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Abstract This study investigates the testate amoeba
communities of a large peatland in Central China. The
ecology and seasonal variability of testate amoeba
communities were studied during 2009-2010. Investiga-
tion of environmental controls using ordination showed
that the relationship between testate amoeba communities
and depth to water table (DWT) and pH are extremely
weak. The small proportion of variance explained by water
table depth here (only 1.9% in the full data) shows that the
hydrological control is weaker than we expected in this
peatland, and weaker than any study we are aware of using
a similar methodology. Attempts to develop species-
environment (transfer function) models or identify indi-
cator species for future palacoecological studies were
unsuccessful. Previous large-scale studies of peatland
testate amoeba ecology have been largely restricted to
Europe and North America and results have been relatively
consistent among studies. Our results contrast with this
consensus and suggest that at least in minerotrophic
peatlands in China testate amoeba communities may be
primarily controlled by different environmental variables.
In China, testate amoebae have been relatively little
studied but may prove to be valuable for a variety of
applications in palacoecology and biomonitoring and
much further work is required.
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Dajiuhu peatland, China

1 Introduction

Testate amoebae are a group of protozoa living in
freshwater lakes, rivers, peatlands, mosses, and soils.
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Testate amoebae are used in a variety of ecological and
palaeoecological studies of Sphagnum-dominated peat-
lands, because they produce decay-resistant and morpho-
logically distinct shells, or tests (Charman et al., 2000;
Meisterfeld, 2002; Mitchell et al., 2008) and may indicate a
variety of environmental changes. During the past 20 years
research on the ecology of testate amoebae in peatlands
around the world has indicated that wetness conditions are
the most important environmental control on the composi-
tion of testate amoeba communities. Such studies have
repeatedly suggested that the depth to water table (DWT)
can be used as a robust and easily measurable proxy for the
finer-scale wetness conditions (Charman, 1997; Woodland
et al., 1998; Bobrov et al., 1999; Mitchell et al., 1999;
Lamentowicz and Mitchell, 2005; Payne et al., 2006;
Payne and Mitchell, 2007; Booth, 2001, 2007; Swindles et
al., 2009; Markel et al., 2010). As the surface wetness of a
peatland reflects climate, testate amoebae are therefore
used as a useful tool to reconstruct changes in hydroclimate
by application of hydrological transfer functions to
palaeoecological records (Bobrov et al., 1999; Charman
et al., 2004; Payne and Mitchell, 2007; Payne et al., 2008;
Booth, 2011).

In China, and eastern Asia more generally, studies on
testate amoebae are relatively few, however, over the past
100 years nearly 300 testate amoeba species and
subspecies have been identified (Shen, 1983; Yang et al.,
2004; Qin et al., 2011) including several new species
described in recent years (Yang et al., 2005; Yang and
Shen, 2005; Qin et al., 2008a, b). Further new species have
been recently described from other areas of eastern Asia
(Bobrov, 2001; Bobrov and Mazei, 2004). Testate amoebae
from soils, mosses, and lakes have been investigated in
terms of their ecology, distribution, diversity and biogeo-
graphy (Shen, 1983; Ning and Shen, 1999; Qin et al.,
2011). Recent studies have started using testate amoebae as
bioindicators of environmental and paleoenvironmental
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change in Chinese lakes and peatlands (Qin et al., 2007,
2009: Li et al., 2009).

The outstanding characteristic of China climate is
dominance of the Asian Monsoon, which leads to dramatic
seasonal variability in availability of water resources (An
et al., 2000; Qin et al., 2011). It is extremely important to
understand changes in the pattern and timing of the Asian
Monsoon during the Holocene which allows future
variability to be modeled. Existing proxy-climate records
are primarily driven by temperature and are poorly suited
to the task of studying monsoon variability. Testate amoeba
palaeoecological records from peatlands reconstruct the
past wetness of the site in ombrotrophic mires, which is a
balance between meteoric water input and loss through
evapotranspiration. The relative contribution of tempera-
ture and precipitation in forcing these changes varies
between the studies which have been addressed before
(Charman et al., 2004) with recent studies suggesting
summer moisture deficit as a key control (Charman, 2007;
Charman et al., 2009). By allowing the reconstruction of
hydroclimatic change testate amoeba-based palacoecolo-
gical records quantified using transfer functions have the
potential to add greatly to our knowledge of monsoon
variability.

In this paper we investigate the diversity, ecology and
seasonal variability of testate amoebae from a large
peatland in Central China with a particular focus on the
possible application of testate amoebae in palacoecology.

2 Methods
2.1 Geography of sampling site

The Dajiuhu peatland is located in the Dajiuhu Basin of
the Shennongjia Mountains in Central China (109°56'-
110°11'E, 31°24'-31°33'N). The region is situated
between the subtropical and warm temperate zones with
climate controlled by the monsoon cycle (Zhu et al., 2009).
The altitude of the peatland is 1700-1760 m a.s.l, with a
total area of 16 km? and mean annual temperature of 7.4°C.
Vegetation is dominated by Carex sp., Sanquisorba
officinalis, Juncus sp., and Gentiana pseudo-aquatica.
Sphagnum sp. is only found in the center of the site (Zhao
et al., 2007; Qin et al., 2008b; Zhu et al., 2009).

Dajiuhu peatland is one of very few peatlands in Central
China and is among few peatlands globally at such a low
latitude. Dajiuhu peatland plays an important role in local
biodiversity and water resources as the origin of several
rivers. The site is in the central track of the Asian Monsoon
and it is probable that a record of the long-term variability
of the monsoon is preserved within the deep Sphagnum
peats of the central peatland (Zhao et al., 2007; Zhu et al.,
2009).

The Dajiuhu peatland has been damaged by human
activities, particularly between the 1970s and 1990s.

Sphagnum was cut for sale to medical companies and
crops were grown in drained areas. The area of peatland
was dramatically reduced. Since the 1990s the National
Reserve of Shennongjia Mountains has been designated to
protect the local ecosystem, and the peatland is currently
preserved.

2.2 Field sampling

Samples were collected in August 2009, July and
September 2010. In 2009, we collected a total of 88
samples to investigate the diversity of testate amoebae in
detail. In 2010 the same 25 points were sampled in both
July and September to assess seasonal variability. Micro-
habitats within the peatland were sampled in an attempt to
include the natural heterogeneity such as hummocks,
hollows, and open waters. The portion of the Sphagnum
stem from 3 to 5 cm was used in analyses as this portion
contains greatest taxonomic diversity (Mitchell and
Gilbert, 2004). For other mosses, such as Polytrichum,
we used the entire upper 5 cm section for analysis.

At each sampling time, a shallow hole was drilled to
measure the DWT and extract water to determine pH. We
waited from 30 min to 12 h for equilibration of the water
level in the hole (discussed further below). The DWT was
measured from where the samples were collected to the
surface of the water in the hole. Temperature and pH were
measured on extracted water using a thermometer/thermo-
couple and a Euteoh Instruments pH probe, respectively.

2.3 Laboratory processes

All extracted samples were refrigerated until analysis.
Testate amoebae are usually isolated from Sphagnum using
a sieving procedure (Hendon and Charman, 1997; Booth et
al., 2010). Samples were boiled in water for 5 min and then
sieved at 250 and 25 um with the intermediate material
retained. The use of a 25 pm sieve means that smaller taxa
will be under-represented in our results (Payne and
Mitchell, 2009); this sieving was considered necessary to
remove abundant fine organic material in our samples. The
material retained in the 25 pum sieve was washed into
50 mL centrifuge tubes and centrifuged at 3000 r/min for
five minutes. The residues were stained with Safranine for
microscopic identification. For each sample, we identified
and counted at least 150 individual testate amoeba shells
(Payne and Mitchell, 2009) with taxonomic references
including Charman et al. (2000), Penard (1902) and
Meisterfeld (2002).

2.4 Data analysis

Ordination was used to investigate the environmental
controls on testate amoeba communities in this site.
Percentage data were square-root transformed and
subjected to principal components analysis (PCA) and
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(partial) redundancy analyses (RDA) using CANOCO
vers. 4.53 (CANOCO for Windows 1997-2004,
Biometris-Plant Research International, Wageningen).
Three physical environmental parameters were included
in the analysis: DWT, pH and temperature (for 2009 data
only). Dummy variables were included for the three
sampling times and for three plant types (Sphagnum-,
Polytrichum- and Sedge-dominated). The importance of
these variables was tested individually and in combination
with significance testing by Monte Carlo permutation tests
(999 random permutations). As an additional test, analyses
of similarity (ANOSIM) between sampling times were
conducted and similarity percentage (SIMPER) analyses
were used to determine the contribution of species to Bray-
Curtis dissimilarity (Clarke, 1993).

As DWT explained a significant proportion of the
variance in the 2009 data (the 2010 data sets were too small
for species environment-modeling), transfer functions for
hydrology were developed using a standard suite of
techniques: weighted average (WA), weighted average
partial least squares (WAPLS) and maximum likelihood
(Birks, 1995). Model performance was tested using boot-
strap and jack-knife cross validation with three perfor-
mance measures: the root mean squared error of prediction
(RMSEP), the maximum bias along the hydrological
gradient and R*. Transfer function analyses were carried
out using C2 vers 1.3 (Juggins, 2003).

As transfer functions performed poorly (see Sect. 3) we
also attempted to identify indicator species of differing
hydrological conditions. The identification of indicator
species of known ecological preference formed the basis of
most palaeoecological studies before the quantitative
revolution of the late 1980s and 1990s. Modern techniques
permit a more quantitative approach to the identification of
indicator species which may allow more informed
qualitative reconstruction of changing environmental
conditions. We applied the IndVal approach of Dufréne
and Legendre (1997) which attempts to identify indicators
with both high specificity and high fidelity and uses
permutation tests to assess their significance. We divided
the hydrological gradient of the 2009 data into a nested
sequence of sub-divisions and implemented IndVal using
the program INDVAL vers. 2.0 with significance tested
using 999 permutations and a cut-off at P = 0.01.

3 Results
3.1 Species diversity and community

After making a number of taxonomic groupings to ensure
consistency, a total of 34 testate amoebae taxa or ‘types’
were identified in the samples. Testate amoeba community
composition of the Dajiuhu peatland is broadly similar to
those found in European and Northern American peats,
with most species being cosmopolitan in distribution. The

dominant taxa were Assulina muscorum, Assulina semi-
nulum, and Trinema-Corythion type, which occur in
almost all samples. Three testate amoeba taxa: Hyalo-
sphenia papilio, Nebela wailesi and Heleopera sphagni are
new records in China.

There are some common peatland testate amoeba
species which are absent in our study, such as Amphitrema
wrightianum. The absence of such species in our study
may be due to either the minerotrophic characters of the
Dajiuhu peatland, or the geographical barrier.

3.2 Species-environment relationship

The measured environmental variables collectively explain
around 15% of variance in the full data and around 30% of
variance in the 2010 data sets (Table 1). There is only
rather weak evidence that pH is an important environ-
mental control on testate amoebae in this site, when other
variables are accounted for a significant relationship. There
is some evidence for the importance of wetness (DWT) as
an environmental control on amoebae in this site. A
significant relationship of DWT with amoeba community
structure is observed with all data sets but not from that
data of July 2010 alone. The proportion of variance in the
testate amoebae data explained by DWT is modest, around
2% in the overall combined and 2009 data and over 4% in
the combined 2010 data, although more notable in the
(small) September 2010 data set (13%). Even using the
crude approach we apply here (3 dummy variables for
general community type) there is evidence for a relation-
ship between testate amoeba communities and plant
communities in the 2010 data.

One of the most distinct findings is the difference
between the 2009 and 2010 samples, explaining a large
proportion of the variance and emerging very distinctly in
the PCA plot with 2010 samples having higher scores on
PCA1 and PCA2 (Table 1, Fig. 1). The difference between
the two sets of samples from 2010 is less immediately
apparent with considerable overlap in ordination space,
although a nominal variable for sampling time does
explain significant variance in the combined data set.
Comparing the position of samples from the same
locations in summer and autumn 2010 there is limited
consistent change. Locations showing the largest changes
generally show higher scores on PCA1 and lower scores on
PCA2, but this pattern is by no means ubiquitous.
ANOSIM finds significant differences between 2009 and
2010 samples (P < 0.001) but no difference between the
2010 sampling times, and SIMPER identifies the most
important contributors to the differences between the 2009
and 2010 samples as Assulina muscorum, Trinema-
Corythion type and Centropyxis cassis type. Such
differences are also apparent by comparison to the PCA
species plot (Fig. 1).

As there was a significant (though weak) relationship
between DWT and testate amoeba communities for the
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Results of redundancy analysis of square root-transformed testate amoeba data, showing % variance explained by environmental variables

and P-value determined by 999 Monte Carlo permutations. Analyses were conducted using five different combinations of samples from the three

sampling times

Data Explanatory variables* Co-variables % variance explained P
All DWT, pH, Time - 14.7 0.001
All DWT Time, pH 1.9 0.004
All pH DWT, Time (1.0) ns
All Time DWT, pH 9.6 0.001
2009 DWT, pH — 6.5 0.001
2009 DWT pH 2.4 0.023
2009 pH DWT 4.0 0.001
Jul-2010 DWT, pH, Plants - 31.7 0.019
Jul-2010 DWT Plants, pH 3.7 ns
Jul-2010 pH DWT, Plants (3.8) ns
Jul-2010 Plants DWT, pH 19.7 0.015
Sep-2010 DWT, pH, Plants - 29.7 0.008
Sep-2010 DWT Plants, pH 13.0 0.007
Sep-2010 pH DWT, Plants 6.5) ns
Sep-2010 Plants DWT, pH (13.1) ns
All 2010 DWT, pH, Plants, Time - 27.0 0.001
All 2010 DWT Plants, pH, Time 4.6 0.01
All 2010 pH DWT, Plants, Time (1.8) ns
All 2010 Plants DWT, pH, Time 16.2 0.001
All 2010 Time Plants, pH, DWT 5.4 0.005

Note: * temperature did not explain independent variance and was not included in any of the presented analyses
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Fig. 1 PCA ordination based on full data set. Plot (a) shows samples and plot (b) shows selected major species ( > 1% total) well-fitted

by the ordination

2009 data, transfer functions were developed (Table 2).
While the RMSEP is only c.lcm poorer than at least one
published model the R* values are very low indeed. Plots of
observed against predicted DWT values show this poor

relationship (Fig. 2). With weighted averaging the model
predicts similar DWT values for all samples with DWT
greater than .25 cm, while with maximum likelihood there
is a very general relationship between observed and
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Table 2 Transfer function performance of model structures tested in this study showing root mean squared error of prediction (RMSEP), R* and
maximum bias (MaxBias) assessed by boot-strap (‘boot’) or jack-knife (‘jack’) cross-validation for DWT

Model RMSEPj,oc ~ RMSEPyoq R Rioor MaxBiasj,ex ~ MaxBiaspoor
Weighted averaging (tolerance downweighting, inverse 10.5 10.7 0.08 0.10 30.4 31.1
regression)*
Maximum likelihood 11.4 12.5 0.14 0.33 24.7 28.4
Note: * WA-PLS does not improve on the performance of simple WA
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Fig. 2 Performance of testate amoeba-hydrology transfer functions developed using (a) weighted averaging and (b) maximum

likelihood. See Table 2 for details

predicted values but a large amount of scatter. Many
previous transfer functions have improved model perfor-
mance by selective exclusion of rare taxa or samples with
high residuals (a practice which may or may not be
ecologically justified, Payne et al., 2006). While it would
doubtlessly be possible to improve the model performance
using these approaches, the lack of any very strong initial
relationship between measured and predicted values makes
this hard to justify. It is clearly not possible to build a
transfer function model which could provide reliable
palaeohydrological reconstructions on the basis of these
data. Our attempt to identify indicator species of different
sections of the hydrological gradient using the IndVal
method failed to identify any taxa which are statistically
significant indicators of any wetness class at P = 0.001.
The causes of these problems can be understood if we
look at the relative abundances of selected species along
the hydrological gradient. Figure 3 shows the abundances
of four taxa: Assulina muscorum, Centropyxis aculeata,
Heleopera sphagni and Trigonopyxis arcula in the 2009
data. These four taxa are morphologically distinctive,
relatively abundant and have ecologies which are well
established (both qualitatively and quantitatively) from
previous studies (e.g. Charman et al., 2000). 4. muscorum
is cosmopolitan but most abundant in drier niches;
C. aculeata is typical of very wet conditions, H. sphagni

of relatively wet conditions and 7r arcula of drier
conditions in hummocks. However the abundances of
none of these taxa show very strong changes along the long
hydrological gradient in this study. There is little indication
of distinct optima for three of these taxa, while for Tk
arcula there is a weak preference for intermediate
conditions, inconsistent with indications from previous
studies. If such abundant taxa which usually display strong
hydrological preferences show little changes along the
hydrological gradient it is little wonder that a transfer
function cannot be successfully developed. The high
abundance of A. muscorum, Trinema-Corythion type and
C. cassis type in 2009 may implied a drier phase in this
summer, although we are lacking such meteorological
data.

4 Discussion

The most surprising ecological result of this study is how
weak the hydrological control of testate amoeba commu-
nities appears in this site. Previous studies using essentially
the same methodology have shown DWT to explain a
much larger significant portion of variance; in one recent
study (Payne et al., 2010) DWT explained almost 40% of
variance. The small proportion of variance explained by
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DWT here (only 1.9% in the full data) shows that although
there is some hydrological control this is weaker than
expected, and weaker than any study we are aware of using
a similar methodology. Consequently, we are unable to
either produce a transfer function or identify indicator
species of different degrees of wetness.

In terms of the other environmental variables measured:
temperature control has not been previously tested as an
environmental control on amoeba communities in a
quantitative study of this nature and has been relatively
under-researched in general (Smith and Coupe, 2002).
Previous research suggests that testate amoeba commu-
nities may respond to extreme events (Beyens et al., 2009)
but are insensitive to even large-scale natural gradients
(Mitchell et al., 2004). Given the large diurnal, seasonal
and annual variability in temperature and small gradient it
is unsurprising that we are unable to identify a significant
relationship here. It is perhaps more surprising that pH
does not emerge as a significant control. Several previous

studies have suggested that pH is an important control (e.g.
Lamentowicz and Mitchell, 2005), and may be particularly
important in fens although not all studies have found pH to
explain variance independent of DWT (e.g. Payne et al.,
2010).

The surprisingly weak hydrological control could be
explained by either some methodological issue in this
study or simply that other environmental variables are
more important than hydrology to amoebae in this site. On
analysis of the 2009 data we initially suspected that the
weak relationship with hydrology might be related to the
quick measurement of the DWT (only 30 min) which
might have been insufficient time for the water table to
equilibrate. However, when repeated with much longer
time (6 to 12 h) in 2010 results were substantially the same.

A further methodological complication might be
taxonomic error or inconsistency (Payne et al. 2011). As
the first author was relatively new to testate amoeba
analysis when the first samples were analyzed we opted to
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harmonise all taxonomy to a very conservative level
(Appendix 1). We do not believe that taxonomic resolution
or error is likely to be a major cause of weak species-
environment relationships as weak relationships are found
even when considering each component data set (produced
in a short-space of time by the same analyst) alone and
modeling work has shown that relatively little ecological
information is lost by even extremely conservative group-
ing.

We have no other hypotheses for potential methodolo-
gical causes of the poor relationship with hydrology.
Therefore, we conclude that hydrology appears to be less
important to amoebae in this region than in more studied
areas of the world.

Dajiuhu peatland lies in a karst area with limestone
bedrock. Although detailed chemical measurements were
not undertaken, it is probable that base cation levels in the
peat waters are high. It is conceivable that such
geochemical gradients are particularly important to testate
amoebae in this site. Recently, some ecological studies on
testate amoebae in minerotrophic peatlands have indicated
that caution should be exercised in the use of testate
amoebae as hydrological indicators (Lamentowicz et al.,
2010; Payne, 2011). Environmental variables other than
wetness may be more important in fens than in bogs. Plant
communities of the Dajiuhu Peatland are particularly
complex with mixed stands of Carex sp., Sanquisorba
officinalis, Juncus sp., and Gentiana pseudo-aquatica and
may also be an important determinant of testate amoeba
community.

Testate amoeba-based palaecoecology relies on the
assumption that the present ecology of amoeba taxa can
be extrapolated into the past. Currently the general
consistency of amoeba hydrological preferences between
multiple studies suggests that such relationships are stable
in space (Charman et al., 2000; Booth and Zygmunt, 2005;
Payne et al., 2008), and therefore likely to be also stable in
time. However such studies are restricted to quite a limited
region of the globe with the greatest concentrations in
central and western Europe and North America. Further
studies are needed to establish consistent hydrological
preferences beyond these areas. This is certain the case in
China, where testate amoebae have been relatively little
studied but may prove to be valuable for a variety of
applications in palacoecology and biomonitoring. Future
study of testate amoeba ecology is likely to provide
considerable new scientific insights.
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Group

Species probably included Type name used here

Large Arcella species (78—105 um), aperture bordered
by a shallow lip

Large Arcella (73-114 pum), pores around aperture are always
clearly visible

All non-spined Centropyxis tests with aperture offset from
center of test

All Centropyxis taxa tests with a variable number of spines

All Cyclopyxis species
Spined Euglypha tests

Large pyriform Nebela species (150-200 pum) with and without
keel

Pyriform and other small Difflugia
Pyriform to narrow ovoid, large Difflugia

Smaller flask-shaped Nebela, possibly including some
Hyalosphenia elegans where plates not clear

All Corythion and Trinema taxa, exclude T. lineare

Sub-ovoid or ovoid-globose Difflugia species

All Plagiopyxis species

Arcella discoides, A. rotundata, A. rotundat var. aplanata,

A. polypora, A. megastoma

Centropyxis cassis, C. aerophila, and C. platystoma

C. aculeata, C. gibba, C. spinosa and all subspecies of C.

Cyclopyxis arcelloides, Cy. kahli
Euglypha strigosa, E. compressa, E. ciliata

Nebela galeata, N. penardiana

Difflugia pulex, D. pristis and D. rubescens

N. lageniformis, N. minor, N. barbata, and Hyalosphenia

Corythion dubium, Trinema enchelys, Tr. complanatum and Tr.

D. urceolata, D. tuberculata, D. globulosa

Plagiopyxis callida and possibly other small Plagiopyxis

A. discoides type

A. catinus, A. arenaria A. catinus type

C. cassis type

C. aculeata type
aculeata

Cy. kahli type
E. strigosa type
N. penardiana type

D. rubescens type
D. oblonga, D. bacillifera D. oblonga type

N. wailesi type
elegans

Corythion-Trinema type
penardi

D. globulosa type

P, callida
species
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