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Abstract: Peatlands are important ecosystems for biodiversity conservation, global
carbon cycling and water storage. Hydrological changes due to climate variability have
accelerated the degradation of global and regional ecosystem services of peatlands.
Diatoms are important producers and bioindicators in wetlands, but comprehensive
diatom-based inference models for palaeoenvironmental reconstruction in peatlands are
scarce. To explore the use of diatoms for investigating peatland hydrological change,
this study established a training set consisting of diatom composition and twelve
environmental factors from 105 surface samples collected from five Sphagnum
peatlands in northeastern China. Diatom communities were dominated by Eunotia
species. Ordination analyses showed that depth to the water table (DWT) was the most
important factor influencing diatom distribution, independently accounting for 4.99%
of total variance in diatom data. Accordingly, a diatom-based DWT transfer function
was developed and thoroughly tested. The results revealed that the best-performing
model was based on weighted averaging with inverse deshrinking (R?= 0.66, RMSEP
= 8.8 cm with leave-one-out cross validation). Quantitative reconstruction of DWT on
a short peat core collected from the Aershan Peatland (Inner Mongolia) recorded
climate-mediated hydrological changes over the last two centuries. This study presents
the first diatom-water table transfer function in Sphagnum peatlands, and highlights the
potential of diatoms as a powerful tool to assess the magnitude of past hydrological
changes in peatlands of northeastern China, as well as similar peat environments

worldwide.
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1. Introduction

Peatlands are limno-terrestrial ecosystems with habitats intermediate between dry
land and water, where the rate of organic matter accumulation is faster than
decomposition (Rydin and Jeglum, 2013). They are characterized by a waterlogged soil
layer consisting of at least 30% of organic matter and a minimum peat thickness of 30
cm (Charman, 2002). Peatlands cover about 3% of the global land area, but they are
unevenly distributed across different climate zones (Minasny et al., 2019). The vast
majority of peatlands are in northern latitudes (~45°-70° N), where they cover
~3,200,000 km? of land and store 113-612 gigatonnes of carbon (Loisel et al., 2017;
Minasny et al., 2019). This carbon pool is equivalent to about 15-72% of the
atmospheric carbon pool (Charman, 2002; Minasny et al., 2019). Dynamics of this large
carbon pool exhibit a number of key feedbacks with the global climate system
(Charman, 2002). For example, water table drawdown due to climate warming can
accelerate aerobic decomposition of peat with greenhouse gas emissions, creating a
positive feedback that could further increase warming (Waddington et al., 2015).
Studies of peatland hydrology have revealed that hydrological changes may amplify or
dampen external interactions between peatlands and the atmosphere (Huang et al.,
2018). Hence, understanding of hydrological changes is essential for improving our
knowledge of carbon cycling and other related biogeochemical processes in peatlands
(Charman, 2002; Rydin and Jeglum, 2013).

Palaeoecological reconstructions provide tools to understand long-term linkages
between hydrology-carbon dynamics under changing climate (Zhang et al., 2017;
Huang et al., 2018). Depth to the water table is commonly used to summarise peatland
hydrology and this metric has been inferred using a range of biotic indicators, such as

testate amoebae (protozoans) and plant macrofossils (Charman, 2002; Chambers et al.,



2012). Due to variations in body size, ecology and life history, different organisms
respond to hydrological changes at a variety of spatial and temporal scales, e.g.
amoebae at the scale of pm3-mm?3 and bryophytes at the scale of mm?3-cm? (Mitchell et
al., 2013). Different sensitivities of organisms may cause contradictory reconstructions
among proxies (Chambers et al., 2012). For accurate assessment of past hydrological
changes, the scientific community has focused considerable attention on retrieving new
evidence from peat records.

Diatoms are unicellular, eukaryotic algae that have long been used as a powerful
means of deciphering changes in aquatic environments (Battarbee et al., 2000). During
recent decades, diatom-based transfer functions have been widely developed to
reconstruct a variety of climatic, chemical and hydrological variables in lakes (Smol
and Cumming, 2000), while the use of diatoms as a proxy for environmental change in
peatlands has lagged far behind lakes (Gaiser and Riihland, 2010). This may partly be
due to the dissolution of diatom in many peat sediments or profiles (Bennett and Siegel,
1987). However, long freezing duration may restrict silica recycling, and hence
contribute to good preservation of diatom valves in some northern peatlands (Kokfelt
et al., 2009).

Although diatoms are an underexploited means for tracking peatland environmental
change, the information obtained from fossil diatom assemblages in peatlands has
attracted much attention during recent years. For example, diatoms in a Siberian
peatland shifted from benthic and alkaliphilic taxa, to epiphytic and acidophilic taxa,
and then to aerophilic species, indicating the succession from an open water, to a fen,
and then to a bog (Ruhland et al., 2000). Fukumoto et al. (2014) found peatland
hydroseral succession from fluvial environments in the early Holocene, to a shallow

marsh in the mid-Holocene to present fen environments in northern Mongolia. Similar



hydroseral successions were also inferred from diatom records in other northern
peatlands (Hargan et al., 2015a; Ma et al., 2018). Collectively, these studies highlight
the potential of diatoms as a powerful tool to infer peatland environmental change.

A growing number of contemporary surveys have revealed that diatom assemblages
are closely linked to moisture (often expressed as depth to the water table) in surface
samples of peatlands (Van de Vijver and Beyens, 1997; Chen et al., 2012; Kdittim et al.,
2017; Ma et al., 2018). Generally, drought-tolerant taxa (e.g. Hantzschia amphioxys
(Ehrenberg) Grunow) thrive on dry hummocks, while aquatic species (e.g. Frustulia
saxonica Rabenhorst) proliferate in moist hollows (Poulickova et al., 2004; Buczké and
Woijtal, 2005; Cantonati et al., 2009, 2011; Chen et al., 2014; Hargan et al., 2015b;
Kdttim et al., 2017). Modern ecological observations are essential for generating robust
and ecologically sound inference models for quantitative reconstruction of the water
table (Gaiser and Rihland, 2010). At present, comprehensive diatom-based inference
models in peatlands are scarce and clearly needed to reconstruct peatland environmental
change. In this study, we aim to (1) establish a regional diatom-water table transfer
function using diatom composition and environmental factors measured in surface
samples collected from five Sphagnum peatlands in northeastern China; (2) apply this
transfer function to reconstruct past hydrological change in one site, the Aershan
Peatland (Inner Mongolia); (3) evaluate performance and application of the transfer

function.

2. Materials and methods
2.1 Study area
The five study sites, i.e. Aershan, Mohe, Tangwanghe, Jinchuan and Hani, all are

Sphagnum-dominated peatlands in northeastern China (Fig. 1). The landscape of



northeastern China is dominated by the Northeast China Plain in the centre, which is
surrounded by mountains, including the Greater Khingan Mountains in the west, the
Lesser Khingan Mountains in the north and the Changbai Mountains in the south (Fig.
1). The region is characterized by a temperate continental monsoon climate with long,
dry, cold winters and short, moist, cool summers. Mean annual air temperature ranges
from -4.4 to 3.3 °C, and average annual precipitation fluctuates between 425 and 740
mm (Zhao, 1999). Mohe and Tangwanghe peatlands lie on the side of the valley bottom,
and both of them developed from Larix gmelinii (Rupr.) Kuzen forest through
paludification (Li et al., 2015). Aershan, Jinchuan and Hani peatlands developed from
lava barrier lakes through terrestrialization (Zhang et al., 2019; Ma et al., 2020).
Elevations of the sampling sites range from 460 to 1,290 m (Table 1). Water pH in these
peatlands is higher than most bogs, while Ca concentrations are within the ranges of
bogs and poor fens (Table 1; Rydin and Jeglum, 2013). The vegetation in the five
peatlands is dominated by dwarf shrubs, such as Betula fruticosa var. ruprechtiana
Trautv., Rhododendron tomentosum Harmaja, Potentilla fruticosa L., Vaccinium
uliginosum L., and different Sphagnum mosses such as S. imbricatum Hornsch. ex Russ.,
S. magellanicum Brid., S. fuscum (Schimp.) Klinggr. and S. flexusoum Dozy & Molk.

(Lang et al., 1999; Ma et al., 2020).

2.2 Field and laboratory methods

A total of 105 surface samples were collected from the five peatlands in August
2016 (Table 1). At each peatland, samples were collected along hydrological transects
from hummocks to hollows with two to six samples per transect. At each sampling
point, surface Sphagnum tufts (the upper 2-3 cm) were cut by scissors and then brought

to the laboratory in polyethylene bags. Meanwhile, depth to the water table (DWT) was



measured in a ~ 5 cm diameter hole using a graduated ruler, and water samples were
collected from each hole for further analysis. Geographic coordinates of sampling
points were determined using a Garmin Etrex GPS. Electrical conductivity (referenced
at 25 °C), pH and oxidation-reduction potential (ORP) were measured immediately in
water samples collected from the hole using a calibrated portable instrument (HACH
HQ40D®). Water samples were filtered through a 0.45 um membrane filter and then
refrigerated in the dark until laboratory analysis. Concentrations of NO3 and PO4> were
measured using a continuous-flow autoanalyser (Skalar San Plus®), and concentrations
of elements (Ca?*, K*, Mg?*, Na* and Si) were determined by an inductively coupled
plasma-atomic emission spectrometer (PRODIGY SPEC®). Total organic carbon (TOC)
was measured using a total organic carbon analyser (TORCH®). Ten percent of water
samples were duplicated as a quality assurance requirement. The reproducibility of the
duplicated water samples was >90% for all parameters.

A total of 21 peat samples (each 2 cm thick) were collected from a 42-cm-deep
excavated pit in the Aershan Peatland (1290 m a.s.l.), located in the middle section of
the Greater Khingan Mountains (Fig. 1). Mean annual ground surface temperature
ranges from -1 to 0 °C, and the length of freezing duration is ca. 250 days (Zhao et al.,
1999). Diatoms were analysed at 2-cm intervals in this peat sequence. To date the
sequence, radioactivities of 2!°Pbal, 22°Ra and 3’Cs were measured at 4-cm intervals
on a gamma spectrometer (Ortec HPGe GWL). Sphagnum samples were washed in 100
mL of distilled water and thoroughly squeezed to collect the water with diatoms and
mud. This method was advocated by Poulickova et al. (2004), who compared the
washing procedure with mineralization of the whole Sphagnum sample, and found the
washing method to be ~80% effective. Diatom samples were treated with 30% H.O: in

order to remove organic components. Cleaned valves were mounted in the high



refractive index mountant Naphrax®, and at least 300 valves were identified and
counted per slide at 1000x magnification using an Olympus® BX53 microscope. The
diatoms were well preserved in the short peat core, except for some large Eunotia
species which had broken valves; in this case partial valve tips were summed to
calculate a species valve total (Hargan et al., 2015a). Taxonomic identifications were
mainly based on Krammer (2000), Kulikovskiy et al. (2010), Liu et al. (2007, 2011),
Cantonati et al. (2011), Levkov et al. (2013) and Lange-Bertalot et al. (2011, 2017).
Eunotia paludosa Grunow was the dominant species in this study, with highly variable
valve length (6-53um) (Lange-Bertalot et al., 2011). Our preliminary work has revealed
that valve length of E. paludosa is significantly correlated with DWT (Chenetal., 2012),
and so this taxon was sub-divided into three morphotypes based on its valve length,
including small (6-15 pm), medium (15-30 pum) and large (30-53 pm) types.
Chrysophycean stomatocysts were counted concurrently with diatoms in order to

calculate a cyst: diatom valve (C: D) ratio (Buczkd and Woijtal, 2005).

2.3 Data processing and statistical analysis

Taxa with > 1% abundance in at least one sample were included in the numerical
analyses. The calibration dataset consisted of 12 measured environmental variables and
78 diatom taxa from 105 sampling points. All environmental parameters (except pH
and DWT) were log-transformed. To explore the species-environment relationship, we
applied ordination analyses using the vegan package (Oksanen et al., 2019) in R version
3.5.1 (R Core Team, 2018). Detrended correspondence analysis (DCA) was performed
on 105 samples to determine whether a unimodal or linear model should be used. A
gradient length of 4.98 standard deviations indicated that canonical correspondence

analysis (CCA) was suitable to evaluate the relationship between species composition



and explanatory variables (Ter Braak, 1988). A preliminary CCA with all variables was
used to reduce the environmental variables to those correlating significantly with
diatom composition. Forward selection, with the Monte Carlo tests (p < 0.05, n = 999
unrestricted permutations) were used. The relative contribution of each environmental
variable was calculated using a series of partial CCAs. The ratio between the first and
second eigenvalues (A1/ A2) in CCA ordinations with only one explanatory variable was
calculated to assess the explanatory power of the environmental variables (Juggins,
2013).

Weighted averaging (WA), tolerance-downweighted weighted averaging (WA-Tol),
weighted average partial least squares (WAPLS) and maximum likelihood (ML) were
applied using the rioja package (Juggins and Birks, 2012; Juggins, 2017) in R version
3.5.1 (R Core Team, 2018). With respect to WA and WA-Tol models, WA inverse
deshrinking (WA.inv) and tolerance downweighted WA.inv (WA.inv.tol) sub-models
were chosen for further analysis based on R? and the root mean square error of
prediction (RMSEP) and average bias. In our dataset, WAPLS had the same outcome
as WA, and hence the WAPLS model was not performed further. Transfer functions
were first developed for the full dataset, and samples with residuals > 20% of overall
DWT range were then removed to improve performance (Juggins and Birks, 2012). The
general performance of the models was assessed using R? and RMSEP with leave-one-
out (LOO) cross validation; meanwhile, average and maximum bias was considered.
Moreover, leave-one-site-out (LOSO) RMSEP was calculated using the leave-group-
out cross-validation function, with sites numbered separately to evaluate the impact of
clustered sampling design (Payne et al., 2012). The segment-wise RMSEPsw) approach

was used to test the potential impact of uneven sampling along the water table gradient



(Telford and Birks, 2011a). The effect of spatial autocorrelation on the training set was
tested using the approach advocated by Telford and Birks (2009).

The transfer function was then applied to the Aershan peat core. The significance of
the transfer function reconstruction was tested using the ‘random TF’ function in the
palaeoSig package for R language (Telford, 2015). Principal components analysis
(PCA) was used to summarise the major underlying changes in the sedimentary diatom
assemblages. The correlation coefficient between diatom-inferred DWT and
corresponding fossil sample scores on PCA axis 1 was used to further test the validity
of the reconstruction (Reavie et al., 2014). Furthermore, the fossil samples were plotted
passively on top of a CCA ordination formed by surface diatom composition and
significant explanatory variables. Finally, sedimentary records were compared to

regional palaeoclimate data of northeastern China (Wang and Xu, 2007).

3. Results
3.1 Calibration dataset

DWT ranged from -4 to 73 cm, representing a gradient from hollows to hummocks
(Table 1). The sampling points were generally acidic and deficient in major cations and
nutrients. DWT was negatively correlated with pH (p < 0.01), but positively correlated
with both NO3™ and K* (p < 0.01) (Appendix A). A total of 159 taxa belonging to 46
genera were found among the 54,410 identified valves (Appendix B). Species richness
ranged from 2 to 47 per sample, with an average of 13. The most common species were
E. paludosa, Chamaepinnularia hassiaca (Krasske) Cantonati et Lange-Bertalot,
Eunotia nymanniana Grunow, Eunotia exigua (Brébisson) Rabenhorst, Nitzschia
acidoclinata Lange-Bertalot, H. amphioxys, Luticola pseudoimbricata sp. nov.,

Kobayasiella parasubtilissima (Kobayasi et Nagumo) Lange-Bertalot, Tabellaria



flocculosa (Roth) Kiitzing, Eunotia mucophila (Lange-Bertalot et Norpel) Lange-
Bertalot, Eunotia bilunaris (Ehrengerg) Schaarschmidt, Eunotia superpaludosa Lange-
Bertalot, Fragilariforma constricta (Ehrenberg) Williams et Round, Pinnularia
borealis Ehrenberg, Microcostatus maceria (Schimanski) Lange-Bertalot, F. saxonica,
Chamaepinnularia mediocris (Krasske) Lange-Bertalot (Fig. 2 and Appendix C). The
genera with the most species were Eunotia (36 species) and Pinnularia (25 species). 78
taxa (> 1%) were included in the dataset, representing 90-100% of the total percentage

of each sample.

3.2 Ordination analysis

The first and second DCA axis explained 15.1% and 11.2% of total variance in
diatom composition, respectively. The DCA biplot showed considerable assemblage
overlap between different sites (Fig. 3), although Mohe and Tangwanghe peatlands
occupied a slightly lower position on axis 2. This is probably due to relatively high
abundances of E. paludosa large type and E. superpaludosa in the two peatlands.
Overall the DCA biplot confirms the broad distribution of many taxa as they overlap
between different peatlands.

A preliminary CCA indicated that DWT, Na*, Si, TOC, pH and PO* formed the
minimum group of significant variables and explained 16% of total variance in diatom
composition (Fig. 4 and Table 2). Samples of each peatland (except TWH) mainly
separated horizontally along the CCA axis 1 that represented the water table gradient
(Fig. 4A). The results of the ratios of A1 to A2 (A1/A2 = 0.56) revealed that DWT was most
strongly correlated with diatom composition, followed by Na* (0.33), PO4> (0.22), pH
(0.21), TOC (0.20) and Si (0.19) (Table 2). The ratios for each of the six environmental

factors were not greatly altered when the other variables were selected as covariables.



In partial CCAs with five of the six significant environmental factors as covariables and
the remaining significant factor as the sole explanatory variable, DWT independently
accounted for the largest part of total variance in diatom data (4.99%), followed by Si
(2.2%), pH (2.0%), Na* (1.7%), TOC (1.7%) and PO+*> (1.4%) (Table 2). Both the A1/A
ratio and the amount of variance explained by the sole effect of each variable suggest
that DWT should be the most important variable accounting for diatom distribution,

and it could be used to generate a diatom-based DWT transfer function.

3.3 DWT inference model

The performance statistics of the transfer function models are given in Table 3. The
number of samples with residuals > 20% of overall DWT range (77 cm) varied for each
model type. After removing these samples, the performance of most models improved,
i.e. an increase in R? and a decrease in RMSEP. The WA.inv model outperformed other
models for predicting DWT (RMSEP00)= 8.8 cm, R?=0.66). The correlation between
observed and predicted DWT (Fig. 5) indicated most samples with high residual values
were from two segments (10-20 cm and 40-70 cm). WA.inv model-based DWT optima
and tolerance patterns of the major species are presented in Fig. 6. Luticola nivalis
(Ehrenberg) Mann, Luticola acidoclinata Lange-Bertalot, L. pseudoimbricata, E. fallax,
H. amphioxys and P. borealis were indicators of dry hummocks, while N. acidoclinata,
Hantzschia calcifuga Reichardt et Lange-Bertalot, Nitzschia terrestris (Petersen) Lund
and E. bilunaris preferred wet hollows. Generally, drought-tolerant species had larger
tolerance ranges than aquatic species.

RMSEPoso) values were higher than RMSEP 00y for each of the three models
(Table 3), suggesting that the clustered characteristics of the training set had potential

influences on RMSEP values. The RMSEPsw) values produced by the WA.inv model



are presented in Fig. 7. The RMSEPsw) values for the segments (10-20 cm and 40-70
cm) were relatively high compared to those for other segments. The effect of spatial
autocorrelation on all of the models was tested and showed that R? value was lower
with neighbourhood deletion than with random deletion for each model (Fig. 8). This
means that nearby sites are not equivalent to a random set of sites. Model performance
was worse when environmentally similar sites were deleted than when the same number

of sites was deleted according to geographical distance (Fig. 8).

3.4 Diatom stratigraphy and water-table reconstruction in the Aershan Peatland

In the Aershan peat core, activities of 2*’Cs generally decreased with depth, without
the fallout peak that can be used to identify the 1963 depth (Fig. 9A). The peak activity
of 1¥’Cs was observed in surface sediment, probably affected by diffusion through pore
water as well as biological uptake by Sphagnum (Turetsky et al., 2004). 2°Pbyotal
reached a radioactive equilibrium value that was greater than ??°Ra (Fig. 9B), probably
due to an efficiency calibration error with the gamma spectrometers. Supported 2°Pb
activity was calculated from the mean asymptotic activity in the bottom layers (Fig.
9B). Unsupported ?*°Phey was calculated by subtracting the mean asymptotic activity
from 2%Pby, and the plot of the logarithm of 2°Phe against depth was closely
approximated by a straight line (Fig. 9C). Hence, the chronology can be calculated
using the constant flux constant sedimentation model (cf. Appleby, 2001). The 42-cm
long sediment core spanned the last ~200 years, with a mean sedimentation rate of 1.93
mm year? (Fig. 9D).

Three distinct zones were identified in the diatom stratigraphy based on cluster
analysis (Fig. 10). Zone | (ca.1793-1933 AD) was co-dominated by Encyonema

groenlandica (Foged) Kulikovskiy et Lange-Bertalot, E. exigua, Eunotia groenlandica



(Grunow) Norpel-Schempp et Lange-Bertalot, Eunotia valida Hustedt and H.
amphioxys, with some fluctuations. In Zone Il (ca.1933-1975 AD), diatom composition
was relatively stable, characterized by high percentages of Encyonema groenlandica
and E. fallax and frequent occurrence of Encyonopsis amphioxys (Kiitzing) Liu et Shi,
Eunotia bidens Ehrengerg, E. valida, Neidium bisulcatum (Lagerstedt) Cleve and
Pinnularia crucifera Cleve-Euler. Zone 111 (ca.1975-2016 AD) was characterized by
increasing abundances of C. hassiaca, E. nymanniana, H. amphioxys and P. borealis,
with synchronous decreases in E. fallax and Encyonema groenlandica. Diatom-inferred
DWT displayed a broad increase before the 1990s, except several episodes of low
values (Fig. 11A). The random TF tests indicated that the WA.inv model was
statistically insignificant at p > 0.05. In order to test the predictive power of our transfer
function, we compared the reconstructed DWT with C: D ratio, sample scores on PCA
axis 1 and independent climatic data (Fig. 11). Sample scores on PCA axis 1 showed
significant correlations with diatom-inferred DWT (r = -0.47, p < 0.05) and C: D ratio
(r = -0.60, p < 0.01). Furthermore, fossil samples (except the surface sample) were
mainly displayed along the first CCA axis of the modern training set in the passive CCA
(Fig. 12). Within the radionuclide age uncertainties, synchronous low values in both
diatom-inferred DWT and C: D ratio and high sample scores on PCAL broadly
corresponded to an increase in flood frequency during the episodes of 1810-1840 AD,

1900-1910 AD and 1940-1970 AD.

4. Discussion
4.1 Diatom distribution in Sphagnum peatlands
The relationships between species and environmental gradients within peatlands are

well known for vascular plants (Jirousek et al., 2013), mosses (Clymo and Hayward,



1982) and testate amoebae (Charman, 2002), but the ecology of peatland diatoms is less
well investigated (Gaiser and Rihland, 2010). In the semi-terrestrial and acidic
environments of peatlands, organisms are more or less resistant to both low pH and
desiccation (Rydin and Jeglum, 2013). Both pH and TOC were significantly correlated
with diatom composition. Water pH is the primary factor influencing diatom
distribution in Western Carpathian spring fens (Frankova et al., 2009), Alpine mires
(Cantonati et al., 2011) and Canadian peatlands (Hargan et al., 2015b). Sphagnum
mosses, the dominant plants in boreal peatlands, contain a number of uronic and
phenolic acids that can exchange hydrogen ions for cations in water at the carboxyl
group (Clymo and Hayward, 1982). Due to the organic acids produced by Sphagnum,
peatlands gradually undergo a natural acidification (Rydin and Jeglum, 2013). In this
study, water pH was significantly correlated with TOC (r = -0.85, p < 0.001). In our
study sites, E. paludosa and K. parasubtilissima preferred more acidic habitats, while
T. flocculosa and E. nymanniana mainly occur in less acidic environments.

Silica, phosphate and sodium were also found to be significant environmental
factors for diatom distribution. Silica is a key nutrient for diatom valve-building and
hence is a limiting factor for diatom growth in peatlands (Frankovéa et al., 20009;
Cantonati et al., 2011; Hajkova et al., 2011). Although its concentrations in our study
sites never reach limiting values (< 0.1 mg L) (Cantonati et al. 2006), diatom
distribution was significantly correlated with Si. For example, samples with low Si
concentrations in Hani Peatland were dominated by lightly silicified diatoms (e.g. E.
paludosa small type). A significant relationship between Na* concentration and diatom
composition was also found by Jirousek et al. (2013) and Chen et al. (2016). In
comparison with halophobe diatom species, oligohalobous taxa (e.g. E. bilunaris, N.

terrestris and Humidophila contenta (Grunow) Lowe, Kociolek, Johansen, Van de



Vijver, Lange-Bertalot et Kopalova) preferred habitats with higher Na* concentrations
in this study (Fig. 4). Sodium is probably related not only to salinity or nutrition, but it
may covary with some causally important variables (Jirousek et al., 2013). In our
sampling sites, sodium is positively correlated with calcium, potassium and magnesium
(r>0.21, p < 0.05). These base cations are generally limiting factors for plant growth
in peatlands (Rydin and Jeglum, 2013). Because diatoms are primarily
photoautotrophic organisms, they are directly affected by changes in availability of
nutrients and light (Smol and Cumming, 2000). Because the peat surface is gradually
cut off from the mineral soil, the total amount of phosphorus tends to be low in
peatlands (Rydin and Jeglum, 2013). Phosphate has been reported to be a limiting
nutrient for diatom growth in European peatlands (Jirousek et al., 2013).

Surface topography of Sphagnum peatlands is frequently hummocky, with elevated
mounds alternating with flatter, wetter hollows (Charman, 2002). The moisture gradient
from wet hollows to dry hummocks was generally found to be a primary factor
influencing diatom composition (Van de Vijver and Beyens, 1997; Poulickova et al.,
2004; Cantonati et al., 2009, 2011; Chen et al., 2012). Xerophytic species such as E.
paludosa small type, H. amphioxys, P. borealis, and L. nivalis were mainly observed
on elevated hummocks that periodically dry out. These well-known terrestrial and
aerophilic diatoms are commonly found on surface soils, tree barks and even on hot
desert surfaces (Johansen, 2010). The large, medium and small types of E. paludosa
had DWT optima of 24, 27 and 33 cm, respectively. Diatom cell size tends to decrease
in dry hummocks of peatlands, which could be a response to drought in the extreme
habitats (Chen et al., 2012). A very similar association of diatom cell size and moisture
were described in peatlands of Canada (Hargan et al., 2015a) and South Georgia (Van

de Vijver and Beyens, 1997). In contrast to the desiccation-tolerant species, N.



acidoclinata, E. bilunaris and E. incisa thrive in wet hollows. Generally, diatom
assemblages are distinguishable along the water table gradient due to species-specific

responses to periodic drying (Cantonati et al., 2011).

4.2 Potential for hydrological reconstruction

Based on the ratio of A1/A2 and unique effect of each significant variable, DWT is
the most important factor influencing diatom distribution. The ratio A1/A> of DWT was
lower than the criterion (A1/A2 = 1) advised by Ter Braak (1988), indicating that caution
should be taken with building a transfer function (Juggins, 2013). Several studies
suggest that variables which do not fit this criterion may still be useful, but more critical
assessment of the reconstructions is needed (Curtis et al., 2009; Gomes et al., 2014).

The WA.inv model had smaller RMSEP o0y and larger R? than other models (Table
3), and these values in all our models were reasonable in comparison with the testate
amoeba-based DWT transfer functions in boreal peatlands (Li et al., 2015; Payne et al.,
2016). The performance was worse when neighbouring sites were deleted than with
random deletion (Fig. 8), indicating that spatial autocorrelation existed due to the
clustered characteristics of the dataset. Our training set only had five sites, and the
number of sampling points in each site ranged from 9 to 37. This means that LOSO
cross validation removed approximately one-twelfth to one-third of samples from the
training set. This over-removal likely contributes to the deterioration of model
performance with LOSO cross validation (Li et al., 2015). When considering the results
of RMSEPLosoy and spatial autocorrelation (Fig. 8 and Table 3), the WA.inv model
performed best and hence it was selected for water table reconstruction. However, the
transfer function overestimated DWT at wet sites, and underestimated it at dry sites

(Fig. 5). At the sites with high residuals, diatom assemblages were characterized by



high abundance of E. paludosa large type, which had a DWT optimum of 24 cm in our
training set. The dominance of E. paludosa large type (> 50%) at relatively dry (DWT:
40-70 cm) or wet (DWT: 10-20 cm) sites probably led to high residuals. In addition,
E. paludosa large type preferred habitats with high concentrations of PO4*, TOC and
Si, indicating that the distribution of this species may be influenced by nutrients.
Sphagnum turfs in the top 2-3 cm contain a time-averaged diatom assemblage that
spans several months (Clymo and Hayward, 1982). Similar to testate amoebae-based
calibration sets (Mitchell et al., 2013; Qin et al., 2013; Payne et al., 2016), our training
set was established using single measurements of environmental factors. Water-table
monitoring data of Sphagnum peatlands in the Lesser Khingan Mountains (next to the
Tangwanghe Peatland) revealed that water table was relatively stable during the
growing season, except for visible changes during the thawing and freezing processes
(Sun et al., 2011). In a Sphagnum peatland in Northern Poland, seasonal patterns of
testate amoebae communities were significantly correlated with seasonal dynamics in
the water table (Marcisz et al., 2014). Hence, the residuals probably reflect fluctuations
around the mean water table depth. In addition, it is likely that DWT is decoupled from
moisture conditions on dry hummocks (Zhang et al., 2017), because water collection
from humid air by Sphagnum would increase the moisture content in the microhabitat
for diatom growth. For example, S. fuscum can maintain high moisture content for
microorganisms living on its leaves in relatively dry hummocks (Mitchell et al., 2013).
Due to the effects of steep resource gradients of nutrient and light availability in limno-
terrestrial peatland habitats (Frankova et al., 2009; Hajkova et al., 2011; Jirousek et al.,
2013), diatoms may be influenced by other environmental factors besides DWT. For

example, Frankova et al. (2019) found that conductivity and pH were the most



important variables responsible for diatom distribution along the mineral richness
gradient in Carpathian peatlands.

The WA.inv model gave a non-significant reconstruction (p > 0.05), indicating that
the reconstruction should be interpreted with caution based on the cut-off value
proposed by Telford and Birks (2011b). One potential explanation is that fossil samples
had poor analogues with the modern calibration samples, as percentages of Encyonema
groenlandica, E. fallax and E. praerupta were greater than those in the modern data set.
Similarly, the results of random TF tests on a large number of testate amoebae-based
DWT reconstructions revealed that a substantial majority (25 of 30) of these studies
gave non-significant results (Payne et al., 2016). Although a non-significant random TF
p-value limits the validity of the reconstructions, significant correlations between fossil
sample scores on PCA axis 1 and diatom-inferred DWT, and C: D ratio could provide
a more detailed and critical assessment of the reconstructions (Reavie et al., 2014). In
addition, the distribution of fossil samples along the first axis of the passive CCA could

further validate the reconstructions (Fig. 12).

4.3 Past water-table change in the Aershan Peatland

Similar trends were observed in DWT, C: D ratio and sample scores on PCA axis 1
from the peat core (Fig. 11). Generally, C: D ratio is high in periodically desiccated
conditions, as chrysophytes can produce a large number of cysts in order to withstand
these harsh environments (Buczk6 and Wojtal, 2005). Compared with chrysophytes,
diatoms are generally less competitive in drier and mossy habitats (Rihland et al., 2000).
During the three wet episodes of 1810-1840 AD, 1900-1910 AD and 1940-1970 AD,
low values in DWT and C: D ratio and high sample scores on PCA axis 1 coincided

with an increase in flooding frequency (Fig. 11). Encyonema groenlandica, N.



bisulcatum and P. crucifera were abundant during these wet periods, and these species
had relatively low DWT optima in comparison with other dominant species in the peat
core (Fig. 6). The increase in DWT and C: D ratio and the decrease in PCA scores
between the 1970s and the 1990s broadly coincided with an increase in drought
frequency (Fig. 11). Taken together, diatom-inferred DWT agreed with climate-

mediated hydrological change in peatlands.

5. Conclusions

Future climate warming will accelerate permafrost thawing and evaporation in
peatlands, and contribute to fluctuations in the water table. Understanding the processes
and mechanisms of these oscillations is crucial for facilitating sustainable peatland
management and understanding the relations between climate change and peatland
hydrology.

e Surface diatom assemblages and physicochemical factors in five Sphagnum
peatlands (NE China) were used to build a diatom water-table transfer function
which was applied to a peat core collected from the Aershan Peatland (Inner
Mongolia).

e Diatom-inferred water-table changes over the last two century agreed with
sedimentary sample scores on PCA axis 1 and regional palaeoclimate data by
identifying wetter conditions during 1810-1840 AD, 1900-1910 AD and 1940-
1970 AD.

e The diatom-water table transfer function provides a novel tool that will facilitate
future studies on palaeohydrology reconstruction in peatlands of northeastern

China, as well as similar peat environments worldwide.



e The present study mainly focuses on five peatlands, but expanding the diatom
training set to encompass more peatland sites should improve the performance
of the transfer function models.

e Due to the effects of monsoonal climate, seasonal changes in environmental
conditions will contribute to temporal changes in diatom assemblages in
peatlands. Little knowledge exists on the seasonality of diatoms in these
peatlands, and future endeavours in this field would be helpful to learn about
the ecology of peatland diatoms.

e Given the alarming rate of global peatland loss and resultant ecological and
societal repercussions, the use of diatoms as proxies of peatland environmental
changes should be better exploited, especially in the rapidly developing

countries.

Acknowledgements

We acknowledge Zhao Li, Yue Yan-An, Ma Jin-Ze, Chai Xin-Na, Liu Yi-Lan, Zhu
Yu-Xin, Xia Wei-Lan for field and laboratory assistance. This study was supported by
the National Natural Science Foundation of China (41572343 and 41877428), the Open
Fund of the State Environmental Protection Key Laboratory of Wetland Ecology and
Vegetation Restoration, Northeast Normal University and Jilin Provincial Science and
Technology Development Project (20190101025JH). We are grateful to constructive

comments and suggestions from anonymous reviewers and handling editor.

Appendix A Multipanel display of pairwise relationships between environmental
variables.

Appendix B List of all taxa observed in the training set.
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Figure 1 Locations of study area and sampling sites in China. Details for each peatland are listed in Table 1.
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Figure 6 Optima and tolerance ranges for key diatom species along the water table

gradient based on WA.inv model after removing samples with > 20% residuals.
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Figure 7 Sampling distribution of the dataset divided into 12 segments. Blue line shows segment-wise (SW) RMSEP for WA.inv model (calculation

based on data removing residuals with >20% of overall DWT range).
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Figure 9 The activities of *¥'Cs (A), 22°Pbta and ?2°Ra (B), excess 21%Pb (**°Phex) (C)
and the dating results (D) in the Aershan peat core. The dashed line indicates a
radioactive equilibrium of #°Phy activity. The blue line represents the age-depth

relationship beyond the limit of 2°Pb dating.



o >
> Q O
~ S) & &
2 > S - 2
L e S & & & &
g T oS N & @ &
o RGN X 2 S 2 & F PN
2 S & IS > @ o & O L &
8 & & @ & 2 F & SIS
r & N & & > ® S &N
N > 0 o N @ N & P NP2, N O O
o\ & e 22 & 2 @& &L & RO & 2 PN <&
v F& LS @ & & FEEL L N S
PR AR A @ @ @ L@ @ @ L 2P & & £ 30 & 3
X3 & L A S O 0 o o o RGO & NPT S PN
> P &S O ot & L N OISR o N & o o o8
Q" ¢ & ¢ L < < < S Y (OIS T eV Y ¢
2000 * L L L L — L - L L L
R — . . — - - -
- L —_— Il - - - — . — - . - -
-1 - - - —_— —_— - " — ol . L - -
1950‘ . h - —_ — - —_— » » ’ -~ - »
=1 - ‘r —_— - » - - - F P - -
- | N S " — S . S - -
1900— — ‘b » —_ - _ - —_— _ }- -
- —_ — - — . —
T _ — — - - — . . - . -
B _ $ — - — - . - _ [ . -
—— — — - - —_— - } -
1850~
' - —_— — - - " - - -
; - - — - _ - - - >
| . — . . - - - - - -
) —_— '- — — JR— - - - -
1800- | S §
o R | e o e o (OO g Y 2 (d cown o S O T GO e e S C3 D D o0 BR e e e PU e e e o T e e oo [N e R . T P s R O e A e 0 o V) EREY) e e |
10 10 30 10 10 10 30 50 10 10 30 10 30 10 10 10 10 30 10 10 30 10 10 10 10 30
percentage (%)

Figure 10 Diatom assemblages in the Aershan peat core with major taxa shown.
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Table 1 Details of sampling sites with the ranges of environmental parameters shown.

Mean annual temperature (MAT) and mean annual precipitation (MAP) data are from

Zhao (1999).
Site Aershan Mohe Tangwanghe Hani Jinchuan
Code AES MH TWH HN JC
Latitude (°N) 47°24'08.62" 53°08'12.05" 48°25'17.77" 42°13'31.52" 42°20'45.82"
Longitude (°E) 120°39'48.41"  122°02'50.11"  129°05'03.72"  126°31'13.15"  126°21'34.60"
Altitude (ma.s.l.) 1290 520 460 900 623
Avrea (ha) 30 - - 1700 100
MAT (°C) -3.1 -4.4 0 31 3.3
MAP (mm) 460 425 600 740 710
No. of samples 10 26 23 37 9
DWT (cm) 0-62 -4 to 50 10-73 2-66 10-35
pH 4.54-5.94 5.82-6.84 4.36-5.87 5.27-6.02 5.31-5.6
Cond (uS cm™?) 26-78 19-74 26-70 22-61 38-60
ORP (mV) 196.4-332.5 194.7-321 209.1-329.2 141.5-312.5 223-236.5
PO/ (ug L) 1-28 0-5 0-33 0-4 0-3
NOs™ (ug L) 44-246 0-29 9-395 19-351 80-278
TOC (mg LY 65.7-228.4 13.4-46.6 63.8-197.2 25.7-49.5 34.2-111.5
Ca?* (mg L?) 0.70-4.25 1.25-8.37 1.86-8.18 1.80-5.72 3.87-6.25
Na* (mg L?) 0.65-8.71 0.51-4.09 0.70-2.91 0.52-1.79 1.19-2.13
K* (mg L?) 0-5.6 0-0 0-12.3 0-1.60 0-0.42
Mg?* (mg L) 0.30-2.45 0.23-2.71 0.45-2.68 0.50-2.04 1.28-2.09
Si(mg LY 0.44-3.06 1.01-12.51 0.67-6.67 0.72-3.81 2.08-6.60
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16  Table 2 Summary of the CCAs for marginal effects and unique effects of each

17  significant environmental variable.

Explanatory Marginal effect Unique effect
variable
Eigenvalue  Eigenvalue 21/ X2 Variance p-
(A1) (A2) ratio explained value
DWT 0.3139 0.565 0.56 4.99 0.001
Na* 0.1737 0.526 0.33 1.72 0.021
Si 0.1141 0.5787 0.197 2.16 0.002
TOC 0.1181 0.5895 0.2 1.7 0.012
pH 0.1246 0.5778 0.22 1.97 0.004
PO 0.1267 0.5768 0.22 1.35 0.058
18
19
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20 Table 3 The performance statistics for the transfer functions with leave-one-out cross
21 validation. For each improved model, number of removed samples for each model is

22 shown in parentheses.

RMSEP RZ  Maximum

bias(cm)

Model performance for all samples

WA.inv 104  0.57 25.5
128 034 28.2

WA.inv.tol 120 042 37.9
146 018 43.3

ML 122 055 15.3
146 033 212

Models re-run after removing residuals >20%

DWT gradient

WA.inv (8) 8.8 0.66 17.5
117 040 18.3

WA.inv.tol (13) 9.6 0.52 325
101 048 16.9

ML (18) 115 0.2 29.5
141 0.34 69.4

23 Normal: leave-one-out cross validation. Underline: leave-one-site-out cross
24  validation.
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