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Rwenzori Mountains, Uganda, also show muted diatom composition responses in 
these alpine lake systems, despite significant retreats in mountain glaciers over the 
last few centuries (Panizzo et al., 2008). 

Still, we cannot rule out the possibility that within lake processes, like a constant 
groundwater influx over the past 200 years, or a stable very localized climate (e.g. 
cold air pool) may have had a influence on the diatom composition and therefore 
have overwritten regional environmental changes (Telford and Lamb, 1999; 
Whiteman et al., 2004). However, significant groundwater influence is unlikely, 
considering the impermeable nature of the granitic bedrock geology in the LC6 Lake 
catchment. To rule out the effect of a local climatic phenomenon, further palaeo-
ecological investigations on the southeastern Plateau are necessary. To our 
knowledge, no other diatom studies covering the last two centuries exist on the 
southeastern Tibetan Plateau. 

3.6 Conclusions  

Despite the instrumental evidence of general warming trends and sustained glacial 
recession on the southeastern Tibetan Plateau, diatom analyses of the LC6 Lake 
sediment core revealed only very subtle ecological changes during the past 200 years. 
However, the 210Pb record suggests a period of rapid sedimentation around 1950 BP, 
which might be linked to major tectonic events, and 210Pb concentrations in recent 
decades possibly indicate increased precipitation or spring thaw in the region. We 
therefore conclude that 20th century environmental changes are apparent at the LC6 
Lake, but this is so far more evident in the geochemistry than in the diatom 
composition. Local or regional peculiarities may have antagonised the effects of 
increasing mean surface temperatures. Increasing precipitation trends, localized 
climatic phenomenon or other biogeochemical processes with unknown historical 
patterns might have affected the species composition more strongly. Our results 
highlight the spatial complexity of climate change on the Tibetan Plateau, and 
indicate the need for widespread regional coverage of palaeo-ecological data in order 
to better understand the regional dynamics of future global change. 
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Abstract 
Rapid population growth and economic development lead to increased climate and 
anthropogenic pressures on the Tibetan Plateau, causing significant land cover 
changes with partly severe and irreversible consequences for ecosystems and 
mankind. To assess whether these pressures are also affecting the remote montane-
boreal lakes on the southeastern Tibetan Plateau, pollen and diatom data from two 
lakes were synthesized to explore the interplay of aquatic and terrestrial ecosystem 
response, climate variability and human activity over the past 200 years. The 
ordination technique non-metric Multidimensional Scaling was used to explore 
patterns of variation in the pollen and diatom data sets. Procrustes rotation was 
applied to assess the similarity and time-consistency of response to environmental 
change between the corresponding pollen and diatom data of each lake. Detrended 
canonical correspondence analysis was used to develop quantitative estimates of 
compositional turnover as beta-diversity for the period of investigation. All pollen 
and diatom records have a very stable species composition throughout their profiles 
and show only very subtle responses to environmental changes. The species turnover 
investigated over the last 200 years appears relatively low in comparison to the 
species reorganizations known from the periods during the mid- and early-
Holocene. Our results indicate that climatically-induced ecological thresholds are not 
yet crossed, but that human activity had an increasing influence, particularly on the 
terrestrial ecosystem. Synergistic processes of post Little Ice Age warming, 20th 
century climate warming and extensive reforestations since the 19th century have 
promoted the growth of semi-natural pine-oak forests, intermixed with fir and larch. 
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4.1 Introduction  
Due to its potential to influence regional and global climate patterns, the Tibetan 
Plateau has become a focus study area of past and recent climate and ecosystem 
change. Studies focusing on the recent past (last 200 years) report a significant mean 
annual and winter temperature increase (Liu and Chen, 2000; You et al., 2007), 
permafrost degradation (Wu and Zhang, 2008) and significant glacial retreat (Su and 
Shi, 2002; Berthier et al., 2007), suggesting that the Tibetan Plateau, and particularly 
the southeastern Tibetan Plateau, is very sensitive to global warming. Additionally, 
the plateau has been under the pressure of rapid population growth and economic 
development. The population of whole China has increased 2.5 times (Zhang et al., 
2000). Livestock and meat production on the Tibetan Plateau has increased by up to 
three times since 1978 (Du et al., 2004) and the demand in timber has resulted in 
extensive forest clearances since the 1950s (Zhang et al., 2000), particularly at the 
steep forested slopes of the southeastern Tibetan Plateau (Studley, 1999). 
Overgrazing leads to grassland degradation and desertification (Cui and Graf, 2009); 
primary forests, at its best, re-grows as secondary forest. Major decline in natural 
woodlands however, results in the loss and fragmentation of natural habitats and 
consequently causes an alarming loss in plant and wildlife species (Studley, 1999; 
Zhang et al., 2000). In summary, the pressures on the Tibetan Plateau are manifold 
and whether these are caused by climate change or human activity, they result in 
significant land cover changes with partly severe and irreversible consequences for 
ecosystems and mankind. 

At the same time, the Tibetan Plateau is known for its heterogeneous mountain 
landscape and therefore highly complex temperature and moisture patterns (An et 
al., 2000; Niu et al., 2004; You et al., 2010). Additionally, anthropo-zoogenic pressures 
are not evenly spread and lead to regions on the plateau that are more effected by 
land cover changes than others (Cui and Graf, 2009). Therefore, global climate 
models are still imprecise in estimating possible future land cover changes on the 
Tibetan Plateau as they lack the spatial and temporal resolution of climatic, 
ecosystem and anthropogenic parameters in that topographically challenging 
landscape (Cui and Graf, 2009). Therefore, it is necessary to establish a dense and 
integrated network of instrumental, palaeolimnological and archaeological studies, 
to help to dissolve the uncertainties of climate variability and the anthropo-zoogenic 
activities and associated land cover changes in the past and present, to assess their 
future impact on the ecosystem of the Tibetan Plateau.  

However, to date only few and spatially widespread proxy studies have investigated 
environmental changes on the Tibetan Plateau focusing on the last few centuries 
(Lami et al., 1998; Henderson et al., 2003; Bräuning and Mantwill, 2004; Yang et al., 
2004; Liang et al., 2009; Lami et al., 2010; Wrozyna et al., 2010; Wischnewski et al., 
submitted) – a time period strongly effected by increasing land use activity. Pollen 
and diatoms in particular, have not received much attention on centennial and 
decadal time scales, despite their potential to reflect vegetation, land use and climate 
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change reliably (Douglas and Smol, 2001; Lotter et al., 2001; Herzschuh et al., 2006c; 
Zhao et al., 2008; Schlütz and Lehmkuhl, 2009). 

Here we present the results of pollen and diatom records from two montane-boreal 
lakes (LC6 and Wuxu) on the southeastern Tibetan Plateau. Our aim is to evaluate 
the comparability of aquatic and terrestrial proxy response, climate variability, and 
human activity using rigorous statistical methods. We focus on the following 
questions: (a) Do pollen and diatom records reflect similar and synchronous species 
shifts in response to environmental changes on the southeastern Tibetan Plateau? (b) 
How sensitive are the pollen and diatom assemblages to environmental change in 
the past 200 years, and is the magnitude of species turnover comparable to the 
magnitude of change at other sites on similar and longer time scales? (c) What are the 
potential causes and threads of ecosystem change on the southeastern Tibetan 
Plateau? As such, this paper exhibits one of the very few studies in the region that 
directly compares aquatic and terrestrial proxy response within and between two 
different sites.  

4.2 Regional setting and study sites 
Wuxu lake and the LC6 lake (working name) are located on the southeastern Tibetan 
Plateau. This part of the plateau is characterized by a strong and varied relief of the 
Hengduan Mountains, which stretch across western Sichuan, northwestern Yunnan 
and the easternmost part of the Tibet autonomous region. Altitudes of over 5000 m 
above sea level (asl) in the northern parts of the southeastern Tibetan Plateau drop to 
less pronounced features of ~ 1500 m asl towards the southern limit of the Tibetan 
Plateau (northwestern Yunnan) causing steep environmental gradients in the region. 
Mean annual summer temperatures range from 8°C to 20°C and mean annual 
precipitation varies from 400 mm to 1400 mm (Sun, 1999; Yu et al., 2001). The 
southeastern Tibetan Plateau is affected by two major circulation systems. The mid-
altitude westerly circulation brings limited moisture to the region from November to 
March, while the Asian Monsoon circulation, particularly the Indian monsoon 
system, is responsible for the majority of precipitation from May to September 
(Domröß and Peng, 1988; Su and Shi, 2002). This results in abundant rainfall and 
high temperatures in summer, which contrast to cool and relatively dry winters.  

Adapted to the strong relief and aforementioned climate gradients, the vegetation is 
also highly variable on the southeastern Tibetan Plateau. Primary Tsuga forests with 
patches of Abies ernestii, Picea wilsonii and Betula albo-sinensis characterize the 
landscape between 2500 and 3200 m asl. However, most areas below ~3000 m asl are 
overwritten by human cultivation, mainly legumes, rice and wheat. Pinus yuanensis 
and sclerophyllous Quercus grow at altitudes between 2500 and 3500 m asl in form of 
secondary pine-oak forests in consequence of probably human-induced fires (Shen et 
al., 2006b; Dearing et al., 2008). Montane forests composed of conifers (Abies 
squamata, A. faxonia, Picea likiangensis and P. purpurea) and deciduous elements (Betula 
utilis, B. platyphylla and Rhododendron) are common up to 4400 m asl (Hou, 2001). 
Above 4000 m asl subalpine shrub communities with Juniperus, Salix shrubby 
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Quercus and Rhododendron species, are most common. With gaining height these 
vegetation forms change into alpines meadows composed of mainly Kobresia and 
Polygonum species. The subnival belt around 4900-5200 m asl is overgrown with 
sparse cushion and rosette plants vegetation (Caryophyllaceae, Brassicaceae and 
Saussurea) (Yu et al., 2001). 

 
Figure 4.1: Location of LC6 lake and Wuxu lake and corresponding coring locations. Nyingchi and 
Litang are the closest climate stations. Figure adapted from Google Earth, Landsat, and the Online Map 
Creation Tool. 

 

The LC6 lake is located in the Nyaintêntanglha Mountain range, a western branch of 
the Hengduan Mountains (Fig. 4.1). The LC6 lake lies at 4230 m asl. The closest 
weather station is in Nyingchi at 3000 m asl, 26 km to the south of the lake, which 
records mean TJuly 15.6°C, mean TJan 0.2°C, and mean Pann 657mm (85% of Pann falling 
between May and September). Based on a lapse rate of - 0.5°C/100 m (Böhner, 2006), 
mean temperatures for July are ~ 9.6°C and for January ~ - 5.5°C at the LC6 lake. 
Precipitation is not solely dependent on elevation, but very much on exposure and 
slope. Therefore, estimates on precipitation directly at the lake are difficult. 
However, precipitation tends to increase with elevation (Domröß and Peng, 1988). 
The LC6 lake has a small watershed of 0.6 km2 and is mainly fed by runoff from 
surrounding, moderately steep sloping, mountains which generally peak around 
4700 m asl. The lake has one outflow, which cascades into a lake on a lower level to 
the southwest. Dense Rhododendron shrubs and coniferous forests (Picea likiangensis 
var. balfouriana, Abies georgii var. smithii), and patches of Kobresia pygmaea meadow 
characterise the vegetation in the catchment. Lichens are typical epiphytes on 
surrounding shrubs and trees. No signs of immediate, catchment-scale human 
impact were observed during fieldwork. 

Wuxu lake is located ~ 680 km to the west of LC6 lake in an eastern branch of the 
Hengduan Mountians (Fig. 4.1). Wuxu lake lies on 3705 m asl. The closest weather 
station is Litang at 3948 m asl, 140 km northwest of the lake, which records mean TJuly 
10.5°C, mean TJan -6°C, and mean Pann 720 mm (90% falling between May and 
September). The watershed is comparable with that of LC6 lake and a small 
catchment area comprised of steep sloping mountains to the sides of the lake and a 
tributary feeding from perennial snow covered peaks and glaciers to the northwest, 
feed into the lake system. Wuxu lake has one outflow to the southeast. The 
vegetation in the catchment is characterized by coniferous (Picea likiangenis, Abies 
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squamata) and sclerophyllous trees (Quercus aquifoliodes, Q. pamosa), intermixed with 
Rhododendron and Salix shrubs. A day trip away from Jiulong, Wuxu lake is 
destination of minor tourism. Some Tibetan summer tents are pitched along the 
shorelines and yaks graze in the area during summer. General information about 
both lakes and their catchment are summarized in Table 4.1. 
 
Table 4.1: Selected physical and chemical characteristics of LC6 Lake and Wuxu Lake 
 LC6 Lake Wuxu Lake 
Latitude 29.82515 29.15319 
Longitude 94.45615 101.406 
Elevation 4132 m asl 3705 m asl 
Genesis Glacial lake Glacial lake 
Lake area 2000 x 300 m, 0.6 km2 1000 x 500 m, 0.5 km2 

Catchment area ~ 7.2 km2 ~6.5 km2 

Max. water depth 23 m 30.8 m 
Secchi depth 6.9 m 5.3 m 
Conductivity 0.013 mS/cm 0.033 mS/cm 
pH 7.0 7.67 
Alkalinity 0.4 mmol/l 0.4 mmol/l 
Inflow Mountain runoff Mountain runoff 
Outflow One cascading outlet into lake at lower level One outlet 

 

4.3 Material and methods 

4.3.1 Field sampling and dating 
LC6 lake and Wuxu lake were sampled in summer 2005 and winter 2007, 
respectively. A 45 cm sediment core was taken at the deepest part (23 m) of lake LC6; 
at lake Wuxu 40 cm sediment core were taken at 30 m water depth. Both cores were 
taken using a Glew gravity corer and were sectioned at site in 0.5 cm intervals 
directly after coring. 

Both cores were dated using 210Pb, 226Ra, and 137Cs analyses by direct gamma assay in 
the Liverpool University Environmental Radioactivity Laboratory. Radiometric dates 
were calculated using both the constant rate of supply (CRS) and constant initial 
concentration (CIC) 210Pb dating models (Appleby and Oldfield, 1978). The 1963 
depth was determined from the 137Cs stratigraphic record. Discrepancies between the 
210Pb models were resolved using the methods described in Appleby (2001). For lake 
LC6, dates of points below the base of the unsupported 210Pb record were calculated 
by extrapolation of the 210Pb depth/age curve using a best estimate of the 
sedimentation rate for this part of the core. For Lake Wuxu, we are momentarily 
waiting for the results of two additional radiocarbon dates from bulk sediments that 
are obtained by the AMS (accelerated mass spectrometry) method at the Leibnitz-
Laboratory for Radiocarbon Dating and Isotope Research, Kiel to establish an age 
chronology for the core section below 11 cm, where unsupported 210Pb was already 
depleted. Currently, the dates of points below the base of the unsupported 210Pb 
record are calculated by extrapolation of the 210Pb depth/age curve using a best 
estimate of the sedimentation rate for this part of the core. The extrapolated period, 
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however, captures ~ 300 years. The assumption of a constant sedimentation rate over 
such a long time period is venturous, therefore ages older ~ 1800 AD are for now 
under reserve.  

4.3.2 Pollen analysis 
Sediments for pollen analyses for both lakes were treated using standard laboratory 
methods (Fægri and Iversen, 1989), including treatment with HCl (10%), KOH (10%), 
and HF (50%, 2 h boiling), followed by acetolysis, sieving (7 µm) in an ultrasound 
bath, and mounting in glycerine. Two tablets of Lycopodium spores (10 979 
spores/tablet) were added to calculate the pollen concentrations. At LC6 lake, 30 
horizons (5 to 12 year intervals) were analysed and at least 600 (mean 1070) 
terrestrial pollen were counted for each level. For lake Wuxu, 26 horizons (7 to 20 
year intervals) were analysed with counts between 360 and 650 (mean 470) terrestrial 
pollen for each level. Pollen identifications followed relevant literature (Moore et al., 
1991; Wang et al., 1997; Beug, 2004; Fujiki et al., 2005) Pollen percentages were used 
to develop pollen diagrams and implement numerical methods. Only pollen taxa 
occurring in at least one sample with >1% were included in the analyses. 

4.3.3 Diatom analysis 
For diatom analysis standard procedures using the water bath technique (Renberg, 
1990; Battarbee et al. 2001). Slides were mounted using Naphrax®. Diatom 
concentration was estimated using divinylbenzene microspheres (Battarbee and 
Keen, 1982). At LC6 lake 400 to 500 valves were counted for 45 horizons (2 to 11 year 
intervals). At Wuxu lake 630 to 1200 valves were counted for 27 horizons (7 to 20 
year intervals), using phase contrast at x1000 magnification. Taxonomic 
identifications primarily followed Krammer and Lange-Bertalot (1986 -1991), Lange-
Bertalot and Metzeltin (1996), Camburn and Charles (2000), and Zhu and Chen 
(2000). Diatom taxa with percentages of >1% in at least on sample were used for the 
biostratigraphy and all statistical methods. 

4.3.4 Data treatment and statistical analysis 
The significance of pollen- and diatom-based biostratigraphic zones was calculated 
by cluster analysis using constrained incremental sum of squares (CONISS; Grimm, 
1991) and the Edwards and Cavalli-Sforza’s chord distance as the dissimilarity 
coefficient.  

The ordination technique non-metric multidimensional scaling (nMDS) was used to 
explore patterns of variation in the pollen and diatom data sets (Minchin, 1987). The 
dissimilarity matrix, needed for nMDS, was calculated using the Bray- Curtis 
coefficient (Faith et al., 1987). NMDS was run on a two-dimensional model, being the 
most parsimonious model compared to higher dimensional models, which did not 
produce significantly lower stress values (a measure of the variation explained).  

Detrended canonical correspondence analysis (DCCA) was applied to estimate the 
overall compositional turnover measured in SD units (or beta diversity), which 
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provides an estimate of compositional change along an environmental or temporal 
gradient (ter Braak and Verdonschot, 1995). To estimated the amount of 
compositional change of the LC6 and Wuxu lake records over the last ~200 years, 
210Pb derived sample ages were used as the only constraining variable in DCCA. In 
DCCA, species data were square-root transformed, no rare species down-weighting 
was applied, and non-linear rescaling and detrending by segments was used. To 
place the degree of compositional turnover into relation, SD units were compared to 
results from other studies that used DCCA as a tool to estimate compositional 
species turnover (Smol et al., 2005; Birks, 2007; Herzschuh et al., 2010a; Hobbs et al., 
2010). 

To assess whether the corresponding pollen and diatom data sets of the LC6 lake and 
Wuxu lake show significant similarities and time-consistency in their variability over 
time, Procrustes rotation and the associated PROTEST permutation test were 
implemented (Gower, 1971; Jackson, 1995; Peres-Neto and Jackson, 2001). As 
Procrustes and PROTEST require ordination scores of like-for-like data, the four data 
sets LC6 diatom, (2) LC6 pollen, (3) Wuxu diatom, and (4) Wuxu pollen had to be 
harmonized and adapted to a common time scale. Therefore, all diatom and pollen 
taxa from the original data sets were interpolated (linear interpolation) and then re-
sampled in five-year intervals from 2000 to 1810 AD. 

All nMDS, Procrustes analysis and PROTEST were performed in R (The R 
Development Core Team, 2008) using the vegan package (Oksanen et al., 2008). The 
PROTEST function in R, which performs a random permutation test, was modified to 
allow restricted permutations for time series data (Besag and Clifford, 1989). DCCA 
was implemented using the program CANOCO 4.5 for Windows (ter Braak and 
Šmilauer 2002) and the interpolation and re-sampling was carried out in AnalySeries 
2.0.4.2. (Paillard et al., 1996). 

4.4 Results 

4.4.1 Dating 
For the LC6 lake, results of the radiometric dating are summarized in Figure 4.2. The 
210Pb record divides the LC6 sediment core in three discrete zones. Unsupported 
concentrations decline steeply with depth in the top 10 cm, reaching very low levels 
between 11.4-14.4 cm. Below this there is a zone of higher and relatively uniform 
concentrations, extending down to a depth of 30 cm. Below 30 cm unsupported 
concentrations decline at a rate comparable to that in the upper section of the core, 
falling below the limit of detection at around 38 cm. The 137Cs record is very 
conventional and shows a well-defined peak in the 6.0-6.6 cm section that almost 
certainly records the 1963 fallout maximum from the atmospheric testing of nuclear 
weapons. The discrepancy between raw 210Pb dates calculated using the CRS dating 
model and the well-defined 1963 137Cs date suggest that an extreme event, possibly a 
landslide or sub-surface sediment slump is captured in the sediment core between 8 
and 27 cm. Revised CRS model calculations for the upper part of the core, using the 
137Cs date as a reference point (Appleby, 2001), suggest that the rapid sedimentation 
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event occurred in the late 1940s or early 1950s, which could be coincident with the 
Assam-Tibet earthquake that was recorded in August 1950, in North India, just ~ 280 
km southeast to the site. Apart from the above episode, dry mass sedimentation rates 
(g cm-2 y-1) at the core site have been relatively uniform during much of the past 100 
years. Based on these results, dates were extrapolated back to ca. 1800 AD. Because 
of sediment compaction, the volumetric sedimentation rate (cm y-1) during the earlier 
period used in these calculations (0.11 cm y-1) was however a little lower than for the 
more recent sediments. A detailed description and interpretation of the LC6 lake age-
depth model is given in Wischnewski et al., in review. 

             
Figure 4.2: Radiometric chronology for LC6 lake showing the 1963 depth determined from the 137Cs, the 
piecewise CRS model 210Pb dates and sedimentation rates, and the CIC model 210Pb dates calculated for 
sections above 7.5 cm and below 30 cm  
 

 
Figure 4.3: Radiometric chronology of the Wuxu Lake sediment core showing the CRS model 210Pb dates 
and sedimentation rates, and also the approximate 1963 depth determined from the 137Cs stratigraphy. 
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The radiometric dating results for Wuxu Lake are summarized in Figure 4.3. 
Unsupported 210Pb activity declines more or less exponentially with depth, 
suggesting relatively uniform sedimentation rates (0.10 cm y-1) during the past 100 
years. Small irregularities appear between 4-6 cm depth, corresponding to the early 
1960s, but differences between the CRS model and the alternative CIC model were 
relatively small. 137Cs activity has a well-defined peak in the 5-5.25 cm section, which 
almost certainly marks 1963. The 210Pb dates place 1963 slightly below the depth 
suggested by the 137Cs record, possibly caused by the short-term fluctuations in the 
sedimentation rate mentioned above. The equilibrium between total 210 Pb activity 
and supporting 226Ra was reached at 12 cm depth. For now, dates were extrapolated 
back to ~ 1600 AD using a constant sedimentation rate of 0.10 cm y-1. These age 
estimates will be validated with the owing radiocarbon dates.  

4.4.2 Pollen analysis  
The results of the pollen analysis for LC6 Lake are summarized in Figure 4.4. The 
cluster analysis CONISS calculated a total sum of squares of 1.3. Therefore, no 
distinct first-order pollen biostratigraphic zones were established. The pollen 
spectrum is dominated by arboreal and shrub taxa, amongst which Pinus (~ 19%), 
Quercus (~ 19 %), Betula (~ 11%), Picea (~ 4%), and Rhododendron (~ 3%) are the most 
dominating taxa. Herbaceous taxa contribute with mainly Artemisia (~ 12%), 
Cyperaceae (~ 7%) and Polygonum (~ 4%) to the spectra in moderate amounts. In 
general, arboreal taxa show a slight increase since the late 1890s, mostly linked to the 
increase of Pinus, Betula, Abies and Salix, whereas herbal taxa decline on the expense 
of Polygonum, Artemisia, Poaceae and Gentiana. Taxa indicating possible a grazing 
impact (i.e., Apiaceae, Liliaceae) show slight increases in the 1870s to 1940s and taxa 
most likely introduced through human cultivation (i.e., Humulus, Fabaceae) 
increased in the 1870s to 1940s and in the 1970s. The two-dimensional nMDS 
produced a stress value of 18.7% (Table 4.2), which according to Clarke (1993) and 
Kruskal and Wish (1987) indicates a good fit between the original distance of objects 
and the fitted values. The nMDS underlines the apparent trend to the dominance of 
arboreal taxa with the end of the 19th century (Fig. 4.8b). The DCCA revealed a non-
significant compositional turnover of 0.46 SD (p= 0.15) for the last 200 years. 

Figure 4.5 summarizes the results from the Wuxu lake pollen record. Similar to the 
LC6 lake, no distinct first-order biostratigraphic zone were calculated by the cluster 
analysis CONISS (total sum of squares of 1.3). The pollen spectra are dominated by 
arboreal taxa, such as sclerophyllous Quercus (~ 37%), Pinus (~ 23%), Betula (~ 6%) 
and Abies (~ 5%). Herbal taxa, mainly comprised of Artemisia, Cyperaceae and 
Poaceae contribute with abundances between 2-4%. As at LC6 lake, herbal taxa 
decrease since the 1870s in favor for arboreal taxa (mainly Pinus and Quercus). 
Indicator taxa for human cultivation contribute with insignificant amounts to the 
pollen spectra and do not show distinct appearances, however, taxa (e.g., Rumex, 
Sanguisorba) suggesting higher grazing influence are present throughout the core 
with abundances of ~ 1-2%. The two-dimensional nMDS has a stress value of 22.8% 
(Table 4.2), reflecting the increase in arboreal taxa since the 1870s (Fig. 4.8a). The 
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DCCA yielded a non-significant compositional turnover of 0.31 SD (p=0.09) over the 
last 200 years. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4 (left): Pollenstratigraphy of LC6 Lake. Only taxa with an abundance of >1% in at least one 
sample are shown. The black filled silhouettes represent original pollen abundance; transparent 
silhouettes in the background exaggerate the original abundance of rare species by 4 to ease visibility. 
The gap captures the sediment slump between 8 – 27 cm. 
 
Figure 4.5 (right): Pollenstratigraphy of Wuxu Lake. Only taxa with an abundance of >1% in at least one 
sample are shown. Black filled silhouettes represent actual abundance, white silhouettes in background 
illustrates abundance exaggerated by factor 4 to ease visibility. Ages AD in italic font are under reserve 
whilst waiting for validation from the radiocarbon dating.                                                .
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Figure 4.6 (left): Diatom stratigraphy of LC6 Lake. Selected taxa are shown in relative abundance. The gap 
captures the sediment slump between 8 – 27 cm. 
 
Figure 4.7 (right): Diatom stratigraphy of Wuxu Lake. Selected taxa are shown in relative abundance. Ages AD in 
italic font are under reserve whilst waiting for validation from the radiocarbon dating. 
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4.4.3 Diatom analysis 
The diatom stratigraphies of LC6 and Wuxu lake are illustrated in Figures 4.6 and 
4.7, respectively. The common feature of both diatom data sets is the small degree of 
compositional turnover throughout both cores. In both cases CONISS revealed a low 
total sum of square (1.0 for Wuxu, 1.7 for LC6), indicating the absence of first-order 
biostratigraphic zones. The DCCA yielded a compositional turnover of 0.32 SD (p= 
0.03) for Wuxu lake and 0.85 SD (p= 0.59) for LC6 lake over the last 200 years.  

The LC6 lake diatom record revealed 158 species from 39 genera, which are 
dominated by monoraphid taxa (Achnanthidium sp., Achnanthes sp. and 
Psammothidium sp.), Cyclotella sp. and fragilarioid taxa, which contribute with up to 
40%, 35% and 20% relative abundance. The most common species is the planktonic 
diatom Cyclotella ocellata (up to 35%). A subtle but consistent decline of Cyclotella 
ocellata is detectable throughout the core, accompanied with small increases of 
Achnanthidium minutissimum, tychoplanktonic Aulacoseira lirata var. lirata and benthic 
Fragilaria capucina and Cymbella species (Fig. 4.6).  

At Wuxu lake, 120 taxa from 38 genera were identified. The species assemblage was 
dominated by the planktonic taxa Cyclotella cyclopunctata (~ 63%) and Aulacoseira 
distans (~ 15%). Taxa and varieties from the Achnanthidium minutissimum (~ 5%) and 
fragilarioid taxa such as Fragilaria construens f. venter (~ 3%) and Staurosirella pinnata 
(2%) contribute with small percentage abundances to the benthic component of the 
diatom assemblage. However, no significant species shift was detected throughout 
the record, only subtle changes appear from the 1840s onwards, linked to the 
appearance of some fragilarioid taxa (Fig. 4.7). 

4.4.4 Procrustes rotation and PROTEST 
Procrustes and PROTEST require ordination scores of like-for-like data. Therefore, a 
nMDS was implemented on all interpolated and re-sampled data sets. All four nMDS 
produced stress values between 16% and 21% (Table 4.2) suggesting a good fit 
between fitted values and the original distance (Kruskal and Wish, 1987; Clarke, 
1993).  

Table 4.2: NMDS stress scores and applied distance measure. Data sets 1 - 4 refer to analyses 
on original pollen and diatom counts; data sets 5 -8 refer to analyses on harmonised 
(interpolated and resampled in 5 year intervals between 1810 and 2000 AD) pollen and 
diatom counts.  

Data set Distance measure nMDS stress score (%) for 2D 
model 

1. LC6 Lake Pollen (original data) Bray Curtis 18.74 
2. LC6 Lake Diatoms (original data) Bray Curtis 21.96 
3. Wuxu Lake Pollen (original data) Bray Curtis 22.85 
4. Wuxu Lake Diatoms (original data) Bray Curtis 20.78 
5. LC6 Lake Pollen (resampled between 1810 -2000) Bray Curtis 16.41 
6. LC6 Lake Diatoms (resampled between 1810 -2000) Bray Curtis 19.33 
7. Wuxu Lake Pollen (resampled between 1810 -2000) Bray Curtis 20.77 
8. Wuxu Lake Diatoms (resampled between 1810 -2000) Bray Curtis 20.44 
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Procrustes rotation and the associated PROTEST function were performed on (a) 
both pollen data sets, (b) both diatom data sets, (c) pollen and diatom data sets of the 
LC6 lake, and (d) on the pollen and diatom data sets of Wuxu lake. Table 4.3 
summarizes the diagnostics of Procrustes rotation and PROTEST and Figure 4.9 
illustrates the goodness of fit between all data sets compared. The size of residuals 
for each time slice between 1810 AD and 2000 AD are shown. Low residuals indicate 
a good agreement between data sets, high residuals indicate a weak agreement. 
Results show that the best fit was produced for the intra-site comparisons. The pollen 
and diatom record from LC6 lake (Fig. 4.9c) and the pollen and diatom record from 
Wuxu lake (Fig. 4.9d) produced both highly significant fits (p=0.02). A good fit was 
also produced between the corresponding pollen records from LC6 lake and Wuxu 
lake (p=0.05) (Fig. 4.9a). However, several time slices display a lower degree of 
similarity as indicated by higher residuals. The poorest fit was produced between the 
corresponding diatom records from both lakes, as suggested by a relatively high p 
value (p= 0.13)(Fig. 4.9b). 

Table 4.3: Procrustes rotation and PROTEST diagnostics. PROTEST is the correlation on a 
symmetric Procrustes rotation using nMDS axis scores and the associated p value (based on 
39 permutations). Bold print indicates a significant fit between data sets. 

Comparisons Procrustes rotation sum of 
squares 

RMSE PROTEST (r) P value 

(a) LC6 Pollen vs. Wuxu Pollen 0.73 0.14 0.52 0.0512 
(b) LC6 Diatoms vs. Wuxu Diatoms 0.82 0.14 0.43 0.1281 
(c) LC6 Pollen vs LC6 Diatoms 0.50 0.11 0.70 0.02 
(d) Wuxu Pollen vs Wuxu Diatoms 0.75 0.14 0.49 0.025 

 

4.5 Discussion 

4.5.1 Biological response to climate and human-induced changes on the 
southeastern Tibetan Plateau 
Regional vs. local response 

The pollen record from the LC6 Lake and the pollen record from Wuxu Lake, located 
680 km to the west, have a very similar species composition and changes in the 
species composition are temporally consistent. This concordance between both data 
sets is shown by the significant procrustean fit (p= 0.05; Table 4.3) (Fig. 4.9a), 
suggesting that the timing, magnitude and direction of change in both pollen records 
is very similar over the last 200 years and that changes are likely to occur in response 
to regional, as opposed to local, environmental or human-induced changes. Both 
pollen records show a dominance of evergreen oak-pine forests (sclerophyllous 
Quercus, Pinus) intermixed with Abies, Picea and Betula throughout their profiles. 
Broadleaved taxa like Rhododendron and Salix are the main elements in the secondary 
canopy. As such, the vegetation is characteristic for the montane forest belt on the 
southeastern Tibetan Plateau, typically found between 3000-4000 m asl (Yu et al., 
2001; Kramer et al., 2010c). At LC6 lake, herbal taxa, mainly comprised of Polygonum, 
Artemisia and Cyperaceae, are a stronger component as at Wuxu lake. This most 
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likely represents the stronger influence of components from alpine meadows, as LC6 
lake is located ~ 400 m higher than Wuxu lake and therefore closer to the sub-alpine 
shrubland and alpine meadows, typically covering the slopes above 4000 m asl on 
the southeastern Tibetan Plateau (Yu et al., 2001).  

 
Figure 4.8: nMDS ordination results (2D) on interpolated and resampled data sets. 

 

Comparing the diatom records of both lakes with each other, the picture is different. 
The Procrustean rotation produced an insignificant fit (p= 0.12) (Fig. 4.9b), indicating 
that the timing, duration or magnitude of change of the diatom assemblage in 
response to environmental changes varies between both lakes and that care needs to 
be taken when making regional climate inferences from the diatom record alone. 
Local circumstances may have overwritten a regional climate signal. Procrustean 
residuals (Fig. 4.9b) indicate that mismatches between both aquatic data sets were 
greatest between 1810-1840 AD and between 1940-1975 AD, which correspond with 
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time periods when compositional turnover is highest in both lake systems (compare 
DCCA scores in Figures 4.4 and 4.5). Possible causes for higher compositional species 
turnover during these periods is discussed below. The diatom records of LC6 lake 
and Wuxu lake are plankton dominated systems and are habitat to slightly acidic to 
circumneutral taxa. Many are cosmopolitan species that are commonly found in 
freshwaters of high-latitude and alpine regions (Lotter and Bigler, 2000; Sorvari et al., 
2002; Rühland and Smol, 2005). 

Compositional turnover 

The overall characteristic of both pollen records, is the very stable species 
composition throughout the entire profile. Species shifts are only very subtle over the 
last 200 years (LC6 lake) and 400 years (Wuxu lake). The very low total sum of 
squares from the CONISS analyses and a very small compositional turnover (DCCA 
score of less than 0.5 SD) confirm this. Similar low values as at LC6 lake and Wuxu 
lake were found from the pollen record at Lake Zigetang (0.44 SD) and Lake Koucha 
(0.41 SD) on the central and northeastern Tibetan Plateau, estimated over the last 
9000 years (Herzschuh et al., 2010a). For comparison, Birks (2007) investigated 
compositional turnover on Holocene pollen-stratigraphical sequences from southern 
Norway and associated DCCA axes scores above 1.0 SD units with high 
compositional turnover.  

Compared to the dramatic vegetation shifts on the Tibetan Plateau at the transition 
from the late glacial to the early Holocene or during the mid-Holocene (Jarvis, 1993; 
Demske et al., 2009; Herzschuh et al., 2009), the degree of vegetation change over the 
last two to four centuries is less significant. Kramer et al. (2010) reconstructed a 2-3°C 
temperature rise at the Pleistocene/Holocene boundary (at Naleng lake, southeast 
Tibet) which triggered the spreading of forest on the expense of the steppe and 
meadow ecotone. The same record shows a considerable reorganization of the 
vegetation during the shorter lived cold event around 8.1 cal. kyr BP, when 
temperatures dropped by 1-2 °C (Kramer et al., 2010c). You et al. (2007) states a ~ 
1.4°C warming over last 40 years for the southeastern Tibetan Plateau, but changes in 
the vegetation structure did not show a similar strong compositional turnover as 
over the Holocene time scale, suggesting that the length and magnitude of the recent 
warming period at our sites has not yet led to the crossing of climatically-induced 
ecological thresholds, but that other parameters such as human activity, are 
increasingly impacting these ecosystems. However, previous environmental 
conditions, e.g. at the Pleistocene/Holocene boundary, were different and trees were 
not the dominant vegetation type and the vegetation density was generally low 
(Kramer et al., 2010c). With the onset of warmer and moister conditions in the early 
Holocene, trees could migrate into new niches as climate became more favourable to 
their growth. During the late Holocene and the recent past these niches were already 
occupied, so a temperature increase alone would not necessarily cause similar 
results. 
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Figure 4.9: Between-lake and within-lake comparisons. Results from nMDS axis 1 scores and impulse 
diagram of Procrustes Rotation residuals. Height and occurrence of peaks in impulse diagram indicate 
the degree of dissimilarity between two data sets compared. Dashed and solid lines across indicate the 
first, second and third quartile, respectively. 
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Similar to the pollen records, the overall compositional change in both diatoms 
records is very small as well, which is confirmed by low total sum of square scores 
from the CONISS analyses and by a low compositional turnover, inferred from the 
DCCA (0.3 SD, Wuxu lake – 0.85 SD, LC6 lake). For comparison, similar low SD 
values (0.84 SD) were calculated for diatom records from northern Quebec, where 
diatom compositional change in agreement with instrumental data suggest no 
significant warming over the past 150 years (Smol et al., 2005). Such stable diatom 
species assemblages are maybe surprising, particularly in the light of the significant 
temperature and precipitation changes (Liu and Chen, 2000; You et al., 2007) and 
alarming glacial retreat (Su and Shi, 2002) recorded for the SE Tibetan Plateau over 
the past two centuries. Rühland et al. (2008) identified in an extensive study from 
arctic, alpine and temperate lakes across the northern hemisphere strong 
reorganizations in the diatom communities, starting in the mid-19th century, which 
they link to primarily climate warming. They explain that an earlier ice break up, 
triggered by rising mean winter and spring temperatures, would lead to a longer 
growing season and changes in the light and mixing regime and increased nutrient 
cycling that in turn would enhance especially planktonic growth. Hence, recent 
warming trends in these remote arctic and mountain lake systems were manifested 
by a significant shift from benthic (e.g. small fragilarioid species) to planktonic (e.g. 
small Cyclotella species) taxa. These taxa shifts could not be detected at LC6 or Wuxu 
lake. So far no diatom records in the region exist for comparison of compositional 
turnover rates between the recent past and the Holocene. Diatom records from the 
arid western and northeastern part of the Tibetan Plateau indicate that Holocene 
changes in the monsoon strength have led to significant lake level and salinity 
changes that resulted in at times complete reorganizations of the diatom flora in 
these lake systems (Van Campo, 1993; Hui et al., 1996; Xue et al., 2003) - a magnitude 
of change that is not comparable to the slight species shifts over the past two 
centuries in our records. The limited response of the diatom assemblage at LC6 and 
Wuxu lake during the past two centuries suggests that either both diatom 
assemblages are insensitive to recent environmental changes, and that both sites 
have not yet crossed climatically-induced ecological thresholds, as also suggested by 
the corresponding pollen records, or that processes, such as increasing precipitation 
and cloud cover counteract with the impacts of increasing temperatures 
(Wischnewski et al., in review). 

4.5.2 Causes of terrestrial and aquatic ecosystem change 

Apart from the low overall compositional change, minor species shifts could be 
identified in both pollen records. The LC6 pollen record revealed an increase in 
herbaceous pollen, like Polygonum, Asteraceae, Caryophyllaceae from ~ 1840 until 
the 1890s, whilst the Wuxu lake showed increases in Rosaceae, Thalictrum and the 
Caltha-type at a similar time period from ~ 1840 to the 1870s. All taxa mentioned 
above are characteristic elements of the alpine meadow vegetation, suggesting that 
cold climate conditions in the middle and second half of the 19th century may have 
triggered the altitude-downward expansion of this colder adopted vegetation type. 
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This cold period could also be detected in several other records of the Tibetan 
Plateau. Yang et al. (2004) reconstructed higher lake levels, due to colder and moister 
conditions, between 1845-1885 AD through the application of a diatom-salinity 
transfer function at Lake Chencuo (SE Tibetan Plateau). Zhang et al. (2010) 
reconstructed a cold period before the 1920s in a 160-year record using n-alkanes. Ice 
core records (Thompson et al., 2006; Yang et al., 2006) and several tree-ring studies 
(Bräuning and Mantwill, 2004; Bräuning, 2006; Liang et al., 2009; Yang et al., 2009; 
Yang et al., 2010a) also identified pronounced cold periods during the 19th century. 
These cold periods correspond well with periods of low solar activity (Dalton 
minimum at 1810 AD) at the end of the “Little Ice Age” (Bard et al., 2000) and strong 
volcanic eruptions between 1810-1820 AD (Crowley, 2000), suggesting that the 
expansion of alpine meadows in the LC6 and Wuxu lake catchment in the second 
half of the 19th century is a response to natural climate variability. The 20 to 40-year 
time lag of the expansion of alpine meadows around 1840 AD and the Dalton 
minimum around 1810 AD may result from the vegetative delay to changing 
temperature and precipitation conditions (Heegaard et al., 2006).  

Shifts in the corresponding diatom records during that time period are negligible, 
apart from a slight but short-lasting shift to more benthic taxa around 1840 at LC6 
lake, possibly indicating longer ice coverage during the colder climate conditions. 
This concordance between the terrestrial and the aquatic record within each lake is 
also proven by the Procrustes analyses that produced significant fits (p= 0.02 for LC6 
records, p= 0.025 for Wuxu records) for both lakes (Fig. 4.9c, 4.9d), indicating that the 
lake and its terrestrial environment react similar to environmental impulses.  

After ~ 1880, both pollen records reveal an increase of arboreal taxa, with an 
increasing trend lasting until present. This is contradictory to studies that show 
evidence of forest decline on the Plateau since the mid-Holocene (Shen et al., 2005; 
Kramer et al., 2010c), and other studies that report on alarming forest loss and habitat 
defragmentation since the 1950s (Studley, 1999, Zhang et al., 2000). Whilst there is 
still an ongoing discussion whether forest decline since the mid-Holocene was 
primarily caused by climatic conditions, human impact, or a combination of both 
(Yang et al., 2005, Herzschuh et al., 2010c; Schlütz and Lehmkuhl, 2009; Kramer et al., 
2010c), the severe loss of natural forest in the recent past (last 2000 years), and 
particularly in the past decades (since the 1950s) is attributed to anthropogenic forest 
clearances as a consequence of the high timber, grazing and agricultural ground 
demand of a constantly growing Chinese population (Studley, 1999; Zhang et al., 
2000; Elvin et al., 2002; Dearing et al., 2008). The forest increase since ~ 1880 in the 
LC6 and Wuxu lake catchments is mainly linked to species of Quercus, Pinus, 
Cupressaceae, Abies and Larix. Pinus, Larix and genera of the Cupressaceae family are 
fast growing tree species that are used within governmental programs for 
reforestation purposes (Bao and Jiang, 1998; Zhang et al., 2000), suggesting that at 
least a part of the forest increase results from reforestation, rather than natural forest 
growth. A historical study of Lake Erhai (SW China) (Elvin et al., 2002) provides 
evidence that the region suffered from an environmental crisis as early as the end of 
the Ming dynasty (CE 1368 – 1644) and beginning of Qing dynasty (CE 1644-1911). 



 

Chapter 4 
 

 79 

The overall limited response of the pollen and diatom assemblages from LC6 and 
Wuxu lake over the last 200 years points out that both lakes and their catchments 
seem to be resilient against the current rate and magnitude of climate warming. In 
comparison to the extensive reorganizations of the vegetation in the Holocene that 
underwent temperature magnitudes changes of 1-3°C, the current shifts in species 
and species abundance are relatively small. So far, no significant reorganizations of 
the vegetation and the aquatic system can be observed from our records, suggesting 
that climatically-induced ecological thresholds are not yet crossed.  

More influential and alarming than the current rate of climate warming are the 
consequences of human-caused land cover change, that have already caused forest 
degradation and habitat defragmentation in wide parts of China. Even though our 
remote montane-boreal sites are not severely affected yet, anthropogenic signs are 
clearly visible. It is, however, impossible to separate the impacts of climate warming 
from anthropogenic impacts, in fact synergistic processes are more likely. Humans 
are shaping the landscapes of the southeastern Tibetan Plateau for several thousands 
of years by extensive forest clearances and reforestations as a consequence of rapid 
population and economic growth, which was particularly strong over the past two 
centuries. Although, human activities have not caused forest decline in our study 
area, they have initiated a conversion of the forest structure, i.e. a trend to less 
resilient, secondary pine-oak forests, whilst post-Little Ice Age and 20th century 
warming have contributed to their growth, promoting the regeneration of these 
semi-natural forests on the southeastern Tibetan Plateau. However, a further 
temperature increase of 3.7°C in the Tibetan Plateau, as predicted in a coupled 
atmosphere-ocean global climate model (Lal and Harasawa, 2001), and any artificial 
disturbance, will surpass the threshold of these vulnerable secondary forests and 
cause the degeneration of the vegetation structure and defragmentation with severe 
ecological consequences, like reduced water retention capacity, biodiversity 
reduction and increasing natural disasters (Yan et al., 2005; Cui et al., 2007).  
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5 Synthesis 

5.1 Environmental change on the Tibetan Plateau since the last 
Lateglacial 
The reconstruction of monsoon variability since last Lateglacial on the Tibetan 
Plateau is a challenging task. Within the scope of Manuscript # 1 I analysed the 
temporal course of vegetation changes since ~ 14.8 cal. ka BP using an 8 m-sediment 
core from Kuhai Lake on the northeastern Tibetan Plateau. Vegetation changes most 
likely went in hand with moisture changes (precipitation and/or effective moisture) 
in the region and could therefore be used to infer past monsoon dynamics. A pollen-
precipitation transfer function, which was applied to the Kuhai Lake data set, 
provided quantitative mean annual precipitation rates. To assess whether 
environmental change in the region is similar amongst different sites, I compared the 
Kuhai Lake pollen record with the proximal Koucha Lake pollen record. To place the 
Kuhai Lake pollen record in the context of Holocene moisture evolution across the 
whole Tibetan Plateau, I compiled pollen and non-pollen information on Holocene 
moisture development from all available continuous palaeo-climate records across 
the Plateau in order to establish whether general (regional and/or temporal) patterns 
of moisture evolution exist on the Tibetan Plateau. In the following, the main results 
are outlined. 

Sparse alpine desert vegetation and low reconstructed precipitation were 
characteristic of the Kuhai Lake area prior to 14.8 cal. ka BP, indicating dry and cold 
climate conditions. The expansion of alpine steppe vegetation during 
Bølling/Allerød and the early Holocene (14.8 cal. ka BP - 7.0 cal. ka BP) and 
reconstructed intermediate precipitation rates indicate higher temperatures and 
moisture availability than before. By 7.0 cal. ka BP high-alpine meadows expand 
(dominated by Kobresia) at the expense of alpine steppe vegetation, which led to the 
reconstruction of maximum precipitation rates, suggesting maximum Monsoon 
strength between 7.0 cal. ka BP and 6.3 cal. ka. BP. However, this pollen-based 
moisture reconstruction is in contradiction to the finding of lake level lowering and 
increasing salinity at Kuhai Lake by Mischke et al. (2009a). Herzschuh et al. 
(submitted) proposed that besides climate change an increase in the atmospheric CO2 
during the early and mid-Holocene could have supported the expansion of mesic 
Kobresia on the TP in areas formerly dominated by drought-resistant Artemisia. In 
that case the pollen-based moisture reconstruction would over-estimate the moisture 
increase during that time. The occurrence of typical desert elements in the alpine 
steppes around the lakes and very low reconstructed annual precipitation rates 
indicate strong aridity between 6.3 cal. ka BP and 2.2 cal. ka BP. However, Kobresia 
meadows in high-alpine mountain regions did not retreat during that time. A wide 
expansion of alpine steppe meadow vegetation with a high content of Kobresia and 
high-reconstructed annual precipitation rates in the last 2000 years, indicate high 
effective moisture for the most recent period of the Holocene. 
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Herzschuh et al. (2009) reported on a pollen record from Lake Koucha, a site 230 km 
southwest of Lake Kuhai, to date representing the nearest palaeo-ecological record to 
Lake Kuhai on the upper Tibetan Plateau. The direct and numerical comparison of 
the Lake Koucha and Lake Kuhai pollen record revealed a general similarity between 
both vegetation records even though the climate inferences were at times partially 
contradictory. Both catchments were characterised by a significant change from 
alpine steppe-desert vegetation to alpine steppe vegetation with tundra elements at 
the Bølling/Allerød interstadial, which lasted until 6.6 cal. ka BP (Koucha)/7.0 cal. 
ka BP (Kuhai), thereafter Kobresia meadows expanded. However, after 6.3 cal. ka BP 
the Lake Kuhai record revealed a marked increase in desert elements whilst this 
trend is not so obvious at Lake Koucha. The last ca. 2000 years have been relatively 
variable in both records showing a tendency of a decreasing Artemisia/Cyperaceae 
(Kobresia) ratio. Hence, apart from the period 6.3 cal. ka BP - 2.2 cal. ka BP where 
desert elements increased in the alpine steppes around Lake Kuhai, there was 
analogous vegetation development, strongly indicating parallel forcing on the NE 
Tibetan Plateau. 

Compiling information on inferred Holocene moisture evolution from the Tibetan 
Plateau using all available continuous palaeo-climate records and comparing the 
Lake Kuhai pollen record with these records, it was not straightforward to find 
synchronous moisture trends. The initial increase in moisture and warming at about 
14.8 cal. ka BP as indicated by the Lake Kuhai pollen record, is generally in phase 
with several other records on the Tibetan Plateau (e.g., Gasse et al., 1991; Shen et al., 
2005, Zhang and Mischke, 2009). However, moisture trends inferred from pollen and 
non-pollen records during the Holocene are less uniform and differ significantly 
between records. A cluster analysis indicates that apart from the very coarse 
generalisation that wettest conditions ended between 7.0 cal. ka BP - 4.0 cal. ka BP 
and that the majority of sites were drier in the second part of the Holocene, there is 
no coherent regional and temporal pattern of moisture evolution across the Tibetan 
Plateau (Fig. 2.9). The previous assumption that sites influenced by the Indian 
summer monsoon experienced their moisture optimum during the early Holocene, 
whereas sites influenced by the East Asian summer monsoon and the westerlies 
experienced the moisture optimum during the mid Holocene (e.g., An et. al, 2000; He 
et al., 2004; Herzschuh, 2006; Chen et al., 2008), could not generally be confirmed by 
the analyses undertaken here. Overall, the results indicated that the moisture 
development during the Holocene on the Tibetan Plateau is not strictly linked to 
regional circulation regimes and underlying mechanisms are still a matter of debate. 
Uncertainty in age control, possible human impact, and the strong sensitivity of 
certain pollen types towards atmospheric CO2 changes, certainly contribute to the 
existing uncertainty on climate trends. Results of this study show that possibly the 
unique nature of each catchment and lake system and the distinct reaction of 
lacustrine and terrestrial (both abiotic and biotic) proxies to atmospheric/climatic 
and local environmental change add to that complexity of reconstructed moisture 
patterns across the Plateau.  
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5.2 Environmental change on the Tibetan Plateau over the last 200 years 
Comparing ecosystem response on the Lateglacial/Holocene time-scale to ecosystem 
response on the recent past (i.e., the last 200 years) might help to evaluate if the 
environmental change under current climate and human pressures is similar to 
change rates during the Holocene. Therefore, the change of climate and ecosystems 
in the recent past is of particular interest. A major challenge is to disentangle 
processes of natural climate variability, i.e. post Little Ice Age warming and the 
effects of human-induced environmental/climate change as a consequence of rapid 
population and economic growth in South and East Asia promoting anthropogenic 
global warming. Manuscripts # 2 and # 3 are concerned with the environmental 
history of the southeastern Tibetan Plateau over the past 200 years. Two sediment 
short cores from LC6 Lake and Wuxu Lake were investigated for their pollen and 
diatom spectra in an attempt to address the above-mentioned confront – detecting 
and disentangling possible environmental and human-induced changes in these 
remote mountain-boreal lakes. The main results are summarised in the following. 

The overall characteristic of both pollen records from LC6 Lake and Wuxu Lake, is 
the very stable species composition throughout the entire profiles. Species shifts are 
only very subtle over the last 200 years, as indicated by the pollen profiles 
themselves and statistical analyses (CONISS and DCCA). Both pollen records show a 
dominance of evergreen oak-pine forests (sclerophyllous Quercus, Pinus) intermixed 
with Abies, Picea and Betula and broadleaved taxa like Rhododendron and Salix in the 
secondary canopy. As such, the vegetation is characteristic for the montane forest 
belt on the southeastern Tibetan Plateau, typically found between 3000-4000 m asl 
(Yu et al., 2001; Kramer et al., 2010c). Similar to the pollen records, the overall 
compositional change in both diatoms records is very small over the past 200 years. 
Both records are dominated by planktonic Cyclotella species, monoraphid (Achnanthes 
sp., Achnanthidium sp.) and fragilariod (Fragilaria sp., Staurosirella sp.) taxa, typical for 
slightly acidic to circumneutral, oligotrophic, electrolyte-poor lakes, commonly 
found in freshwaters of high-latitude and alpine regions (Lotter and Bigler, 2000; 
Sorvari et al., 2002; Rühland and Smol, 2005). 

Compared to the dramatic vegetation shifts on the Tibetan Plateau at the transition 
from the Lateglacial to the early Holocene or during the mid-Holocene (Jarvis, 1993; 
Demske et al., 2009; Herzschuh et al., 2009), the degree of vegetation change over the 
last two to four centuries is a different order of magnitude. Kramer et al. (2010c) 
reconstructed a 2-3°C temperature rise at the Pleistocene/Holocene boundary (at 
Naleng Lake, southeast Tibet) which triggered the spreading of forest on the expense 
of the steppe and meadow ecotone. The same record shows a considerable 
reorganisation of the vegetation during the shorter lived cold event around 8.1 cal. ka 
BP, when temperatures dropped by 1-2 °C (Kramer et al., 2010c). You et al. (2007) 
states a ~ 1.4°C warming over last 40 years for the southeastern Tibetan Plateau, but 
changes in the vegetation structure did not show a similar strong compositional 
turnover as over the Holocene time scale. This suggests that the length and 
magnitude of the recent warming period at our sites has not yet led to the crossing of 
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climatically-induced ecological thresholds. However, local or regional conditions, 
like increased precipitation and cloud cover, may have antagonised the effects of 
increasing temperature and resulted in a muted diatom and pollen response. 

Despite the overall minor changes in the pollen and diatom assemblages of LC6 Lake 
and Wuxu Lake, subtle species shifts indicate climatic and anthropogenic impacts, 
especially in the pollen records. Both pollen records reveal an increase of 
characteristic elements of the alpine meadow vegetation between ~ 1840 - ~ 1880s, 
suggesting that cold climate conditions in the middle and second half of the 19th 
century may have triggered the altitude-downward expansion of this colder adapted 
vegetation type. Taking the vegetative delay to changing temperature and 
precipitation into account (Heegaard et al., 2006) this cold period corresponds well 
with periods of low solar activity during the Dalton minimum at 1810 AD (Bard et 
al., 2000), suggesting a signal of natural climate variability. Shifts in the 
corresponding diatom records during that time period are negligible, apart from a 
slight but short-lasting shift to more benthic taxa around 1840 at LC6 Lake, possibly 
indicating longer ice coverage during the colder climate conditions. After ~ 1880 both 
pollen records show an increase in arboreal taxa – a trend lasting until present. This 
is contradictory to studies that show evidence of forest decline since the mid-
Holocene (Shen et al., 2005; Kramer et al., 2010), and other studies that report on 
alarming forest loss and habitat defragmentation since the 1950s (Studley, 1999; 
Zhang et al., 2000). The forest increase in the LC6 and Wuxu lake catchments is 
mainly linked to species of Quercus, Pinus, Cupressaceae, Abies and Larix. Pinus, Larix 
and genera of the Cupressaceae family are fast growing tree species that are used 
within Chinese governmental programs for reforestation purposes (Bao and Jiang, 
1998; Zhang et al., 2000), suggesting that at least a part of the forest increase results 
from reforestation, rather than natural forest growth. Quercus-Pinus forests are often 
described as secondary forests, developing after human disturbance. Their growth is 
promoted by human-induced fires for the purpose of forest clearance (Winkler, 1996; 
Yan et al., 2005; Shen et al., 2006b), indicating an anthropogenic influence. However, 
the increase in sclerophyllous Quercus since ~1880, observed at the Wuxu Lake 
pollen record, could also be the response to post Little Ice Age and 20th century 
climate warming. Jarvis (1993) found that a dry early spring (temperatures rise 
before the onset of the monsoon) and milder winters would promote the growth of 
predominantly sclerophyllous taxa. Abies, on the other hand, has often been 
associated with increasing effective moisture (Yan et al., 1999; Kramer et al., 2010c), 
hence the increase of Abies in the second half of the 20th century in both pollen 
records, may be linked to increasing precipitation rates as reported by You et al. 
(2007). Hence, the synergistic processes of post Little Ice Age warming, 20th century 
climate warming and extensive reforestations since the 19th century have promoted 
the growth of semi-natural pine-oak forests, intermixed with fir and larch. 

In summary however, the small changes observed in both pollen and diatom records 
from the two montane-boreal sites on the southeastern Tibetan Plateau are not of the 
same magnitude as the partly dramatic species shifts observed in palaeo-climate 
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records from other climate-sensitive regions in the Arctic or in alpine regions (Smol 
et al., 2005; Hobbs et al., 2010). 

5.3 Lacustrine and terrestrial proxies as indicators of environmental 
change 
The direct comparison of proxies that represent changes a lake system with proxies 
representing changes in the terrestrial environment is highly valuable to assess 
whether the lake system and its catchment respond to possible environmental 
changes in a similar manner. In manuscripts #1 and #3 I applied rigorous statistical 
methods to the corresponding aquatic and terrestrial proxies from four lakes or 
catchments in order to assess if possible differences in proxy sensitivity or response 
time contribute to the current discordance on coherent regional and temporal climate 
patterns across the Tibetan Plateau. The main results are outlined in the following. 

Procrustes rotation (see Chapter 2.3.3) has proven to be a suitable method to 
implement a direct and numerical comparison between two proxy data sets. Up to 
now, approaches to infer climate change in the Tibetan Plateau have qualitatively 
compared different proxies to establish regional or proxy relationships (Van Campo 
and Gasse, 1993; Fontes et al., 1996; Gasse et al., 1996; Blyakharchuk et al., 2004; 
Herzschuh et al., 2005; Mischke et al., 2005; Westover et al., 2006; Ilyashuk and 
Ilyashuk, 2007; Rudaya et al., 2009).  Here we employed numerical techniques, 
applicable to the raw data of any sedimentary record, to quantitatively compare 
proxy records of interest and rigorously establish not only how well the records 
match in general, but also to identify time periods of better or worse fit. In other 
words, the degree of similarity or dissimilarity of change over any time scale 
between proxies and/or lakes can be statistically quantified.  

The results for the Tibetan Lakes indicate that the use of different proxies and the 
work with palaeo-ecological records from different lake types can cause deviant 
stories of inferred change. Irrespective of the timescale (Holocene or last 200 years) or 
region (SE or NE Tibetan Plateau) analysed, the agreement in terms of the direction, 
timing, and magnitude of change between the corresponding terrestrial data sets was 
generally better than the match between the corresponding aquatic data sets (Fig. 
5.1).  

Within-lake comparison, i.e. pollen records vs. diatom/ostracod/geochemistry 
records, generally produced good and statistically significant fits, supporting the 
hypothesis that a lake and its catchment react similar to environmental changes. 
However, several time windows, especially during periods of colder climate 
conditions (~12.0 cal. ka BP, ~ 2.0 cal. ka BP, ~ 1820-1860 AD) or periods with 
stronger anthropogenic impact and higher variability (~ 2.0 cal. ka BP, ~ 1880 AD, 
since ~ 1950s), the aquatic signal deviates stronger from the terrestrial signal. Often 
this deviation is linked to rather rapid changes in the aquatic data sets whilst the 
pollen data sets show a more smoothed response, suggesting that the aquatic proxies 
are more prone to possibly local or short-lived events whilst the pollen records show 
a more regional signal.  
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The between-lake comparisons varied in the goodness of their fit, depending on the 
type of proxies used. When comparing two proximal lakes with each other (i.e., 
Kuhai vs. Koucha or LC6 vs. Wuxu), and just focussing on the pollen records, the 
direction, timing and magnitude of change over time was generally very similar, 
indicating regional climate forcing. However, when using the corresponding aquatic 
data sets at these same lakes, the direction, timing or magnitude of change was at 
times contradictory, suggesting that each lake system may have its unique way to 
respond to environmental changes (Fig. 5.1). The direct comparison of Kuhai Lake, a 
saline closed basin lake, with Koucha Lake, a freshwater open basin lake, illustrated 
this nicely: Using aquatic proxies Mischke et al. (2008 and 2009a) reconstructed 
opposite lake level states for the early Holocene (high at Lake Kuhai; low at Lake 
Koucha) and therefore different climate trends, whilst the pollen-inferred trends 
were very similar and indicated that both catchments were very likely influenced by 
similar environmental forcing. 

 
Figure 5.1: Between-lake comparisons using nMDS scores as a measure of change, indicating direction, 
timing and magnitude of change. Blue lines represent aquatic (diatoms/ostracods/geochemistry) 
response; green lines represent pollen response to environmental change. 
 

Using palaeo-ecological data from different lake types is inevitable in the complex 
mountain landscape of the Tibetan Plateau but strongly contributes to asynchronous 
histories of inferred environmental change. Depending on their geographical 
position, geological and morphological background or exposure to wind and solar 
insolation, lakes types on the plateau may range from freshwater to saline lakes, 
from open to closed basin lakes, their catchments might be permafrost influenced or 
not, or they might be effected by human impact in varying degrees. In addition to 
this variation in space, this complexity might also vary through time. Therefore, care 
needs to be taken when making regional climate inferences from the aquatic record 
alone. Local peculiarities may have overwritten a regional climate signal. 
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5.4 Conclusions and implications beyond the scope of this study 
Investigating temporal and spatial climate variability on the Tibetan Plateau, we are 
faced with three major challenges: (1) a very complex mountain landscape with 
numerous microenvironments, (2) a relatively poor coverage of palaeo-ecological 
studies with a continuous and suitable resolution and reliable age models, and (3) 
asynchronous climate patterns inferred from these studies, which still hamper our 
understanding of climate evolution on the Tibetan Plateau. My work on different 
time scales on four palaeo-ecological records from two core regions in the Tibetan 
Plateau using different proxies and rigorous statistical methods has contributed to 
our understanding of past climate variability and ecosystems response to 
environmental changes on the Tibetan Plateau. 

The pollen and lacustrine records from Lake Kuhai and Lake Koucha, indicate that 
cold and dry climate conditions prevailed before 14.8 cal. ka BP on the NE Tibetan 
Plateau. Much warmer and wetter conditions dominated the early and mid 
Holocene, with highest effective moisture between 12.9 cal. ka BP and 6.2 cal. ka BP. 
Major vegetation shifts took place during Bølling/Allerød. The often-discussed 
abrupt climate shift at the Pleistocene/Holocene transition is not pronounced in our 
lake records. Comparing these results with all other available and continuous pollen 
and non-pollen palaeo-climate records from the Tibetan Plateau I found that so far 
no coherent regional and temporal climate pattern exists and that even records from 
sites that are located close to each other may result in different inferred climate 
histories. Different possible causes (age models, changing atmospheric CO2 
concentrations, local noise in proxy records, anthropogenic impact) contribute to the 
current discordance on inferred climate patterns across the Tibetan Plateau. 

Despite instrumental evidence of increasing mean annual and mean winter 
temperatures on the Tibetan Plateau (e.g., Liu and Chen, 2000), environmental 
change over the past 200 years inferred from two pollen and diatom records from the 
southeastern Tibetan Plateau seems insignificant. Both pollen and diatom spectra 
show no obvious species shifts throughout the record. In comparison with the 
species reorganisations in the early and mid-Holocene that underwent temperature 
magnitude changes of 1-3°C, changes in the last 200 years are minor in magnitude, 
suggesting that climate-induced thresholds are not yet crossed. Nevertheless, signs 
of human activity are visible in these remote montane sites, particularly in the 
vegetation records. Although, human activities have not caused forest decline in the 
study area, they have initiated a conversion of the forest structure, i.e. a trend to less 
resilient, secondary pine-oak forests, whilst post-Little Ice Age and 20th century 
warming have contributed to their growth, promoting the regeneration of these 
semi-natural forests on the southeastern Tibetan Plateau. The separation of natural 
from anthropogenic-induced processes, however, was difficult – synergistic 
processes are most likely. 

In this study I introduced the established numerical technique Procrustes rotation 
(Gower, 1971; Peres-Neto and Jackson, 2001) as a new approach in Palaeoecology to 
quantitatively compare raw data of any sedimentary record of interest in order to 
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assess their degree of concordance. The direct and numerical comparisons from the 
four Tibetan lakes have proven that the use of different proxies and the work with 
palaeo-ecological records from different lake types can cause quite deviant histories 
of inferred change and that care needs to be taken when inferring climate from one 
record alone. Generally it is the vegetation record that captures a smoothed regional 
response, whilst proxies representing the lacustrine environment are possibly more 
prone to short lived or local events, indicating that different proxies may have 
varying sensitivities and response times to climate or environmental change. A 
combination of terrestrial and aquatic proxies would help to decipher the effects of 
in-lake or catchment processes and climate forcing. In addition to the complexity of 
proxy response, I found that the complex nature of different lake types on the 
Plateau complicates the interpretation of palaeo-ecological records and potentially 
causes contradictions in inferred climate change. So if we are to understand the 
climate of the past, we have to follow a multi-proxy, multi-site approach, in order to 
move from the local to a regional scale. 

5.5 Outlook 
This study has outlined that environmental change inferred from different proxies 
and different lake types has contributed to the current discordance of inferred 
Holocene climate pattern across the Tibetan Plateau. Sedimentary pollen spectra 
have proven to reflect regional long-term environmental forcing better than 
lacustrine proxies, which are often prone to short-lived or local events. In order to 
reconstruct a complete and reliable picture of past climate variability and to 
disentangle the different influences of the East Asian monsoon, Indian monsoon and 
the westerlies, more palynological investigations, particularly from the understudied 
central, northwestern and southwestern Plateau, are needed to establish transects of 
consistent and comparable studies across the Tibetan Plateau. These palaeo-proxy 
records should then ideally be analysed and compared with numerical techniques, 
using the raw data, rather then proxy-inferred change from these records.  

 



Appendix 
 

 89 

Appendix 
 

Appendix 1: Complete diatom taxa list of the LC6 Lake sediment core, indicating species 
name and authorities, synonyms and abbreviations used in Figures. 

Code Species and Authority Synonym Abbreviation  

ACH0037B Achnanthes biasolettiana Lange-Bertalot, 1989  A.biaso 
ACH00XY1 Achnanthes bremeyeri Lange-Bertalot, 1989  A.breme 
ACH00XY2 Achnanthes caledonica Lange-Bertalot & Moser , 1994  A.caled 
ACH0023A   Achnanthes conspicua A. Mayer, 1919  A.consp 

ACH0016C   Achnanthes delicatula var.hauckiana (Grun. in Cleve & Grun.) Lange-
Bertalot & Ruppel, 1980  A.delic 

ACH0039A Achnanthes didyma Hust., 1933  A.didym 
ACH0155A Achnanthes distincta Messikommer, 1954  A.disti 
ACH0163A Achnanthes helvetica (Hustedt) Lange-Bertalot in LB & K, 1989  A.helve 
ACH0134C Achnanthes helvetica var. minor Flower & Jones, 1989  A.minor 
ACH0170A Achnanthes joursacense Herib., 1903  A.joura 
ACH0149A Achnanthes kranzii Lange-Bertalot & Krammer, 1989  A.kranz 
ACH0017A Achnanthes kryophila J.B. Petersen, 1924  A.kryo 
ACH0083A Achnanthes laevis Ostr., 1910  A.laevi 
ACH0018A Achnanthes laterostrata Hust., 1933  A.latero 
ACH0044A Achnanthes levanderi Hust., 1933  A.levan 

ACH0013C Achnanthes minutissima var. jackii  (Rabenh.) Lange-Bertalot & Ruppel, 
1980  A.jackii 

ACH0098A Achnanthes montana Krasske, 1929  A.monta 
ACH0019A Achnanthes nodosa A. Cleve-Euler, 1900  A.nodos 
ACH0007A Achnanthes oestrupii (A. Cleve-Euler) Hust., 1930  A.oestr 
ACH0011A Achnanthes peragalli Brun & Herib. in Herib., 1893  A.perag 
ACH0182A Achnanthes rosenstockii Lange-Bertalot, 1989  A.rosen 
ACH0116A Achnanthes rossii Hust., 1954  A.rossii 
ACH0119A Achnanthes saccula J.R. Carter in J.R. Carter & Watts, 1981  A.saccu 
ACH9999A Achnanthes species  A.sp 
ACH0034A Achnanthes suchlandtii Hust., 1933  A.suchl 
ACH0161A Achnanthes ventralis  (Krasske) Lange-Bertalot, 1989  A.ventra 
CAN0012A Achnanthidium minutissimum (Kutz.)Czarnecki, 1994 Achnanthes minutissima  An.minu 
AMP0010A   Amphora fogediana Krammer, 1985  Am.foge 
AMP0013A   Amphora inariensis Krammer, 1985  Am.inari 
AMP0011A Amphora libyca Ehr., 1840  Am.liby 
AMP0001A Amphora ovalis (Kutz.) Kutz., 1844  Am.oval 
AMP0012A Amphora pediculus (Kützing) Grunow, in Schmid et al., 1875  Am.pedi 
AMP9999A   Amphora species  Am.sp 
SWA0002A Aulacoseira ambigua (Grun. in Van Heurck) Simonsen, 1979  Au.ambi 
SWA0005A Aulacoseira distans var. distans (Ehrenb.) Simonsen, 1979  Au.dist 
SWA0005E Aulacoseira distans var. nivalis W. Smith) E.Y. Haworth,, 1988  Au.nivalis 
SWA0005B Aulacoseira distans var. nivaloides Camburn, 1987  Au.nivaloi 
SWA0004A Aulacoseira lirata var. lirata (Ehrenb.) R. Ross in Hartley, 1986  Au.lirata 
BRA0006A Brachysira brebissonii R. Ross in Hartley, 1986  B.brebi 
BRA00XY1 Brachysira intermedia (Østrup) Lange-Bertalot,   B.inter 
BRA0010A Brachysira neoexilis Lange-Bertalot, 1994  B.neoex 
BRA9999A   Brachysira species  B.sp 
BRA0005A Brachysira zellensis (Grun.) Round & Mann, 1981  B.zellen 
CAL9999A   Caloneis species  Cal.sp 
CAL0018A Caloneis tenuis Gregory (Krammer), 1985  Cal.ten 
CAV00XY2 Cavinula intractata (Hust.) Lange-Bertalot,   C.intra 
CAV0003A  Cavinula lacustris (Greg.) Mann & Stickle, 1990 Navicula lacustris  Cav.lacu 
CAV00XY1 Cavinula lapidosa (Krasske) Lange-Bertalot, 1989  C.lapis 

CAV0004A  Cavinula pseudoscutiformis (Hust.) Mann & Stickle, 1990 Navicula 
pseudoscutiformis  Cav.pseud 

CAV9999A   Cavinula species  C.sp 
CHM9999A   Chamaepinnularia species   Chamae.sp 
COC0001C Cocconeis placentula var. lineata (Ehrenb.) Van Heurck, 1885  Co.linea 
COC0001A Cocconeis placentula var. placentula Ehrenb., 1838  Co.plance 
COC0001B Cocconeis placentula var.euglypta (Ehrenb.) Grun., 1884  Co.eugly 
CRA0005A  Craticula halophila (Grun. ex Heurck) Mann, 1990 Navicula halophila Cra.halo 
CYT0022A Cyclotella bodanica Grunow, in Schneider, 1878  Cy.bodan 
CYT0054A Cyclotella krammeri Hakansson, 1990  Cy.kramm 
CYT0009A Cyclotella ocellata Pant., 1902  Cy.ocell 
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Code Species and Authority Synonym Abbreviation  

CYT0055A Cyclotella schumannii (Grunow) Hakansson, 1990  Cy.schum 
CYM0016A Cymbella amphicephala Naegeli ex Kutz., 1849  Cym.amph 
CYM0015A Cymbella cesatii (Rabenh.) Grun. in A. Schmidt, 1881  Cym.cesa 
CYM0006A Cymbella cistula (Ehrenb. in Hempr. & Ehrenb.) Kirchner, 1878  Cym.cist 
CYM0038A Cymbella delicatula Kutz., 1849  Cym.deli 
CYM0018A Cymbella gracilis (Rabenh.) Cleve, 1894  Cym.graci 
CYM0085A Cymbella lapponica  Grun. ex Cleve, 1894  Cym.lappo 
CYM0009A Cymbella naviculiformis Auersw. ex Heib., 1863  Cym.navic 
CYM9999A   Cymbella species  Cym.sp 
DID0007A Diadesmis perpusilla (Grun.) Mann, 1990 Navicula gallica Diades.per 
DID9999A Diadesmis species  Diades.sp 
DIA0002A Diatoma hyemale (Roth) Heib., 1863  D.hyema 
DIA0002B  Diatoma hyemale var. mesodo (Ehrenb.) Kirchner, 1878 Diatoma mesodon D.mesod 
DIP0065A Diploneis parma Cleve, 1891  Dip.parm 
ENY0011A  Encyonema minutum(Hilse in Rabenhorst) Mann, 1990 Cymbella minuta  En.min 
ENY0014A  Encyonema perpusillum(Cleve) Mann, 1990 Cymbella perpusilla En.perpu 
ENY0016A  Encyonema silesiacum (Bleisch in Rabenhorst) Mann, 1990 Cymbella silesiaca  Cym.silesia 
EPI0001A Epithemia sorex Kutz., 1844  Ep. Sor 
EUN0013A Eunotia arcus Ehrenb., 1837  E.arc 
EUN0070A Eunotia bilunaris (Ehrenb.) F.W. Mills, 1934  E.bilun 
EUN0070B Eunotia binularis var.mucophila LB & Norpel, 1991  E.mucoph 
EUN00XY1 Eunotia botuliformis Wild, Nörpel-Sch. & Lange-Bertalot, 1993  E.botul 
EUN0015A Eunotia denticulata (Breb. ex Kutz.) Rabenh., 1864  E.denti 
EUN0009A Eunotia exigua (Breb. ex Kutz.) Rabenh., 1864  E.exigu 
EUN0108A Eunotia intermedia (Hust) Norpel, Lange-Bertalot & Alles, 1991  E.inter 
EUN0114A Eunotia muscicola Krasske, 1939  E.musci 
EUN0003A Eunotia praerupta Ehrenb., 1843  E.praer 
EUN9999A   Eunotia species  E.sp 
EUN0105A Eunotia subarcuatoides   Alles, Norpel, Lange-Bertalot, 1991  E.subarc 
EUN0021A Eunotia sudetica O. Mull., 1898  E.sudet 
EUN0045A Euntotia nymanniana Grun. in Van Heurck, 1881  E.nyma 
FRA00XY1 Fragilaria arcus var. recta Cleve, 1898  F.arcus 
FRA0009A Fragilaria capucina Desm., 1825  F.capuc 
FRA00XY3 Fragilaria capucina var. vaucheriae (Kützing) Lange-Bertalot, 1980  F.vauch 
FRA0009M Fragilaria capucina var.distans (Grunow) Lange-Bertalot,   F.distan 
FRA0009H Fragilaria capucina var.gracilis (Østrup) Hustedt, 1950  F.gracilis 
FRA0002E Fragilaria construens var.subsalina Hust., 1925  F.subsal 
FRA0014B Fragilaria leptostauron var.dubia (Grun.) Hust., 1931  F.lepto 
FRA0013A Fragilaria oldenburgiana Hust., 1959  Frag.olden 
FRA9999A Fragilaria species  F.sp 
FRA0070A Fragilaria spinarum L-B & Metzeltin, 1996  F.spina 
FRA0060A Fragilaria tenera (W. Smith) Lange-Bertalot, 1980  F.tener 
FRA0061A Fragilaria zeilleri var.elliptica Heribaud, 1902  F.zeill 
FRF0002A  Fragilariforma bicapitata (A. Mayer) Williams & Round, 1988 Fragilaria bicapita F.bicap 
FRF0003A  Fragilariforma constricta (Ehrenb.) Williams & Round, 1988 Fragilaria contricta  F.constric 
FRF0001A  Fragilariforma virescens (Ralfs) Williams & Round, 1988 Fragilaria virescens F.vires 
FRU00XY1 Frustulia quadrisinuta Lange-Bertalot, 1996  Fr.quadr 
FRU0002A Frustulia rhomboides (Ehrenb.) De Toni, 1891  Fr.rhom 
FRU0002K Frustulia rhomboides var.crassinervia (Breb. ex W. Sm.) R. Ross, 1947  Fr.crass 
FRU9999A Frustulia species  Fr.sp 
GOP0001A  Gomphoneis olivaceum (Hornemann) P. Dawson ex R. Ross & Sims, 1978 Gomphonema olivaceum  G.oliva 

GOP0003A  Gomphoneis quadripunctatum (Ostr.) P. Dawson ex R. Ross & Sims, 1978 Gomphonema olivaceum 
var.quadripunctatum  G.quadri 

GOM0006A Gomphonema acuminatum Ehrenb., 1832  G.acumin 
GOM0020A Gomphonema affine  Kutz., 1844  G.affin 
GOM0003A Gomphonema angustatum (Kutz.) Rabenh., 1864  G.angusta 
GOM0073A Gomphonema angustum Agardh, 1831  G.angust 
GOM0030A Gomphonema auritum A. Braun ex Kutz., 1849  G.aurit 
GOM0029A Gomphonema clavatum Ehr., 1832  G.clavat 
GOM0024A Gomphonema clevei Fricke in A. Schmidt, 1902  G.clevei 
GOM0004A Gomphonema gracile Ehrenb., 1838  G.gracil 
GOM00XY1 Gomphonema minutiforme Lange-Bertalot & Reinchardt,   G.minuti 
GOM0015A Gomphonema montanum Schum., 1867  G.montan 
GOM0001F Gomphonema olivaceum var.olivaceoides (Hust.) L-B, 1989  G.olivaceoid 
GOM0013A Gomphonema parvulum (Kutz.) Kutz., 1849  G.parvu 
GOM9999A Gomphonema species  G.sp 
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GOM0011A Gomphonema subclavatum (Grun. in Schneider) Grun. in Van Heurck, 
1880  G.subcla 

GOM0025H Gomphonema vibrio Ehrenb., 1843  G.vibri 
HAT9999A Hantzschia species  Han.sp 
NAV0037A Navicula angusta Grun., 1860  N.angusta 
NAV0007A Navicula cryptocephala Kutz., 1844  N.crypt 
NAV00XY1 Navicula lesmonensis Hust., 1957  N.lesmo 
NAV0537A Navicula notha Wallace, 1960  N.notha 
NAV0003A Navicula radiosa Kutz., 1844  N.radio 
NAV0008A Navicula rhyncocephala  Kutz., 1844  N.rhyn 
NAV0090A Navicula rotunda Hust., 1945  N.rotun 
NAV0133A Navicula schassmannii Hust., 1937  N.schass 
NAV9999A   Navicula species  N.sp 
NAV0114A Navicula subrotundata Hust., 1945  N.subrot 
NAD00XY1 Naviculadicta pseudostauron Lange-Bertalot, 1996  Nav.pseudo 
NAD9999A Naviculadicta species  Nav.spp 
NEI9999A Neidium species  Neid.sp 
NIT0202A Nitzschia alpina Hustedt, 1943  Ni.alpi 
NIT0002A Nitzschia fonticola Grun. in Van Heurck, 1881  Ni.fonti 
NIT0009A Nitzschia palea (Kutz.) W. Sm., 1856  Ni.palea 
NIT0005A Nitzschia perminuta (Grun. in Van Heurck) M. Perag., 1903  Ni.permi 
NIT9999A Nitzschia species  Ni.sp 
PIN0008A Pinnularia divergens W. Sm., 1853  P.divergens 
PIN0016A Pinnularia divergentissima (Grun.in Van Heurck) Cleve, 1896  P.diverg 
PIN0006A Pinnularia mesolepta (Ehrenb.) W. Sm., 1853  P.meso 
PIN0011A Pinnularia microstauron (Ehrenb.) Cleve, 1891  P.micro 
PIN0180A Pinnularia neomajor Krammer, 1992  P.neom 
PIN9999A   Pinnularia species  P.sp 
PIN0161A Pinnularia subrostrata (A. Cleve) A. Cleve-Euler, 1955  P.subrost 
PIN0056A Pinularia rupestris Hantzsch in Rabenh., 1861  P.rupes 
PTH0003A  Planothidium lanceolata (Breb.) Round & Bukhtiyarova Achnanthes lanceolata  P.lance 
PST0012A  Psammothidium marginulata(Grun.) Round & Buktiyarova Achnanthes marginulata Ps.margin 

PST00XY1 Psammothidium scoticum (Flower & Jones, 1989) L. Bukhtiyarova & F.E. 
Round, 1996 Achnanthes scotica Ps.scoti 

PST0005A Psammothidium subatomoides (Hustedt) L. Bukhtiyarova & F.E. Round, 
1996 

Achnanthes 
subatomoides Ps.subat 

PSE0002A  Pseudostaurosira pseudoconstruens (Marciniak) Williams & Round, 1987 Fragilaria 
pseudoconstruens  Pse.speudo 

PSE00XY1 Pseudostaurosira robusta (Fusey) D.M. Williams & Round, 1987 Fragilaria robusta Pse.robus 
REI0001A  Reimeria sinuata (Greg.) Kociolek & Stoermer, 1987 Cymbella sinuata  Rei.sinu 
ROS0001A  Rossithidium linearis(W.Sm.) Round & Bukhtiyarova Achnanthes linearis  R.linear 
SEL0001A Sellaphora pupula (Kutz.) Mereschkowsky, 1902  Sella.pup 
SEL0007A Sellaphora rectangularis (Greg.) L-Bertalot,   Sell.rec 
SEL0002A  Sellaphora seminulum (Grun.) Mann, 1990 Navicula seminulum  Sel.seminu 
SEL9999A Sellaphora species  Sella.sp 
STA0001A  Stauroforma exiguiformis (Lange-Bertalot) Flower, Jones & Round, 1996 Fragilaria exigua  F.exig 
STR9999A Stauroneis species  Stauro.sp 

STS0001B Staurosira construens var. venter (Grun.) Williams & Round Fragilaria construens 
var.venter Stau.venter 

STS0001C Staurosira contruens var. binodis (Ehrenb.) Hamilton Fragilaria construens 
var.binodis Stau.binod 

STS0002A  Staurosira elliptica (Schumann) Williams & Round, 1987 Fragilaria elliptica  St.ellip 
STL0002A  Staurosirella pinnata (Ehrenb.) Williams & Round, 1987 Fragilaria pinnata  Sta.pinna 
STP0005A Stenopterobia delicatissima (Lewis) M. Perag., 1897  Steno.deli 
SUR0010A Surirella robusta Ehrenb., 1840  Suri.robu 
SUR9999A Surirella species  Suri.sp 
SUR0007A Surirella tenera Greg., 1856  Suri.tene 
SYN0007B  Synedra amphicephala var. austriaca (Grun. in Van Heurck) Hust., 1932 Fragilaria gracillicima  Sy.amphi 
SYN0004A  Synedra parasitica var. parasitica (W. Sm.) Hust., 1930 Fragilaria parasitica Sy.paras 
TAL0001A Tabellaria flocculosa (Roth) Kutz., 1844  Tab.flocc 
TET00XY1 Tetracyclus glans (Ehrenb.) F.W. Mills, 1935  Tetra.glan 
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