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Tropical peatlands play an important role in carbon storage and in water regulation
on a landscape level. However, our understanding of their ecology and long-term
hydrological dynamics remains limited. Transfer functions, constructed on the basis
of biological indicators (proxies) with known ecological preferences, allow us to infer
past environmental conditions and serve as a basis for prediction of future changes in
peatlands. Here, we use testate amoebae to develop the first species- and functional
trait-based transfer functions for the Southeast Asia. This provides a valuable tool
for future reconstructions of past hydrological changes in tropical peatlands, their
development, and climatic changes. Surface samples for testate amoeba analysis were
taken in various biotopes along two transects across the Sungai Buluh peatland in
Central Sumatra. The following environmental characteristics were measured: water
table depth (WTD), light intensity, pH, total C and N concentrations. The analysis of the
surface samples revealed 145 morphotypes of testate amoebae belonging to 25 genera.
A significant fraction of the variance in testate amoeba morphotypes and functional
trait composition was explained by WTD and pH. The wide WTD range (0-120 cm)
seems more valuable for reconstruction than the extremely short pH gradient (2.5-3.8).
Thus, transfer functions were developed only for WTD, based on weighted averaging
model for morphotypes and multiple linear regression for functional traits. Both species-
and trait-based model have a predictive ability for WTD reconstruction. For traits, the
best performance of the model was reached by including five morphological traits:
shell width, aperture shape, aperture invagination, shell shape and shell compression.
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We discuss the ecology of several taxa and highlight the traits, which reflect hydrological
changes in this system. Though the hydrological preferences of some species are similar
to those in high and middle latitude peatlands, we argue that latitudinal differences in
morphospecies composition and variations in environmental relationships of species
require the development of region-specific transfer functions. Moreover, our results
indicate that ecological preferences of morphotypes within morphospecies also need
to be considered and included in future studies.

Keywords: water table depth, protists, shell size, training set, Hylaosphenia, indicator, peat-swamp forest,

hydrology

INTRODUCTION

Tropical peatlands play a crucial role in carbon sequestration,
regulating water resources and safeguarding rich biodiversity
(Page et al., 2011; Posa et al., 2011; Hapsari et al, 2017).
These peatlands, however, are vulnerable to climate changes
and threatened by their extensive conversion into agricultural
production systems (Page et al, 2011; Miettinen et al., 2012,
2013). About a century ago, Polak (1933) wrote that the study on
peatlands in the tropics was still at an early stage. This statement,
unfortunately, is still true to this day for the Asian tropics, in
particular for palaeoecological research in the region (Biagioni
et al., 2015). Facing the current changes, there is the pressing
need to study these “palaeoenvironmental archives” (Jackson and
Charman, 2010) to evaluate past environmental conditions and to
predict future changes of these ecosystems. However, crucial steps
in palaeoenvironmental reconstructions are the development
of a representative present-day organisms-environment training
set and the application of adequate numerical methods to
model the relationship between the occurrence and abundance
of recent organisms and their environment (Juggins and
Birks, 2012). Using these so-called transfer functions allows
a quantitative estimation of past environmental conditions.
Transfer functions have been frequently developed and applied
to predict temperature, precipitation, sea level, pH and water
table depth based on species composition of pollen, chironomids,
diatoms, and testate amoebae in lake and mire sediments across
many regions (Birks et al., 1990; Gehrels, 2000; Wilmshurst
et al.,, 2003; Charman and Blundell, 2007; Klemm et al., 2013;
Massaferro and Larocque-Tobler, 2013).

Testate amoebae are common organisms in many mires
and, due to their test (shell), they are often preserved in
peats (Swindles and Roe, 2007; Mitchell et al., 2008a).
Diverse shell morphological characteristics and prominent
environmental preferences make testate amoebae valuable
ecological indicators. Previous studies showed that species
composition of testate amoeba communities are controlled
by surface wetness (often estimated as water table depth),
pH, temperature and sea-level change (Charman, 2001;
Mitchell et al., 2008a).

A number of transfer functions have been developed based
on the relationship between testate amoebae and peatland
hydrology in the Northern Hemisphere. For summarised studies
on transfer functions from North America and Europe see,

for example, Amesbury et al. (2016, 2018). However, only few
transfer functions were developed for the Southern Hemisphere
(Wilmshurst et al., 2003; Swindles et al., 2014, 2018a; van Bellen
etal., 2014). In part, this might be due to the fact that information
on ecological preferences of testate amoebae in tropical peatlands
is extremely limited. However, data obtained from peatlands of
temperate and polar regions may not be applicable to low-latitude
peatlands (Charman, 1997).

Traditionally, the construction of transfer functions is species-
based, which is difficult if identification of the taxa is hampered
(Mitchell et al., 2014). Also, the environmental preferences of
many species are not well known and this restricts their use as
ecological indicators (Charman, 1997). Alternatively, ecologically
significant morphological and physiological functional traits
may serve as indicators of the environmental conditions the
organisms live in Fournier et al. (2015), van Bellen et al.
(2017), and Koenig et al. (2018). Thus, functional traits may
provide powerful links to ecosystem processes and help to
strengthen the transfer functions approach based on taxonomic
information only (Fournier et al., 2015; Lamentowicz et al., 2015;
van Bellen et al, 2017). In recent years, a new approach for
reconstructing past environmental conditions based on testate
amoeba functional traits has been developed and successfully
applied (for details, see Marcisz et al., 2020, submitted).
However, the approach still needs refinement and this applies
in particular to tropical peatlands. Therefore, this study aims
at (1) extending knowledge on testate amoeba communities in
Sumatra, (2) evaluating the relationships among testate amoeba
morphospecies, functional traits and environmental variables,
and (3) developing species- and trait-based transfer functions for
future palaeoecological reconstructions of hydrological regime.

MATERIALS AND METHODS
Study Site

The Sungai Buluh peatland is a protected forested swamp which
covers an area of 18,000 ha. It is located approximately 19 km
from the coastline and 30 km north-east of the city of Jambi in
Central Sumatra with an elevation ranging from 9 to 25 m above
sea level (Hapsari et al., 2017). From the geomorphological and
hydrological point of view, the peatland of Sungai Buluh is an
extensive coastal peat dome, which is delimited by two rivers
located to the east and west sides. The mouths of the rivers are
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located on the coast about 20 km north to the peatland and are
influenced by strong diurnal tides. Peat depths at the study site
(measured with the Peat Probe to the mineral layer) vary from
216 to 720 cm (mean 430 cm).

The Sungai Buluh area is covered with a secondary peat-
swamp forest, which has been regenerating after selective logging
in the 1960s and 1970s (Nurjanah et al, 2013). In 1997, El
Nifio related fires reduced the forest canopy (Tata et al., 2016)
so the seedlings of the tree species Shorea pauciflora and Dyera
polyphylla were planted in 2003 (Nurjanah et al, 2013). The
Sungai Buluh peatland is surrounded by agricultural fields and
plantations, for example, pulp wood Acacia spp. and oil palm
Elaeis guineensis (Melati et al., 2015).

The climate of the area is tropical humid. There is little
temperature variation throughout the year with mean annual
temperature of 26°C. The average annual precipitation in the area
is 2400 mm with a slightly drier season from June to September

(Aldrian and Susanto, 2003; Karger et al, 2016). The inter-
annual variability of rainfall is controlled by the El Nifio Southern
Oscillation (Aldrian and Susanto, 2003) and the Indian Ocean
Dipole (Saji et al., 1999). While the precipitation patterns of the
area are influenced by the Asian-Australian monsoon and the
Intertropical Convergence Zone (Saji et al., 1999).

Field Work

For the development of the training set, surface samples of
testate amoeba communities were collected along two transects
(NS and WE) across the peatland on August 3 - 6, 2016
(Figure 1). In total, 29 plots were laid out along the NS
transect (total length ~500 m) and 41 plots along the WE
transect (total length ~600 m). The distance between the
NS and WE transects was about 12 km. The NS transect
was located in the centre of the peatland and represented
the conditions typical for the internal part of the dome with

103.6°E

103.7°E
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103.8°E
M

1.1°S

1.2°S <

(B) WE transect

Jambi province

B study site (A)

Legend (A):
Il peat swamp forest
B agricultural land
[0 plantations
[ shrubs/bush/bare lands
B settlements
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others
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the sampling location. (D) Examples of some sampling locations.

FIGURE 1 | Map of the Sungai Buluh protected peat swamp forest (A) with studied WE (B) and NS (C) transects. Each point on the WE and NS transects indicates
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the deepest peat deposits, however, with a rapid change in
land use, this is no longer visible on the map (Figure 1).
On the other hand, the WE transect was located closer to
one of the rivers and represented the peripheral part of the
peatland characterised by minerogenic conditions. The most
common plant families were Myristicaceae, Dipterocarpaceae,
Anacardiaceae, Myrtaceae, Euphorbiaceaea. The most common
species were Myristica lowiana, Macaranga sp., Shorea rugosa,
Syzygium attenuatum, Dyera polyphylla, Gluta aptera (personal
observations). These species widely occur in natural swamp
rainforests of Southeast Asia and indicate successful restoration
measures at the protected forest (Graham et al., 2017). Both
locations were chosen because of their natural conditions
and accessibility.

The location of all 70 sampling plots was identified using the
GPS of a smart phone with connectivity to GLONASS, Galileo,
and Beidou location services (Aquaris X Pro model, BQ; for
sampling plot details see Supplementary Table 1). At each plot,
a sample of the top 50 mm litter/fermentation layer was taken
with a corer (diameter 50 mm) and used for testate amoeba
analysis and the determination of substrate water content, pH,
and concentrations of carbon (C) and nitrogen (N). The extracted
substrate of all samples was classified as tree litter, herbal litter,
rooted soils or pool sediments. The samples for testate amoeba
analysis were air dried (25°C) and stored at 4°C until analysis
(Mazei et al., 2015). At each plot, microrelief was classified as
pool, hollow, flat or hummock. The water table depths (WTD,
cm) was measured in relation to the peatland surface (negative
values denote submerged substrates) after augering with a corer.
The measurements were repeated several times until values were
stable. Light intensity (illuminance, lux) was determined using
a lux meter of the camera from the same smart phone used
for the GPS location (Gutierrez-Martinez et al., 2017). Despite
differences in day time of measurement (from 11 am until 3
pm), light intensity is generally driven by canopy cover and the
measurements, therefore, reflect light conditions at the sampling
sites. The characteristics of the sampling plots are presented in
Supplementary Table 1.

Laboratory Analyses

Substrate pH (CaCl,) was measured using a digital pH meter. For
measuring concentrations of C and N, aliquots of the substrate
were dried at 65°C for 72 h, milled and analysed using an
elemental analyser (Carlo Erba, Milan, Italy). Water content
of the substrate was determined gravimetrically (wet weight
percentage), for details see Supplementary Table 1.

Testate amoeba analysis was performed according to the
procedure described by Mazei et al. (2011). To facilitate
detachment of testate amoeba shells from litter, 4-6 g
air-dried material was placed in sterile tap water at 5°C
for 24 h. Then, the suspension was stirred for 10 min,
filtered through 500 wm mesh and left to settle at 5°C
for 24 h. The settled material was analysed at 200-400x
magnification using a light microscope (Zeiss Axiostar plus,
Germany). A minimum of 150 shells was counted for each
sample. Two samples were omitted from further analyses

because of low shell numbers, i.e, NS18 (0 shells) and
WE30 (17 shells).

Measurements of the Shell and

Functional Traits Assignments

Most individuals could be assigned to species (morphospecies),
others were listed as morphotypes, based on differences in
shell size (Hoogenraad and de Groot, 1940, 1942; Bartos, 1963;
Mazei and Tsyganov, 2006); for the taxa list see Supplementary
Table 2. Shell size measurements were done for each specimen
to assign it to a particular size class. If the size range (shell
length and shell width) corresponded to the original description
(see Authorship in the Supplementary Table 2), we assigned
this individual to morphospecies level; if the shell length or
shell width was variable, we assigned each individual into
morphotypes of known morphospecies with a precise indication
of the shell size for each of them and named them as “morph,
as shown in Supplementary Table 2. The total number of each
measured individuals of morphotype/morphospecies is shown
in Supplementary Table 2, see column named “Individuals,
found in all samples”.

The selection of functional traits of testate amoebae was
based on their ecological importance as indicated by previous
publications (Fournier et al., 2015; van Bellen et al, 2017;
Koenig et al., 2018). The initial list of functional traits included
the following characteristics: (1) shell length, shell width,
aperture size and biovolume (Gilbert et al., 1998), measured for
each found individual and for 150 shells for each sample, see
Supplementary Table 2; and (2) shell shape, shell compression,
shell composition, presence of mineral particles, aperture
position, aperture shape, aperture invagination, mixotrophy and
order-based phylogenetic group, taken from original descriptions
(see Supplementary Table 2, column Authorship). All qualitative
characteristics were categorised into two to six categories
(Supplementary Table 2). Briefly, for shell shape six categories
were defined: circular, oviform, pyriform, oviform/elongate,
oviform/pyriform and flask-shaped. For shell compression-
six categories: very compressed, compressed, sub-spherical,
hemispherical, spherical/cylinder and spherical. For shell
composition-six: proteinaceous, siliceous, agglutinate/mineral,
agglutinate/siliceous, agglutinate/mineral/siliceous, and
calcareous. For mineral matter presence-two categories:
present and absent. For aperture position-three: terminal, sub-
terminal and central. For aperture shape-six: oval, oval/circular,
circular/irregular, circular, irregular and slit-like. For aperture
invagination-three: invaginated, not-invaginated and slightly
invaginated. For mixotrophy-two: no and yes. For order-four:
Arcellinida, Amphitremida, Euglyphida and Gromiida. Some of
the traits, e.g., shell size, shell compression, aperture position
were assumed to reflect substrate wetness conditions and
represent adaptations to wet or dry conditions (Fournier et al.,
2015; van Bellen et al., 2017), whereas shell composition (more
siliceous or more proteinaceous) may indicate pH or C/N ratio,
i.e.,, the nutrient status of the environment (Mitchell et al.,
2008b). The abovementioned functional traits were determined
for each morphotype and combined in data frame for subsequent
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calculations (Supplementary Table 2). For details on the
occurrence of each trait in the samples see Supplementary
Table 2. For previously undescribed morphotypes, measurable
(quantitative) characteristics were assessed, non-measurable
(qualitative) were taken from the known genus level after visual
validation under the microscope.

Data Analyses

All calculations and statistical analyses were performed in R
(R Core Team, 2018). Based on the traits, community weighted
means (CWMs) were calculated for each sample, reflecting the
functional composition, expressed as the mean trait value of
species present in the community weighted by their relative
abundance for quantitative traits (shell length, shell width,
biovolume, aperture size), or the relative abundance of all
taxa with the respective trait for qualitative traits (Laliberté
et al., 2014). Effects of environmental variables (substrate type,
microrelief, WTD, water content, pH, C-to-N ratio, and light
intensity) on the morphotype and functional traitcomposition
of testate amoeba communities were analysed using redundancy
analysis [RDA and CWM-RDA, see Kleyer et al. (2012)] in the
vegan package (Oksanen et al., 2017). Environmental parameters
affecting the community composition were selected using
the forward selection procedure with the function “ordistep”
(package vegan). Variation partitioning was performed for the
selected environmental parameters in order to estimate the
contribution of each variable to the variation in community
composition. The traits with the strongest linkage to WTD were
selected for building the trait-based transfer functions based on
their scores in RDA. A Monte Carlo permutation test (1000
iterations) was used to test the significance of the models. The
relationships between quantitative environmental variables were
estimated with Spearman’s rho statistic (rank-based measure of
association; function “cor.test”).

Transfer functions were constructed using the main
calibration methods used in palacoecology: weighted averaging
(WA), weighted averaging with tolerance down weighting (WA-
Tol), where high-tolerance species are assigned lower weights
than low-tolerance species to reduce their contribution to the
model, partial least squares (PLS) and multivariate regression
(MR) in rioja package (Juggins, 2017). Model performance
was evaluated using leave-one-out (LOO) and bootstrapping
(n = 1000) cross validation techniques. The best models were
selected using the coefficient of determination (R?), the root
mean square error of prediction (RMSEP) and maximum
bias. The estimation and visualisation of morphotype optima
and tolerances for the selected environmental variables was
performed with the function “caterpillar” in the package analog
(Simpson, 2007).

RESULTS

General Observations

The summary statistics of the measured environmental variables
along the studied transect is presented in Table 1 and in
Supplementary Figure 1. The overall range of the WTD values

TABLE 1 | Summary statistics of the measured environmental variables along NS
and WE transects.

Mean SD Min Max
Transect NS WE NS WE NS WE NS WE
WTD, cm 24 86 11 13 -12 66 48 120
Water content, % 725 66.6 5.4 6.2 592 533 826 77.2
pH value 2.9 3.1 0.3 0.2 25 28 3.8 3.6
C-to-N ratio 277 240 29 23 231 195 355 29.5
Light intensity, lux 1964 2972 3175 3043 120 248 13785 11193

varied from —12 to 120 cm (mean value 61.7 cm, SD = 32.5 cm)
and was characterised by a bimodal distribution with peaks at
around 25 and 75 cm. The overall correlation (Spearman rho
value) between WTD and surface water content was —0.60 and
was greater along the NS transect (—0.76) as compared to WE
transect (—0.33), which was due to the fact that the WE transect
was generally drier and WTD therefore less affected surface
water content. Both variables were included in further analyses
to evaluate their effects on testate amoeba communities. The soils
were generally very acid with the pH varying from 2.5 to 3.8.
Most of the sites were located under dense canopy cover with a
light intensity <5000 lux. The C-to-N ratio of the substrate varied
from 19.5 to 35.5.

In total, 10,217 shells were counted and assigned to 145
morphotypes of testate amoebae belonging to 65 morphospecies
and 24 genera (Supplementary Table 2). The most abundant
morphospecies were Hyalosphenia subflava (morph 2 - 15.6%
of total counts, morph 1 - 11.6%, morph 4 - 9.1%, morph 5 -
3.1%), Hyalosphenia minuta (9.6%), cf. Cyclopyxis eurystoma v.
parvula morph 2 (9.0%), cf. C. eurystoma v. parvula morph
1 (5.9%). These morphospecies were the most common and
were observed in more than 85% of the samples. Thirty-
two morphospecies were present in one sample only with the
maximum relative abundance per sample rarely exceeding 2.0%
except for Trinema complanatum v. globulosa (maximum relative
abundance per sample 13.0%).

Effects of Environmental Variables on
Morphotype and Functional Trait
Composition

Redundancy analysis of morphotypes composition indicated that
the environmental variables (substrate type, microrelief, WID,
substrate water content, pH, C-to-N ratio and light intensity)
explained 29.6% (R?) of the total variance (pseudo-F = 2.4,
p < 0.001, df = 10,56). Forward selection procedure identified
WTD and pH as the most important environmental variables
explaining 14.0% (pseudo-F = 11.1, p < 0.001, df = 1,64) and
3.4% (pseudo-F = 2.7, p = 0.02, df = 1,64) of the total variation
(Figure 2). Most of the taxa were generally associated with wet
acidic biotopes. Surprisingly, the morphotypes of H. subflava
showed opposite relations to WTD, i.e., morph 1 and 2 were
positively related to WTD, whereas morph 3, 5, 7, and 10
were negatively related to WTID. H. subflava morph 4 showed
little correlation to WTD in general. Morphotypes Cyclopyxis
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FIGURE 2 | Ordination diagrams based on the result of RDA showing the variation in morphotype composition (unscaled data) of testate amoeba communities in
surface samples from the Sungai Buluh peatland in response to environmental variables. (A) Sample scores: the polygons encircle samples from the same transect
(NS or WE); symbol colour denotes the microrelief (black — hummock, dark grey — flat, light grey — hollow, white — pool), symbol shape denotes the substrate type
(circle — herbal litter, square — pool sediments, diamond — rooted soil, triangles — tree litter). (B) Species scores (only values > [0.04| with at least one of the axes are
shown). The number in parentheses is the proportion of the total variance explained by the axis. Significant environmental variables (WTD and pH) are shown in bold.
WTD, for water table depth; CN, for C-to-N ratio; Light, for light intensity. For species abbreviations, see Supplementary Table 2.

RDA1 (17.9 %)

eurystoma vs. parvula morph 1, Trinema enchelys morph 1
preferred biotopes with the upper range of pH value.

For functional traits, CWM-RDA showed similar results. The
full model constrained by all environmental variables (Figure 3)
explained 20% (R?) of the total variance in functional traits
composition (pseudo-F = 1.41, df = 10, 56, p = 0.041). Forward
selection showed that both pH and WTD should be retained
for the parsimonious model, but the WTD (R? = 2.8%, pseudo-
F = 193, df = 1, 64, p = 0.048) explained less than pH
(R? = 5.3% pseudo-F = 3.71, df = 1, 64, p = 0.009). Based on
the functional trait scores in the RDA, the strongest association
with the WTD were detected for biovolume (—0.55), shell length
(—0.48), oval/circular aperture (—0.45), shell width (—0.44) and
sub-spherical shell compression (—0.26), i.e., in drier locations
shells were smaller, sub-spherical, with oval/circular apertures
(Supplementary Table 3). In addition, positive relationships
with WTD were determined for oviform/elongate shells (0.35)
and slightly compressed shells (0.32), i.e., they were dominating
in drier locations. A number of functional traits (shell length,
shell width, biovolume, oviform and elongated shell shapes and
oval/circular aperture shells) were related to pH, even though
it varied in a small range along the transects (for details,
see Supplementary Table 3). No significant correlations were
detected between any of the functional traits and light intensity,
presumably because the abundance of mixotrophic species was
very low (single occurrences in few samples), see Figure 3. All
the above-mentioned traits related to WTD were selected for

the transfer function development. The relationships between the
selected functional traits and WTD were generally linear, except
for shells with slightly invaginated aperture (Supplementary
Figure 2). Shell width, shell length and biovolume are not
independent of each other (intercorrelated traits, see Figure 3 and
Supplementary Table 3), and therefore we tested several models
with different combinations of these traits.

Morphotype- and Trait-Based Transfer

Functions

For morphotypes, the best performing transfer functions are
shown in Table 2 (for the other models see Supplementary
Table 4). The inverse weighted averaging model (68 samples,
143 morphotypes) showed the best performance according to
the cross-validation methods (Figure 4). Depending on the
cross-validation method, R* varied between 70 and 71% and
RMSEP varied between 17.7 and 18.7 cm. After screening
for outliers (Figure 4), the samples with a residual greater
than 25 cm (absolute value) were removed (Supplementary
Table 5). This improved the performance of the transfer
function (R*> = 77%, RMSEP = 15-16 cm, 63 samples, 139
morphotypes, WID range 0-120 cm, SD = 31.4 cm). Tolerance
and optimum values for the 87 morphotypes of testate amoebae
were analysed and plotted in Figure 5. The functional traits
were generally characterised by linear relationships to WTD
and therefore were better modelled by multiple regression
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(MR) (Supplementary Table 6). Nonetheless, the performance
of MR model for functional traits was weaker as compared
to the WA inverse for morphotypes even after the removal
of outliers with the residuals greater than 40 cm (absolute
values; Table 2).

DISCUSSION

Testate Amoeba Communities in the
Sungai Buluh Peatland

In the studied peatland we found 145 taxa from 25 genera in the
70 samples taken (Figure 6). This is similar to other ecosystems
in Jambi Province, including rainforests and agricultural lands,
where about 150 taxa were found in litter samples (Clough
et al., 2016; Krashevska et al, 2016), and similar to moss
samples in Java where about 126 taxa were found (Bartos, 1963).
Many of the recorded morphospecies do have a cosmopolitan
distribution. However, the variability in the morphological
characteristics of the shell was unusually high in a number of
these morphospecies. One of the most dominant and variable
morphospecies was H. subflava, suggesting that it forms a species
complex (Figure 7). Shell length of H. subflava ranged from 40
to 105 wm and shell width from 32 to 75 wm. We identified
17 morphotypes in this morphospecies and these morphotypes
represented about 50% of the total number of individuals of
testate amoebae in our samples. This great variability, to the

best of our knowledge, has not yet been documented for any
other Hyalosphenia in higher latitude ecosystems, but regularly
reported for other tropical regions, including Indonesia, Peru,
and Panama (Hoogenraad and de Groot, 1942; Biagioni et al.,
2015; Krashevska et al., 2016; Swindles et al.,, 2016, 2018a).
H. subflava has been generally considered as an indicator of
dry conditions in high- and mid-latitude peatlands (Charman
et al., 2000). However, our study shows that, in tropics, this
abundant and morphologically variable species may form a
species complex comprising of morphotypes which differ in
ecological preferences (see “Relationships of Testate Amoeba
Morphospecies and Traits With Environmental Variables”). The
second dominant morphospecies was a cosmopolitan species
cf. C. eurystoma v. parvula (Figure 6C), which also showed
variability in the shell length and potentially represented a
species complex. It is noteworthy that the morphological
differences between C. eurystoma v. parvula and Phryganella
acropodia are difficult to detect with light microscopy. Therefore,
these morphospecies should be treated with caution, especially
while comparing different studies, and interpreting their
indicator value.

The most diverse genus was Centropyxis with about 28
morphotypes, however, it represented only 1.9% of the total
abundance of testate amoebae. We did not find any species
restricted to the Southern Hemisphere that is in contrast
to the study of Hoogenraad and de Groot (1940), which
reported Apodera vas, a typical Southern Hemisphere species,
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TABLE 2 | Performance statistics for the morphotype- and trait-based transfer functions (weighted averaging (WA) and multiple regression (MR) models) for

reconstruction of water table depth.

Apparent Leave-one-out Boot-strap
Model RMSE R? Max Bias RMSEP R2 Max Bias RMSEP R2 Max Bias
Morphotype-based, full training set (68 samples, 143 morphotypes)
WA inverse 14.6 0.80 29.9 17.7 0.71 36.1 18.7 0.70 38.3
WA classical 16.4 0.80 20.5 18.2 0.71 27.9 18.8 0.71 31.6
WA-Tol inverse 16.3 0.75 40.8 19.2 0.66 32.0 23.7 0.68 34.7
WA-Tol classical 18.8 0.75 32.0 21.4 0.66 26.8 25.7 0.68 29.4
Morphotype-based, screened training set
(samples with residuals >25 cm absolute values were removed; 63 samples, 139 morphotypes)
WA inverse 11.8 0.86 20.9 15.0 0.77 41.1 16.0 0.77 41.6
WA classical 12.8 0.86 15.0 14.9 0.78 38.4 15.7 0.77 39.3
WA-Tol inverse 15.3 0.76 38.4 20.0 0.59 38.8 23.3 0.66 45.4
WA-Tol classical 17.5 0.76 311 20.9 0.59 33.4 245 0.66 42.9
Trait-based, full training set (68 samples, 5 functional traits)
MR 25.0 0.41 47.5 28.4 0.27 50.1 28.4 0.27 50.1
Trait-based, screened training set (samples with residuals >40 cm absolute values were removed; 62 samples, 5 functional traits)
MR 18.0 0.67 27.5 21.2 0.56 33.8 23.1 0.56 34.4

The best performing models are shown in bold.

in the Kerinci mountains in Sumatra. However, we also
found some endemic species such as C. minuta with an
elliptic aperture (Bartos, 1963), Jungia sundanensis ct. ovoidalis,
J. intermedia as well as cf. Trigonopyxis microstoma, which
was also characterised by a pronounced shell variability
(Figure 6). Surprisingly, we found only two shells of Archerella
flavum and A. jollyi, which are very common in high
latitude peatlands, but very rare in peatlands in New Zealand
and absent in other peatlands of the Southern Hemisphere
(Charman, 1997; Charman et al, 2000; van Bellen et al.,
2014). Further, twelve taxa could not be determined to
the morphospecies level, and twelve taxa were ambiguous,
therefore they were signed as similar to the ones known
(cf.), see Figure 6.

Relationships of Testate Amoeba
Morphospecies and Traits With

Environmental Variables

From all measured environmental variables, only WTD
and pH explained a significant fraction of the variation in
morphotype composition. For the development of transfer
functions, WTD with its wide range (from 0 to 120 cm)
seems to be more appropriate than pH with its restricted
variation (from 2.5 to 3.8). Further, our study once again
showed that the substrate water content is inferior to the
WTD in explaining community composition of testate
amoebae (Charman and Blundell, 2007; van Bellen et al,
2014). This can be explained by a greater stability of
WTD in comparison to surface wetness. Supporting the
suggestion of Swindles et al. (2018a), our results underline the
sensitivity of testate amoebae to hydrological fluctuation in
tropical ecosystems.

The wet localities at our study site were dominated by C. cf.
aculeata oblonga morph 3, C. kahli, C. cf. aplanata microstoma
morph 1, cf. T. microstoma and Spenoderia lenta morph 1.
Similarly, C. aculeata have been suggested to indicate wet
conditions in other regions (Swindles et al., 2018a,b). C. aculeata
WTD optima, ranging between 20 and 30 cm, were similar to
those from Continental Canada (Charman and Warner, 1992),
West Russia (Bobrov et al., 1999) and Panama (Swindles et al.,
2018a). Thus, for wet indicators such as C. aculeata, which
are well known from the Northern Hemisphere, we confirm
their value as an indicator of wet conditions in tropics. In
addition, the WTD optimum of S. lenta at our study site
(27.4 cm) was similar to that reported from a bog in Continental
Canada [22.4 cm; Charman and Warner (1992)] and Patagonian
peatlands in the Southern Hemisphere [ca. 32.0 cm; van Bellen
et al. (2014)]. In contrast to the well-known and globally
distributed C. aculeata, little is known about the ecology of rare
species such as cf. T. microstoma (Figure 6P). T. microstoma
has only been recorded from southern Patagonia (Argentina
and Chile), Ecuador, Vietnam and New Zealand. The WTD
optimum for this species has only been reported from south
Patagonia (15 cm), which is similar to 20 cm optimum of
smaller morphotype of cf. T. microstoma morph 1 (Hoogenraad
and de Groot, 1948; Bartos, 1963; Zapata et al., 2008; Bobrov
et al., 2010; Krashevska et al., 2012; van Bellen et al., 2014). We
suggest considering cf. T. microstoma as an indicator for of wet
conditions. Notably, for our individuals of cf. T. microstoma,
the shell-to-aperture ratio was lower (4.6) compared to the
originally described ones (8.2) by Hoogenraad and de Groot
(1948), therefore this morphospecies may well be classified
as a new species.

Dry locations in the studied peatland were dominated by
a number of morphospecies of Trinema and Euglypha, which
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is in line with the results of the studies from North America
and Europe (Charman et al., 2000). Notably, preferences for
WTD depended on the size of the morphotypes, i.e., shells were
larger in wetter locations. For example, T. arcula with large
shells (130 pm) had a WTD optimum at 40.8 c¢cm, whereas
smaller morphotypes (95 um) had their optimum at 63.9 cm.
Similar patterns were observed by Schulz et al. (2018) in
another tropical region, Ecuadorian Andes, showing that the
shells of T. arcula were smaller in habitats characterised by low
precipitation and low water availability. The WTD optima of
the two smaller morphotypes of T. arcula (morph 1 and morph
2) were similar to the previously reported values (60 cm) in
the Jura Mountains (Mitchell et al., 2001). Furthermore, the
shell size of Trigonopyxis morphotypes with irregular aperture
(similar to T. arcula major; Figure 4) decreases from 95 to 84
to 64 m parallel to the increase in WTD optimum from 32.7 to
69.7 to 76.6 cm.

The WTD optima of the most abundant morphospecies
H. subflava ranged from 27.5 to 74.1 cm. Small morphotypes,
such as H. subflava morph 1 and morph 2, dominated in dry

locations, whereas larger H. subflava morph 3, 5, 7, and 10
were abundant in wet locations. Previous studies suggested the
WTD optimum of for H. subflava is 14.9 cm in peatlands of
New Zealand (Charman, 1997) and 59.0 cm in bogs of the
Jura Mountains in Switzerland (Mitchell et al., 2001). Thus,
the indicator value of H. subflava needs to be reconsidered
for tropical regions. Different optima of the morphotypes of
H. subflava in the studied peatland indicate strong sensitivity
of these taxa to WTD fluctuations. Therefore, we assume that
the large variation in shell size of H. subflava, i.e., the co-
existence of morphotypes differing in shell size in the studied
peatland, is an indicator of an unstable hydrological regime.
This is in line with the observation of Sullivan and Booth
(2011) and Swindles et al. (2014) showing that some taxa,
including H. subflava, are more abundant at more variable
hydrological conditions.

For the second most abundant species complex, cf.
C. eurystoma v. parvula morph 2 and morph 3, WID optima
varied from 53.2 to 62.2 cm and for cf. C. eurystoma v. parvula
morph 1, the WTD optimum was at 75.9 cm. In comparison,
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FIGURE 6 | Some taxa found in the samples. (A) Centropyxis constricta, (B) Centropyxis aerophila morph 1, (C) cf. Cyclopyxis eurystoma v. parvula morph 2,

(D) Centropyxis aculeata oblonga morph 2, (E) Difflugia penardi morph 1, (F) Centropyxis aculeata oblonga morph 1, (G) Arcella arenaria v. compressa,

(H) Heleopera sylvatica, (l) Euglypha rotunda, (J) Tracheleuglypha dentata morph 2, (K) Trigonopyxis sp1 morph 3, (L) Trigonopyxis arcula v. major, (M) Cyclopyxis
sp1 morph 1, (N) Cyclopyxis sp1 morph 2, (O) cf. Cyclopyxis eurystoma f. alta, (P) cf. Trigonopyxis microstoma morph 1, (Q) Centropyxis aculeata morph 2,

(R) Difflugia angulostoma, (S) Padaungiella tubulata morph 1, (T) Padaungiella wailesi morph 1, (U) Trinema complanatum morph 2, (V) Jungia sundanensis cf.
ovoidalis, (W) Archerella flavum, and (X) Centropyxis platistoma morph 2. For taxa details, see Supplementary Table 2. Scale bares = 10 um. Image A-O by F.
Siemensma, P-X by A.S. Esaulov.

the optima of cf. C. eurystoma v. parvula in ombrotrophic and In our samples we found representatives of the genera
minerotrophic peatlands of the southern taiga of West Siberia  Pyxidicula and Microchlamys as well as species Tracheleuglypha
were estimated as 27.6 cm and 6.9 cm, in the peats with WID  dentata, Centropyxis ecornis and Nebela collaris, which are known
range of 0 to 46 cm (Kurina and Li, 2019). to preferentially inhabit rich fens (rich in calcium, with pH range
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FIGURE 7 | Examples of different Hyalopshenia subflava morphotypes with a shell length of 40 to 105 wm from one location (NS13). Image by F. Siemensma.

from 6 to 8, but nutrient-poor), while in poor fens (nutrient
poor, slightly acidic) and bogs they have not been recorded
(see Marcisz et al.,, 2020, submitted). However, pH values in
the studied peatland were very low (indicating ombrotrophic
conditions), but C-to-N ratio of the substrate was low too,
potentially indicating slightly minerotrophic conditions at least
at some sampling points (Andersson et al., 2012). Such sites
are typically characterised by the absence or low abundance of
mixotrophic testate amoeba species (Jassey et al., 2014).

Again, we want to emphasise that some of the studied
testate amoeba taxa have similar hydrological preferences across
the globe, whereas others do not. Documentation of these
differences, as well as the preferences of rare species with
restricted geographical distribution, and the survey of species
in underrepresented in literature tropical regions needs more
attention. Further, species complexes, such as Trigonopyxis and
Hyalosphenia, should be investigated in more detail including
morphological and genetic traits potentially related to their
hydrological preferences that may explain their wide range of
hydrological tolerance.

Similar to morphotypes, only WTD and pH explained a
significant fraction of the variation in the selected functional
traits composition. Shell length, shell width and shell biovolume
(which all were correlated) showed the strongest negative
correlation with the WTD. In line with the results of our
study, the predominance of smaller shells of testate amoebae at
higher WTDs was shown in a field manipulation experiment
(Koenig et al, 2018). Furthermore, testate amoebae with
oviform/elongate shells dominated in dry biotopes, while sub-
spherical testate amoebae (shell compression) and those with
oval/circular aperture (aperture shape) were common in wet
locations. This is similar to other studies, which showed that
compressed shells and shells with small aperture preferentially
occurred in dry habitats (Fournier et al., 2016; van Bellen et al,,
2017; Koenig et al., 2018). By contrast, aperture position, presence
of mineral particles on shell surface or mixotrophy did not

correlate with WTD, with the latter being barely surprising as
the abundance of mixotrophs was low (Lamentowicz et al., 2015;
van Bellen et al., 2017).

Morphotype- and Trait-Based Transfer

Functions

Both leave-one-out and bootstrap cross-validation provided
relatively low model performance for the WTD transfer function
based on morphotype data (RMSEP varied from 15 to 16 cm). By
comparison, earlier studies on WTD transfer functions based on
testate amoeba species showed RMSEP in the range of 2-8 cm
(Payne and Mitchell, 2007; Booth et al., 2010; Swindles et al.,
2018a). The wide range of WTD values in our study (0 to 120 cm)
may explain this difference (van Bellen et al., 2014). The WTD
gradient investigated in this study was 50% or even much wider
than in most published training sets, e.g., over 60 cm in the study
of Booth et al. (2010) and over 15 cm in the study of Payne and
Mitchell (2007). Moreover, the RMSEP of our study is similar to
that reported by van Bellen et al. (2014) (RMSEP 13 - 14 cm)
in the ombrotrophic bogs in southern Patagonia which were
characterised by a wide WTD range (0-104 cm). Notably, taking
into account the WTD range, the relative errors in our study
site (12.5-13.3%) showed values similar to the above-mentioned
studies (11.5-14.5%), irrespective of the region. Thus, despite the
high value of RMSEP in our study, the predictive power of WTD
still remains at the same scale.

Weighted averaging resulted in the best model performance
for the morphotype transfer function, whereas multiple
regression gave the best model performance for functional traits.
However, the trait-based transfer function provided lower model
performance as compared to the morphotype-based one. The
best RMSEP of 20.7 cm was obtained by including five traits in the
model, i.e., aperture shape (oval/circular), aperture invagination
(slightly invaginated), shell shape (oviform/elongate), shell
compression (sub-spherical) and shell width. Among the traits
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related to the shell size, the shell width had a greater predictive
power than others (Supplementary Table 6), even though shell
width could probably be more casually related to the substrate
wetness reflecting the width of the substrate pores. However, shell
length may be a better indicator if used as intraspecific rather
than interspecific trait, e.g., in Trigonopyxis and Hyalosphenia.
Size stability in some species and variability in others may reflect
the polyphyletic nature of testate amoebae, when shifts in shell
size could have evolved differently in each lineage. Similarly, in
oribatid mites it has been shown that phylogenetic signal of the
body size and shape in some clades evolved independently several
times but was conserved in others (Schaefer and Caruso, 2019).

Overall, RMSEP values of morphotype-based model (15-
16 cm) and trait-based model (20.7 cm) are lower than
the standard deviation of WTD in the studied peatland
(33.4 cm), reflecting the predictive power of both transfer
functions. The 4 cm difference in RMSEP between the
morphotype- and the trait-based models is rather small
considering the wide range of WTD (0-120 cm) in the
studied peatland. The results of this study show that both
morphotype-based and trait-based WTD transfer functions
enable reliable reconstruction of palacohydrological conditions
in the study area, confirming the applicability of the trait-
based approach. Thus, our weighted averaging transfer
function will allow the first quantitative WTD reconstructions
from a peat swamp in Central Sumatra. The trait-based
reconstruction may be used to predict ecological preferences
of unknown, rare or difficult for identification taxa. Moreover,
considering that many morphospecies cannot be accurately
determined taxonomically, the trait-based transfer function
may provide additional realistic information avoiding
inaccuracies due to identification errors and changing
taxonomic affiliations.

CONCLUSION

The results of the present study contribute to the knowledge
on testate amoebae in tropical ecosystems and indicate that
for the development of transfer functions the ecological
preferences of morphotypes within morphospecies also need to
be considered and included in future studies. Moreover, there
is an urgent need to fill the knowledge gap on geographical
variations in the indicator value of cosmopolitan species to
allow better palaeoecological reconstructions. Unfortunately,
with few exceptions (Swindles et al., 2014, 2018a), transfer
functions have only been established for European and North
American peatlands until today. Overall, this study has presented
the first testate amoebae transfer functions for reconstructing
hydrological regime in the Southeast Asia and the third one based
on functional traits. Our investigation also provided new insight
into ecological preferences of a number of testate amoebae in
tropical peatlands. Although hydrological preferences of some
morphospecies were similar to those in high and middle latitudes,
latitudinal differences in morphospecies and variations in
environmental relationships of species require the development
of region-specific transfer functions. Further, we intend to study

subfossil testate amoebae from the Sungai Buluh peatlands
and apply the developed transfer functions to reconstruct the
palaeohydrological dynamics of peatlands in Sumatra with
the scope to understand peat swamp ecosystem hydrological
dynamics during the Holocene.
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