography is not represented well in the model. This
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especially applies to the Tibetan Plateau. Whereas its
mean elevation exceeds 4000 m in reality, orography oo
in the model reaches 4000m at most and only in a 4o
few grid-boxes on the central Tibetan Plateau. The
Himalaya and the Kunlun Mountains as well as other
mountain ranges vanish. In reality, the strong spatial
variance in orography (e.g. at Lake Naleng) implies a -
high heterogeneity of regional climate and vegetation,
which cannot be captured in the model and may lead
to discrepancies between the model results and recon- s
structions.

40N

20N

. Compared to annual mean 2 m-temperatures of Euro- s
pean Centre for Medium-Range Weather Forecast Re- ,
analysis (ERA40; Simmons and Gibson, 2000), simu-
lated climate is too cold on the central and south-eastern ™
Tibetan Plateau (up te-2.8°C) and too warm on the
northern Tibetan Plateau (see Fig. 5). Maximal posi-
tive temperature anomalies of up to 7@ occur on the
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north-western Tibetan Plateau. These differences befig. 5. Annual mean 2 m-temperature %€ (left panel) and sum-
tween the model and reanalysis-data may partly arisemer precipitation in mm day* (right panel) calculated from the last
from a lower (pre-industrial) greenhouse-gas concentra-100 yr of our coupled model experiment and a reference dataset. For
tion in the model. The comparison of the model output temperature, results are compared with the reanalysis data ERA40
with observations (here: Global Precipitation Clima- (Simmons and Gibson, 2000); for precipitation, observational data
tology Project (GPCP); Adler et al., 2003) also shows GPCP (Adler et al., 2003) is used. Shown are also differences be-

that the Asian summer monsoon intensity is overesti-
mated in the central and southern regions of the Ti-
betan Plateau (see Fig. 5). Summer (JJA) precipitation
anomalies reach values of up to ca. 7.5 mnidayThe
simulated vegetation depends on certain climate thresh-
olds, e.g. bioclimatic limiting factors. Therefore, bi-
ases in the calculated climate may lead to errors in the
vegetation distribution and vegetation trend, particularly
if the simulated local climate is near these thresholds,
where sensitivity of land cover to climate change is ex-
pected to be large.

. To avoid large climatic biases to observations, veg- 4.
etation studies are often conducted by prescribing a
biases-corrected climate (i.e. sum of simulated cli-
mate anomaly and observed mean climate) to a veg-
etation model instead of using a dynamically coupled
atmosphere-ocean-vegetation model (e.g. Wohlfahrt et
al., 2008; Miller et al., 2008). This anomaly-approach is
particularly useful in climate impact studies but has the
drawback of not taking feedbacks between the climate
and vegetation into account. Previous climate mod-
elling studies suggest that vegetation and land-surface
feedbacks with the atmosphere could have enhanced the
orbitally-induced Holocene climate change in monsoon
regions (e.g. Claussen und Gayler, 1997; Biostiet

al., 1998, Diffenbaugh and Sloan, 2002; Levis et al.,
2004; Li et al., 2009). In ECHAM5/JSBACH-MPIOM,
the overall contribution of the vegetation-atmosphere
interaction to the Holocene climate change in the Asian

www.clim-past.net/7/881/2011/

tween model results and the reference dataset.

monsoon region is small (Dallmeyer et al., 2010). How-
ever, in regions showing a strong land cover change (e.g.
in parts of the Tibetan Plateau or the present-day mon-
soon margin), the Holocene vegetation change has a sig-
nificant effect on the simulated climate. Therefore, we
decided to use a coupled atmosphere-ocean-vegetation
model in the current study to account for nonlinearities
in the climate system, albeit this method may lead to
biases in land cover trend.

Anthropogenic land cover change is another potential
source of error as this cannot be depicted with our model
configuration, but may be included in the reconstruc-
tions. Nomadic people may have influenced the mid-
Holocene land-cover on the Tibetan Plateau, at least on
lower elevations. The earliest Neolithic settlement on
the south-eastern Tibetan Plateau took place at an age
between 6.5k and 5.6 k (Aldenderfer, 2007). Humans
lived on the margin of the north-eastern Tibetan Plateau
at least seasonally during the period 9 k-5k (Rhode et
al., 2007). The expansion of Neolithic cultures coin-
cides well with the forest decline in regions north-east
of the Tibetan Plateau (Aldenfelder and Zhang, 2004;
Brantingham and Gao, 2006) and in China (e.g. Ren,
2000). To what extent humans influenced the Holocene
vegetation change on the Tibetan Plateau is still a matter
of discussion (Sclitz and Lehmkuhl, 2009; Herzschuh
etal., 2010a).
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5.2 Site-specific discussion of the vegetation change temp2 WA NETP [C]

In the following, the indices “ann”, “wm”, and “cm” stand  __ | C

for annual, warmest month, and coldest month, respectively. 500 ;; 6eps [c]
The indices “0 k” and “6 k” denote the simulated present-day ~'°%1 ‘g 5800 ——
and mid-Holocene climate, respectively. -is0f —==- I B
dw%?’ 58201 - - - - [

5.2.1 North-eastern Tibetan Plateau 20001 g ]

-2500 — : :
The simulated present-day climate on the north-eastern Ti- :§~ B .
betan Plateau (NETP) is dry and cold. Annual mean precipi- ~*] é o
tation (pannow and temperatureffnnow are 230 mmyr! and 3500 = Bl N
—1.8°C, respectively (Table 2). Thus, the calculated mean 40001 _:—_ Bl AR e
climate is in general agreement with observations around < e R
Lake Qinghai {ann= —0.7°C, pann= 250 mmyr1). Simu- 45001 iZE -saa0 -
lated temperatures range frdfgmok= —15.3°C in the cold- 5000 :§ —sa00 bl 00 e
est month tolyymok = 9.3°C in the warmest month. There- =
fore, the only possible woody PFTs are cold shrubs and ex- > =

tratropical forests (cf. Fig. B5). At 6k as well as 0k, the -eooo-%;—%
bioclimatic conditions of these PFTs are only partly fulfilled

because the limit for the growing degree days abot@ & Fig. 6. Change of the climate factors yielding the land cover change

not alwa_ys reache_d (Fig. 6). Due to the Waormer SUMMET S€35, the north-eastern Tibetan Plateau (NETP), left panel: 20 yr-mean
son during the mid-Holocend{mek = 10.6°C) compared g mmer near-surface air temperature tréi@ from mid-Holocene

to present-day, trees can grow easier at that time. The exten-_go00 yr) to present-day. The red solid line shows the 100 yr-
sion of the growth phase as well as the higher amount of prerunning-mean. Right panel: difference in growing degree days be-
cipitation (pannek= 290 mm yr1) provide a more favourable tween 100yr of the mid-Holocene-6900 yr to—5800 yr) and the
climate for trees. The orbitally-induced gradual cooling to- last 100yr of the simulation period representing present-day. The
wards present-day results in a decline of forest and an insolid black line marks the GDD5 threshold for extratropical forest
crease of grass. of 350°C.

The similarity between the simulated and reconstructed

vegetation trend suggests a natural climate change (summer In this area, the model simulates a higher NPP for rain-

insolation) as the main driving factor for the decreasing for-green shrubs than for extratropical trees (Fig. B6), so that

est fraction on the north-eastern Tibetan Plateau. The sim3
. : . the preferred land cover type would be shrubs. Due to less
ulation confirms recent results of a rather minor role of hu-

AT ; . winter insolation at 6 k, the region experiences a colder win-
man activity in forming the land cover change in the area : o
ter climate than at present-dafifex= 0.8°C). Frost events
(Herzschuh et al., 2010a). However, the model results clearly ; ;
) occur regularly (see Fig. 7). Therefore, raingreen shrubs are
point out warm season temperatures (GDD5) as the control- .
. . . e . excluded as mid-Holocene land cover due to less favourable
ling factor, whereas reconstructions identified monsoon in-

. S . bioclimatic conditions. With increasing winter insolation,
tensity related precipitation changes as the primary explana; )
. : he cold season becomes warmer and frost events rare. Given
tion for the vegetation trend (Herzschuh et al., 2010a). Stable . . .
) a higher NPP in the model, raingreen shrubs are then able to
oxygen-isotope measurements performed on ostracod valves .
. . successively replace the evergreen trees. However, the veg-
suggest a wetter climate during the early-Holocene (9k-6k), . . ; :
. 2 . etation cover fluctuates because frost events still occur with
a strongly decreasing precipitation trend until 3k, and rather,
e . lower frequency.
stable conditions afterwards (X. Liu et al., 2007). . .
Whereas the pollen reconstructions show an increase of
steppe/meadow towards present-day, the model calculates

shrubs as the forests-replacing land cover type. This differ-

Lake Naleng is located at an elevation of 4200 m, whereagnce in vegetation trend may partly result from the strong
the mean Orography prescribed to the model reaches 0n|§emperature bias of the model. The simulated annual mean
2600m in SETP (Table 2). Therefore, the simulated an-temperature in SETP is nearly 10 higher than observed
nual temperature and precipitation are highly overestimatednd well above the freezing point. Given the observed annual
(PannOk: 1850 mm yr’ll Tannok= 111°C) Bioclimatic con- mean temperaturd"énn= 1.60C), frost would still limit the
ditions (Temok= 1.6°C, Twmok = 17.3°C) support growing  occurrence of shrubs and growing of shrubs would probably

of raingreen shrubs and extratropical forests as the only podiave been impossible during the entire 6000yr. Simulated
sible woody PFTs (Fig. B6). present-day land cover would, then, primarily be forest.

5.2.2 South-eastern Tibetan Plateau
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Table 2. Simulated present-day (mod) and observed orographic heifhahnual mean temperaturgdn) and precipitation gann) at each
site on the Tibetan Plateau.

Site Location Hyeal Hmod Pann Pannmod fann  fannmod
[masl [masl] [mmyrl] [mmyr [°C] [°C]
Qinghai 36.58N, 100.* E 3200 4008 250 230 -0.7 -1.8
Naleng 31.2N,99.75 E 4200 2600 630 1850 1.6 111
Zigetang 32N, 90,9 E 4500 4330 300-500 743 -2.6—0.3 —-4.8
Bangong 33.42N,79E 4200 1898 70 250 -15 16.5
temp2 DJF SETP [C] to shrubland during the Holocene would have been possible
-E as well. Since shrub genera in that area, sucBasntillg,
-5001 — Te_mean €] Caragang SpiraeaRhododendronare poor pollen produc-
1000, -% ok 0k ers, shrubby vegetation may be underestimated in the vege-
é% -s800 0 TS tation reconstruction from Lake Naleng pollen spectra.
15001 —g R B = ? However, winter temperature is the main driving climate
—~20004 = e j.iS' O B e oy factor for the vegetation trend in the model. With regard
_§‘ w0l S|y to the discrepancy in local climate, the simulated vegetation
~25001 = : é. e : . .
= ] B = B N trend should be interpreted in a broader sense: during the
-30001 f;" LIRS SR BRI R mid-Holocene, colder winters provided more unfavourable
35004 = R SR I R = climatic conditions for frost-sensitive plants than at present-
3500 E_ i . 8 R i
55,, ool | jf‘ij day. With increasing winter temperatures, they might have
] = ) I S IS R i ad a chance to establish in spite of the pressure of other
o0 - . g had a ch to establish te of th f oth
45004 ; ol “; I % competitive, frost-resistant plants.
-5000 ‘}— 75300—5—‘4—‘2 té 4 400767‘4;2 7 ;a .
= 5.2.3 Central Tibetan Plateau
55001 =
=
-6000 2.5%’-3.5 Tk The simulated climate on the central Tibetan Plateau is cold

Fig. 7. Change of the climate factors yielding the land cover change
on the south-eastern Tibetan Plateau (SETP), left panel: 20 yr-mea

winter near-surface air temperature treA@] from mid-Holocene

and relatively wet. Annual mean precipitation is overes-
timated by the model (Table 2); it reaches 743 mmiyr
Hwainly provided by the Indian summer monsoon. With an-
nual mean temperatures well below freezing pofahfok=

(—6000 yr) to present-day. Red solid line shows the 100 yr-running-—4-8°C), climate conditions are too cold to allow the estab-
mean. Right panel: difference in mean near-surface air-temperaturshment of woody PFTs (Fig. B7). Even in the warm season,
of the coldest month between 100 yr of the mid-HolocenB900 mean temperatures do not exceed°€5Therefore, the an-
yr to —5800 yr) and the last 100 yr of the simulation period repre- nual temperature sum is not high enough to exceed the bio-
senting present-day. Raingreen shrubs are limited by frost eventsilimatic limit of growing degree days needed to get woody
the solid black line marks the freezing point°(©). vegetation in the model.
These climate conditions have not changed much during
the 6000 yr of simulation. The calculated vegetation trend
Furthermore, human activity cannot be excluded fromseems to follow the mean summer (JJA) temperature (Fig. 8).
having an influence on the vegetation trend and modern distower temperatures around 3k yield a slight decrease of the
tribution. Grazing indicators suggest human impact on thegrass fraction, indicating warm season temperatures as the
environment around Lake Naleng since 3.4k (Kramer et al.,controlling climate factor for the vegetation trend.
2010). Thus, forest clearance as well as fire activity and graz- \while the model simulates no forest and shrub on the cen-
ing may have contributed to the forest decline on the southtra| Tibetan Plateau, reconstructions for Lake Zigetang re-
eastern Tibetan Plateau (Sétd and Lehmkuhl, 2009). veal at least a low pollen contribution from these vegetation
Pollen reconstructions assume decreasing summer tentypes. These pollen grains represent low-elevation vegeta-
peratures as the major controlling climate factor, causing aion and have apparently been transported from far regions by
downward shift of the treeline (Kramer et al., 2010). As Lake the atmospheric wind circulation. This extra-regional pollen
Naleng is situated in an area where forests gradually pass intoomponent is slightly higher during the late Holocene, when
subalpine shrub and alpine meadow, a transition from foresthe regional vegetation is characterized by more openness as
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Plateau is probably overestimated and, therefore, not compa-
55004 i rable with the present-day observed, anthropogenic effected
distributions. However, as we are not aware of other mod-

elling studies concerning the Holocene land cover change on
the Tibetan Plateau, we use our model simulation to assess

Fig. 8. Simulated change of summer (JJA) and winter (DJF) 20 the total Holocene vegetation and biomass change in this re-

yr-mean near-surface air temperatut€] for the last 6000 yr on gion. . ) ]
the central Tibetan Plateau (CTP). The red solid line shows the 100 Table 3 illustrates the a\_/eraged simulated vegetation and
yr-running-mean. biomass change on the Tibetan Plateau, which we ad hoc

defined as those grid-boxes exceeding orographic height of
2500 m in the model (cf. Fig. 2). This area has a size of
indicated by the increase ruderal and desert plants such approx. 3.43 million kr.
Brassicaceae. Overall, the simulated forest fraction decreases by nearly
Pollen reconstructions suggest a vegetation transitiorone third, i.e. an area of ca. 0.45 million km Whereas
from Artemisiadominated alpine steppe at 6 k kmbresia forest covers approx. 41.4 % of the Tibetan Plateau at mid-
dominated meadow at Ok (Herzschuh et al., 2006, 2010aHolocene, only 28.3 % area are covered by forests at present-

=-55001

,u,
kL

-6000
3.5

—6000 T T T
-18 -17 -16 -15 -14

4

temp2 JIA CTP [C] temp2 DJF CTP [C] Reconstructions as well as the model results identify pre-
r = cipitation — being mainly a function of the Indian mon-
500 4%‘. 5004 = soon strength — as the main driv'er for the vegetation change.
%- ;% Calculated annual mean precipitation is halved between 6 k
1000 ~1000- éi' (pannsk=500mmyr1) and 0k (see Fig. 9), resulting in an
15001 _é 1500 = increase of desgrt f_rgcuon. Proxy data suggests a maximum
_i ——— of moisture availability between 7.2-6.5k and then a trend
2000+ ~2000- -f; towards aridity (van Campo et al., 1996). Thus, climate re-
g é§— constructions and model data both show a decrease of sum-
TR0 = 25001 :=§ mer monsoon intensity on the western Tibetan Plateau during
3000+ «% 3000+ = the last 6000 yr.
z ~=
-35001 B -35001 § 5.3 Simulated total vegetation and biomass changes on
% — the Tibetan Plateau
—4000 1 —4000 1 <§_
—4500 1 g 45001 3’;% Due to the underestimated orography in the model, the sim-
% df; ulated fraction of potential vegetation cover on the Tibetan
-5000 1 % —-5000 1

~
ES
w
w
w
w

that was interpreted in terms of temperature decrease. day. Most of the forest has been replaced by shrubs, whose
_ fraction is nearly four times larger at 0k (12.3 % of the total
5.2.4 Central-western Tibetan Plateau area) than at 6k (ca. 3.2 % of the total area). The area cov-

he simulated . q Il with th ered by grass increases from approx. 38.1 % at mid-Holocene
The simu a;te vLegketagon tren algr:eesr\]"/eh W'tl tle rzcoln-to 42.3% at present-day. Altogether, a small fraction of
structions from Lake Bangong, although the calculated cli-y,e Tinetan plateau is more vegetated at present-day. Non-

mate highly differs from climate observations in the sur- vegetated area is reduced from 17.29% at 6k to 17.16 % at
rounding areas of this lake (Table 2). Due to the flat orog-

raphy in the model (mean height 2000 m), simulated
mean annual temperatures for present-day are°{5.iB-
stead of the observed1.5°C. Moreover, the Indian mon-
soon intensity is slightly overestimated in that region. An-
nual mean precipitation reaches 250 mmlyr(observed:
ca. 70mmyrl). Bioclimatic conditions {ecmok= 0.32°C,

This vegetation change results in a relocation of carbon
stored in the soil and plants. At mid-Holocene, approx.
2.8kgCnr? are stored in the vegetation, particularly in
forests (2.7 kgC m2). Due to the forest decline from 6k to
0k, more than 1kgC ¥ living biomass is released. Only
. ' half of this biomass loss is compensated by shrubs and, to
Twmok = 26.6°C) support growth of extratropical forests and a small extent, by grass. Therefore, the total living biomass

partly of raingreen shrubs (Fig. B8). The latter are hinderedloss on the Tibetan Plateau during the last 6000 yr adds up to
by the occasional occurrence of frosts. However, due to 'tsca. 0.62 kgC M2, on average. The Holocene climate change

| ional noll ductivity. th I tth from 6k to 0k and the associated degradation of vegetation
ow regionalpolien productivity, In€ polien Source aréa ottne y, o 1044 tg 5 plant carbon loss of nearly one quarter.

lake may comprise large areas of lower elevations and is thus The vegetation change on the Tibetan Plateau also strongly

rather similar to the modelled vegetation for that region. affects the total terrestrial biomass, i.e. the biomass stored
not only in plants but also in soil and litter. In mid-Holocene,
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Table 3. Total vegetation and biomass change on the Tibetan Plateau between mid-Holocene (6 k) and present-day (0 k), averaged over all
grid-cells with orography exceeding 2500 m in the model (see Fig. 2). Listed are the area covered by the vegetation types and by vegetation
in total (fraction of grid-cell in %), as well as living biomass, litter biomass, biomass allocated in the soil under the vegetation, and total
biomass. Biomass is given in gCTh.

vegetation forests Shrubs grass
6k Ok 6k-0k 6k Ok 6k-0k 6k 0k 6 k-0k 6k Ok 6k-0k
area [%] 82.7 828 -0.1 41.4 28.3 131 3.2 123 -9.1 38.1 423 41
liv.biom. [gC M2 2778.5 2161.8 616.9 2700.8 1627.8 10725 49.0 502.6-453.7 29.3 314 -21

litt. biom. [gC M2 1282.6 990.1 292.5 1139.1 699.2 439.8 26.3 160.0-133.7 117.3 130.8 —-13.6
soil biom. [gCnT2] 146615 136345 1027.0 9119.3 5576.8 35425 597.4 22978700.1 49445 5760.4 —815.9
tot. biom. [gCnT2] 18722.0 16786.0 1936.0 12958.6 7903.8 5054.8 672.6 2960-2287.5 5091.1 5922.7 —831.6

ann. precip CWTP [mm/yr] 6 Summary and conclusion

_%i Pollen-inferred vegetation trends on the Tibetan Plateau
5007 since the mid-Holocene were compared to simulated land
_1000_é: cover changes conducted in a coupled atmosphere-ocean-
é;_ vegetation model with orbital forcing only. As the Tibetan
~1500 Plateau exhibits diverse environmental and climate condi-
20001 E tions, four di_fferent pollen records representing different
= parts of the Tibetan Plateau were considered. Causes of the
‘4? vegetation change and consequences for the biomass storage
Ii_ have been investigated.
-s0001 &= In general, the simulated and reconstructed vegetation
35001 _,§ trends are in agreement for most sites but reveal differences
- with respect to their climatic causes. The results of both
-4000 1 = methods indicate a degradation of the vegetation, particu-
= larly characterised by a strong decrease of forests. Simu-
45001 —= lated forest fraction is reduced by nearly one-third at present-
—50001 = day. Simulated total biomass on the Tibetan Plateau has de-
T — creased by ca. 6.64 GtC since the mid-Holocene. In some
~55001 - cases, however, model and reconstructions attribute this veg-
6000 , , % etation change to different climatic factors, which partly re-
200 300 400 500 600 sults from the fact that both methods have their deficien-
cies. On the one hand, reconstructions might be affected by
Fig. 9. Simulated change of 20 yr-mean annual precipitation long-distance transports of pollen and the dependence of the
[mmyr—1] for the last 6000yr on the central-western Tibetan pollen-production on the vegetation type and environmental
Plateau (CWTP). The red solid line shows the 100 yr-running-meanconditions, including climate (Gaillard et al., 2010). Human
influence can probably not be neglected either. On the other
hand, the coarse resolution of the model and the associated

underestimation of the orography lead to discrepancies be-

—2500 1

approx. 18.7 kgC m? are fixed as terrestrial biomass. The

reduction of area covered by forest yield a decrease of teryyeen the simulated present-day climate and observation.
restrial carbon by more than 5kgC+h Forest-replacing o the north-eastern Plateau (Lake Qinghai, NETP), the

shrubs and grassland can partly compensate this biomagfoge| reveals orbitally-induced cooling of the warm sea-
loss. Nevertheless, the total terrestrial carbon loss on th@qp a5 the responsible climatic factor for the forest decline.
Tibetan Plateau between the mid-Holocene and present-da§econstructions, however, suggest the reduction of summer
exceeds 1.9kgC i on average. Projected on the total area ,0600n precipitation as the limiting factor. The model re-

of ca. 3.43 million knf (in the model), the terrestr(i)al carbon  gits might indicate that, so far, the influence of temperature

loss adds up to 6.64 GIC. These are approx. 7.5 % of the SiMsp 4y ges on the Tibetan Plateau vegetation has been underes-

ulated global terrestrial biomass loss during the Holocene. {mated as an explanation for the decreasing forest in paleo-
reconstructions for monsoon-affected areas.
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. The vegetation degradation ground Lake Naleng (SETP)I'abIe Al. Simple statistical significance test of the simulated land
is probably caused by changes in temperature between mids,yer trend at each area on the Tibetan Plateaustandard devi-
Holocene and present-day. According to reconstructions, deation of the entire time-seriegycov_frac: difference between the
creasing summer temperatures lead to a downward shift ofnean land cover of the first 500 yr and last 500 yr of the time-series.
the treeline and therefore to less forest vegetation around

Lake Naleng (Kramer et al., 2010). The reduction of forest desert grass  shrubs  forest
fraction in the model can be attributed to increasing winter
temperature. Since the simulated climate for SETP strongly
deviate from observation, this result should be interpreted 2*g 0.040 0.132 0.073 0.148
with caution. Acovfrac —0.052 0.175 0.087 —-0.210

Harsh climatic conditions on the central Tibetan Plateau
(Lake Zigetang) during the mid-Holocene as well as present-
day lead to only slight vegetation changes in the model and
in reconstructions. 2*o 0.003 0.024 0.420 0.410

The land cover degradation on the central-western Tibetan ~ Acovfrac  0.004 -0.014 ~ 0.585 —0.575
Plateau (Lake Bangong) can be attributed to a change in pre- Central Tibetan Plateau
cipitation. Since the local climate is dry, the reduction of
summer monsoon precipitation from 6 k to 0k causes an ex-
pansion of deserts and a dieback of vegetation in the model
as well as in reconstructions. Central Western Tibetan Plateau

Although the spatial resolution of the model is coarse and %o 0.106 0.033 0026 0084
the experimental set-up is designed to analyse climate and Acov frac 0.156 —0.038 -0.003 -0.115
vegetation changes due to orbital forcing alone, the model
results agree with the reconstructed vegetation trend on the
Tibetan Plateau.

Therefore, reconstructed large-scale land cover change Results of this test can be seen in Table A1l. Accord-
since the mid-Holocene can likely be attributed to naturaling tg this test, the simulated land cover trend on the north-
and not anthropogenic reasons, although humans might stikastern Tibetan Plateau is significant. For the south-eastern
have strongly influenced the vegetation on a local scale. Therpetan Plateau, only the simulated grass cover shows a non-
comprehensive Earth system model used in this study capsignificant trend. The simulated land cover change on the
tures the regional climatic reasons for the vegetation changgentral Tibetan Plateau has no trend. On the central-western
in most instances. Thus, it provides a good tool to under-ipetan Plateau, the shrub cover trend is not significant but

stand the long-term vegetation change on the Tibetan Plateaihe gesert, grass, and forest fraction show a significant trend.
as well as its causes and consequences.

However, the discrepancy between the simulated climate
and observations in some parts of the Plateau show that th&ppendix B
analysis-options are limited in simulations with coarse spa-
tial resolution. Detailed analyses of important processes sucBummary of the simulated climate and land cover
as local changes of the energy balance or atmospheric flowhange on the Tibetan Plateau
are only possible in experiments with higher numerical res-
olution, where the complex terrain of the Tibetan Plateau isThe simulated change in summer and winter temperature as
represented better. well as the change in annual precipitation at each site of the
Tibetan Plateau is shown in Figs. B1-B4. In all regions, the
model calculates a decreasing Holocene precipitation trend
that is probably related to the generally weakening of the
Asian summer monsoon since the early- and mid-Holocene
reported also in vegetation-independent reconstructions such
as cave records (e.g. Fleitmann, 2003; Wang et al., 2005; Ma-
31er, 2008). Due to the increasing solar radiation in the North-
ern Hemisphere during winter, the simulated near-surface air
temperature increases from mid-Holocene to present-day at
all sites. Summer temperatures show a decreasing Holocene
trend on the north-eastern Tibetan Plateau and an increas-
ing trend on the south-eastern and central-western Tibetan
Plateau. The differences in temperature trend can probably

North Eastern Tibetan Plateau

South Eastern Tibetan Plateau

2*o 0.034 0.034 0.000 0.000
Acov_frac 0.028 -—-0.028 0.000 0.000

Appendix A

Significance-test of the simulated vegetation trend

applied a simple statistical test: we calculated the standar
deviation of the time-seriesr§ and the difference between
the mean value of the first 500 yr and the last 500 yr of the
time-series Acov_frac). We assume a significant land cover
trend, if|Acov_frac| > 2-0.
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simulated climate and land cover change NETP

temp2 JUA [C] temp2 DJUF [C] ann. precip [mm/year] veg.frac
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Fig. B1. Simulated change in summer (JJA) and winter (DJF) temperat@} &nnual precipitation [mm yrl] and land cover [fraction

per grid-box] on the north-eastern Tibetan Plateau (NETP). Values are averaged over 20 yr, covering the last 6000 yr from mid-Holocene to
present-day. The red solid line shows the 100 yr-running-mean. Land cover is divided into forest (dark green), shrubs (green), grass (light
green), and non-vegetated area (orange).

simulated climate and land cover change SETP

temp2 JUA [C] temp2 DJF [C] ann. precip [mm/year] veg.frac
<
= 7
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Fig. B2. Same as Fig. B1, but for the south-eastern Tibetan Plateau (SETP).
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simulated climate and land cover change CTP

temp2 JUA [C] temp2 DJF [C] ann. precip [mm/year] veg.frac
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Fig. B3. Same as Fig. B1, but for the central Tibetan Plateau (CTP).

simulated climate and land cover change CWTP

temp2 JUA [C] temp2 DUF [C] ann. precip [mm/year] veg.frac
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Fig. B4. Same as Fig. B1, but for the central-western Tibetan Plateau (CWTP).
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Fig. B5. Simulated change in bioclimatic conditions and the net primary productivity (NPP) on the north-eastern Tibetan Plateau for all
simulated plant functional types (PFT, see Table 1). These are: tropical evergreen trees (1), tropical deciduous trees (2), extratropical
evergreen trees (3), extratropical deciduous trees (4), raingreen shrubs (5), cold shrubs (6), C3 grass (7), and C4 grass (8). The bioclimati
indicator ranges from 0 (climate unfavourable) to 1 (climate favourable) and indicates if the bioclimatic conditions allow the establishment
of the PFT. The lowest mean temperature of the coldest monghi{Tend the growing degree days (GDD5) are based on the first and

last 100yr of the transient simulation, representing the mid-Holocene and present-day climate, respectively. Black lines mark the nearest
threshold (here: GDD5=350, limit for extratropical trees).
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Fig. B6. Same as Fig. B5, but for the south-eastern Tibetan Plateau.
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Fig. B7. Same as Fig. B5, but for the central Tibetan Plateau.
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Appendix C

be attributed to the decreasing precipitation and the accom-

panying decrease in evaporative cooling at the latter sites tha}&ssignment of the Biome-taxon to the simulated

counteracts the temperature-decline resulting from the degegetation types

creasing solar insolation from mid-Holocene to present-day
in the summer season of the Northern Hemisphere.

The simulated change in the bioclimatic relevant parame-tation types in the model.

ters and the net primary productivity (NPP) is displayed in
Figs. B5-B8. The bioclimate and NPP determine the distri-
bution of the different plant functional types (PFTs) in the
model. Whereas the bioclimate defines the grid-boxes where
the PFTs can grow, the NPP controls the competition of the
woody PFTs. In a favourable bioclimate, the woody PFT
with the highest NPP is the dominant vegetation-type in the
grid-box. The bioclimate indicator in Figs. B5—-B8 quanti-
fies how suitable the simulated climate in the different re-
gion on the Tibetan Plateau is. On the north-eastern Tibetan
Plateau, bioclimatic conditions allow the growing of extrat-
ropical trees, cold shrubs, and C3 grass only. For these PFTs,
the bioclimate is more favourable during mid-Holocene than
at present-day. This is related to the bioclimatic limit of
growing degree days that is not permanently exceeded any
more in the colder present-day climate on the north-eastern
Tibetan Plateau. On the south-eastern Tibetan Plateau, sim-
ulated bioclimatic conditions are perfect for the growing of
extratropical trees and C3 grass during mid-Holocene as well
as present-day. For raingreen shrubs, the bioclimatic condi-
tions become more favourable in the course of the Holocene,
since frost-events occur less often at present-day than at mid-
Holocene (T@in). The simulated climate on the central Ti-
betan Plateau is too cold to allow the establishment of woody
PFTs in the model. C3 grass is the only PFT that can sur-
vive. On the central-western Tibetan Plateau, the growing of
extratropical trees and C3 grass is not limited by the simu-
lated bioclimate during the entire simulation. The establish-
ment of shrubs are partly limited by frost. The decreasing
precipitation leads to a halving of the simulated NPP from
mid-Holocene to present-day.

Clim. Past, 7, 881901, 2011

Table C1. Assignment of the pollen-taxa to the major vege-

forest

shrub

steppe/
meadow  desert

Alnus

Betula

Juniperus

Picea

Pinus

Quercus

Salix

Thalictrum
Rubiaceae
Berberis
Hippopha
Rhododendron
Fabaceae
Potentillatype
Spiraea
Apiaceae
Bupleurumtype
Artemisia
Chichorioideae
Crassulaceae
Cyperaceae
Gentianaceae
Lamiaceae
Liliaceae
Poaceae
Rumex/Rheum
Polygonum bistortaype
Aconitum
Ranunculus acrisype
Trollius type
Stellera
Anthemigype
Astertype
Saussurea
Papaveraceae
Brassicaceae
Caryophyllaceae
Chenopodiaceae
Ephedra distachyéype
Ephedra fragiliatype
Calligonum
Tamarix
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