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Abstract: Paleoecological reconstructions of hydrological regimes in tropical peatlands during the
Holocene are important for the estimation of their responses to changing environments. However,
the application of some widely used proxies, such as testate amoebae, is hampered by poor
knowledge of their morphology and ecological preferences in the region. The aim of this study is to
describe the morphospecies composition of sub-fossil testate amoebae in deposits of a tropical peat-
land in Central Sumatra (Indonesia) during the Holocene and reconstruct the hydrological regime
using morphospecies- and functional-trait-based approaches. In total, 48 testate amoeba morphos-
pecies were observed. Based on morphospecies composition, we distinguished three main periods
of peatland development (13,400-8000, 8000-2000, 2000 cal yr BP-present). The application of the
morphospecies-based transfer function provided a more reliable reconstruction of the water regime
in comparison to the functional trait-based one. The weak performance of the latter might be related
to the poor preservation of shells and the greater variation in the functional traits in sub-fossil com-
munities as compared to the training set and linear modeling approach. These results call for future
studies on the functional and morphospecies composition of testate amoebae in a wider range of
tropical peatlands to improve the quality of hydrological reconstructions.

Keywords: transfer function; water table depth; protists; mires; Sungai Buluh peatland;
weighted-averaging; multiple regression
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1. Introduction

Peatland ecosystems are regarded as highly important by both ecologists and climate
scientists due to their essential role in the regulation of the local and regional water bal-
ance and their high capacity for carbon storage [1]. Recent studies indicate that tropical
peatlands cover 23-30% of the total peatland area in the world, i.e., 90 to 170 Mha [2-4],
which is much greater than the previous estimates of 36-44 Mha [5-7]. This substantial
increase in the tropical peatland area is related to new discoveries of large peatlands in
remote locations with low accessibility [8,9]. While high- and mid-latitude peatlands and
peat-forming ecosystems have been investigated extensively, tropical peatlands remain
poorly studied, especially with respect to their origin, development, main environmental
drivers, links to climatic forces, and resilience to anthropogenic impacts [10,11]. This sub-
stantial area (21 Mha) of tropical peatlands is located in Southeast Asia [2], mainly in In-
donesia (13.43 Mha), where they generally cover the coastal regions of the islands Sumatra
and Borneo [5]. Available paleoecological studies [10,12] have shown the importance of
sea-level change and rainfall in the formation and development of these peatlands and
peat swamp forests. However, despite the fact the hydrological regime is one of the main
factors affecting peatlands, which also determines the storage and flux of carbon in these
ecosystems, it has been rarely reconstructed in paleoecological studies on tropical peat-
lands.

Among the proxies for the reconstruction of the hydrological regime in peatlands,
peat humification, hydrogen isotopes [13], and testate amoebae have great potential in
tropical settings [14-16]. Testate amoebae are a diverse polyphyletic group of free-living
eukaryotic microbes that are characterized by the presence of an external shell [17]. They
form species-rich and abundant communities in soils, mosses, and aquatic environments
worldwide, being especially diverse in tropical regions [18-21]. The species composition
of the testate amoeba communities in peatlands is strongly controlled by surface wetness
(usually estimated as water table depth, WTD) [22]. Furthermore, testate amoeba shells
are well preserved in peat deposits, which makes them a good proxy for the reconstruc-
tion of the hydrological regime. In recent years, a number of transfer functions have been
developed to perform a quantitative reconstruction of WID based on morphospecies
composition of sub-fossil testate amoeba communities in peat, but their application has
mostly been limited to high- and mid-latitude peatlands [23-26]. An application of this
approach to tropical peatlands was hampered by poor knowledge of morphology and
ecological preferences of testate amoebae in this region. Only a few studies used testate
amoeba for paleoecological reconstructions or the development of transfer functions in
the tropical peatlands, e.g., montane peatlands in Hawaii and Columbia [15,16], lowland
Amazonian peatlands [27-29], and Indonesian peatlands [11,20]. However, recently, a
functional trait-based approach has been developed in the application of testate amoebae
that might help to overcome the limitations of the morphospecies-based transfer functions
related to incomplete regional taxa inventories [30,31].

Functional traits have been defined as the key characteristics of an organism that de-
termine its fitness or performance [32] and were originally used to gain a mechanistic un-
derstanding of key processes in community ecology [33]. This approach was later adopted
for paleoecological studies on plant macrofossils and pollen and explored the response of
life-history traits to climatic and environmental changes [34,35]. The trait-based approach
appeared to be particularly useful in application to testate amoebae [36], in both contem-
porary [37,38] and paleoecological settings [30,39-43]. Two functional-trait-based transfer
functions [20,31] were developed for the reconstruction of surface wetness in peatlands of
the Southern Hemisphere, where data on species diversity of testate amoebae are partic-
ularly scanty. The main aim of this study is to describe the species composition of sub-
fossil testate amoebae in peat deposits of a tropical peatland in Central Sumatra (Indone-
sia) during the Holocene and reconstruct the hydrological regime using species and func-
tional trait approaches. Here, we use recently developed transfer functions [20] based on
species and functional traits of modern testate amoebae in the Sungai Buluh peatland.
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2. Materials and Methods
2.1. Study Region

The Sungai Buluh peatland is in the Jambi province, Sumatra, Indonesia (Figure 1a).
Harboring around 700,000 ha of peatland, Jambi is currently the province with the third
largest peatland area in Sumatra [5]. The region is characterized by a tropical-humid cli-
mate with a mean annual temperature of around 26-27 °C and a mean annual precipita-
tion of 2400 mm [44]. Throughout the year, temperature varies insignificantly, and the
drier season generally lasts from May to September [44]. The precipitation patterns of the
region are influenced by the Asian—Australian monsoon and the Intertropical Conver-
gence Zone (ITZC; [45]), while its interannual rainfall variability is controlled by El Nifio
Southern Oscillation (ENSO; [44]) and the Indian Ocean Dipole (IOD; [45]). The main river
of Jambi is The Batang Hari, which flows throughout the province.
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Figure 1. Map of the study region (a) and the location of the study site (b). SBB—Sungai Buluh
peatland, PSF—peat swamp forest.

2.2. Study Site

The study site (Sungai Buluh peatland) is a secondary peat swamp forest (area 18,000
ha) located approximately 30 km northeast of the city of Jambi and 19 km from the coast-
line (Figure 1b). 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 lo-
cated to the east and west sides. The present tree cover is generally formed by Shorea pauci-
flora, Dyera polyphylla, and Gonystylus bancanus and has been regenerating since the selec-
tive logging activities in the 1960s and 1970s and enrichment planting in 2003 [46]. The
ENSO-related fires also reduced the peat swamp forest canopy of Sungai Buluh in 1997
[47]. The area surrounding the Sungai Buluh peatland has been converted to agricultural
fields and plantations (e.g., Acacia pulp woods and oil palm [48]). The water table in the
peatland fluctuates from 0.0 to 0.7 m (with a mean value of 0.3 m) below the peat surface
[49]. The Sungai Buluh peatland is located approximately 28 km north of the remnant of
the ancient kingdom in Sumatra, the Malayu Empire. The temple complex of Muara Jambi
covers around 12 km? and dates to the period of the 9-14th centuries. The complex was
located on the banks of the Batang Hari River and served as the capital of the Melayu
Empire [50,51]. The deposits of the Sungai Buluh have been previously used for studying
the dynamics of environmental and peat carbon accumulation [49] and peatland resilience
to anthropogenic disturbances [52].
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2.3. Peat Sampling

Peat deposits (SB-B peat core, a total length of 350 cm) from the Sungai Buluh peat-
land (1.236111°S 103.62°E; 18 m a.s.l.) were extracted with a closed D-chamber corer (a
diameter of 5 cm) in 2013 [53]. The deposits were described following the Southeast Asian
peat classification [54] and comprise a peat layer (0-240 cm) and underlying clay (240-350
cm) [49]. To determine the age of the deposits, eight samples of the peat core (including
bulk sediment, organic bulk sediment, organic samples, charred particles, and seed mate-
rial) were collected for Accelerated Mass Spectrometer radiocarbon dating (AMS #C),
which was performed at the University of Erlangen (Germany) and Poznan Radiocarbon
Laboratory (Poland) [49]. The radiocarbon dates were calibrated with the SHCal 13 cali-
bration curve [55], and the age-depth model was constructed using the Bayesian accumu-
lation model (“Bacon”) [56]. All dates are presented as calibrated years before present (cal
yr BP). Subsamples for testate amoeba analysis used in the present study were collected
from the peat layer (0-240 cm) at 10 cm intervals at depths of 0-165 cm and every 1-2 cm
at the depths of 165-240 cm to ensure equal temporal resolution. The sampling strategy
resulted in a total of 63 samples. The same core was previously analyzed for pollen and
spores, macro-charcoal, loss-on-ignition (LOI), total organic carbon, and carbon isotopes
(03Corg) (for more details see Hapsari et al. [49,52]).

2.4. Testate Amoeba Analysis

Samples for testate amoeba analysis were prepared following the method based on
filtration and sedimentation of water suspensions [57]. Each sample was placed in a con-
ical flask with a volume of 250 mL and filled with water. Then, flasks were intensively
shaken for 10 min to release testate amoebae from the substrate. After that, the contents
of the flasks were carefully sieved through a 500 um mesh into a beaker (800 mL) and left
to settle for 4 h. The supernatant was carefully discarded, and the sediment was trans-
ferred to a measuring cylinder (100 mL) and left to settle again for 12 h. Then, the super-
natant was carefully discarded to concentrate the sediment to a volume of 10 mL. This
concentrate suspension was transferred to a storage container, fixed with neutralized for-
maldehyde, and used for analysis. Several drops (20 pL) of the concentrate were mounted
with glycerol and investigated under a light microscope (Motic BA310T, Xiamen, China)
at a magnification of 200—400x. In total, 30 slides (600 pL) were analyzed for each sample
to ensure comparability of testate amoeba counts across samples. All encountered testate
amoeba shells were identified and counted. Shell length and shell width were measured
for each shell to assign it to a particular size class. If the size range corresponded to the
original description, we assigned this individual to the type species; otherwise, we as-
signed individuals into morphotypes of known morphospecies and named them
“morph”. For all species (morphospecies) of testate amoebae observed in the deposits, a
database of functional traits was developed following Krashevska et al. [20] (Table S1).
Briefly, the database included two quantitative (shell length and width) and four qualita-
tive (shell shape, shell compression, aperture shape, and aperture invagination) functional
traits as the most relevant for the reconstruction of the surface wetness in peatlands [20].

2.5. Data Analyses

The data were analyzed and visualized using the R language environment version
4.1.3 [58]. Based on the function trait database, community weighted means (CWMs) were
calculated for each sample in the package ‘FD’ [59]. The CWM values obtained reflect the
functional composition, expressed as the mean trait value of all species present in the com-
munity weighted by their relative abundance for quantitative traits (shell length and shell
width), or the relative abundance of all taxa with the respective trait for qualitative traits
[59]. Stratigraphic diagrams of the morphospecies and functional composition of testate
amoeba communities were plotted using the package ‘analogue’ [60]. Quantitative recon-
structions of the surface wetness of the peatland were performed as water table depths
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(WTDs) using the morphospecies (Weighted Averaging, Inverse) and functional trait-
based transfer functions (Multiple Regression) developed by Krashevska et al. [20] in the
‘rioja’ package [61]. The functional trait-based transfer function was built on five shell
characteristics: aperture shape (oval/circular), aperture invagination (slightly invagi-
nated), shell shape (oviform/elongate), shell compression (sub-spherical), and shell width
[20]. The reliability of the morphospecies-based reconstructions was assessed by calculat-
ing the abundance sum of sub-fossil taxa missing in the training set (with a cut-off value
of 15% for good representativeness). The greater the abundance sum of species missing
from the training set, the less reliable the reconstructed WTD values. For the functional
trait-based transfer function, we tested the differences in the CWM values between the
sub-fossil community and the training set using two-sample Student’s ¢-tests.

3. Results
3.1. Overall Characteristics of Testate Amoeba Communities

The analysis of the samples revealed 48 testate amoeba taxa belonging to 20 genera
(Figure S1, Table S2). In total, 3595 individuals of testate amoebae were counted and iden-
tified. The number of counted shells per sample varied from 3 to 212 and was consistently
lower than 50 at depths below 191 cm, which might indicate low initial abundances of
testate amoebae due to unfavorable conditions for their development or poor preservation
of shells in the sediment (Table S2, Figure 2). The most abundant taxa (with a relative
abundance to the total counts greater than 3%) were Hyalosphenia subflava morph 2
(22.2%), H. subflava morph 9 (16.7%), H. subflava morph 12 (15.4%), H. subflava morph 14
(5.8%), H. subflava morph 16 (4.4%), and Pyxidicula operculata morph 1 (3.6%). The most
frequently encountered taxa (i.e., observed in more than half of the studied samples, ex-
pressed as a percentage of the total number of samples) were H. subflava morph 2 (100%),
H. subflava morph 9 (68.3%), Cyclopyxis eurystoma morph 1 (65.1%), Plagiopyxis callida
(57.1%), P. operculata morph 1 (55.6%), Trigonopyxis arcula morph 1 (55.6%), and H. subflava
morph 12 (54.0%). Seven species were encountered in two or fewer samples (with the
maximal relative abundance per sample less than 0.1%). The number of taxa per sample
varied from 1 to 27 with a mean value of 10.1 (SD = 7.58; n = 63). Overall, despite poor
preservation of testate amoeba shells at the bottom layers of the peat deposits, the upper
layers of the deposits contained abundant testate amoeba communities dominated by pre-
viously undescribed morphospecies.
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Figure 2. Testate amoeba morphospecies (the number after the morphospecies name stands for the
morph type) diagram from the Sungai Buluh peatland (Central Sumatra, Indonesia). The zonation
is based on a constrained incremental sum of squares. The taxa are ordered by the weighted average
of the depth/age axis. For clarity, only taxa observed in five or more samples or with a relative
abundance of 3% per sample are shown.

3.2. Morphospecies-Based Zonation of Peat Deposits and Reconstruction of Water Table Depth

The results of the constrained cluster analysis based on the morphospecies composi-
tion of testate amoeba communities indicate that three main zones can be distinguished
in the peat deposits: Zone 1: 240-198 cm, 13,400-8000 cal yr BP; Zone 2: 198-150 cm, 8000-
2000 cal yr BP; Zone 3: 150-0 cm, 2000 cal yr BP—present (Figure 2). The top zone could be
subdivided into two subzones: Zone 3a: 150-90 cm, 2000-750 cal yr BP and Zone 3b: 90-0
cm, 750 cal yr BP—present. All zones were characterized by a high abundance of Hyalo-
sphenia subflava morph 2 with the relative abundance varying between 20 and 39% (the
highest value in the bottom zone).

Zone 1 (240-198 cm, 13,400-8000 cal yr BP) was characterized by overall low abun-
dances of testate amoebae, which were mostly represented by Hyalosphenia subflava morph
2 (39%, here and further to the total counts of testate amoebae in this zone) H. subflava
morph 14 (11%), T. arcula morph 1 (11%), P. operculata morph 1 (8%), H. subflava morph 9
(7%), Plagiopyxis callida (7%), C. eurystoma morph 1 (4%), Centropyxis aerophila morph 1
(3%), Plagiopyxis penardi (3%), and Centropyxis elongata morph 1 (2%). Most of these taxa
are typical for terrestrial environments (soils and mosses) and/or temporal aquatic habi-
tats. The results of the morphospecies-based quantitative reconstruction indicate high var-
iation in surface wetness (Figure 3).
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Figure 3. Reconstruction of water table depth (WTD, cm) based on morphospecies data (a) and qual-
ity of the reconstruction (b) estimated as abundance sum (%) of species missing from the training
set (the greater abundance sums of species missing from the training set, the less reliable the recon-
structed WTD values; generally, a cut-off value of 15% for good representativeness can be applied).
The zonation is based on the constrained cluster analysis of the morphospecies composition of tes-
tate amoeba communities (see Figure 2).

Zone 2 (198-150 cm, 8000-2000 cal yr BP) differed from the previous one by a more
consistent presence and greater abundances of H. subflava morph 9 (25%) and the appear-
ance of a new morph of H. subflava morph 12 (19%). The other typical species were H.
subflava morph 2 (21%), P. operculata morph 1 (6%), Plagiopyxis callida (5%), C. eurystoma
morph 1 (4%), Trigonopyxis arcula major (4%), and H. subflava morph 14 (3%). Overall, the
increased abundances of large morphotypes of H. subflava morphs 9 and morphs 12 might
be interpreted as increased biotope wetness. Similar trends are shown by the morphospe-
cies-based quantitative reconstruction (Figure 3). However, by the end of the zone
(around 2500 cal yr BP), the abundance of hydrophilic taxa decreased in favor of xerophilic
and soil-dwelling taxa Trigonopyxis arcula morph 1, Trigonopyxis arcula major, and Cy-
clopyxis cf. kahli, which was associated with the decreasing surface wetness (i.e., greater
WTD values).

Zone 3 (150-0 cm, 2000 cal yr BP-the present) was characterized by greater abun-
dance and diversity of testate amoebae community but was still dominated by morphs H.
subflava morph 2 (20%) of the total counts in the zone, morph 12 (16%), morph 9 (13%),
morph 14 (7%), morph 16 (7%), morph 11 (5%), morph 18 (4%), and morph 19 (4%). The
other species (with a relative abundance greater or equal 1%) were Centropyxis aculeata
oblonga morph 4 (3%), C. eurystoma morph 1 (1%), Cyclopyxis eurystoma parvula morph 3
(2%), Difflugia minuta (2%), Nebela tincta (2%), P. operculata morph 1 (2%), T. arcula morph
1 (2%), Archerella flavum (1%), Centropyxis aculeata morph 2 (1%), Centropyxis ecornis (1%),
Euglypha rotunda (1%), Heleopera sylvatica (1%), Padaungiella lageniformis morph 3 (1%), Pla-
giopyxis callida (1%), Pseudodifflugia gracilis (1%), and T. arcula major (1%). The zone could
be subdivided into two subzones at the depth of 90 cm (750 cal yr BP). Upper subzone 3b
(90-0 cm, 750 cal yr BP—present) was characterized by the appearance of new taxa, lower
relative abundances of H. subflava morph 16 (-14%) and morph 12 (-5%), and greater rel-
ative abundances of morph 11 (+7%), morph 18 (+5%) and morph 19 (+5%) as compared
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to subzone 3a. The quantitative reconstruction indicates a slight tendency to have a de-
creased surface wetness in subzone 3a and a greater variation in subzone 3b (Figure 3).

3.3. Functional Trait-Based Zonation of Peat Deposits and Reconstruction of Water Table Depth

The functional composition of the sub-fossil testate amoeba community (Figure 4)
varied in accordance with the bio-stratigraphic zones defined based on morphospecies
composition with the most considerable changes at the border between Zones 2 and 3.
Overall, community-weighted means (CWMs) for most of the functional traits were more
variable in Zones 1 and 2, as compared to Zone 3. Shell length increased from Zone 1
(mean CWM 63.0 + 8.6 um SD) to Zone 3b (79.4 + 8.1 um), whereas shell width remained
relatively constant through the entire deposits (49.6 + 8.6 um). Circular shells were more
abundant in Zone 1 and Zone 2 (34.4 + 24.3 and 25.7 + 16.5%, respectively), as compared
to Zone 3 (17.9 + 5.7%). On the contrary, the proportion of oviform shells increased from
62.4 + 23.7% in Zone 1 to 80.6 = 5.0% in Zone 3b. Oviform-elongate shells did not show
any clear patterns, with just a single peak (up to 33%) at the border between Zone 1 and
Zone 2, whereas flask-shaped shells were typical for Zone 3b (less than 2%). The relative
abundance of shells with hemispheric and sub-spherical compression was the greatest in
Zone 1 (16.0+ 16.9 and 25.8 + 23.6%, respectively) and decreased to the top (6.2 + 2.8 and
2.1 + 2.4%, respectively). Compressed (82.2 + 5.3%) and spherical shells (21 + 2.3%) were
more typical for Zone 3. Very compressed shells appeared at the beginning of Zone 3b
(less than 2%) for a short period (760-520 cal yr BP). Shells with irregular and slit-like
apertures dominated in Zone 1 (13.0 = 14.3 and 9.3 + 11.0%, respectively), whereas shells
with oval apertures were consistently abundant in Zone 3 (80.3 + 5.3%) in comparison to
the lower and more variable values in Zones 1 and 2 (62.4 + 23.7% and 74 + 16.3%, respec-
tively). The proportion of shells with non-invaginated apertures increased from 63.7 +
24.2% in Zone 1 to 85.1 +4.9% in Zone 3b. Both Zone 1 and 2 were characterized by greater
proportions of the shells with slightly- and strongly invaginated apertures (5.5 + 8.1 and
7.1 £ 8.5%, respectively), which were less abundant in Zone 3 (3.5 + 2.7% and 0.6 + 0.6%,
respectively).
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Figure 4. Community-weighted means for functional traits of testate amoeba communities from the
peat deposits of the Sungai Buluh peatland (Central Sumatra, Indonesia). The zonation is based on
the constrained cluster analysis of the morphospecies abundance data (see Figure 2).

The quantitative reconstruction with the functional trait-based transfer function,
which included five traits (aperture shape (oval/circular), aperture invagination (slightly
invaginated), shell shape (oviform/elongate), shell compression (sub-spherical), and shell
width) showed poor performance and predicted unrealistic values (Figure 5). Correlation
between the morphospecies- and functional-trait-based reconstructions was weak and
only marginally significant (Spearman’s correlation rho = 0.22, p = 0.08). This relationship
was even weaker and non-significant when calculated only for the samples where more
than 50 shells were counted (Spearman’s correlation rho = -0.06, p = 0.73). However, the
functional trait-based reconstruction also indicates a clear trend of increased surface wet-
ness (i.e., lower WTD) over the period of peatland development. Besides the low shell
counts in the bottom peat layers, the poor performance of the functional trait transfer
function might be explained by the low overlap between ranges of CWM for the modern
and sub-fossil communities (Figure 6). Sub-fossil communities have greater shell width
(49.6 = 8.57 um) as compared to modern ones (38.1 = 3.54 um). Furthermore, the propor-
tion of the shells with oval/circular aperture (3.6 + 5.73%) and sub-spherical shell com-
pression (15.0 + 17.5%) was greater in the sub-fossil communities in comparison to the
modern ones (0.8 + 1.14%, and 3.1 + 12.6%, respectively), whereas oviform/elongate shells
were more abundant in the modern dataset (3.6 + 4.88%) as compared to the sub-fossil
communities (1.3 + 5.0%).
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Figure 5. Reconstruction of water table depths (WTD, cm) based on the functional trait composition
of testate amoeba communities using the multiple regression transfer function. The zonation is
based on the constrained cluster analysis of the morphospecies composition of testate amoeba com-

munities (see Figure 2).
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Figure 6. Community-weighted means (CWMs) for the modern (training set) and sub-fossil com-
munity of testate amoebae in the Sungai Buluh peatland (Central Sumatra, Indonesia). The results
of a two-sample t-test are added to the plots to show significant differences (ns—not significant, *—

p<0.05, ***—p <0.001).
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4. Discussion

The results of the present study allow us to describe the species composition of sub-
fossil testate amoebae and to reconstruct the hydrological regime of a tropical peatland
during the Holocene. Despite the poor preservation of testate amoeba shells in bottom
peat layers, we could define three main stages in the development of the peatland, which
correspond to the previously collected paleoecological information based on other proxies
(pollen, organic matter content, 1*C isotopes, etc. [49]). We also discuss the applicability of
morphospecies- and functional-trait-based approaches, showing that the latter has weak
sides as well and cannot be considered as a panacea and a complete replacement for the
former.

4.1. Initial Stages of Peatland Development and Topogeneous Stage (13,400-8000 cal yr BP)

The initial stage (Zone 1: 240-198 cm, 13,400-8000 cal yr BP) of the peatland develop-
ment was characterized by the presence of taxa typical for terrestrial environments (soils
and mosses) and/or temporal aquatic habitats. It has been previously shown that Pyxidic-
ula operculata prefers aquatic habitats [62]. Pyxidicula has also been documented at the
early development stages in some peatlands of temperate zones [40,63] or habitats with
high groundwater [36] as well as in tropical peatlands [11]. The species Plagiopyxis callida
and Plagiopyxis penardi are typically soil dwellers [64,65], whereas Centropyxis aerophila and
Centropyxis elongata are common in terrestrial habitats with mosses and humus-rich soils
[66]. Furthermore, C. aerophila was also documented in freshwater habitats [67]. The pres-
ence of small eurybiotic (i.e., species with wide ecological preferences) Cyclopyxis eu-
rystoma in peat deposits is considered as an indication of unstable environmental condi-
tions [11]. However, Krashevska et al. [20] estimated the ecological optimum of C. eu-
rystoma to WTD to be 56-62 cm, which was comparable to the xerophilic Trigonopyxis ar-
cula morph 1 (62 cm) that also dominated in the zone. All these taxa were also documented
in tropical peatlands of central Sumatra [11,20]. These results are in line with previous
studies [49], which showed that the peat deposits are underlined by the basal clay mate-
rials of terrestrial origins (as shown by 6'*Corg value of ca. 28%o), in contrast to most of the
other peatlands in Indonesian coastal areas, which are developed over mangrove or ma-
rine sediments [49]. This implies that the organic materials were accumulated on a flood-
plain depression that was filled by a river impediment and/or rising water table due to
the rapid sea level rise and was characterized by the dominance of mixed-riverine forests
(based on pollen data), low organic matter content (LOI < 75%), and slow peat accumula-
tion rate (0.1 mm yr™) [49]. Overall, the dominance of taxa typical for soils and aquatic
biotopes from 13,400 8000 cal yr BP supports the previous findings that the initial stage of
the peatland development can be considered topogeneous.

Our results of species-based reconstruction indicate dry but highly variable surface
wetness conditions during the initial stage of peatland formation. However, the relatively
high reconstructed values of WTD should be interpreted with caution due to low shell
counts in the zone and few aquatic biotopes included in the training set [20]. The hydro-
logical preferences of two dominant morphs of Hyalosphenia subflava (morph 2 with an
average shell length of 51 um and morph 14 with an average shell length of 79 um) to
WTD were previously estimated as 73.6 cm and 49.1 cm, respectively [20]. The former was
consistently present in Zone 1, whereas the latter appeared just for short periods that
might indicate wet conditions [20,68]. The functional trait composition in Zone 1 was char-
acterized by a predominance of short shells with irregular and slit-like apertures that were
slightly or strongly invaginated, which also indicates variable surface wetness. Previous
studies demonstrated that testate amoeba with small shells dominate in communities typ-
ical for dry peatland biotopes or biotopes with unstable surface wetness in North America
and Europe [30,36,39]. However, these relationships seem to be non-linear, and some large
species (such as Bullinularia indica and Trigonopyxis arcula) have other adaptations (e.g.,
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aperture form) to dry habitats, but they never seem to dominate communities to shift av-
erage shell size to greater values. Greater proportions of taxa with slit-like apertures (com-
pressed acrostomic type) were also reported for dry biotopes [69]. Similar preferences are
typical for shells with invaginated apertures because this is generally interpreted as an
adaptation to low substrate moisture [36]. Overall, both morphospecies and function traits
indicate fluctuating WTDs at this stage that might be related to unstable water regimes in
floodplains [70] that are influenced by several factors such as river development stage,
distance from the river, rainfall, and flood events [70-72].

4.2. Transitional Stage (8000-2000 cal yr BP)

Morphospecies composition of testate amoeba communities in Zone 2 (198-150 cm,
8000-2000 cal yr BP) indicate greater and more stable surface wetness of the peatland.
Most of the species from Zone 1 remained in the community but reduced their abundances
in favor of larger morphotypes of Hyalosphenia subflava (morph 9 and 12), which prefer
wetter biotopes with average WTD values of 35.1 and 42.6 cm [20]. In terms of functional
trait composition of testate amoebae, Zone 2 can be considered transitional. This finding
corroborates the results of the previous study (Hapsari et al., 2017), which related the dep-
osition of clayey peat (i.e., peat with an admixture of clay materials, LOI > 75%) with the
frequent river floods due to ineffective drainage as a result of sea level rise [73] and high
precipitation [74]. By the end of the zone, around 2500 cal yr BP, the abundance of large
morphotypes of Hyalosphenia subflava decreased, which was associated with a slight ten-
dency to show a drier peatland surface. At the same time, mixed-riverine vegetation was
gradually replaced by the peat swamp forest (similar to that present at the site nowadays)
[49]. These changes were related to reduced flooding frequency due to the increased iso-
lation of the peatland from the river flood impacts [75], sea level regression [76], and re-
duced precipitation [77]. In addition, these processes were associated with increased acid-
ity [49] of the environment, which eventually resulted in structural shifts in the testate
amoeba community.

4.3. Ombrogenous Stage (2000-750 cal yr BP)

The next stage of the peatland development (Zone 3a: 150-90 cm, 2000-750 cal yr BP)
was associated with the greater presence of taxa that are generally considered moss-dwell-
ing (e.g., Nebela tincta, Trigonopyxis arcula, Euglypha rotunda, and Padaungiella lageniformis)
but in this environmental context can be interpreted as indicators of acidic conditions. The
results of the surface wetness reconstruction support the previously reported stabilization
of the hydrological regime [49], which was inferred based on maximum coverage of peat
swamp forests (by 1200 cal yr BP) and increased peat accumulation rates. Low variation
in surface wetness reduces the oxygen supply, leading to slower rates of aerobic decay of
organic matter [78]. Furthermore, less river flooding could also increase cambial growth,
which results in greater biomass production [79]. Altogether, this subsequently led to peat
thickening and gave rise to ombrogenous peat. In these conditions, the proportion of cir-
cular shells decreased in favor of oviform shells; hemispheric and sub-spheric compressed
shells were replaced by very compressed shells, while oval non-invaginated apertures be-
came the most dominant. Oviform shells are generally associated with epiphytic habitats
[36], which also favor testate amoeba communities with greater proportions of com-
pressed shells. Shells with non-invaginated apertures are common in wet biotopes [36].

4.4. Ombrogenous Stage and Anthropogenic Impacts (750 cal yr BP—Present Days)

A slight shift in testate amoeba composition towards a greater diversity and variation
in the relative abundance of the dominant morphospecies took place around 750 cal yr
BP. In terms of the functional trait composition, testate amoeba communities were char-
acterized by a greater abundance of flask-shaped shells (mostly due to the presence of
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Padaungiella lageniformis) throughout the entire zone, very compressed shells at the begin-
ning, and the shells with spherical compression at the end of the zone. Although the func-
tional role of flask-shaped shells remains unclear, shell compression is generally inter-
preted in terms of adaptation to survive in thin water films during water-deficient stages
so that amoebae can stay active longer when the substrate moisture content decreases [36].
This is corroborated by the results of the previous reconstruction at the site showing that
the environmental changes at this stage might be attributed to forest opening, as shown
by pollen data [49,52], associated with the human impact of an ancient kingdom, the
Malayu Empire (1100-600 cal yr BP). The people of the Malayu Empire actively used
wood and plant materials for building purposes [50]. Pollen data [49,52] indicate a forest
recovery after 600 cal yr BP when the Malayu Empire collapsed [51]. These activities in
the area could change the water regime of the peatland by reducing evapotranspiration
and increasing surface erosion in adjacent areas that could create niches for an introduc-
tion of new testate amoeba taxa. Previous studies have demonstrated that the functional
composition of testate amoeba communities might change in response to human impacts
by reducing the relative abundance of mixotrophs [36] or by increasing the dominance of
small taxa [30]. However, considering the ranges of potential environmental changes as-
sociated with human activities, all these functional traits might be important for tracing
them.

4.5. Morphospecies- vs. Functional-Trait-Based Reconstructions

The application of testate amoebae to paleoecological reconstructions based on peat-
land deposits in the Southern Hemisphere in general and tropical peatlands in particular
is still limited by the spatial extent of the existing research [20,24,29]. The functional-trait-
based approach was generally considered as an opportunity to overcome the limitations
of the morphological-based approach; however, our results indicate that the application
of the former might be also limited. Both approaches showed a good performance during
the cross-validation procedures according to Krashevska et al. [20]. Nonetheless, the func-
tional trait-based quantitative reconstruction of the water table depths in the Sungai Buluh
peatland poorly corresponded to the results of the morphospecies-based reconstruction,
which turned out to be more realistic. Besides the poor preservation of shells in the bottom
layers, the possible explanation of the weak performance of the functional trait-based
transfer function might be the multiple linear regression technique, which is generally
used for modelling relationships between relatively small number of functional traits and
a single environmental variable. On the one hand, this helps to simplify the computation
and avoid multicollinearity among explanatory variables (in this case functional traits),
but this method seems to perform well only over short gradients with a predominantly
linear relationship between traits and environment [80]. Our sub-fossils data demon-
strated a greater variation in the functional traits as compared to the training set data,
even in the top (recent) peat layers. This might be related to more diverse environmental
conditions in the Holocene history of the Sungai Buluh peatland [49], while the training
set was limited by the modern state of the peatland only. Moreover, the relationships be-
tween the function traits of testate amoebae are not always linear, e.g., large shells of xero-
philic Bullinularia indica and Trigonopyxis arcula. Further, the functional traits are less nu-
merous than taxa, which increases the risk of loss or scarcity of comparable traits for anal-
yses. In this context, the morphospecies-based transfer function performed better because
it relies on the unimodal relationships between environment and morphospecies and a
greater number of taxa. Overall, functional traits provide useful information for the inter-
pretation of paleoecological records. However, functional-trait-based quantitative recon-
structions might require further research on building training sets covering a greater di-
versity of environmental conditions and the application of more appropriate modelling
techniques.
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5. Conclusions

By applying morphospecies- and functional-trait-based approaches to the recon-
struction of the hydrological regime of a tropical peatland during the Holocene, this study
demonstrates a high indicator value of testate amoebae in these environmental settings.
Three main periods of peatland development can be distinguished based on the morphos-
pecies composition of testate amoebae: 13,400-8000, 8000-2000, and 2000 cal yr BP-pre-
sent. This zonation corresponds well to the previously described periods. Moreover, tes-
tate amoebae responded to human-related deforestation of the peatland around 750 cal yr
BP by greater abundances of flask-shaped shells through the entire zone, very compressed
shells in the beginning, and shells with spherical compression at the end of the zone. Func-
tional traits provided useful information for the overall qualitative interpretation of the
testate amoebae record; however, the quantitative reconstruction based on the functional-
trait transfer function was less reliable than the morphospecies-based one. This is partly
due to our poor and still limited knowledge of the relationships between environmental
characteristics and functional traits, especially in tropical environments. Thus, the func-
tional-trait-based approach cannot completely replace the morphological one for quanti-
tative environmental reconstructions, at least at the present stage. Despite the advantages
of the former, it still can be subjected to the risks of poor shell preservation and coverage
in the training set and modeling issues. Future studies on the functional and morphospe-
cies composition of testate amoebae in a wider range of tropical peatlands could consid-
erably improve the quality of hydrological reconstructions.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/d14121058/s1, Table S1: Functional traits of testate amoeba species
in the sub-fossil communities from peat deposits of Sungai Buluh peatland (Central Sumatra, Indo-
nesia); Table S2: Counts of testate amoebae in peat deposits of Sungai Buluh peatland (Central Su-
matra, Indonesia); Figure S1: The main morphospecies of testate amoebae observed in the peat de-
posits of Sungai Buluh peatland (Central Sumatra, Indonesia).

Author Contributions: Conceptualization, V.K., AN.T.; provided field logistic support, sampling
and samples preparation, K.A.H., S.B., S.S.; software, A.N.T.; testate amoebae analysis and data su-
pervision, E.A.M., Y.A.M.; contributed reagents, material, and analysis tools V.K, Y.A.M., H.B., S.B,,
S.S.; data curation V.K., AN.T., Y.A.M.; writing —original draft preparation, V.K., AN.T.; writing—
review and editing, S.B., K.A.H.; visualization, V.K,, A.N.T.; funding acquisition, Y.A.M., H.B. All
authors contributed to writing and editing the manuscript and gave final approval for publication.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation), grant number 192626868, in the framework of the collaborative German-Indo-
nesian research project CRC990-EFForTS (V. K., K.A.H., S.B., S.S. and H.B.), and by the Russian Sci-
ence Foundation, grant number 19-14-00102 (A.N.T. and Y.A.M., testate amoeba analysis and man-
uscript preparation).

Institutional Review Board Statement: This study was conducted using the research permit for
subproject A01 (RISTEK; 23/EXT/SIP/FRP/E5/Dit.K1/V1/2017) from the Ministry of Research and
Technology of Indonesia and sample export permit (B-1127/IPH.1/KS.02.04/111/2019) based on the
recommendation of Indonesian Institute of Sciences (LIPI).

Data Availability Statement: The data supporting the reported results can be found in the Supple-
mentary Materials to this paper.

Acknowledgments: We gratefully acknowledge the logistic support by the EFForTS coordination
team and the Indonesian partner universities in Bogor and Jambi, Institut Pertanian Bogor (IPB) and
University of Jambi (UNJA), the Ministry of Education in Jakarta (DIKTI), and the Indonesian Insti-
tute of Sciences (LIPI).

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script; or in the decision to publish the results.



Diversity 2022, 14, 1058 15 of 18

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

Strack, M. Peatlands and Climate Change; IPS, International Peat Society: Jyvaskyla, Finland, 2008.

Xu, J.; Morris, P.J.; Liu, J.; Holden, J. PEATMAP: Refining Estimates of Global Peatland Distribution Based on a Meta-Analysis.
Catena 2018, 160, 134-140.

Gumbricht, T.; Roman-Cuesta, R.M.; Verchot, L.; Herold, M.; Wittmann, F.; Householder, E.; Herold, N.; Murdiyarso, D. An
Expert System Model for Mapping Tropical Wetlands and Peatlands Reveals South America as the Largest Contributor. Glob.
Change Biol. 2017, 23, 3581-3599. https://doi.org/10.1111/gcb.13689.

Ribeiro, K.; Pacheco, F.S.; Ferreira, ].W.; Sousa-Neto, E.R.; Hastie, A.; Krieger Filho, G.C.; Alvala, P.C.; Forti, M.C.; Ometto, J.P.
Tropical Peatlands and Their Contribution to the Global Carbon Cycle and Climate Change. Glob. Change Biol. 2021, 27, 489-505.
https://doi.org/10.1111/gcb.15408.

Anda, M; Ritung, S.; Suryani, E.; Hikmat, M.; Yatno, E.; Mulyani, A.; Subandiono, R.E. Revisiting Tropical Peatlands in Indo-
nesia: Semi-Detailed Mapping, Extent and Depth Distribution Assessment. Geoderma 2021, 402, 115235.
https://doi.org/10.1016/j.geoderma.2021.115235.

Andriesse, J. Nature and Management of Tropical Peat Soils; Food & Agriculture Organization: Rome, Italy, 1988.

Page, S.E.; Rieley, J.O.; Banks, C.J. Global and Regional Importance of the Tropical Peatland Carbon Pool. Glob. Change Biol.
2011, 17, 798-818.

Dargie, G.C.; Lewis, S.L.; Lawson, I.T.; Mitchard, E.T.A.; Page, S.E.; Bocko, Y.E.; Ifo, S.A. Age, Extent and Carbon Storage of the
Central Congo Basin Peatland Complex. Nature 2017, 542, 86-90. https://doi.org/10.1038/nature21048.

Draper, F.C.; Roucoux, K.H.; Lawson, L.T.; Mitchard, E.T.A.; Coronado, E.N.H.; Lahteenoja, O.; Montenegro, L.T.; Sandoval,
E.V.; Zarate, R.; Baker, T.R. The Distribution and Amount of Carbon in the Largest Peatland Complex in Amazonia. Environ.
Res. Lett. 2014, 9, 124017. https://doi.org/10.1088/1748-9326/9/12/124017.

Hapsari, K.A.; Jennerjahn, T.; Nugroho, S.H.; Yulianto, E.; Behling, H. Sea Level Rise and Climate Change Acting as Interactive
Stressors on Development and Dynamics of Tropical Peatlands in Coastal Sumatra and South Borneo since the Last Glacial
Maximum. Glob. Change Biol. 2022, 28, 3459-3479. https://doi.org/10.1111/gcb.16131.

Biagioni, S.; Krashevska, V.; Achnopha, Y.; Saad, A.; Sabiham, S.; Behling, H. 8000 Years of Vegetation Dynamics and Environ-
mental Changes of a Unique Inland Peat Ecosystem of the Jambi Province in Central Sumatra, Indonesia. Palaeogeogr. Palaeocli-
matol. Palaeoecol. 2015, 440, 813-829. https://doi.org/10.1016/j.palae0.2015.09.048.

Dommain, R.; Couwenberg, J.; Joosten, H. Development and Carbon Sequestration of Tropical Peat Domes in South-East Asia:
Links to Post-Glacial Sea-Level Changes and Holocene Climate Variability. Quat. Sci. Rev. 2011, 30, 999-1010.
https://doi.org/10.1016/j.quascirev.2011.01.018.

Chambers, F.M.; Beilman, D.W.; Yu, Z. Methods for Determining Peat Humification and for Quantifying Peat Bulk Density,
Organic Matter and Carbon Content for Palaeostudies of Climate and Peatland Carbon Dynamics. Mires Peat 2011, 7, 1-10.
Fournier, B.; Coffey, E.E.D.; van der Knaap, W.O.; Fernandez, L.D.; Bobrov, A.; Mitchell, E.A.D. A Legacy of Human-Induced
Ecosystem Changes: Spatial Processes Drive the Taxonomic and Functional Diversities of Testate Amoebae in Sphagnum Peat-
lands of the Galapagos. J. Biogeogr. 2016, 43, 533-543. https://doi.org/10.1111/jbi.12655.

Barrett, K.D.; Sanford, P.; Hotchkiss, S.C. The Ecology of Testate Amoebae and Cladocera in Hawaiian Montane Peatlands and
Development of a Hydrological Transfer Function. J. Paleolimnol. 2021, 66, 83-101. https://doi.org/10.1007/s10933-021-00188-8.
Liu, B.; Booth, R.K,; Escobar, J.; Wei, Z.; Bird, B.W.; Pardo, A.; Curtis, ].H.; Ouyang, J. Ecology and Paleoenvironmental Appli-
cation of Testate Amoebae in Peatlands of the High-Elevation Colombian Paramo. Quat. Res. 2019, 92, 14-32.
https://doi.org/10.1017/qua.2018.143.

Beyens, L.; Meisterfeld, R. Protozoa: Testate Amoebae. In Tracking Environmental Change Using Lake Sediments: Terrestrial, Algal,
and Siliceous Indicators; Smol, J.P., Birks, H.].B., Last, W.M., Bradley, R.S., Alverson, K., Eds.; Springer: Dordrecht, The Nether-
lands, 2001; pp. 121-153. ISBN 978-0-306-47668-6.

Krashevska, V.; Bonkowski, M.; Maraun, M.; Scheu, S. Testate Amoebae (Protista) of an Elevational Gradient in the Tropical
Mountain Rain Forest of Ecuador. Pedobiologia 2007, 51, 319-331. https://doi.org/10.1016/j.pedobi.2007.05.005.

Krashevska, V.; Klarner, B.; Widyastuti, R.; Maraun, M.; Scheu, S. Changes in Structure and Functioning of Protist (Testate
Amoebae) Communities Due to Conversion of Lowland Rainforest into Rubber and Oil Palm Plantations. PLoS ONE 2016, 11,
€0160179. https://doi.org/10.1371/journal.pone.0160179.

Krashevska, V.; Tsyganov, A.N.; Esaulov, A.S.; Mazei, Y.A.; Hapsari, K.A; Saad, A.; Sabiham, S.; Behling, H.; Biagioni, S. Testate
Amoeba Species- and Trait-Based Transfer Functions for Reconstruction of Hydrological Regime in Tropical Peatland of Central
Sumatra, Indonesia. Front. Ecol. Evol. 2020, 8, 225. https://doi.org/10.3389/fevo.2020.00225.

Cailleuax, A. Répartition Géographique Des Especes de Thécamoeebiens. CR Soc. Biogeogr. 1978, 472, 29-39.

Amesbury, M.]J.; Swindles, G.T.; Bobrov, A.; Charman, D.J.; Holden, J.; Lamentowicz, M.; Mallon, G.; Mazei, Y.; Mitchell, E.A.D;
Payne, R.J.; et al. Development of a New Pan-European Testate Amoeba Transfer Function for Reconstructing Peatland Palaeo-
hydrology. Quat. Sci. Rev. 2016, 152, 132-151. https://doi.org/10.1016/j.quascirev.2016.09.024.

Charman, D.J.; Blundell, A. A New European Testate Amoebae Transfer Function for Palaeohydrological Reconstruction on
Ombrotrophic Peatlands. J. Quat. Sci. 2007, 22, 209-221. https://doi.org/10.1002/jqs.1026.



Diversity 2022, 14, 1058 16 of 18

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Van Bellen, S.; Mauquoy, D.; Payne, R.J.; Roland, T.P.; Daley, T.J.; Hughes, P.D.M.; Loader, N.J.; Street-Perrott, F.A.; Rice, EM.;
Pancotto, V.A. Testate Amoebae as a Proxy for Reconstructing Holocene Water Table Dynamics in Southern Patagonian Peat
Bogs. J. Quat. Sci. 2014, 29, 463-474. https://doi.org/10.1002/jgs.2719.

Tsyganov, A.N.; Babeshko, K.V.; Novenko, E.Yu.; Malysheva, E.A.; Payne, R.J.; Mazei, Y.A. Quantitative Reconstruction of
Peatland Hydrological Regime with Fossil Testate Amoebae Communities. Russ. J. Ecol. 2017, 48, 191-198.
https://doi.org/10.1134/S1067413617020084.

Qin, Y.; Li, H.; Mazei, Y.; Kurina, I.; Swindles, G.T.; Bobrov, A.; Tsyganov, A.N.; Gu, Y.; Huang, X.; Xue, J.; et al. Developing a
Continental-Scale Testate Amoeba Hydrological Transfer Function for Asian Peatlands. Quat. Sci. Rev. 2021, 258, 106868.
https://doi.org/10.1016/j.quascirev.2021.106868.

Swindles, G.T.; Reczuga, M.; Lamentowicz, M.; Raby, C.L.; Turner, T.E.; Charman, D.].; Gallego-Sala, A.; Valderrama, E.; Wil-
liams, C.; Draper, F.; et al. Ecology of Testate Amoebae in an Amazonian Peatland and Development of a Transfer Function for
Palaeohydrological Reconstruction. Microb. Ecol. 2014, 68, 284-298. https://doi.org/10.1007/s00248-014-0378-5.

Swindles, G.T.; Lamentowicz, M.; Reczuga, M.; Galloway, ].M. Palaeoecology of Testate Amoebae in a Tropical Peatland. Eur.
J. Protistol. 2016, 55, 181-189. https://doi.org/10.1016/j.ejop.2015.10.002.

Swindles, G.T.; Kelly, T.J.; Roucoux, K.H.; Lawson, I.T. Response of Testate Amoebae to a Late Holocene Ecosystem Shift in an
Amazonian Peatland. Eur. ]. Protistol. 2018, 64, 13-19. https://doi.org/10.1016/j.ejop.2018.03.002.

Marcisz, K.; Colombaroli, D.; Jassey, V.E.].; Tinner, W.; Kotaczek, P.; Gatka, M.; Karpinska-Kotaczek, M.; Stowinski, M.; Lamen-
towicz, M. A Novel Testate Amoebae Trait-Based Approach to Infer Environmental Disturbance in Sphagnum Peatlands. Sci.
Rep. 2016, 6, 33907. https://doi.org/10.1038/srep33907.

Van Bellen, S.; Mauquoy, D.; Payne, R.].; Roland, T.P.; Hughes, P.D.M.; Daley, T.J.; Loader, N.J.; Street-Perrott, F.A.; Rice, EM.;
Pancotto, V.A. An Alternative Approach to Transfer Functions? Testing the Performance of a Functional Trait-Based Model for
Testate Amoebae. Palacogeogr. Palaeoclimatol. Palaeoecol. 2017, 468, 173-183. https://doi.org/10.1016/j.palaeo.2016.12.005.

Green, ]J.L.; Bohannan, B.].M.; Whitaker, R.J. Microbial Biogeography: From Taxonomy to Traits. Science 2008, 320, 1039-1043.
https://doi.org/10.1126/science.1153475.

Diaz, S.; Cabido, M. Vive La Différence: Plant Functional Diversity Matters to Ecosystem Processes. Trends Ecol. Evol. 2001, 16,
646-655. https://doi.org/10.1016/50169-5347(01)02283-2.

Lacourse, T. Environmental Change Controls Postglacial Forest Dynamics through Interspecific Differences in Life-History
Traits. Ecology 2009, 90, 2149-2160. https://doi.org/10.1890/08-1136.1.

Butterfield, B.J.; Holmgren, C.A.; Anderson, R.S.; Betancourt, J.L. Life History Traits Predict Colonization and Extinction Lags
of Desert Plant Species since the Last Glacial Maximum. Ecology 2019, 100, e02817. https://doi.org/10.1002/ecy.2817.

Marcisz, K.; Jassey, V.E.J.; Kosakyan, A.; Krashevska, V.; Lahr, D.J.G,; Lara, E.; Lamentowicz, L.; Lamentowicz, M.; Macumber,
A.; Mazei, Y.; et al. Testate Amoeba Functional Traits and Their Use in Paleoecology. Front. Ecol. Evol. 2020, 8, 340.
https://doi.org/10.3389/fev0.2020.575966.

Fournier, B.; Malysheva, E.; Mazei, Y.; Moretti, M.; Mitchell, E.A.D. Toward the Use of Testate Amoeba Functional Traits as
Indicator of Floodplain Restoration Success. Eur. J. Soil Biol. 2012, 49, 85-91. https://doi.org/10.1016/j.ejsobi.2011.05.008.
Koenig, I.; Mulot, M.; Mitchell, E.A.D. Taxonomic and Functional Traits Responses of Sphagnum Peatland Testate Amoebae to
Experimentally Manipulated Water Table. Ecol. Indic. 2018, 85, 342-351. https://doi.org/10.1016/j.ecolind.2017.10.017.

Fournier, B.; Lara, E.; Jassey, V.E.; Mitchell, E.A. Functional Traits as a New Approach for Interpreting Testate Amoeba Palaeo-
Records in Peatlands and Assessing the Causes and Consequences of Past Changes in Species Composition. The Holocene 2015,
25, 1375-1383. https://doi.org/10.1177/0959683615585842.

Gatka, M.; Tobolski, K.; Lamentowicz, L.; Ersek, V.; Jassey, V.E.].; van der Knaap, W.O.; Lamentowicz, M. Unveiling Exceptional
Baltic Bog Ecohydrology, Autogenic Succession and Climate Change during the Last 2000 Years in CE Europe Using Replicate
Cores, Multi-Proxy Data and Functional Traits of Testate Amoebae. Quat. Sci. Rev. 2017, 156, 90-106.
https://doi.org/10.1016/j.quascirev.2016.11.034.

Lamentowicz, M.; Kajukato-Drygalska, K.; Kotaczek, P.; Jassey, V.E.].; Gabka, M.; Karpinska-Kotaczek, M. Testate Amoebae
Taxonomy and Trait Diversity Are Coupled along an Openness and Wetness Gradient in Pine-Dominated Baltic Bogs. Eur. J.
Protistol. 2020, 73, 125674. https://doi.org/10.1016/j.ejop.2020.125674.

Lamentowicz, M.; Gatka, M.; Lamentowicz, L..; Obremska, M.; Kiihl, N.; Liicke, A.; Jassey, V.E.]J. Reconstructing Climate Change
and Ombrotrophic Bog Development during the Last 4000 Years in Northern Poland Using Biotic Proxies, Stable Isotopes and
Trait-Based Approach. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2015, 418, 261-277. https://doi.org/10.1016/j.palaeo.2014.11.015.
Marcisz, K.; Lamentowicz, M.; Gatka, M.; Colombaroli, D.; Adolf, C.; Tinner, W. Responses of Vegetation and Testate Amoeba
Trait Composition to Fire Disturbances in and around a Bog in Central European Lowlands (Northern Poland). Quat. Sci. Rev.
2019, 208, 129-139. https://doi.org/10.1016/j.quascirev.2019.02.003.

Aldrian, E.; Dwi Susanto, R. Identification of Three Dominant Rainfall Regions within Indonesia and Their Relationship to Sea
Surface Temperature. Int. |. Climatol. 2003, 23, 1435-1452. https://doi.org/10.1002/joc.950.

Saji, N.H.; Goswami, B.N.; Vinayachandran, P.N.; Yamagata, T. A Dipole Mode in the Tropical Indian Ocean. Nature 1999, 401,
360-363. https://doi.org/10.1038/43854.



Diversity 2022, 14, 1058 17 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.
72.

Nurjanah, S.; Octavia, D.; Kusumadewi, F. Identifikasi Lokasi Penanaman Kembali Ramin (Gonystylus Bancanus Kurz) Di Hutan Rawa
Gambut Sumatera Dan Kalimantan; Pusat Penelitian dan Pengembangan Konservasi dan Rehabilitasi, Badan Penelitian dan
Pengembangan Kehutanan: Bogor, Indonesia, 2013.

Tata, H.L.; van Noordwijk, M.; Widayati, A. Domestication of Dyera Polyphylla (Miq.) Steenis in Peatland Agroforestry Systems
in Jambi, Indonesia. Agrofor. Syst. 2016, 90, 617-630. https://doi.org/10.1007/s10457-015-9837-3.

Melati, D.N.; Nengah Surati Jaya, I.; Pérez-Cruzado, C.; Zuhdi, M.; Fehrmann, L.; Magdon, P.; Kleinn, C. Spatio-Temporal Anal-
ysis on Land Transformation in a Forested Tropical Landscape in Jambi Province, Sumatra. In Proceedings of the EGU General
Assembly Conference Abstracts, Vienna, Austria, 12-17 April 2015; p. 15014.

Hapsari, K.A.; Biagioni, S.; Jennerjahn, T.C.; Reimer, P.M.; Saad, A.; Achnopha, Y.; Sabiham, S.; Behling, H. Environmental Dynam-
ics and Carbon Accumulation Rate of a Tropical Peatland in Central Sumatra, Indonesia. Quat. Sci. Rev. 2017, 169, 173-187.
https://doi.org/10.1016/j.quascirev.2017.05.026.

Tjoa-Bonatz, M.L.; Neidel, ].D.; Widiatmoko, A. Early Architectural Images from Muara Jambi on Sumatra, Indonesia. Asian
Perspect. 2009, 48, 32-55. https://doi.org/10.1353/asi.0.0009.

Witrianto, W. Potensi Sejarah Dan Purbakala DAS Batanghari. Anal. Sej. 2014, 5, 68-79.

Hapsari, K.A,; Biagioni, S.; Jennerjahn, T.C.; Reimer, P.; Saad, A.; Sabiham, S.; Behling, H. Resilience of a Peatland in Central
Sumatra, Indonesia to Past Anthropogenic Disturbance: Improving Conservation and Restoration Designs Using Palaeoecol-
ogy. J. Ecol. 2018, 106, 2473-2490. https://doi.org/10.1111/1365-2745.13000.

Aaby, B; Digerfeldt, G. Sampling Techniques for Lakes and Bogs. In Handbook for Holocene Palaeoecology and Palaeohydrology;
Berglund, B.E., Ed.; John Wiley and Sons Ltd.: Chichester, UK, 1986; pp. 181-194.

Wiist, R.A.J.; Bustin, R.M.; Lavkulich, L.M. New Classification Systems for Tropical Organic-Rich Deposits Based on Studies of
the Tasek Bera Basin, Malaysia. Catena 2003, 53, 133-163. https://doi.org/10.1016/S0341-8162(03)00022-5.

Hogg, A.G.; Hua, Q.; Blackwell, P.G.; Niu, M.; Buck, C.E.; Guilderson, T.P.; Heaton, T.J.; Palmer, ].G.; Reimer, P.J.; Reimer, RW.;
et al. SHCall3 Southern Hemisphere Calibration, 0-50,000 Years Cal BP. Radiocarbon 2013, 55, 1889-1903.
https://doi.org/10.2458/azu_js_rc.55.16783.

Blaauw, M.; Christen, ]J.A. Flexible Paleoclimate Age-Depth Models Using an Autoregressive Gamma Process. Bayesian Anal.
2011, 6, 457-474. https://doi.org/10.1214/11-BA618.

Mazei, Y.A.; Chernyshov, V.A. Testate Amoebae Communities in the Southern Tundra and Forest-Tundra of Western Siberia.
Biol. Bull. 2011, 38, 789-796. https://doi.org/10.1134/51062359011080036.

R Core Team. R: A Language and Environment for Statistical Computing (version 4.2.1); R Foundation for Statistical Computing,
Vienna, Austria. Available online: https://www.R-project.org/ (accessed on 23 June 2022).

Laliberté, E.; Legendre, P.; Shipley, B. FD: Measuring Functional Diversity from Multiple Traits, and Other Tools for Functional
Ecology. R package version 1.0-12.1. Available online: https://cran.r-project.org/web/packages/FD (accessed on 22 May 2022).
Simpson, G.L.; Oksanen, J. analogue: Analogue and Weighted Averaging Methods for Palaeoecology, R package version 0.17-
6. Available online: https://cran.r-project.org/web/packages/analogue/ (accessed on 20 June 2021).

Juggins, S. rioja: Analysis of Quaternary Science Data, R package version 0.9-26. Available online: https://cran.r-pro-
ject.org/web/packages/rioja/ (accessed on 28 October 2020).

Ogden, C.G. The Fine Structure of the Shell of Pyxidicula Operculata, an Aquatic Testate Amoeba (Rhizopoda). Arch. Fiir Pro-
tistenkd. 1987, 133, 157-164. https://doi.org/10.1016/S0003-9365(87)80049-0.

Lamentowicz, M.; Gatka, M.; Milecka, K.; Tobolski, K.; Lamentowicz, t..; Fiatkiewicz-Koziet, B.; Blaauw, M. A 1300-Year Multi-
Proxy, High-Resolution Record from a Rich Fen in Northern Poland: Reconstructing Hydrology, Land Use and Climate Change.
J. Quat. Sci. 2013, 28, 582-594. https://doi.org/10.1002/jqs.2650.

Bonnet, L. Intérét Biogéographique et Paléogéographique Des Thécamoebiens Des Sols. Ann. Stn. Biol. Besse En Chandesse 1983,
54,298-334.

Bonnet, L. Quelques Aspects Des Populations Thecamoebienes Endogées. Bull. Soc. Sci Toulouse 1959, 94, 413—428.

Thomas, R. Les Thécamoebiens Muscicoles et Terricoles: Notions d’écologie Générale et Comparative. P Soc. Linn. Bordx. 1959,
98, 27-53.

Foissner, W.; Korganova, G.A. The Centropyxis Aerophila Complex (Protozoa: Testacea). Acta Protozool. 2000, 39, 257-273.
Swindles, G.T.; Baird, A.].; Kilbride, E.; Low, R.; Lopez, O. Testing the Relationship between Testate Amoeba Community Com-
position and Environmental Variables in a Coastal Tropical Peatland. Ecol. Indic. 2018, 91, 636-644.
https://doi.org/10.1016/j.ecolind.2018.03.021.

Schénborn, W. The Topophenetic Analysis as a Method to Elucidate the Phylogeny of Testate Amoebae (Protozoa, Testacealo-
bosia and Testaceafilosia). Arch. Fiir Protistenkd. 1989, 137, 223-245.

Geest, G.J.Van.; Wolters, H.; Roozen, F.C.].M.; Coops, H.; Roijackers, R M.M.; Buijse, A.D.; Scheffer, M. Water-Level Fluctuations
Affect Macrophyte Richness in Floodplain Lakes. Hydrobiologia 2005, 539, 239-248. https://doi.org/10.1007/s10750-004-4879-y.
Keddy, P.A. Wetland Ecology: Principles and Conservation; Cambridge University Press: Cambridge, UK, 2010.

Jung, M.; Burt, T.P.; Bates, P.D. Toward a Conceptual Model of Floodplain Water Table Response. Water Resour. Res. 2004, 40,
W12409. https://doi.org/10.1029/2003WR002619.



Diversity 2022, 14, 1058 18 of 18

73.

74.

75.

76.

77.

78.

79.

80.

Geyh, M.A; Streif, H.; Kudrass, H.-R. Sea-Level Changes during the Late Pleistocene and Holocene in the Strait of Malacca.
Nature 1979, 278, 441-443. https://doi.org/10.1038/278441a0.

Waurtzel, ].B.; Abram, N.J.; Lewis, 5.C.; Bajo, P.; Hellstrom, J.C.; Troitzsch, U.; Heslop, D. Tropical Indo-Pacific Hydroclimate
Response to North Atlantic Forcing during the Last Deglaciation as Recorded by a Speleothem from Sumatra, Indonesia. Earth
Planet. Sci. Lett. 2018, 492, 264-278. https://doi.org/10.1016/j.epsl.2018.04.001.

Branf3, T.; Dittrich, A.; Nunez-Gonzalez, F. Reproducing Natural Levee Formation in an Experimental Flume. In River Flow 2016;
CRC Press: St. Louis, MO, USA, 2016; pp. 1122-1128.

Sathiamurthy, E.; Voris, H.K. Maps of Holocene Sea Level Transgression and Submerged Lakes on the Sunda Shelf. Trop. Nat.
Hist. 2006, 2, 1-44.

Partin, ].W.; Cobb, K.M.; Adkins, J.F.; Clark, B.; Fernandez, D.P. Millennial-Scale Trends in West Pacific Warm Pool Hydrology
since the Last Glacial Maximum. Nature 2007, 449, 452-455. https://doi.org/10.1038/nature06164.

Hirano, T.; Jauhiainen, J.; Inoue, T.; Takahashi, H. Controls on the Carbon Balance of Tropical Peatlands. Ecosystems 2009, 12,
873-887. https://doi.org/10.1007/s10021-008-9209-1.

Kozlowski, T.T. Physiological-Ecological Impacts of Flooding on Riparian Forest Ecosystems. Wetlands 2002, 22, 550-561.
https://doi.org/10.1672/0277-5212(2002)022[0550: PEIOFO]2.0.CO;2

Birks, H.].B.; Lotter, A.F.; Juggins, S.; Smol, J.P. Tracking Environmental Change Using Lake Sediments: Data Handling and Numerical
Techniques; Springer Science & Business Media: Berlin, Germany, 2012; Volume 5.



