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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Sediment sampling in the Qinghai-Tibet 
Plateau (QTP), the “Asian Water Tower” 

• Testate amoebae (TA) as bio-indicators 
of environmental properties were 
analyzed. 

• In total we found 102 TA taxa including 
some rare and one unknown TA species. 

• TA community composition was signifi
cantly correlated with water tempera
ture and pH. 

• Increasing protozoic biosilicification in 
the near future due to climate warming.  
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A B S T R A C T   

The Qinghai-Tibet Plateau (QTP) is characterized by a vast number of frozen and unfrozen freshwater reservoirs, 
which is why it is also called “the third pole” of the Earth or “Asian Water Tower”. We analyzed testate amoeba 
(TA) biodiversity and corresponding protozoic biosilicification in lake sediments of the QTP in relation to 
environmental properties (freshwater conditions, elevation, and climate). As TA are known as excellent bio- 
indicators, our results allowed us to derive conclusions about the influence of climate warming on TA com
munities and microbial biogeochemical silicon (Si) cycling. We found a total of 113 TA taxa including some rare 
and one unknown species in the analyzed lake sediments of the QTP highlighting the potential of this remote 
region for TA biodiversity. >1/3 of the identified TA taxa were relatively small (<30 μm) reflecting the relatively 
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harsh environmental conditions in the examined lakes. TA communities were strongly affected by physico- 
chemical properties of the lakes, especially water temperature and pH, but also elevation and climate condi
tions (temperature, precipitation). Our study reveals climate-related changes in TA biodiversity with conse
quences for protozoic biosilicification. As the warming trend in the QTP is two to three times faster compared to 
the global average, our results provide not only deeper insights into the relations between TA biodiversity and 
environmental properties, but also predictions of future developments in other regions of the world. Moreover, 
our results provide fundamental data for paleolimnological reconstructions. Thus, examining the QTP is helpful 
to understand microbial biogeochemical Si cycling in the past, present, and future.   

1. Introduction 

The Qinghai-Tibet Plateau (QTP) is known as “Asian Water Tower” 
or the Earth’s “third pole” due to huge amounts of water stored in 
wetlands, lakes, rivers, glaciates, and the underground in this region 
(Lutz et al., 2014; Qiu, 2008). Nearly one-third of the lake water in 
China is stored in about 1500 lakes in the QTP (Wang and Dou, 1998). 
Around 1200 of these lakes are larger than 1 km2 with a total area of 
46,000 km2 (Zhang et al., 2021). The wide distribution of lakes in the 
QTP is important for the water security, maintenance of biodiversity, 
and ecological stability in this region (Wu et al., 2021). However, water 
resources (including glaciers, rivers, and lakes) and hydrological pro
cesses have been affected dramatically by global warming (degradation, 
eutrophication; Wu et al., 2021), as the warming trend in the QTP is two 
to three times faster compared to the global average (Li et al., 2014). 
Nevertheless, the lakes in the QTP are still comparably undisturbed 
(Mao et al., 2018), making the QTP an ideal model region for observa
tions of ecosystems under the influence of global change. 

Microbial organisms (e.g., diatoms, testate amoebae, and ostracods) 
are abundant and sensitive to environmental changes in many ecosys
tems, especially in lakes. Testate amoebae (TA) are a group of micro- 
organisms (Protozoa) characterized by an agglutinated or autogenous 
shell, which can be found in terrestrial and aquatic ecosystems world
wide (e.g., Bobrov and Wetterich, 2012; Booth, 2002; Ehrmann et al., 
2012). Their rich diversity and functional traits, high abundance, rapid 
responses to environmental change, and cosmopolitan distribution have 
made TA widely used as bio-indicators in various habitats (Mitchell 
et al., 2008; Qin et al., 2011). The significance of TA for nutrient 
(Schröter et al., 2003) and silicon (Si) cycling (Puppe, 2020) in terres
trial ecosystems has been emphasized since the beginning of the 21st 
century. Annual protozoic biosilicification, i.e., the incorporation of 
inorganic Si into TA shells per year, by TA that synthesize idiosomes (the 
single building blocks of siliceous TA shells) has been found to be 
comparable or even exceed the annual biosilicification by trees in forest 
ecosystems (Puppe et al., 2015). Most recently Qin et al. (2022) showed 
that protozoic biosilicification in Asian peatlands is strongly affected by 
humans. They found protozoic biosilicification to increase with an 
increasing grade of human impact, while TA biodiversity decreased. 
From their results Qin et al. (2022) concluded that changes in TA 
community structures were responsible for their observations. 

However, there is no information on interactions between TA 
biodiversity and protozoic biosilicification in aquatic ecosystems until 
now. In general, TA are highly abundant in freshwater lakes, brackish 
waters, lagoons, and other waterbodies (Escobar et al., 2008; Roe et al., 
2010; Patterson and Kumar, 2000; Patterson et al., 2012), even in 
stressed environments like acidified and contaminated lakes (Kauppila 
et al., 2006; Kihlman and Kauppila, 2009; Patterson et al. Payne, 2013; 
Roe and Patterson, 2014; Qin et al., 2013, 2016). Rapid response to 
environmental changes and well-preserved TA shells in lacustrine sed
iments proved TA to represent well-suited proxies for the reconstruction 
of environmental conditions and changes in the past (Patterson et al., 
2002; Payne, 2013; Macumber et al., 2020; Nasser et al., 2020; Qin et al., 
2021a, 2021b). 

TA in the QTP have been subject to investigations since the 1970s, 
whereby nearly 200 TA species were found and described in 

corresponding articles (e.g., Wang, 1974, 1977; Shen, 1983). However, 
these studies mainly focused on TA taxonomy and most sampling sites 
were in the near of human settlements (Wang, 1977). No studies on TA 
biodiversity and community structures in the lakes of the QTP and 
corresponding relations to environmental properties and climate 
warming have been carried out so far. 

We hypothesized the relatively undisturbed lakes in the QTP to 
represent hot spots of TA biodiversity and corresponding protozoic 
biosilicification. To test our hypothesis, we analyzed a total of 74 sedi
ment samples of lakes in the QTP for TA biodiversity, community 
structures, and protozoic biosilicification. The corresponding results 
were linked to lake water properties (water temperature, pH, conduc
tivity, and depth), geographic positions (longitude, latitude), site 
elevation, and climate conditions (temperature, precipitation). Our re
sults will be helpful (i) to better understand the interactions between TA 
biodiversity, TA community structures, and environmental properties in 
lake sediments, (ii) to provide modern evidence for paleoenvironmental 
reconstructions based on fossil TA records in the future, (iii) to assess the 
biosilicification potential of TA in aquatic ecosystems, and (iv) to derive 
predictions for future directions of TA communities and protozoic Si 
cycling in lake sediments under climate warming. 

2. Material and methods 

2.1. Study area and sampling 

Sampling sites covered most regions of the QTP with some sites 
located near or in the margin of the Yunnan-Guizhou plateau (Fig. 1A). 
While some lakes were characterized by relatively large areas (e.g., 
Erhai Lake), other sampling spots were in quite small and unnamed lakes 
in the near of cirques and/or streams (Table 1). In total we analyzed 74 
sediment samples, which were originally taken in the summers of 2002 
(northeastern QTP), 2003 (southeastern QTP), and 2004 (central QTP) 
for pollen analyses (for details see Herzschuh (2006) and Herzschuh 
et al. (2010)). Most of the sampling sites were in the middle to east 
plateau, which is characterized by a large number of wetlands and 
rivers. Lakes with an elevation lower than 4000 m are more located in 
the eastern and northern to middle regions of the plateau, while higher 
lakes are more distributed in the middle to western regions of the QTP. 
The climate is relatively cold and dry in the north and in the west, while 
the southern and eastern regions are relatively wet and warm (Table 1). 

In the field 3–4 sediment samples were collected from each lake and 
water depth and water temperature were measured during sample 
collection (details can be found in Herzschuh (2006) and Herzschuh 
et al. (2010)). Depending on time, road and weather conditions, water 
pH and conductivity were measured either directly in the field or sub
sequently in the laboratory. Samples were stored in plastic bags or tu
bers and taken back to the laboratory, where they were stored at 4 ◦C 
until analyses. 

In our study we used published (geographical positions, elevation, 
and climate characteristics) and previously unpublished (water pH, 
conductivity, depth, and temperature) data collected within the frame
work of the studies of Herzschuh (2006) and Herzschuh et al. (2010) and 
complemented it with the results of detailed TA analyses (see Section 
2.2). Samples with low TA abundances (<25 individuals) were excluded 

Y. Qin et al.                                                                                                                                                                                                                                      



Science of the Total Environment 913 (2024) 169661

3

from statistical analyses (see Section 2.3) resulting in a data set 
comprising 32 sampling sites in the QTP (Table 1, Fig. 1B, C). 

2.2. Testate amoeba analyses 

About 1 g of each sediment sample was analyzed for TA. TA isolation 
followed the method described in Patterson and Kumar (2000). In brief, 
samples were washed through 500 μm and 15 μm sieves into Petri dishes 
to retain the TA shells. TA species identification and counting was per
formed using an Olympus BX-53 microscope (magnification 70–200×), 
which was also used to directly take micrographs of selected TA taxa 
(magnification 200×). All occurring TA shells in a sample were identi
fied and enumerated until a quantity of 100 to 150 individuals was 
reached. Due to the age of the examined sediment samples (sampling 
took place in the summers of 2002, 2003, and 2004), a differentiation 
between full (living and encysted TA) and empty (dead TA) shells was 
not possible. TA species identification referred to Ogden (1983), Shen 

(1983), Mazei and Tsyganov (2006), and Meisterfeld (2002). For a 
convenient readability of this article, TA taxon names without author 
citations were used only. However, a full list of all identified TA taxa 
including information on authorities and years of publication is pro
vided in the Supplement (Supplementary Table 1). 

The Shannon diversity index (H′) was used to quantify TA diversity in 
each sample. We assumed H′ values higher than 2.5 to characterize a 
relatively healthy environment, while H′ values below 1.5 indicated a 
stressed environment (Patterson and Kumar, 2000). The H′ value for 
each sample was calculated as follows: 

H′ = −
∑S

i=1

(
Xi

Ni

)

× ln
(

Xi

Ni

)

where Xi is the abundance of each TA taxon in a sample, Ni is the total TA 
abundance in the same sample, and S is the species richness in this 
sample (Shannon and Weaver, 1949). Shannon’s equitability index (E) 

Fig. 1. Overview of the sampling sites in the Qinghai-Tibet Plateau (QTP). (A) Locations of all sampled sites in previous pollen studies (modified from Herzschuh, 
2006 and Herzschuh et al., 2010), (B) the selected 32 sites used for statistical analyses in our study, and (C) exemplary view onto a lake in the QTP (lake Co Na, site 
nos. 15–18). The site numbers in (B) and (C) are identical to the ones used in Table 1. 
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Table 1 
Overview of geographical positions, elevation, water properties, and climate characteristics of the sampled lakes in the QTP. Additionally, the Shannon diversity index (H′), Shannon’s equitability index (E), the mean size 
of TA, and protozoic biosilicification are stated for each lake. The site numbers (1− 32) are identical to the ones in Fig. 1B. T = temperature, P = precipitation.  

Site 
no. 

Sample 
code 

Site name/ 
description 

Latitude 
(◦) 

Longitude 
(◦) 

Elevation 
(m) 

Water 
depth 
(m) 

Conductivity 
(S/m) 

pH Water 
T (◦C) 

Jan. P 
(mm) 

Jul. P 
(mm) 

Annual P 
(mm) 

Jan. T 
(◦C) 

Jul. 
T 
(◦C) 

Mean 
T (◦C) 

H′ E Protozoic Si 
(ng Si per 150 
shells) 

Mean 
size 
(μm) 

1 04-CTP- 
01 

Unnamed 
lake  

30.23  90.63  4607 0.3 0.4 9.9 11.5  8  210  857  − 11.1  6.4  − 1.2  0.0  0.06  0.0  54 

2 04-CTP- 
03 

Small lake  30.22  90.63  4607 0.5 0.3 10.3 13.6  8  210  857  − 11.0  6.4  − 1.2  1.4  0.10  0.0  61 

3 04-CTP- 
05 

Small lake  31.17  91.76  4650 NA NA NA NA  11  203  890  − 15.4  7.7  − 2.2  0.0  0.06  0.0  110 

4 04-CTP- 
12 

Small lake  31.97  90.79  4646 0.6 0.8 10.3 17.3  7  150  653  − 12.9  8.5  − 0.7  0.0  0.06  0.0  15 

5 04-CTP- 
23 

Small lake  32.54  91.82  5002 0.4 0.2 9.1 6.2  11  165  792  − 17.4  5.3  − 5.2  0.0  0.06  0.0  48 

6 04-CTP- 
32 

stream  35.06  94.08  4540 0.1 14.1 8.6 18.4  8  103  568  − 16.5  6.4  − 4.0  1.6  0.10  0.0  19 

7 04-CTP- 
34 

Small lake  35.03  94.39  4367 0.5 0.6 8.0 11.2  10  105  594  − 17.1  6.4  − 4.3  1.7  0.11  0.0  83 

8 04-CTP- 
35 

Ice lake  34.16  95.98  4701 NA NA NA NA  14  116  667  − 19.7  5.4  − 5.9  1.9  0.11  0.0  74 

9 04-CTP- 
39 

Small lake  34.04  97.22  4545 0.3 0.4 8.4 8.4  14  116  688  − 20.9  6.1  − 6.0  2.3  0.11  0.0  86 

10 04-CTR- 
36 

Unnamed 
lake  

33.75  97.04  4552 0.3 0.2 9.5 14.9  15  136  780  − 20.4  6.0  − 5.7  2.2  0.11  0.0  95 

11 CE-04 Co Er Lake  31.28  91.30  4562 NA NA NA NA  9  172  763  − 13.4  8.6  − 0.8  0.0  0.06  0.0  133 
12 CE-3 Co Er Lake  31.28  91.31  4562 7.4 6.9 9.5 14.1  9  172  763  − 13.4  8.6  − 0.8  2.5  0.12  0.0  112 
13 CE-6 Co Er Lake  31.30  91.32  4562 7.0 9.1 9.6 9.6  9  172  763  − 13.4  8.6  − 0.8  0.7  0.08  0.0  100 
14 CE-7 Co Er Lake  31.29  91.30  4562 7.5 8.5 9.6 8.6  9  172  763  − 13.4  8.6  − 0.8  1.4  0.10  0.0  55 
15 CN-1 Co Na Lake  32.01  91.30  4800 19.1 0.6 9.7 7.4  8  165  769  − 14.5  7.6  − 1.9  0.0  0.06  0.0  32 
16 CN-5 Co Na Lake  31.56  91.30  4800 5.5 0.6 9.8 7.7  9  173  821  − 14.7  6.8  − 2.4  1.0  0.09  0.0  131 
17 CN-8 Co Na Lake  32.04  91.27  4800 18.3 0.6 9.5 8.7  8  165  769  − 14.4  7.6  − 1.9  2.4  0.12  4.3  63 
18 CN-9 Co Na Lake  32.05  91.26  4800 5.1 0.6 9.3 6.9  8  155  727  − 14.0  7.7  − 1.8  1.8  0.11  5.4  103 
19 KPW-10 Unnamed 

lake  
36.68  99.92  3234 0.2 0.4 6.9 16.8  4  165  726  − 11.5  13.2  2.4  1.9  0.11  0.0  67 

20 KPW-15 Unnamed 
lake  

36.63  100.10  3205 0.2 0.7 8.9 19.5  4  153  690  − 11.4  12.6  2.0  0.0  0.06  0.0  48 

21 KPW-2 Unnamed 
lake  

36.52  98.61  3526 0.3 0.7 8.3 10.5  10  91  427  − 13.7  11.9  0.9  1.8  0.11  0.0  101 

22 KPW-DE Unnamed 
lake  

36.78  99.68  3382 NA NA NA NA  4  163  705  − 11.4  12.7  2.4  0.0  0.06  0.0  48 

23 KPW-K Unnamed 
lake  

36.78  99.68  3382 0.3 0.6 8.6 17.9  4  163  705  − 11.4  12.7  2.4  1.7  0.11  0.0  88 

24 KX-20 Salt lake  35.52  93.47  4441 0.7 191.4 8.0 12.7  6  76  418  − 16.6  6.7  − 3.6  0.0  0.06  0.0  48 
25 Set-1 Muge Co  30.15  101.86  3780 31.0 0.0 7.3 16.1  14  221  1372  − 8.8  9.1  1.6  2.6  0.12  5.3  113 
26 Set-13 Lashihai  26.88  100.14  2441 1.9 0.2 9.8 21.7  19  292  1392  4.7  16.6  11.2  2.3  0.12  7.4  107 
27 Set-15 Jianhu  26.49  99.92  2189 3.2 0.2 8.6 26  19  251  1171  4.9  16.7  11.4  1.7  0.11  0.0  141 
28 Set-16 Erhai  25.92  100.12  1967 5.0 0.2 9.0 27.7  25  248  1295  6.3  17.2  12.3  1.9  0.12  1.4  116 
29 Set-26 Cirque lake  29.15  101.41  3705 29.8 0.0 7.7 16.5  23  233  1450  − 9.4  8.3  1.3  3.1  0.12  5.9  127 
30 Set-28 Cirque lake  29.14  101.44  4408 7.4 0.1 7.5 10.4  23  233  1450  − 9.4  8.3  1.3  2.5  0.12  12.0  101 
31 Set-32 Cirque lake  29.33  101.33  3603 0.4 0.1 7.0 15  19  232  1415  − 12.9  5.6  − 1.6  2.1  0.11  0.0  109 
32 Set-9 Unnamed 

lake  
27.50  99.74  3939 4.8 0.0 7.3 17  44  249  1315  − 2.7  12.7  6.1  2.1  0.12  7.2  54  
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was calculated as a measure of the commonness or rarity of TA species 
by dividing H′ by H’max. E can reach values between 0 and 1 with 1 
indicating complete evenness. 

TA size data were referred and collected from original literatures 
(Ogden, 1983; Meisterfeld, 2002; Bobrov and Wetterich, 2012). The 
mean size for each sample was determined by averaging the length/ 
diameter of taxa presented in the sample. 

Protozoic biosilicification by idiosomic TA was quantified as follows: 
(i) multiplication of total individual numbers (living plus dead in
dividuals) with species-specific silica contents and (ii) conversion of 
protozoic silica quantities into protozoic Si quantities using a silica to Si 
conversion factor of 28/60 (SiO2, M = 60.08 g mol− 1; Si, M = 28.085 g 
mol− 1) (Puppe et al., 2014, 2018). Finally, protozoic biosilicification 
was calculated based on 150 TA shells per sample (nanogram (ng) Si per 
150 shells). 

While TA taxa with very low abundances were grouped according to 
similarities in morphology, ecological characters, and habitats (see 
Supplementary Table 1) before running an ordination analysis (see 
Section 2.3), H′, E, mean TA size, and protozoic biosilicification were 
calculated without grouping of TA taxa. 

2.3. Statistical analyses 

We initially found 113 TA taxa in the 74 sediment samples. However, 
as some samples contained only very few TA shells and/or environ
mental variables were not available or determined for some samples, 
several samples were finally excluded from statistical analyses. After 
data set processing a total of 32 sediment samples including 32 TA 
groups (comprising 101 TA taxa) were finally included in our statistical 
analyses (Table 1, Supplementary Table 1). Correlations within the data 
set were analyzed using Spearman’s rank correlation (rs, monotonic 
relationships). 

Canonical Correspondence Analysis (CCA) was performed to 
examine the relations between TA community composition and envi
ronmental variables (mean water temperature, water pH, water con
ductivity, depth of water, and site elevation a.s.l.). Samples with low TA 
abundances (<25 individuals in total) and TA taxa with low frequencies 
(<2 individuals) were deleted before running the CCA ordination. The 
counted species data were transformed in percentages (Supplementary 
Table 2). A forward-selection approach using the Monte Carlo permu
tation test (999 random permutations) was applied to reduce the vari
ables to a manageable number and to test the significance (α ≤0.05) of 
these variables (Leps and Smilauer, 2003). 

We used a classical multivariate cluster analysis (Ward’s minimum 
variance method with squared Euclidean distances) to group the sam
pling sites according to water pH and temperature as these environ
mental properties were found in the CCA to have the most significant 
influence on TA community composition. Differences between means of 
water pH and temperature of the resulting clusters were tested using the 
Kruskal-Wallis analysis of variance (ANOVA) followed by pairwise 
multiple comparisons (Dunn’s post-hoc test). 

Detrended correspondence analysis (DCA) was used for arranging 
the sampling sites in relation to TA community composition. In contrast 
to the cluster analysis, which distributed the sampling sites in the single 
clusters entirely randomly, the DCA allowed an arrangement of the 
sampling sites along environmental gradients. 

Computations of CCA and DCA ordinations were performed in 
CANOCO 4.5. Spearman’s rank correlations, the cluster analysis, and the 
Kruskal-Wallis ANOVA were performed using the software package SPSS 
Statistics (version 22.0.0.0, IBM Corp.). 

3. Results 

3.1. Climate and environmental properties 

Generally, higher air temperatures and precipitation were found in 

the south-eastern and lower regions of the QTP, while lake sites with a 
colder and drier climate were mainly located in the northern and higher 
QTP regions (Fig. 1, Table 1). Mean air temperatures at the sampled 
lakes ranged from − 20.4 to 6.3 ◦C, from 5.3 to 17.2 ◦C, and from − 6 to 
12.3 ◦C related to January, July, and one year, respectively. Precipita
tion ranged from 3.5 to 44.3 mm, 76.2 to 291.7 mm, and 418.1 to 1392 
mm related to January, July, and one year, respectively (Table 1). 

The sampled lakes were situated in a quite big area (latitude and 
longitude ranged from 25.92◦ to 36.78◦ N and 90.63◦ to 99.74◦ E) 
covering an elevation gradient of >3000 m (site elevation ranged from 
1967 to 5002 m a.s.l.) with relatively large ranges in environmental 
properties (Table 1). Water depth varied between 0.1 and 31.0 m, water 
temperature ranged from 6.2 to 27.7 ◦C, water pH ranged from 6.9 to 
10.3, and conductivity showed values between 0.01 and 191.4 S/m. 

3.2. Testate amoeba species diversity and community composition 

We found TA diversity to be relatively high in lake sediments of the 
QTP with a total of 113 TA taxa including one unknown species (Sup
plementary Table 1). Species such as Centropyxis aculeata, C. aerophila, 
Difflugia globularis, D. minuta, D. pristis, D. nana, and D. penardi were the 
most abundant TA taxa occurring in almost all sediment samples. Some 
species like Arcella arenaria, A. megastoma, A. jurassica, Centropyxis hir
suta, Campascus minutus, Difflugia nana, and Lagenodifflugia bryophila 
(Fig. 2, Supplementary Table 1), were absent from a Chinese TA 
checklist summarized in 2004 (Yang et al., 2004), but most of them 
(except Difflugia nana and Lagenodifflugia bryophila) were later found in 
lakes in the NW of the Yunnan province, which is close to the margin of 
the eastern QTP (Yang et al., 2005). It is noteworthy that we found TA 
taxa even under strongly alkaline (pH >10) conditions in the lakes of the 
QTP, namely Difflugia geosphaerica, D. globulus, D. petricola, 
D. stechlinensis (all found at site no. 2, see Table 1), and Cryptodifflugia cf. 
crenulata glabra (found at site no. 4, Table 1) (Supplementary Tables 1 
and 2). 

In general, we found H′ >1.5 in lakes in the eastern (94.1–101.9 E) 
part of the QTP, while H′ <1.5 were characteristic for lakes further to the 
west with 2 exceptions (KPW-15 and KPW-DE). While only 4 out of 32 
lakes showed H′ values ≥ 2.5 indicating a relatively healthy environ
ment, 13 lakes were characterized by H′ values below 1.5 indicating a 
stressed environment. 15 lakes were characterized by intermediate H′ 
values ranging between 1.5 and 2.4. As E values were mathematically 
derived from H′ values, they indicated identical trends, with very low 
values ranging from 0.06 to 0.12. 

The mean size of TA shells in the samples varied from 15 to 141 μm 
(Table 1) and was related to distinct environmental gradients, which 
were especially indicated by relatively large TA taxa, e.g., Centropyxis 
constricta, C. ecornis, C. pontigulasiformis, Cyclopyxis arcelloides cf. gib
bosa, Difflugia globularis, D. oblonga, D. oblonga cf. angusticollis, 
D. pyriformis, D. petricola, or D. sarissa. These TA taxa were more 
abundant in the South-East of the QTP and in low-altitude lakes (e.g., 
lakes 25–32, Table 1), with one exception (lake no. 12). 

3.3. Statistical findings 

The CCA on individual variables showed that the TA community 
composition was significantly correlated with water temperature (p =
0.038) and pH (p = 0.032) (Tables 2, Fig. 3). The first two axes of the 
CCA ordination diagram accounted for 22.1 % of the total variance and 
70.3 % of the variance of species-environment relations (Table 3, Fig. 3). 

Correlation analysis showed that species richness, H′, E and mean 
size were positively correlated with longitude, water temperature, and 
water depth, and negatively correlated with latitude, elevation, water 
pH, and conductivity (Table 4). 

We found idiosomic TA, i.e., TA with self-secreted siliceous shells, 
only in 8 out of 32 sediment samples. Protozoic biosilicification ranged 
between 1.4 and 12 ng Si per 150 TA shells and was positively correlated 
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with longitude, precipitation, and temperature, but negatively corre
lated with latitude and elevation (Table 4). 

The grouping of sampling sites according to water pH and temper
ature via cluster analysis resulted in 5 clusters (Fig. 4). Cluster 1 was 
characterized by a mean water pH of 9.2 and a mean water temperature 
of 19.0 ◦C. Cluster 2 comprised sites with a neutral pH (mean 7.2) and a 
mean water temperature of 16.3 ◦C. Cluster 3 grouped sites with the 
warmest waters (mean 26.9 ◦C) and an alkaline pH (mean 8.8). Cluster 4 
showed a very similar water pH (mean 8.9), but distinctly colder water 
temperatures (mean 12.4 ◦C) compared to cluster 3. Cluster 5 comprised 

Fig. 2. Micrographs of some testate amoebae found in lake sediments of the QTP (cf. Supplementary Table 1). 1. Arcella polypora, 2. A. megastoma (first record for the 
QTP), 3. Centropyxis aculeata, 4. C. cassis, 5. C. constricta, 6. C. penardi, 7. C. invaginata, 8. C. aerophila, 9. Cyclopyxis eurystoma, 10/11. Difflugia acuminata, 12. 
D. distenda, 13. D. sarissa, 14/15. D. difficilis, 16/17. D. elegans, 18. D. linearis, 19. D. oblonga, 20. D. penardi, 21. D. sphincta, 22. D. nana (first record for the QTP and 
China), 23. D. minuta, 24. D. rubescens, 25. D. perfilievi. 26. D. pristis, 27. D. pulex, 28/29. Difflugia sp. 1 (unknown species), 30. Lesquereusia spiralis, 31. Cyphoderia 
ampulla, 32. Euglypha tuberculata, 33. E. strigosa, 34. Assulina muscorum, 35. Trinema grandis. Scale bars are 100 μm except for no. 6–15, 17, 18, 20, 22, 25, 27, and 32, 
where scale bars are 50 μm. 

Table 2 
CCA analysis results showing the variance (in %) in the TA data set of Tibetan 
lakes as explained by each measured environmental variable.  

Individual CCA Explained variance (%) p-Value (999 permutations) 

Water temperature  7.0  0.038 
pH  6.0  0.032 
Conductivity  5.0  0.150 
Water depth  4.0  0.179 
Elevation  0.07  0.255  
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sites with the highest pH (mean 9.4 ◦C) and the lowest water tempera
tures (mean 7.9 ◦C). The different clusters were dominated by specific 
TA taxa as follows (top 3 each). Cluster 1: (i) Difflugia minuta, (ii) 
Cryptodifflugia cf. crenulata glabra, and (iii) Centropyxis constricta minuta; 
Cluster 2: (i) Centropyxis constricta, (ii) Difflugia minuta, and (iii) Cen
tropyxis cassis; Cluster 3: (i) Centropyxis discoides, (ii) Cryptodifflugia 
sacculus, and (iii) Difflugia minuta; Cluster 4: (i) Difflugia minuta, (ii) 
Difflugia geosphaerica, and (iii) Difflugia globulus; Cluster 5: (i) Difflugia 
minuta minor, (ii) Difflugia minuta, and (iii) Paraquadrula discoides. 

DCA ordination showed an arrangement of sampling sites and TA 
taxa along environmental gradients (water pH, temperature, conduc
tivity, and depth), which are mainly controlled by climate and elevation 
(Fig. 5). Generally, the grouping of sampling sites obtained from cluster 
analysis (based on water pH and temperature) was only roughly 
reproduced in the DCA ordination (based on TA taxa) underlining the 
complex interactions between environmental properties, climate, and 
TA communities. 

4. Discussion 

4.1. Climate and environmental properties in the QTP 

In general, climate data reflected the well-known warm-cold/wet- 
dry gradients in the QTP. While relatively high values of air temperature 

and precipitation appeared in the lower altitudes in the south Hima
layas, an extremely cold-dry climate was characteristic for the northern 
high-altitude regions of the QTP with consequences for biogeographical 
patterns of flora and fauna including TA (Herzschuh et al., 2010; Wang, 
1974, 1977; Wang et al., 2022). As most samples were collected in the 
summer time (cf. Herzschuh, 2006; Herzschuh et al., 2010), the 
measured water temperatures were relatively high reaching even about 
28 ◦C in Erhai Lake (see Table 1). We found water temperatures to be 
correlated to the geographic position, elevation, and climate (see 
Table 4). The Erhai Lake, for example, which is in the near of the margin 
of the QTP and the Yuanna-Guizhou plateau, is not only the lake with the 
lowest elevation (1967 m), but also one of the most southern lakes 
(25.92◦N) in our study characterized by a warm monsoon climate (mean 
annual air temperature: 12.3 ◦C, annual precipitation: 1295 mm). Such 
extremely warm surface water was also observed during a monitoring 
study of Erhai Lake, which represents a typical shallow lake of the QTP 
(Zhu et al., 2017). 

Moreover, we found some extreme values of water pH (even above 
10) and conductivity in some of the lakes in our study. In general, 
alkalinity and salinity of the lakes in the QTP are controlled by topog
raphy, climate, and geological material. In most lakes of the QTP, which 
often formed in shallow topological depressions, the outflow of water is 
limited and evaporation-induced water losses are balanced by precipi
tation. These factors in combination with strong physicochemical 
weathering rates result in the observed high levels of salinity (caused by 
high concentrations of dissolved salts like sodium chloride) and alkaline 
water pH (caused by high concentrations of carbonate salts) (Yang et al., 
2003; Wu et al., 2009). These extreme environmental conditions in the 
lakes of the QTP strongly affect the diversity and species composition of 
TA (see Section 4.2), as it is also the case for other aquatic micro- 
organisms like phytoplankton (including diatoms, Yang et al., 2003; Li 
et al., 2021) or ostracods (Mischke et al., 2007; Han et al., 2022). 

4.2. Testate amoeba diversity and species composition in lake sediments 

The relatively large ranges in latitude and longitude, the diverse 

Fig. 3. CCA ordination showing the position of sampling sites (A) and TA taxa (B) in the ordination space. Water tempr = water temperature. TA taxon abbreviations 
are given in the Supplementary Table 1. 

Table 3 
CCA analysis results showing the relations between TA communities and envi
ronmental variance.  

Axes 1 2 3 4 

Eigenvalues  0.210  0.192  0.087  0.043 
Species-environment correlations  0.679  0.838  0.711  0.456 
Cumulative percentage variance of 

species data  
11.0  21.1  25.7  27.9 

Cumulative percentage variance of 
environment data  

36.7  70.3  85.5  93.1  
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topography, and the relatively big climate gradient covered in our study 
let us assume a micro-habitat-rich environment for TA in the QTP. 
However, the harsh conditions in the QTP generally pose a challenge for 
TA communities as indicated by the relatively low values of H′ and E (see 
Table 1), especially in lakes on the colder and drier NW plateau or with 
extremely high pH (>9.5) and conductivity. The very low values of E 
indicated that for some TA taxa only very low individual numbers were 
recorded in a sample. However, it should be noted that these low values 
of E are not only indicating the extremely harsh environmental condi
tions in the QTP, but also result from the taxonomic approach applied in 
our study. We used a morphology based high resolution taxonomy 
including varieties and forms of TA taxa (see Supplementary Table 1), 
which provided detailed information on TA biodiversity in lakes of the 
QTP on the one hand. On the other hand, this high-resolution taxonomy 
resulted in relatively low individual numbers for many TA taxa, which is 
reflected in the values for H′ and E. Interestingly, one strongly alkaline 
lake (no. 12, pH = 9.5, Table 1) was characterized by a quite high H′- 
value of 2.5 counterintuitively indicating a relatively healthy environ
ment for TA. This surprising result might be explained by two aspects. 
Firstly, most TA are sediment-dwelling (benthic) microorganisms, and 
thus might be more affected by physicochemical sediment properties 
than water properties including pH (cf. Wall et al., 2010). Secondly, 
despite their extreme environmental conditions strongly alkaline lakes 
are often (but not always) characterized by extremely productive com
munities of prokaryotic and eukaryotic microorganisms (e.g., Lanzen 
et al., 2013). Unfortunately, examinations of TA in these extreme en
vironments are very scarce and we hope that our study will initiate 
further research on this fascinating topic. 

In contrast to our study, previous studies in the region of QTP re
ported a bigger abundance of species (131 TA species) with the genus 
Centropyxis as the dominant taxon (Wang, 1974, 1977). We assume that 
this discrepancy is caused by differences in sampling. While we analyzed 
samples from lake sediments, Wang (1974, 1977) used samples taken 
from small ponds, rivers, and soils. Most of the recorded TA species in 
our study are quite common and can be found in lakes all around the 
world, e.g., in the middle and lower Yangtze plain (Qin et al., 2009, 
2013, 2021a, 2016), Canada (Patterson et al., 1996, 2002; Patterson and 
Kumar, 2000; Roe and Patterson, 2006, 2014; Roe et al., 2010; Nasser 
et al., 2016, 2020), Florida (Escobar et al., 2008), the West Indies (Roe 
and Patterson, 2006), or Finland (Kihlman and Kauppila, 2012). How
ever, the seven species Arcella arenaria, A. megastoma, A. jurassica, 
Centropyxis hirsuta, Campascus minutus, Difflugia nana, and Lagenodif
flugia bryophila are new records for the QTP and two of them (i.e., Dif
flugia nana and Lagenodifflugia bryophila) even for the Chinese TA 
checklist (Yang et al., 2004). Again, this might be caused by the fact that 
previous studies in China mainly focused on soils and ponds rather than 
lakes. This is underlined by another study of lakes of the northwest 
Yunnan province (near the southeast margin of the QTP), which also 
reported the occurrence of Arcella arenaria, A. megastoma, A. jurassica, 
Centropyxis hirsuta, and Campascus minutus (Yang et al., 2005). However, 
these authors did not find individuals of Difflugia nana or Lagenodifflugia 
bryophila. Interestingly, D. nana was firstly observed in the Arctic tundra 
(Bobrov and Wetterich, 2012). In our study, we found D. nana in lakes of 
the QTP, which are located high in the mountains (above 4000 m), 
where temperatures are similar to the ones in Arctic regions, where the 
species was first observed (Bobrov and Wetterich, 2012). 

A few Asian endemic TA taxa such as Difflugia biwae, D. mulanensis, 
Netzelia (Difflugia) tuberspinifera, and Pentagonia zhangduensis are 
abundant in lakes of subtropical China (especially near the middle and 
lower reaches of Yangtze River) and Japan, where most lakes are in 
mesotrophic to eutrophic states (Yang et al., 2004; Qin et al., 2011). 
However, none of these relatively large (100–200 μm) TA species have 
been recorded in lakes of the QTP in our study. The absence of these 
Asian endemic TA species in our samples might reflect their limited 
biogeographical distribution and narrow tolerance to harsh environ
mental conditions as they can be found in the QTP. Ta
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Furthermore, we frequently found individuals of Cyphoderia ampulla, 
Plagiopyxis callida, P. declivis, P. minuta, and Cyclopyxis eurystoma, which 
are known to be abundant in soils, moss, and peatlands (Meisterfeld, 
2002). Their occurrence in our sediment samples might reflect an 
increased surface runoff in the QTP catchments caused by increased 
precipitation in this region in the last three decades due to climate 
change (Li et al., 2014; Zhang et al., 2021). However, as we did not 
analyze the potential sources of these shells, i.e., the surrounding 
catchments, in our study, this assumption remains speculative. 

4.3. Factors controlling testate amoeba communities in lake sediments 

The CCA showed that TA communities were most strongly correlated 
with water pH, which is consistent with the results of recent studies on 
lakes of northern America (Escobar et al., 2008), Canada (Patterson 
et al., 2012), Russia (Tsyganov et al., 2019), and China (Qin et al., 
2013). Moreover, pH and water depth were found to represent signifi
cant controls of TA community composition and the abundance of 
platelets (idiosomes) of siliceous TA shells in sediments (Siver et al., 
2020). In fact, TA are considered as excellent bio-indicators for water 
pH, and TA-based water pH transfer functions were thus developed for 

paleoenvironmental reconstructions of lakes (Patterson et al., 2012). 
Additionally, some studies suggested that water chemistry (e.g., total 
phosphorus, total nitrogen, and metal concentrations) or air tempera
ture are important factors controlling TA community composition in 
lakes (Escobar et al., 2008; Roe et al., 2010; Ju et al., 2014; Qin et al., 
2016). However, most of these studies were conducted in lakes near 
human settlements, which have direct effects (e.g., nutrient inputs) on 
the surrounding lake catchments. 

In the QTP the analyzed lakes comprise large-scale latitude, longi
tude, and elevation gradients, which is why we found water tempera
tures and pH to show relatively wide ranges. This might hamper 
interpretations of the relationships between TA community composi
tions and environmental properties because TA might be more sensitive 
to micro-environmental or micro-habitat conditions than to macro- 
environmental conditions (Yang et al., 2003; Qin et al., 2013; Tsyga
nov et al., 2019; Siver et al., 2020). In our study we found positive 
correlations between TA richness, H′, and mean shell size and climate 
factors (especially precipitation, see Table 4), but these relationships 
still need to be analyzed in more detail, because the underlying dataset is 
too small for deriving transfer functions. We see our study as a foun
dation for further studies that are needed to underline our 

Fig. 4. Dendrogram showing the grouping of sampling sites ((A) the site numbers are identical to the ones in Table 1 and Fig. 1) according to water pH (B) and 
temperature (C). The top 3 dominant TA taxa per cluster are depicted in (D). The sites with the numbers 3, 8, 11, and 22 were excluded from cluster analysis as there 
were no data on water pH and temperature available (cf. Table 1). Different letters and circles in (B) and (C) indicate significant differences (p < 0.05, Kruskal-Wallis 
ANOVA) and outliers, respectively. 
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interpretations regarding the factors controlling TA diversity and com
munity structures in the lakes of the QTP. 

4.4. Testate amoeba shell size in relation to lake elevation and 
implications for paleoenvironmental reconstructions 

The investigated lakes in our study were characterized by a 3035 m 
elevation gradient (1967–5002 m a.s.l.), which strongly affected the 
distribution and diversity of TA. TA taxon richness, TA diversity, shell 
mean size, and protozoic biosilicification were found to be negatively 
correlated with elevation. This is different from studies on elevational 
diversity gradients of TA in soil samples, which showed a bell-shaped 
pattern of TA biodiversity peaking at intermediate elevations 
following the distribution of vegetation (Krashevska et al., 2007). For 
example, Tsyganov et al. (2022) found 95 TA taxa, which mostly 
belonged to ubiquitous taxa (e.g., Trinema lineare, Euglypha laevis, 
Cryptodifflugia oviformis, and Trinema complanatum) besides TA taxa with 
limited geographic distribution (e.g., Centropyxis latideflandriana, 
C. stenodeflandriana, Plagiopyxis cf. barrosi, Heleopera rectangularis, and 
Distomatopyxis couillardi), in samples from Mount Fuji (904–2377 m a.s. 
l., Japan). Their statistical analyses revealed that TA assemblages were 
strongly mediated by vegetation. This is supported by the results of 
Wanner et al. (2022), who analyzed TA in soil samples from different 
heights (1730–4000 m a.s.l) of Mt. Kinabalu, Borneo. These authors 
found 78 morphotypes of TA, which were mostly <100 μm and 
cosmopolitan besides Certesella certesi with limited geographical distri
bution, some rare taxa (e.g., Padaungiella lageniformis cordiformis, Pla
cocista jurassica, Trinema chardezi), and two undescribed morphospecies. 
TA community assemblages were linked to elevation with a pronounced 
change at the tree line. In contrast, we found TA biodiversity in lake 
sediments to be mainly influenced by water temperature, pH, conduc
tivity, and depth. Water temperature and pH in turn were strongly 
correlated to elevation. However, a vegetation effect on TA communities 
in lake sediments of the QTP driven by TA as well as nutrient inputs 
cannot be excluded. Future analyses of the surrounding catchments in 
the QTP will enlighten this aspect. In general, catchment properties have 
been found to be of great significance for TA assemblages in freshwater 
sediments (e.g., Roe et al., 2010; Oris et al., 2013). 

The size of TA shells (expressed as bio-volume in some studies) is 

considered as one of the important functional traits responding to many 
environmental variables including warming climate (Jassey et al., 2013; 
Marcisz et al., 2020). In our study the mean size of TA shells was 
negatively correlated with conductivity (rs = − 0.627, p < 0.01), pH (rs 
= − 0.478, p < 0.05), and elevation (rs = − 0. 421, p < 0.05), but posi
tively correlated with water depth and warm-wet climate conditions 
(Table 4). In general, abundances of smaller TA species were higher in 
shallow lakes or higher regions with harsh environmental conditions (e. 
g., higher values of water conductivity and pH, colder climate) 
compared to lakes in the SW of the QTP. This is consistent to some re
sults of studies on peatlands, where a decrease in abundances of larger 
TA species has also been related to extreme weather conditions (Jassey 
et al., 2016; McKeown et al., 2019), suggesting that smaller species are 
generally more resistant to extreme climatic conditions. Furthermore, 
shell size shifts also reflected changes in functional groups of TA. For 
example, it was shown that a decrease in protist host biomass and di
versity towards mountain tops impacts the functional composition of 
protists in soils of the Alps (Mazel et al., 2022). In the lakes of the QTP, 
TA shell size shifts occurred around 4400 m, where small size (<30 μm) 
TA species were found to be dominant (cf. Fig. 4D). Interestingly, a 
similar shift was also observed in phytoplankton communities of the 
QTP in a previous study (Li et al., 2021). In addition to temperature and 
conductivity TA shell size is also affected by other factors like nutrient 
availability, pollution, and environmental disturbances (Marcisz et al., 
2020). Altogether, these results and our observations clearly emphasize 
the sensitivity of TA functional traits to environmental gradients, char
acterizing TA communities as well-suited proxies for paleoenvir
onmental reconstructions by fossil TA remains in lake sediments (cf. Qin 
et al., 2021b). 

4.5. Siliceous testate amoeba shells in lake sediments and implications for 
protozoic biosilicification under warming climate 

While protozoic biosilicification has been found to be significant in 
specific forest ecosystems (Puppe, 2020), there was no information on 
the potential of TA for Si cycling in lake sediments until now. However, 
previous studies indicated that freshwater lake sediments represent 
important reservoirs of recent and fossil protozoic biosilica (Fig. 6). In 
fact, TA idiosomes, i.e., the single building blocks of siliceous TA shells, 

Fig. 5. DCA ordination of sampling sites (A) and corresponding TA taxa (B). The colors of the sampling sites in (A) correspond to the ones used in Fig. 4. TA taxon 
abbreviations are given in the Supplementary Table 1. 
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were found to be very abundant in freshwater lakes in the USA (Douglas 
and Smol, 1987; Siver et al., 2020), and Fennoscandia (Pienitz et al., 
1995). These authors clearly ascribed the accumulation of protozoic 
silica plates in lake sediments mainly to inputs of TA shells/idiosomes by 
surface runoff originating from the surrounding lake catchments. In our 
study only intact idiosomic TA shells were considered for the quantifi
cation of protozoic biosilicification, and thus we have no information on 
the protozoic biosilica pool represented by single idiosomes, which can 
be assumed as the bigger one (see Puppe, 2020). 

In general, we found the biosilicification potential of intact TA shells 
in lake sediments of the QTP to be quite low (max. 12 ng per 150 TA 
shells) compared to Asian peatlands, for example (see Qin et al., 2022). 
This can be directly ascribed to the fact that idiosomic TA taxa were only 
found in 25 % of the samples, which were thus clearly dominated by TA 
with xenosomic or organic shells. This is confirmed by previous studies 
that showed freshwater sediment samples to be dominated by TA taxa of 
the order Arcellinida (e.g., Escobar et al., 2008; Ju et al., 2014). How
ever, we urgently need quantitative data of TA idiosomes in lake sedi
ments of the QTP (and other lakes worldwide) to be able to finally 
evaluate their role as protozoic biosilica reservoirs. In this context, re
sults of DNA analyses (18S rRNA gene sequencing) showed that lake 
sediments of the QTP are characterized by abundant micro-eukaryotic 
communities including diatoms and TA (Ren et al., 2022), indirectly 
indicating their potential for protistic biosilica accumulation. 

Global warming has been found to increase silicate weathering 

intensity (Deng et al., 2022). This might enhance Si bio-cycling, as more 
Si will be released, and thus become bio-available for organisms that are 
able to form bio-silica like plants, sponges, and protists including TA 
(Puppe et al., 2022). Moreover, shifts of the treeline due to climate 
warming (cf. Wang et al., 2022), and thus changes in the vegetation can 
be assumed to additionally affect Si cycling (e.g., by enhanced bio- 
weathering and accumulation of silica in the vegetation) in the QTP in 
the next decades. In fact, climate warming in the QTP is assumed to be 
two to three times faster compared to the global average (Li et al., 2014). 
This basically means that the rates of silicate weathering and soil erosion 
might be accelerated in this region leading to increased Si inputs in the 
lakes of the QTP now and in the near future (Fig. 6). Indeed, our analyses 
revealed that protozoic biosilicification was positively correlated with 
climatic conditions (temperature, precipitation) in the QTP (Table 4). 
Furthermore, warming in the QTP might enhance the probability and 
frequency of fires, which have been found to affect Si availability in 
mineral soils and TA communities with potential consequences for 
protozoic biosilicification (Qin et al., 2017; Schaller and Puppe, 2021). 

We consider the QTP as a model region for the observation of global 
change effects on TA community compositions. From our results and 
their discussion above we conclude that analyses of TA assemblages in 
lake sediments are not only suitable for the reconstruction of environ
mental properties and protozoic biosilicification in the past, but also for 
future predictions (Fig. 6). Based on our results we assume protozoic 
biosilicification in the lakes of QTP to increase in the near future as a 

Fig. 6. Overview of the relations of TA biodiversity and protozoic silica cycling in lakes to environmental change in the past, present and future, with reference 
particularly to human activities and climate warming. 
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direct response to global warming. This is underlined by the results of 
Qin et al. (2022), who found protozoic biosilicification to be positively 
correlated with annual mean temperatures in Asian peatlands. 
Furthermore, their results showed a time-dependent increase in proto
zoic biosilicification in the Dajiuhu peatland, China, within the last 
2000 years. The climate-related increase of protozoic biosilicification 
might be accelerated by environmental disturbances (Qin et al., 2022). 
However, it remains unclear which consequences this acceleration of 
protozoic biosilicification has for the other parts (e.g., Si uptake by 
vegetation, soil weathering) of biogeochemical Si cycling. 

Our study is another example for the effects of global change on TA 
assemblages and Si cycling on the microbial level. In this context, TA are 
not only affected by warming climate, but also land-use change, peat
land degradation, and salinization caused by rising sea-levels (Qin et al., 
2020, 2022; Wanner et al., 2020). Since TA represent key players in 
biological Si cycling in some ecosystems (Puppe, 2020), changes in TA 
community compositions might have severe consequences for Si cycling 
at the landscape scale. The protection and restoration of endangered 
ecosystems can help to mitigate the effects of global change on TA 
communities (cf. Qin et al., 2020). 

5. Conclusions 

Our analyses of TA communities in the model region QTP, the so- 
called “third pole” of the Earth, revealed new insights into the re
lationships between TA biodiversity and protozoic biosilicification in 
lakes under climate warming. As TA biodiversity is relatively high in 
these lakes, we consider the QTP to be still comparably undisturbed. 
However, climate warming is a big challenge for this region and climate- 
related changes in TA communities will be directly reflected in changes 
of protozoic biosilicification. Our study thus represents another example 
for anthropogenic impacts on biogeochemical Si cycling, even in 
outlying, high-altitude regions like the QTP. What we need now is (i) 
further research to enlighten the interactions of TA biodiversity, pro
tozoic biosilicification, and environmental properties in more detail (e. 
g., on a micro-habitat scale), (ii) the establishment of a (long-term) 
monitoring of TA communities in the QTP to detect climate-related 
changes in these bio-indicator communities, and (iii) a limitation and 
regulation of human disturbances in the QTP to preserve the “Asian 
Water Tower” as effectively as possible. 
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